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Abstract
Keywords The increasing demand for higher performance, reduced power consumption, and
Monolithic 3D Integration, compact form factors in modern electronic systems has catalyzed the development
Semiconductor Fabrication, of threedimensional integrated circuits (3D ICs) as a nextgeneration
Vertical Integration, Three- semiconductor solution. This paper explores recent innovations in semiconductor
Dimensional Integrated Circuits, fabrication technologies that underpin the advancement of 3D ICs, emphasizing
Through-Silicon Vias, High- their role in achieving compact architectures and high-density interconnects.
Density Interconnects, Scalable Fabrication methods such as through-silicon vias (TSVs), wafer-towafer and die-to-
Microelectronics wafer bonding, hybrid bonding, and monolithic 3D integration are discussed in

terms of their technical principles, advantages, limitations, and implementation
Article History challenges. Particular attention is given to critical issues such as thermal
Received on 31 April 2025 dissipation, interdie alignment, yield improvement, interconnect density, and
Accepted on 31 May 2025 material compatibility factors that significantly impact the reliability and
Published on 11 June 2025 scalability of 3D ICs. The study also highlights the role of advanced materials,

low-temperature processing, and heterogeneous integration techniques that allow
Copyright @Author for the vertical stacking of diverse components, including logic, memory, analog,
Corresponding Author: * and sensor layers within a single package. These developments are enabling more
Engr. Amin Uddin Qureshi compact, energy-efficient, and functionally wversatile electronic systems, with

profound implications for applications in artificial intelligence, high-performance
computing, data centers, mobile devices, and Internet of Things (IoT) ecosystems.
Furthermore, the convergence of design automation tools, novel packaging
strategies, and industry standards is accelerating the commercial viability of 3D
ICs. The paper concludes by identifying emerging trends and future research
directions that will shape the continued evolution of semiconductor fabrication,
positioning 3D integration as a cornerstone of the next era in electronic system
design.
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INTRODUCTION

The semiconductor industry has witnessed
unprecedented growth over the past five decades,
largely propelled by Moore’s Law a projection made
by Intel co-founder Gordon Moore in 1965 which
postulates that the number of transistors on an
integrated circuit (IC) would double approximately
every two years. This prediction not only served as a
benchmark for technological progress but also
became a guiding principle for research, design, and
manufacturing  within ~ the  microelectronics
ecosystem. The relentless adherence to Moore’s Law
has led to exponential improvements in
computational performance, energy efficiency,
functional density, and cost-per-transistor, thereby
revolutionizing virtually every sector of modern
technology, including telecommunications,
consumer electronics, healthcare, and aerospace.
Historically, these advancements were achieved
through continuous downscaling of transistor
dimensions using planar two-dimensional (2D)
complementary metal-oxide-semiconductor
(CMOS) technology. However, as the industry
approaches sub-5 nm nodes, the limits of traditional
scaling are becoming increasingly evident. Shrinking
device geometries now introduce a host of complex
challenges such as short-channel effects, increased
gate leakage, and variability in transistor behavior [1].
Moreover, achieving precise lithography at atomic
scales requires the use of extreme ultraviolet (EUV)
technologies, which significantly raise fabrication
complexity and production costs. Additionally,
interconnect delay not transistor switching speed has
become the dominant performance bottleneck in
many high-speed systems, as signal paths grow longer
and denser on a flat substrate. Compounding these
issues is the explosive growth in demand for high-
throughput, low-latency computing systems in
emerging domains such as artificial intelligence (Al),
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machine learning, edge computing, autonomous
vehicles, and augmented reality. These applications
not only require increased processing capabilities and
memory bandwidth but also impose strict constraints
on power efficiency and physical footprint [2]. As a
result, the semiconductor industry is compelled to
explore novel design and integration strategies that
can maintain the pace of innovation without solely
relying on further transistor miniaturization. In
response to these mounting pressures, three-
dimensional integrated circuits (3D ICs) have
emerged as a promising and disruptive alternative to
conventional 2D scaling. Unlike traditional designs
that spread circuitry laterally across a single plane,
3D ICs employ a vertical integration approach
wherein multiple active device layers such as logic,
memory, analog, and sensor components are stacked
atop one another within a unified chip package. This
architectural innovation introduces a new dimension
of integration, enabling much closer proximity
between interconnected ~ modules, thereby
dramatically reducing signal propagation distances,
parasitic capacitance, and energy loss. As depicted in
Figure 1, a typical 3D IC consists of multiple tiers
interconnected using high-density ~ vertical
interconnects such as through-silicon vias (TSVs),
micro-bumps, or hybrid bonding mechanisms [3].
These interlayer connections provide low-resistance,
high-bandwidth ~ pathways  between  stacked
components, effectively mitigating the interconnect
delay that plagues large 2D designs. The vertical
stacking also opens the door to heterogeneous
integration, allowing different technologies or node
processes to be combined for example, integrating
DRAM and logic from different fabs or using
specialized process nodes for analog and RF blocks
within the same system.
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Figure 1: Conceptual Diagram of a 3D Integrated Circuit [4].
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The realization of high-performance, scalable, and
commercially viable three-dimensional integrated
circuits (3D 1Cs) is critically dependent on the
continuous evolution of semiconductor fabrication
technologies. Unlike traditional two-dimensional
ICs, 3D ICs require a sophisticated set of processes
to vertically stack and interconnect multiple layers of
active devices with high electrical, mechanical, and
thermal reliability. These processes not only
determine the feasibility of vertical integration but
also govern the performance, cost-efficiency, and
yield of the final product. Over the past decade,
substantial advancements have been made in several
key fabrication methodologies that enable 3D
integration, including through-silicon via (TSV)
technology, wafer-to-wafer bonding, die-to-wafer
bonding, hybrid bonding, and monolithic 3D
integration [5]. Each of these approaches comes with
distinct trade-offs related to thermal budgets,
alignment precision, process complexity, and
compatibility with heterogeneous materials and
device technologies. Through-silicon via (TSV)-based
integration is one of the most mature and widely
adopted techniques for establishing vertical electrical
connections in 3D ICs. TSVs are high-aspectratio
conductive vias etched directly through the silicon
substrate, filled with metal (typically copper or
tungsten), and insulated to prevent electrical leakage.
TSVs offer relatively high bandwidth and low latency
communication between stacked dies, making them
particularly useful for memory-on-logic and logic-on-
logic stacking. However, the fabrication of TSVs
involves complex process steps such as deep reactive
ion etching (DRIE), dielectric liner deposition, and
high-temperature annealing. These steps introduce
challenges including thermal stress, silicon cracking,
and via-induced defects, which can adversely impact
device yield and long-term reliability. Moreover, the
large via pitch (often in the range of 5-10 um)
imposes limitations on interconnect density, which
can be a bottleneck for certain high-density
applications [6]. Wafer-to-wafer (W2W) bonding is a
technique in which two fully processed wafers are
aligned and bonded together face-to-face. This
method is advantageous in terms of throughput and
manufacturing scalability, as it enables parallel
bonding of all dies on a wafer in a single operation.
However, it suffers from a critical drawback: die yield

mismatch. Since a single defective die can
compromise the functionality of the entire stack,
W2W bonding is best suited for applications where
high waferlevel yield can be guaranteed, such as
homogeneous memory stacking. Furthermore, the
alignment tolerance for W2W bonding is typically in
the micrometer range, which may limit its use in
applications demanding ultra-fine interconnect
pitch. Dietowafer (D2W) bonding, by contrast,
offers greater flexibility by allowing known-good dies
(KGD:s) to be individually picked and placed onto a
target wafer. This approach significantly improves
the effective yield and supports heterogeneous
integration, where dies from different process nodes
or foundries (e.g., logic from TSMC and memory
from Samsung) can be stacked together. D2W
bonding is ideal for advanced packaging scenarios
such as logicmemory integration and multi-
functional system-on-chip (SoC) configurations.
However, the technique introduces challenges
related to die handling, precise alignment, and
bonding uniformity. Additionally, throughput is
typically lower than W2W bonding due to the
sequential nature of the pick-and-place process.
Hybrid bonding represents a next-generation
bonding technique that combines both metal-to-
metal and dielectric-to-dielectric bonding at the wafer
or die level. It enables ultra-fine interconnect pitch,
typically below 2 um, and offers excellent electrical
performance due to reduced contact resistance and
lower parasitic capacitance. Hybrid bonding is
particularly suited for applications demanding high
bandwidth and low power, such as high-bandwidth
memory (HBM) and Al accelerators. The process
generally operates at low-to-medium temperatures
(<300°C), which enhances material compatibility and
minimizes thermal budget concerns. Nevertheless,
hybrid bonding imposes stringent requirements on
sub-micron alignment accuracy, which necessitates
advanced alignment systems and highly controlled
bonding environments to prevent yield degradation
[7]. Monolithic 3D integration is perhaps the most
advanced form of 3D IC fabrication. In this
approach, a second layer of transistors is fabricated
directly on top of an existing device layer, enabling
devicelevel vertical stacking with interconnect
pitches below 1 pm. Monolithic 3D ICs promise
unparalleled integration density, interconnect
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performance, and power efficiency, making them
highly attractive for future high-performance
computing and Al architectures. However, their
implementation is technically demanding. The top-
tier transistors must be fabricated at low
temperatures (<400°C) to avoid damaging the
bottom-tier devices. This requires the use of novel
materials and deposition techniques such as laser
annealing and low-temperature epitaxy, which are
still under active research and development.
Additionally, managing thermal budget, alignment,

and contamination during multi-layer device
fabrication remains a significant challenge. These
fabrication methods are summarized and compared
in Table 1, which outlines their process
characteristics, advantages, and limitations. The
selection of an appropriate bonding or interconnect
method is often dictated by application-specific
requirements such as interconnect density, cost
constraints, and the need for heterogeneous
component integration.

Table 1: Comparison of key fabrication methods for 3D integration technologies [8].

Fabrication Process Interconnect Alignment Key Advantages Major Challenges
Technique Temperature Pitch Precision
Through-Silicon | High (T400°C) | ~5-10 pm Moderate High bandwidth; Thermal stress;
Vias (TSVs) mature technology TSV-induced
defects
Wafer-to-Wafer | Medium-High | ~10-20 pm Moderate Full wafer alignment; | Wafer yield
Bonding cost-effective mismatch
Die-to-Wafer Medium “5-10 pm Heterogeneous Die handling
Bonding integration; flexibility | complexity
Hybrid Bonding | Low-Medium <2 pm Very High Fine-pitch Precise alignment
(<300°C) interconnects; low required
parasitics
Monolithic 3D | Low (<400°C) <1 pm Very High Ultra-dense; device- Thermal budget
Integration level stacking constraints

Furthermore, the emergence of heterogeneous
integration the co-packaging of different functional
modules (e.g., logic, memory, photonics, RF) has
expanded the potential of 3D ICs beyond traditional
CMOS boundaries. Advanced materials such as low-
k dielectrics, graphene, and novel bonding agents are
being explored to further enhance electrical
performance and thermal stability. Low-temperature
processing techniques, including laser annealing and
atomic layer deposition, are also gaining traction for
preserving device integrity during vertical assembly.
With growing demand from Al accelerators, mobile
devices, high-performance computing systems, and
IoT platforms, 3D ICs are poised to play a central
role in  nextgeneration electronics. Leading
technology companies and research institutions are
rapidly investing in pilot production lines, with
several commercial products already demonstrating
the practicality of 3D packaging in memory and high-
bandwidth logic systems. This paper provides an in-

depth review of the semiconductor fabrication
innovations that underpin 3D IC technology. It
presents a comparative analysis of fabrication
methods, discusses critical integration challenges,
and highlights enabling technologies such as
advanced materials, low-temperature bonding, and
design methodologies. The study concludes with an
outlook on emerging trends and potential
breakthroughs that could define the future of
compact, energy-efficient, and multifunctional
electronic systems.

1- Research Objectives

The primary objective of this paper is to provide a
comprehensive examination of the latest innovations
in semiconductor fabrication technologies that
enable the development and commercialization of
three-dimensional integrated circuits (3D ICs).
Specifically, this study aims to:
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1. Analyze and compare key fabrication
methods including through-silicon vias (TSVs), wafer-
to-wafer bonding, die-to-wafer bonding, hybrid
bonding, and monolithic 3D integration with respect
to their process complexity, interconnect density,
alignment precision, thermal management, and
suitability for heterogeneous integration.

2. Identify and evaluate critical challenges in
3D IC fabrication, such as thermal dissipation,
material compatibility, vyield enhancement, and
process scalability, which impact device reliability
and manufacturability.

3. Explore enabling technologies and materials
that support advanced 3D integration, focusing on
low-k dielectrics, novel bonding materials, two-
dimensional (2D) materials, and low-temperature
processing techniques that enhance electrical
performance and preserve device integrity.

4. Assess design methodologies and
automation tools that facilitate precise interlayer
alignment, optimize interconnect architectures, and
streamline the co-design of vertically stacked layers
for improved yield and system efficiency.

5. Provide an outlook on emerging trends and
future research directions that will drive the next
generation of compact, energy-efficient, and
multifunctional electronic systems leveraging 3D IC
architectures.

Through these objectives, the paper seeks to offer
researchers, device engineers, and industry
professionals a detailed understanding of the state-of-
theaart in 3D IC fabrication technologies and the
pathways to overcoming current limitations, thereby
accelerating innovation and adoption in advanced
semiconductor systems.

2- Three
technology:

The passage explains that the fabrication of 3D
integrated circuits (3D ICs) can be achieved through
various processing methods, each involving different
sequences of steps. To better understand and
distinguish between these methods, a basic
classification can be made based on how and at what

Dimension IC fabrication

stage the circuit components are assembled. One of

the simplest ways to categorize these approaches is by
identifying whether the stacking and integration
occur at the chip level or the wafer level. In chip-level
processing, individual dies that have already been
separated from the wafer are stacked and connected,
while in waferlevel processing, entire wafers are
bonded together before being diced into individual
chips. Beyond this initial classification, the process
can be further differentiated by examining the
orientation of the layers during stacking specifically,
whether they are aligned in a face-to-face or face-to-
back manner [9]. In a face-to-face configuration, the
active (circuit-bearing) sides of the chips or wafers are
directly bonded to each other. In contrast, a face-to-
back approach involves bonding the active side of
one layer to the backside of another. These
orientations  significantly  affect  how  the
interconnections are made and have implications for
electrical performance and thermal management.
The passage concludes by noting that detailed
descriptions of some of the most promising and
advanced 3D integration techniques based on the
distinctions just outlined will be presented in the
upcoming sections of the paper.

3.1- Chip stacking in 3D IC Fabrication:

Chip stacking is a foundational technique in 3D IC
fabrication that involves vertically integrating
multiple dies (individual chips) within a single
package to enhance performance, reduce footprint,
and minimize interconnect delays. Unlike traditional
2D integration, where dies are placed side by side on
a single substrate, chip stacking allows for direct
inter-die communication through  vertical
interconnects, significantly reducing signal path
lengths and associated power losses. At its core, chip
stacking can be implemented using two principal
approaches: face-to-face and face-to-back bonding. In
the face-to-face configuration, the active sides of two
chips where the transistors and interconnect layers
are located are aligned and bonded together. This
configuration enables the use of fine-pitch
interconnections and minimizes signal delay due to
the proximity of active regions. However, it often
requires redistribution layers (RDLs) and through-die
vias to route signals from one layer to the external
package. In contrast, face-to-back stacking involves
bonding the active side of an upper die to the passive
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(backside) of a lower die. This method is commonly
used when employing through-silicon vias (TSVs) to
establish vertical connections [10]. TSVs are deep,
narrow holes etched into the silicon substrate and
filled with conductive material (typically copper),
enabling signals to travel vertically between different
tiers. Although faceto-back stacking introduces
additional steps such as via formation and wafer
thinning, it offers improved scalability and thermal
dissipation pathways. There are several process flows
for chip stacking, each with varying complexity, yield,
and alignment requirements. The most widely
adopted flows include die-to-die, die-to-wafer, and

wafer-to-wafer stacking. In dieto-die stacking,
individual chips are aligned and bonded one at a
time, providing flexibility for heterogeneous
integration but demanding high-precision alignment
tools. Die-to-wafer stacking involves placing known-
good dies onto a target wafer, balancing vyield
improvement with moderate throughput. Wafer-to-
wafer bonding, while offering the highest
throughput, requires nearly perfect wafer alignment
and uniformity, making it more suitable for
homogeneous integration. Table 2 below summarizes
the key characteristics of these chip stacking
techniques:

Table 2: Key Characteristics of Chip Stacking Techniques [11].

Stacking Integration Alignment Yield Heterogeneous Thermal

Method Level Accuracy Impact Integration Management
Die-to-Die Low High Medium Excellent Good
Die-to-Wafer | Medium Moderate High Very Good Moderate
Wafer-to- High Low Low Limited Challenging
Wafer

Chip stacking also introduces significant challenges,
particularly in the areas of thermal dissipation,
mechanical stress, and electrical isolation. As more
active layers are integrated into a single package, the
thermal density increases, demanding advanced heat
management solutions such as integrated heat
spreaders, thermal vias,
cooling. Moreover, mechanical stress resulting from
thermal expansion mismatches between layers can
lead to warping or cracking, which must be mitigated
through careful material selection and structural
design. Despite these challenges, chip stacking
remains a critical enabler for high-performance,
miniaturized systems. It is already being deployed in
commercial products such as High Bandwidth
Memory (HBM), 3D NAND flash, and system-in-
package (SiP) solutions for mobile and edge devices.
As alignment technologies, bonding techniques, and
thermal solutions continue to evolve, chip stacking is
expected to play an increasingly central role in
driving the next of
semiconductor integration.

and even microfluidic

wave innovation in

3.2- Wafer-Scale Fabrication in 3D IC Integration:
Woaferscale fabrication has emerged as a
transformative methodology for realizing high-

performance and compact 3D integrated circuits (3D
ICs). Unlike conventional die-level stacking, wafer-
scale integration allows the processing and bonding
of wafers, significantly
improving throughput, interconnect density, and
process uniformity. This approach is particularly
advantageous applications requiring
homogeneous integration such as memory stacking
and is increasingly being explored for logic-memory
co-integration in high-bandwidth and Al-driven
systems. The wafer-scale fabrication process involves
several critical steps. Initially, each wafer undergoes
complete front-end-ofline (FEOL) processing to
fabricate its active circuit layers. These wafers are
then subjected to chemical-mechanical polishing
(CMP) high degree of
planarization, which is essential for precise alignment
and bonding. After surface preparation, the wafers
are aligned with sub-micron accuracy and bonded
either in a face-toface or face-to-back configuration,
depending on the architectural requirements and the
interconnect strategy. One of the key enablers of
wafer-scale 3D IC integration is hybrid bonding, a
technique that simultaneously bonds both the
dielectric and metal contact layers. Hybrid bonding
enables fine-pitch vertical interconnects (<5 pm) with

entire  semiconductor

for

to ensure a surface
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lower resistance and capacitance compared to
traditional bonding techniques [12]. Additionally,
hybrid bonding can be carried out at relatively low
temperatures (typically below 200°C), which helps
preserve device integrity and is compatible with
sensitive logic and memory structures. Other
bonding methods used in waferscale integration
include  oxide-oxide  fusion  bonding and
thermocompression  bonding, which vary in
temperature requirements, interconnect density, and
mechanical reliability. Following bonding, the upper
wafer is thinned down sometimes to below 50 pm to

micro connect —s
devices —e

interconnect—s

PG TSV

[E sl s Walla el e BT

expose through-silicon vias (TSVs) or metal pads that
enable vertical electrical connections between the
tiers. The thinned wafer is then subject to via reveal,
metallization, and redistribution processes to
complete the vertical stack. The entire wafer stack is
then electrically tested, singulated into individual
dies, and packaged for system integration. This
sequence of steps is depicted in Figure 2, which
provides a conceptual overview of wafer-scale face-to-
back bonding using TSVs to achieve vertical
interconnects.

heat
sink

heat
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Figure 2: Illustration of a generalized wafer-scale 3D IC integration process using face-to-back bonding with TSVs

In terms of performance and manufacturability,
wafer-scale integration techniques differ significantly.
A comparative analysis is shown in Table 3, which

outlines the characteristics of the most commonly
used wafer bonding methods.

Table 3: Comparison of Wafer-Scale 3D IC Bonding Techniques [14].

Bonding Technique Bonding Interconnect Temperature Alignment Application

Type Pitch Range Accuracy Domain
Oxide-Oxide Fusion Face-to-Face | >10 pm >300°C Moderate Logic stacking,
Bonding MEMS
Thermocompression Face-to-Back | 5-10 um 250-400°C High Image sensors, RF
Bonding ICs
Hybrid Bonding Face-to-Face | <5 pm <200°C Sub-micron HBM, logic-

or Back memory
integration

While waferscale fabrication offers numerous
advantages such as high alignment precision,
reduced parasitic losses, and minimized signal delay

it is not without significant technical challenges.
Chief among these is the stringent requirement for
wafer-level uniformity and die yield. Because entire
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wafers are bonded and later diced, a single defective
die can compromise the integrity of multiple stacks,
reducing overall manufacturing yield. This makes
pre-bond wafer-level testing and known-good wafer
(KGW) identification crucial for production
efficiency. Another key challenge lies in the
mechanical and thermal stresses that develop during
bonding and thinning. Wafer bowing, caused by
mismatches in coefficient of thermal expansion
(CTE) between layers, can lead to misalignment or
bonding voids. Stress-relief structures, optimized
bonding pressure control, and use of compliant
bonding materials are being researched to mitigate
these risks. Moreover, thermal management remains
a concern in waferscale stacks due to increased
power density and reduced lateral heat spreading.
Integration of thermal vias, heat spreaders, and
microfluidic cooling are among the approaches being
explored to address these thermal constraints.
Despite these hurdles, wafer-scale fabrication has
already achieved commercial success. For instance,
High Bandwidth Memory (HBM) solutions utilize
wafer-to-wafer bonding of DRAM dies stacked over a
logic base die to achieve extremely high data
throughput [15]. Similarly, 3D NAND flash memory
relies on waferlevel stacking to deliver terabit-scale
storage in compact form factors. Research and
development efforts are increasingly focusing on
applying these techniques to logic-dominant and
heterogeneous  architectures, broadening the
potential of wafer-scale 3D ICs. In short, wafer-scale
fabrication represents a cornerstone technology for
the next generation of electronic systems, enabling
fine-pitch vertical integration, high functional
density, and reduced interconnect energy. As
material engineering, process control, and defect
mitigation strategies continue to evolve, wafer-scale
3D ICs are expected to become more reliable,
scalable, and economically viable for a wide range of
high-performance applications.

3.3- 3D IC Stacking: Architectural Principles and
Fabrication Strategies:

Three-dimensional integrated circuit (3D IC)
stacking marks a significant advancement in
semiconductor architecture by enabling vertical
integration of multiple active device layers within a
single chip package. Unlike conventional planar
chips that spread components across a single surface,
3D ICs exploit the vertical dimension to stack logic,
memory, analog, and sensor components in multiple
tiers. This architectural shift not only enhances
functional density but also significantly reduces
interconnect lengths, leading to improvements in
signal speed, power efficiency, and system
compactness. The approach aligns closely with the
performance requirements of modern computing
systems, including artificial intelligence (Al), high-
performance computing (HPC), mobile platforms,
and the Internet of Things (IoT). In a typical 3D IC
configuration, individual functional layers are
fabricated independently and then bonded to form a
vertically integrated stack. These layers, often
referred to as tiers, can be optimized separately for
distinct purposes such as logic processing, data
storage, or signal conditioning. Once completed, the
tiers are aligned and interconnected through high-
density vertical pathways such as through-silicon vias
(TSVs), micro-bumps, or advanced hybrid bonding
interfaces. The selection of stacking technique and
bonding configuration depends on the intended
application, required interconnect pitch, and
manufacturing capabilities. Some stacking processes
align the layers in a face-to-face manner, offering very
short interconnect paths, while others use a face-to-
back orientation to facilitate power delivery or enable
access to pre-fabricated TSVs. The various stacking
techniques used in 3D IC fabrication differ in terms
of alignment precision, interconnect density, yield,
and suitability for heterogeneous integration. Table 4
summarizes the key characteristics of the most
prominent stacking approaches.

Table 4: Comparison of Major 3D IC Stacking Techniques [16].

Stacking Bonding Interconnect Alignment Yield Implication Suitability
Method Level Type Accuracy
Die-to-Die Chip Level | Wire bond / Moderate High (uses known- | Heterogeneous,
micro-bump good die) flexible assembly
Die-to-Wafer Mixed TSV / Hybrid High Improved over die- | Moderately scalable
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to-die
Wafer-to-Wafer | Wafer TSV / Hybrid Very High Sensitive to die High-density
Level yield homogeneous stacking
Monolithic 3D | Wafer Nano-scale vias Ultra-high Process-complex, Future ultra-dense
Integration Level but high potential stacking

In the fabrication flow, each wafer or die undergoes
frontend-ofline (FEOL) processing to complete
transistor formation and metallization. Surface
planarization is then achieved through chemical
mechanical polishing (CMP) to ensure the necessary
flatness for precise bonding. Depending on the
integration approach, the layers are either bonded as
entire wafers (wafer-to-wafer), as tested dies to wafers
(die-to-wafer), or as individual dies (die-to-die). Wafer-
towafer bonding supports high-density, high-
throughput integration but requires high-yield
wafers, as a single defective die may affect the entire
stack. Die-to-wafer bonding allows greater flexibility
and yield control since only known-good dies are
assembled, while dieto-die stacking supports
heterogeneous integration of different chiplets but
offers lower throughput. Among these approaches,
monolithic 3D integration represents a particularly
advanced form of stacking where multiple device
layers are sequentially built on a single wafer using
low-temperature processes. This method achieves
interconnect pitches below 100 nm, dramatically
reducing parasitic losses and improving performance.
However, it demands highly sophisticated fabrication
tools and precise thermal budget control to avoid
damaging previously formed layers, and thus remains
an area of active research rather than mass
production. The inter-tier connections in 3D ICs are
primarily established using TSVs vertical metal-filled
holes etched through the silicon substrate that carry
electrical signals between stacked layers. TSVs offer
high bandwidth and low-latency communication, but
they also introduce additional design and process
complexity [17]. Their dimensions and aspect ratios
must be carefully controlled to prevent structural
defects, and the additional silicon area they occupy
can limit integration density. Recent innovations,
such as hybrid bonding, have emerged to address
these limitations by providing direct copper-to-
copper connections at ultra-fine pitches without the

need for large via structures. This results in reduced
contact resistance, enhanced electrical performance,
and improved heat dissipation. While the benefits of
3D IC stacking are numerous including reduced
interconnect delay, increased bandwidth, and smaller
chip footprint several technical challenges must be
addressed. Thermal management becomes critical as
power density increases with vertical stacking.
Efficient heat dissipation is more difficult when
multiple active layers are stacked, especially in the
center of the die where heat removal paths are
limited. Solutions such as thermal vias, integrated
heat spreaders, and advanced cooling techniques are
being developed to mitigate this issue. Moreover,
achieving sub-micron alignment accuracy between
stacked layers is essential for reliable bonding and
consistent electrical performance, requiring advanced
lithography and bonding tools. Mechanical stress,
wafer warpage, and the need for robust electrical and
functional testing at both the wafer and stack level
further complicate manufacturing.

Despite these challenges, 3D IC stacking has already
found commercial success. Applications such as high-
bandwidth memory (HBM), 3D NAND flash, and
advanced system-in-package (SiP) designs
demonstrate the practical value of vertical integration
in delivering compact, high-performance solutions.
Leading semiconductor manufacturers are deploying
3D stacking in next-generation processors and
chiplet-based architectures to overcome the
limitations of conventional scaling [18]. As shown in
Figure 3, a generalized 3D IC architecture consists of
multiple stacked layers connected by vertical
interconnects, with TSVs and hybrid bonding
interfaces enabling electrical communication. The
integration of diverse functional modules into a
vertically unified package underscores the potential
of 3D stacking to drive the future of electronic
systems, combining performance, efficiency, and
form factor advantages in ways unattainable with
planar designs alone.
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Figure 3: Conceptual illustration of a 3D IC stack showing logic, memory, and I/O layers vertically interconnected

via TSVs and hybrid bonding interfaces [19].

In short, 3D IC stacking is not only a response to the
limitations of Moore’s Law but a strategic enabler of
continued innovation in semiconductor systems. As
fabrication processes, interconnect technologies, and
thermal solutions evolve, 3D stacking is poised to
become a cornerstone of future high-performance,
heterogeneous, and space-efficient computing
platforms.

3- Key 3D IC technology challenges:
Independent of the final 3D IC structure, the
assembly method always involves the integration of
four key technology areas: thinning of the wafers,
interdevicelayer alignment, bonding, and interlayer
contact patterning. An additional challenge in
achieving highdensity 1/O signal through the stack
layers arises from thermal mismatch between the
bonded layers, affecting alignment tolerance. Also,
thermal dissipation of highperformance CMOS
devices is already a concern in 2D ICs; for 3D
circuits, heat spreading and self heating become
critical issues. All of these 3D IC integration
challenges require new material and process
innovations [20], the following sections of this paper
discuss related IBM solutions.

4.1- Wafer thinning:

Wafer thinning is a foundational step in the 3D IC
fabrication process, enabling the vertical stacking of
multiple device layers by significantly reducing the
thickness of silicon wafers. As the demand for
compact, high-density integration increases, thinning
becomes critical not only for achieving manageable
form factors but also for facilitating the formation of
vertical interconnects such as through-silicon vias
(TSVs). Typically, standard silicon wafers have a
thickness of around 725 pm for 300 mm wafers;
however, for 3D IC integration, this thickness is
reduced to as little as 20-50 um or even thinner,
depending on the specific stacking and bonding
technology employed. The primary motivation for
wafer thinning is to reduce the length and resistance
of vertical interconnects, thereby improving electrical
performance and minimizing signal delay. Thinner
wafers also ease the TSV etching process, allowing
for narrower vias with higher aspect ratios, which are
essential for achieving high interconnect density in
3D IC architectures. Furthermore, thinning
enhances thermal dissipation by reducing the
thermal path from internal layers to the heat sink,
which is crucial for maintaining reliability in high-
performance applications. Table 5 below summarizes
common wafer thinning techniques along with their
key characteristics and application contexts in 3D IC
integration

Table 5: Comparison of Wafer Thinning Techniques for 3D IC Fabrication [21].

Thinning Technique Typical Final Advantages Limitations Common
Thickness Applications
Mechanical 7100-150 pm | High throughput, Surface damage, stress- | Bulk material
Backgrinding cost-effective induced warping removal
Chemical Mechanical ~20-50 pm Smooth surface, Slow, expensive, Final thinning,
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Polishing (CMP)

precise control

requires planarization | post-bonding

Wet Chemical Etching | ~10-50 um

Low damage,
isotropic removal

Less uniform, not ideal | Surface smoothing
for large wafers

Dry Plasma Etching 75-20 pm

High precision,
directional etching

Ultra-thin wafer
preparation

Equipment intensive,

slower process

To achieve the final ultra-thin wafer configuration, a
combination of the above techniques is often used.
The thinning process generally starts with
mechanical backgrinding to remove the majority of
the bulk silicon, followed by stress-relief CMP or wet
etching to eliminate surface damage and achieve the
desired thickness. However, reducing wafer thickness
introduces several technical challenges. Thin wafers
are inherently more fragile and susceptible to
cracking or warping during subsequent high-
temperature or mechanical processing. To counteract

these risks, wafers are typically temporarily bonded to
carrier substrates that offer mechanical stability
during thinning and other downstream processes.
These temporary carriers are later removed after
stacking or bonding is complete [22]. As illustrated
in Figure 4, the wafer thinning workflow involves
sequential steps starting from full-thickness wafers to
intermediate grinding, bonding to a carrier, and
finally achieving ultra-thin wafers ready for TSV
formation or bonding.

@ temporary

wafer bonding

@ thinningand

backside processing

of device wafer
==

@ de-bonding

of carrier wafer

ﬁ [ ~————S|
I Carrier Wafer 1 I Carrier Wafer 1
— 4.

ol

transfer bonding

finish front side
processing

Carrier Wafer 2

Carrier Wafer 1

Carrier Wafer 2

Figure 4: Wafer Thinning Process Flow [23].

In addition to mechanical concerns, thermal
mismatch between layers caused by differing
coefficients of thermal expansion (CTEs) can lead to
stress and misalignment during temperature cycling.
This becomes more pronounced as wafers are
thinned, due to their reduced stiffness. Innovations
in low-CTE carrier materials and low-temperature
bonding techniques are therefore essential to
minimize thermomechanical strain. Finally, the
inspection and metrology of thinned wafers require
non-contact methods to prevent further damage.
Tools such as optical profilometry, infrared
interferometry, and scanning acoustic microscopy
(SAM) are increasingly employed to verify thickness
uniformity and detect sub-surface defects that may
affect bonding reliability. Wafer thinning, while
conceptually straightforward, remains a critical and

technically demanding step in the 3D IC integration
pipeline. As stacking densities increase and more
complex heterogeneous integration is pursued,
precise thinning processes will be indispensable for
ensuring electrical, mechanical, and thermal
performance in future electronic systems.

4.2- Alignment:

Alignment is a critical operation in 3D IC
fabrication, determining the positional accuracy with
which individual dies or wafers are stacked and
interconnected. As device geometries shrink and
interconnect pitch becomes narrower often below 10
pm precise alignment between layers becomes
paramount to ensure electrical connectivity,
mechanical stability, and high yield. Misalignment
during bonding or via formation can lead to open or
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shorted connections, degraded performance, or total
device failure. The alignment process varies based on
the bonding technique used whether die-to-wafer,
wafer-to-wafer, or hybrid bonding. For die-to-wafer
bonding, alignment is performed at the die level
using high-resolution vision systems and robotic
placement tools. In wafer-to-wafer bonding, global
alignment must be achieved across full wafers, which
requires compensation for warping, bowing, or
thickness variation across the wafer surface. Hybrid
bonding, which involves direct metal-to-metal and
dielectricto-dielectric contacts, requires alignment
accuracy better than +0.5 um, making it one of the

most demanding processes in 3D integration [24].
The alignment process typically involves the use of
optical alignment marks etched or printed on each
wafer or die. These marks are detected using infrared
(IR) or visible light systems depending on the
transparency of the materials involved. Advanced
infrared alignment systems are particularly important
for aligning silicon wafers that are opaque to visible
light but transparent to IR wavelengths. To quantify
alignment performance, Table 6 compares typical
alignment accuracies and capabilities of various 3D
integration methods:

Table 6: Alignment Requirements for Different 3D IC Bonding Methods [25].

Integration Method Alignment Accuracy Alignment Technique Notes
Required Used

TSV-Based Bonding | £1-5 pm Optical (Top/Bottom IR) Sufficient for large TSV pitch
(>10 pm)

Die-to-Wafer +1-2 pm Vision System + Robotic High flexibility, die-level yields

Bonding Placement matter

Wafer-to-Wafer +1-2 pm IR Global Alignment Warpage control and wafer

Bonding flatness critical

Hybrid Bonding <#0.5 um High-Precision IR/Optical | Sub-micron accuracy mandatory

System
Monolithic 3D <20.1 um Lithographic Alignment Integrated layers with no
Integration bonding

During the alignment process, planarity and flatness
of the wafer or die surface are also essential to
prevent tilt or bonding voids. In the case of wafer-to-
wafer stacking, the challenge of global alignment
becomes more pronounced as wafer diameters
increase (e.g., 300 mm and beyond). Sophisticated
feedback systems are employed in alignment tools to
compensate for minor warpage by dynamically

adjusting the position and angle of the wafers during
bonding. As shown in Figure 5, a typical alignment
system includes cameras or sensors above and below
the bonding interface, which detect alignment marks
on both substrates. The information is then
processed in realtime to adjust the stage position
before initiating the bonding process.
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Bridge Via

Figure 5: Schematic of a 3D IC Alignment Systém [26].

Misalignment  becomes especially critical in
heterogeneous integration, where the stack may
include dies of different sizes, materials, or
functionalities (e.g., logic, memory, photonics).
These variations can lead to asymmetric thermal
expansion and mechanical distortion, further
complicating the alignment process. The use of
adaptive optical alignment systems, machine vision
algorithms, and in-situ metrology is therefore gaining
importance in overcoming these challenges.
Furthermore, process integration strategies such as
self-aligned  structures, fiducial patterns, and
compliant interconnect layers are being explored to
improve alignment tolerance and robustness against
minor deviations. These innovations help mitigate
yield losses in high-volume manufacturing and
support the scalability of 3D IC technologies. In
conclusion, alignment in 3D IC fabrication is not
merely a positioning task it is a precision engineering
challenge that spans optics, materials science,
thermal management, and robotics. The continuous
drive toward smaller nodes and higher interconnect
density will require further advances in alignment
metrology, equipment precision, and real-time
control systems to maintain the reliability and
performance of vertically integrated electronic
systems.

Table 7: Comparison of 3D IC Bonding Techniques [28].

4.3- Bonding:

Bonding is a central operation in 3D integrated
circuit (3D IC) fabrication, responsible for physically
and electrically connecting multiple semiconductor
layers whether entire wafers or individual dies into a
vertically stacked architecture. The choice of bonding
technique significantly influences the performance,
yield, thermal behavior, and manufacturability of the
final 3D IC. As device scaling continues and
heterogeneous integration becomes more prevalent,
bonding technologies must offer not only high
interconnect density and alignment precision but
also low thermal budgets and strong mechanical
reliability. Depending on the integration approach
dieto-wafer (D2W), wafertowafer (W2W), or
monolithic stacking different bonding methods are
employed [27]. These include adhesive bonding,
thermocompression ~ bonding,  direct  (fusion)
bonding, and hybrid bonding. Each has its own
characteristics in terms of process temperature,
electrical conductivity, mechanical strength, and
compatibility =~ with ~ backend-ofline ~ (BEOL)
processing. Table 7 presents a comparative overview
of the most widely used bonding techniques in 3D
IC fabrication, highlighting key parameters relevant
to integration strategies.

Bonding Method Temp. Electrical Alignment Applications
Range Interconnect Tolerance
Adhesive Bonding <250°C | None (mechanical | +2-5 pm MEMS, temporary bonding
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only)
Thermocompression 250- Yes (e.g., Cu-Cu, +1-2 pm TSV integration, low-volume
Bonding 400°C Au-Au) packaging
Direct (Fusion) Bonding | > 400°C | Yes (oxide-oxide) <+l um SOI wafers, wafer-level stacking
Hybrid Bonding <300°C | Yes (metal + < 0.5 pm High-density memory stacks,
dielectric) logic-memory integration
Low-Temperature <200°C | Optional +1-3 pm CMOS-compatible, fragile device
Bonding integration

Among these, hybrid bonding has emerged as a
leading-edge solution due to its ability to
simultaneously form both electrical and mechanical
interconnects with very fine pitch (< 10 pm). It
integrates dielectric-to-dielectric and metal-to-metal
contacts in a single step, facilitating high bandwidth
density and low resistance-capacitance (RC) delay
crucial for high-speed, low-power applications such as
Al accelerators and 3D DRAM. Bonding processes
can be broadly divided into two phases: surface
preparation and actual bonding. Surface preparation
is essential to remove contaminants, planarize
topographies, and activate surfaces chemically or
thermally to improve bond strength. This may
involve chemical mechanical polishing (CMP),
plasma activation, and ultrasonic or UV treatment
(29].

Thermomechanical considerations are especially
important in bonding processes. Differences in
coefficients of thermal expansion (CTEs) between
stacked materials can lead to residual stress and
warpage, especially  during  high-temperature
bonding. To mitigate this, low-temperature bonding
techniques and compliant interfacial layers (e.g.,
polymer adhesives or wunderfills) are being
increasingly explored, particularly for stacking
dissimilar ~ materials like silicon and IV
semiconductors. In heterogeneous 3D integration,
where layers may consist of logic, memory, REF,
photonics, or sensors, bonding must also ensure
electrical isolation, signal integrity, and process
compatibility. For example, memory-on-logic stacking
demands bonding at temperatures that do not
damage previously fabricated memory cells. The
scalability and yield of bonding techniques are major
factors in commercial adoption. While wafer-to-wafer
bonding offers high throughput, it is sensitive to
wafer-level defects and requires tight process control.
Die-to-wafer bonding provides better yield flexibility,

as known-good dies (KGDs) can be selectively
bonded to minimize defect propagation through the
stack.

4.4- Thermal Dissipation:

Thermal dissipation is a critical concern in the
design and fabrication of three-dimensional
integrated circuits (3D ICs), where the vertical
stacking of active layers intensifies power density and
thermal constraints. Unlike conventional two-
dimensional ICs, where heat generated by transistors
can be dissipated relatively efficiently through the
planar substrate and heat sinks, 3D ICs introduce
vertical confinement of heat due to limited surface
exposure. As more layers are added to the stack, heat
becomes increasingly  difficult to  evacuate,
particularly from the inner dies located farthest from
external heat sinks or thermal interface materials.
The thermal gradient that arises across the vertical
structure often leads to localized hotspots, which can
deteriorate device performance, reduce signal
integrity, and shorten operational lifespan through
mechanisms such as electromigration and time-
dependent dielectric breakdown. A central factor
influencing heat transfer in 3D ICs is the thermal
conductivity of the materials used between layers
[30]. Dielectric materials, adhesives, and isolation
oxides often exhibit low thermal conductivities,
limiting heat flow from one tier to the next. In
addition, the geometry of the stack, such as die
placement and die thickness, significantly affects the
thermal profile. For example, thinner dies offer a
lower thermal resistance pathway, facilitating better
vertical conduction.  Similarly, the strategic
placement of high-power dies near the heat sink
interface, or in configurations that allow for natural
thermal  spreading, can  mitigate  excessive
temperature buildup. An important technique that
helps address vertical heat transfer issues is the use of
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through-silicon vias (TSVs), especially thermal TSVs
(TTSVs), which are placed explicitly to conduct heat
between layers. While TSVs are generally employed
for electrical signal routing, their metallic cores—
typically copper—can simultaneously serve as thermal
conduits. However, excessive use of TTSVs may
increase die area usage and introduce electrical
isolation concerns, especially in high-density logic
blocks. Moreover, thermal interface materials (TIMs)
play an essential role in transferring heat from the
stack to the external environment. These materials
must not only offer high thermal conductivity but
also ensure mechanical stability and longterm

adhesion. Copper-based heat spreaders and specially
engineered dielectric materials are being explored for
this purpose. In some cuttingedge research,
microfluidic cooling has been introduced within the
substrate, where liquid coolant is circulated through
etched microchannels to directly absorb and remove
heat. While effective, such solutions present
integration challenges and increase fabrication
complexity. To assess and compare the effectiveness
of different thermal management approaches, the
following table 8 summarizes commonly used
strategies, their mechanisms, thermal benefits, and
associated limitations:

Table 8: Comparative Overview of Thermal Management Techniques for 3D ICs [31].

Thermal Strategy Mechanism Thermal Benefit Key Limitations

Die Thinning Reduces vertical thermal Improves vertical heat flow | Fragility, handling difficulty
resistance

Thermal TSVs Conducts heat through metal | Reduces hotspot Area overhead, electrical
(TTSVs) vias formation isolation required
Thermal Interface Conductive fillers between Facilitates lateral/vertical | Material compatibility, aging
Materials layers conduction
Copper Heat Distributes heat laterally Aids in uniform heat Added process complexity
Spreaders across dies distribution
Microfluidic Circulates coolant through Enables active heat Fabrication complexity,
Cooling microchannels removal integration issues

The table illustrates that while multiple solutions are
available for improving thermal dissipation in 3D
ICs, each comes with trade-offs that must be carefully
evaluated during design and integration. For
example, although microfluidic cooling delivers high
thermal efficiency, its fabrication complexity and
mechanical reliability issues limit its immediate
adoption in high-volume manufacturing. On the
other hand, die thinning and thermal TSVs provide
more practical enhancements but require delicate
process control and precise material alignment.

4- 3D IC technology verification test vehicles:
5.1-  Inter-devicelayer via formation verification
test structures:

The development and deployment of 3D integrated
circuit (3D IC) technologies necessitate rigorous
experimental validation to ensure manufacturability,
functionality, and longterm reliability. To achieve
this, industry and research institutions rely on the
use of verification test vehicles engineered silicon

structures designed to simulate realworld 3D

integration

scenarios

while enabling detailed

characterization and failure analysis. These test
vehicles serve as a critical intermediary between
conceptual fabrication processes and commercial-
scale implementation, allowing developers to identify
potential vyield issues, optimize
performance, evaluate thermal behavior, and validate
bonding techniques under controlled conditions. A
verification test vehicle typically comprises a series of
stacked die configurations that incorporate
functional and dummy components representing
logic, memory, analog, or sensor modules. These dies
are interconnected using the full range of 3D
integration methods, such as through-silicon vias
(TSVs), hybrid bonding, or wafer-to-wafer stacking.
The dies may be fabricated with known-good designs
to focus evaluation on the integration aspects rather
than circuitlevel functionality, or they may
implement simplified architectures to permit
electrical testing and data acquisition across tiers. In

interconnect
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either case, test vehicles facilitate metrology for
vertical interconnect resistance, mechanical stress,
misalignment tolerances, bonding integrity, and
thermal propagation. One of the primary advantages
of using test vehicles is the ability to systematically
vary fabrication parameters such as bonding
pressure, temperature, or TSV aspect ratios and then
assess their influence on yield and performance. For
example, researchers can monitor void formation
during wafer bonding or inspect metal diffusion
through dielectric layers at elevated processing
temperatures. Test vehicles are also instrumental in
evaluating electrostatic discharge (ESD) resilience,
electromigration effects, and die warpage across
various process steps. These insights help refine

design rules and process windows before committing
to expensive production wafers. In addition to
physical verification, test vehicles are often paired
with comprehensive simulation environments.
Thermal, mechanical, and electrical models
calibrated using empirical data from test vehicles
provide predictive insights that guide future process
development. The increasing use of machine
learning and data analytics in analyzing test vehicle
output is also contributing to faster iteration cycles
and more robust integration strategies. A summary
of representative 3D IC test vehicle types, their
primary objectives, and evaluation metrics is
presented in the following table 9:

Table 9: Overview of 3D IC Verification Test Vehicles and Their Evaluation Scope [32].

Test Vehicle Type Integration Technique

Tested

Key Objectives

Primary Evaluation Metrics

TSV Interconnect TSV + Die-to-Wafer

Assess TSV resistance and

Via resistance, leakage,

Vehicle capacitance alignment error

Hybrid Bonding Direct wafer bonding Evaluate fine-pitch Bond strength, surface flatness,
Vehicle interconnect density electrical yield

Thermal Stack Wafer stacking + heat Analyze temperature Thermal resistance, hotspot

Vehicle Sensors

gradients

mapping

Die stacking + stress
Vehicle monitors

Mechanical Stress

Measure stress and warpage | Stress distribution,

delamination, wafer bow

Full-System
Demonstrator

Heterogeneous 3D
integration

Emulate real-world

Functional validation, signal

functionality integrity

These test vehicles are continuously evolving to keep
pace with the increasing complexity of 3D
integration schemes. For example, recent efforts have
focused on heterogeneous integration test platforms
that combine advanced logic nodes with memory,
RF, photonics, and power management components
in a single vertically integrated stack. Such platforms
are instrumental for validating cross-domain
interactions and uncovering reliability bottlenecks
that may only manifest in multifaceted system-level
architectures.

In the context of 3D IC fabrication, ensuring low-
resistance, high-reliability electrical interconnects
between vertically stacked wafers is a critical
performance determinant. One of the most effective
methodologies for validating interconnect integrity
and electrical continuity across bonded layers is the
use of via-chain structures for resistance

measurements. As referenced in Figure 6, a typical
3D via-chain test structure consists of metal vias that
loop back and forth between the first metallization
levels of the top and bottom wafers, forming a
continuous conductive path. What makes this
configuration particularly effective is its ability to
assess the cumulative resistance of multiple vertical
interconnects, thereby amplifying any potential
defects that might be difficult to detect in a single-via
scenario. Importantly, all measurement pads are
located on the top wafer, which simplifies probe
access and measurement alignment during testing.
For accuracy, a four-point resistance measurement
technique is employed using two pads at each end of
the via chain [33]. This approach eliminates contact
resistance from the measurement, allowing for a
more precise evaluation of the via stack’s intrinsic
resistance. These simple yet powerful test structures

https://sesjournal.com

| Qureshi et al., 2025 |

Page 251



https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 3, Issue 6, 2025

serve as an early-stage verification tool in the 3D IC
fabrication pipeline. They provide critical insights
into whether the fabrication process including via
formation, bonding, and metallization has
successfully established low-parasitic, high-fidelity

electrical paths between layers. Moreover, such
measurements also reflect the material compatibility
and mechanical stability of the interlayer bonding
approach

used.

Figure 6: 3D via-chain structures for resistance testing, featuring 128 interlevel vias (left) and a four-via
configuration (right), used for assessing reliability and yield of high-aspect-ratio interlayer vias.

5.2- Verification test structures for bonding
alignment accuracy:

Precise interlayer alignment is
requirement in the successful fabrication of high-
performance 3D integrated circuits. Misalignment
between stacked device layers can lead to degraded
signal integrity, increased parasitic capacitance, open
circuits, or even catastrophic failure of the entire
chip. As such, developing techniques to both
optically and electrically align 3D IC layers and
quantify the resultant overlay error has become an
essential focus in semiconductor process engineering.
In our research and development efforts, we have
introduced several advanced methodologies that not
only facilitate high-precision alignment between
bonded layers but also enable accurate post-bond
metrology to measure overlay deviation [34]. These

a foundational

Structure on
unper device

Structure on
lower device

techniques are compatible with both manual and
automated alignment systems, ensuring scalability
from laboratory prototypes to
assembly lines. Figures 7(a) and 7(b) illustrate two
representative optical alignment test
specifically designed for 3D IC applications. One of
the most commonly used structures for alignment
verification is the box-in-box pattern, shown in
Figure 7(a). Traditionally employed in 2D alignment
contexts, this structure has been adapted for vertical
integration scenarios. In our implementation for 3D
ICs, the outer box is fabricated on the top device
layer, while the inner box is patterned on the bottom
layer. This crosslayer configuration enables the
visualization of relative displacement between the
two tiers after bonding.

industrial-scale

structures

®
Figure 7: (a) 3D box-in-box bonding alignment structure showing nearly perfect alignment (<0.2 m); (b) top-down
optical image of fabricated Vernier grids. The minimum achievable resolution with a Vernier structure is 0.18m

[35].
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The box-in-box structure is geometrically engineered
such that, under ideal alignment conditions, the
center of the inner (smaller) box is offset by precisely
13.0 micrometers from the edge of the outer (larger)
box. By inspecting the deviation from this expected
offset after bonding, one can directly calculate the
overlay error in both the x and y directions [36]. This
measurement can be performed through high-
resolution optical imaging systems and analyzed
using image processing algorithms, or via in-line
inspection tools integrated into the wafer bonding
equipment. The effectiveness of these alignment
structures lies not only in their geometric simplicity
but also in their compatibility with existing
photolithographic ~ and  bonding  processes.
Furthermore, they provide valuable feedback during
process development and vyield optimization,
especially in cases involving  ultrafine-pitch
interconnects where  submicron  accuracy s
mandatory. The capability to verify alignment post-
bond is particularly crucial in hybrid bonding and
monolithic 3D integration, where physical contacts
are made at extremely small pitches and with tight
overlay tolerances [37].

In the context of 3D IC fabrication, precise
alignment between the vertically stacked wafers is not
only essential for ensuring electrical connectivity but
also plays a critical role in determining yield and
reliability. One of the key advancements in this
domain involves the use of optical alignment test
structures, which enable submicron accuracy
evaluation during the bonding of multiple device
layers [38]. A particularly effective optical test
structure is the Vernier-type alignment pattern,
illustrated in Figure 7(b). This technique employs a
set of graduated scale-like patterns reminiscent of the
Vernier caliper principle distributed in both the x
and y directions across the bonding interface. These
structures provide a high-resolution method of
quantifying interlayer = misalignment with a
granularity of 0.18 micrometers (um) [39]. In
practical testing, this method has achieved nearly
perfect alignment below 0.18 pm at specific locations
on the wafer, representing a notable breakthrough in
bonding precision. This performance significantly
surpasses previously reported benchmarks for 200-
mm wafer alignment, making it one of the most
precise methods demonstrated to date. However, it's

important to acknowledge the non-uniformity of
alignment precision across the entire wafer surface
[40]. While localized areas can exhibit exceptional
alignment accuracy, optical measurements revealed
that only about 65% of the total wafer area met the
target threshold of better than 2.5 pm alignment
precision [41]. This spatial variation underscores the
importance of both metrology distribution and
process uniformity during full-wafer bonding. In
addition to optical techniques, electrical test
structures have been developed to measure
alignment accuracy post-bond. One notable design
involves a resistor chain structure built into the
bottom wafer, incorporating polycrystalline silicon
(polySi) resistors along a predefined metal
interconnect path. The top wafer connects to this
circuit using interlayer vias, forming a voltage divider
configuration. If the bonding is perfectly aligned, the
via correctly contacts the intended metal pad.
However, in cases of misalignment, the via may land
on an unintended pad, causing a deviation in the
voltage readout. This method provides a practical
way to electrically map layer-to-layer registration
across the entire wafer. Variations in the measured
voltage correspond directly to the misalignment
magnitude, the pitch of the metal chain, and the size
of the via openings. This allows for precise, circuit-
level diagnostics of the bonding process. A similar
approach, known as the metal chain method, forgoes
the inclusion of polySi resistors, relying solely on the
metal track’s connectivity for assessment. Empirical
test results, as depicted in Figure 8, validate the
robustness of this method. Tests conducted using via
bottom critical dimensions of 140 nm, 180 nm, and
250 nm revealed that all alignment measurements
across the wafer fell within the required tolerance
window of 0.5-2.5 pm, with the majority of values
falling below 1 um [42]. These results are especially
encouraging, as they demonstrate that the current
integration and bonding technologies are capable of
delivering the stringent overlay precision required for
high-density interconnects in 3D ICs. Furthermore,
the design flexibility of these test structures allows for
the development of additional via-chain-based
diagnostics, which can be tailored to specific
fabrication processes, bonding technologies, or
integration scales. These test vehicles are not only
critical for process validation but also serve as
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feedback mechanisms for improving alignment

systems,  bonding  tools, and  design-for-
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Figure 8: Alignment maps for 140-, 180-, and 250-nm vias show <2.5 pm misalignment. Green bars indicate error;
maps reveal and help correct placement inaccuracies [43].

5.3- Verification test structures for circuit
performance integrity:
One of the most critical challenges in the

advancement of 3D IC technology lies in ensuring
that the electrical integrity of the devices and circuits
is not compromised during the fabrication process.
This particularly  significant
considering the mechanical and thermal stresses
introduced during layer transfer and bonding
operations, which are fundamental to stacking
multiple active silicon layers in a single compact 3D
architecture. In the fabrication of 3D ICs, the layer
transfer process involves thinning, bonding, aligning,
and interconnecting device wafers. These operations,
while essential for vertical integration, subject the
devices to thermal cycling and mechanical stress,
which can negatively impact performance. Moreover,
achieving precise alignment and forming low-
parasitic interlayer connections is essential for high-
density integration. To ensure that the intended
circuit-level benefits of vertical stacking are realized,
the dimensions and tolerances of interconnects and

becomes when

alignment must match the requirements of advanced
node CMOS technologies. Any degradation in these
parameters could undermine the advantages of 3D
integration, such as performance per watt, latency
reduction, and area efficiency. To investigate these
concerns and validate the reliability of their process
flow, particularly from IBM have
developed a comprehensive test methodology using
performance-integrity test structures, including ring

researchers

oscillators (ROs), field-effect transistors (FETs), and
inverter circuits. These structures are strategically
chosen because they are sensitive indicators of
electrical and physical disturbances and are widely
used in semiconductor reliability characterization.
The study began with wafers subjected to different
stages of the layer-transfer process. Electrical testing
was performed after each stage on a set of 25 chips
per wafer. The stages included:

> Post-standard CMOS
representing baseline device performance.
> A simulated lamination step, in which the

fabrication,

wafer was subjected to bondinglike pressure and
temperature conditions without actual attachment to
the carrier substrate, to mimic thermal-mechanical
stress [44].

> Full attachment to a glass carrier, followed
by annealing (to simulate bonding conditions), and
removal of the glass plus adhesive to complete the
cycle.

The key measurements focused on linear drain
current (Idlin) and linear threshold voltage (Vtlin),
especially in long-channel (5 pm) and short-channel
(65 nm) n-FETs. Remarkably, long-channel devices
showed no significant variation across all process
stages, indicating stable channel mobility. In
contrast, short-channel devices exhibited a modest
(710%) degradation in Idlin and Vtlin, attributed to
increased line resistance rather than mobility loss.
These findings confirm that short-channel devices
are more sensitive to process-induced resistance
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changes, a vital insight for designing robust 3D ICs
at sub-100 nm nodes. After validating the process
flow, the team advanced to the fabrication of
complete 3D IC structures, including functional
device layers stacked vertically [36]. To ensure
consistency, specially designed masks were used to
pattern both top and bottom layers. Threshold

voltages (Vt) and saturation voltages (Vtsat) were
measured at multiple wafer locations before and after
the 3D layer transfer. The results, as depicted in
Figure 9 of the original study, demonstrated no
measurable  degradation in  device behavior,
reinforcing the conclusion that the 3D integration
process did not compromise electrical functionality.

0.7
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Figure 9: Linear threshold and saturation voltage evaluation for various FETs on the bottom layer pre- and post-

layer transfer.

Further assessments were performed using ring
oscillators (ROs) and dividers. These structures were
chosen due to their sensitivity to delay and alignment
precision. The researchers fabricated 41-stage and 59-
stage ROs, incorporating both n-MOS and p-MOS
devices, distributed across top and bottom device
layers. The 4l-stage RO was designed with a
generous 2 um bonding misalignment tolerance by
implementing a large via landing zone. On the other
hand, the 59-stage RO required precise bonding
alignment within 0.5 pm, emphasizing the
importance of fine alignment in high-density 3D
stacking. Additionally, the study investigated the
influence of gate patterning on performance.
Specifically, variations in lithographic exposure dose
were shown to impact gate length, which in turn
affected RO delay are shown in figure 10. It was
observed that lower exposure doses led to better
process control and uniformity, whereas higher doses
introduced more variability. This observation
underscores the need for tight lithography control
when fabricating advanced 3D ICs with sensitive

timing paths. Overall, the performance data from
ring oscillators on the bottom device layers indicated
minimal impact from the 3D stacking process,
suggesting that well-optimized fabrication steps can
successfully preserve signal integrity, even in densely
packed vertical systems. These insights are
particularly relevant to your research, as they
illustrate how innovative semiconductor processes
and precise control over fabrication variables such as
thermal budget, alignment, and interconnect
parasitics are essential to realizing the full potential
of 3D ICs. Thus, this evaluation of electrical
performance  postfabrication  provides  robust
experimental evidence in support of the central
argument of your paper: that advances in 3D
integration techniques enabled by careful material
selection, advanced bonding methods, and
meticulous alignment are critical for achieving
compact, high-performance electronic systems for
next-generation computing.
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Figure 10: Delay of RO circuits with different device lengths (variations in exposure conditions during gate
lithography) showing device characteristics preserved during the 3D IC process [45].

Future Work

As 3D integrated circuits (3D ICs) continue to
mature as a key technology for next-generation
electronics, several areas require further exploration
and innovation to fully realize their potential. Future
research efforts should focus on the following
directions:

1. Advanced Thermal Management Solutions
As device stacking increases power density, effective
thermal dissipation becomes increasingly critical.
Future work should explore novel materials with
high thermal conductivity (e.g., diamond-like carbon,
graphene-based  composites), heat
spreaders, integrated microfluidic cooling
systems [46]. Research into thermal-aware design
monitoring
mechanisms is also essential to ensure reliable 3D IC

advanced
and
real-time thermal

automation and

operation under varying workloads.

2. Improved Heterogeneous Integration

To enhance system functionality and performance,
ongoing research should focus on integrating diverse
functional components such as logic, memory,
photonics, RF, MEMS, and sensors within a unified
3D structure. This requires advances in bonding
techniques, interface engineering, and cross-domain
co-design strategies that address electrical, thermal,
and mechanical compatibility across heterogeneous
layers.

3, Low-Temperature and Room-Temperature
Processing

There is a pressing need to develop new low-
temperature ~ Or  room-temperature  processing
methods for materials deposition, bonding, and
interconnect formation to enable sequential layer
stacking without degrading previously fabricated
tiers. Techniques like laser-assisted bonding, plasma-
enhanced bonding, and low-temperature epitaxy are

promising but require further refinement for
widespread adoption.
4. Next-Generation Interconnect

Technologies

Traditional copper-based interconnects may soon
reach their performance limits in highly scaled 3D
structures. Future work should explore alternatives
(CNTs), optical
interconnects, or monolayer graphene to achieve
ultra-low latency, high bandwidth, and energy-
efficient communication between layers [47].

such as carbon nanotubes

5. Design Automation and EDA Tool
Development

Existing electronic design automation (EDA) tools
are largely optimized for 2D ICs. New tools and
methodologies tailored to 3D integration are needed
to manage thermal modeling, placement and
routing, timing analysis, and power optimization in a
vertical context. Al-driven design automation could
play a crucial role in accelerating 3D IC co-design
across multiple technology domains.
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6. Reliability, Testing, and Standardization
Ensuring longterm reliability in the presence of
complex mechanical stresses, thermal cycles, and
process variations remains a significant challenge.
Future work should focus on developing
standardized  testing methodologies, predictive
reliability models, and industry-wide packaging and
design standards for 3D ICs.

7. Sustainable and Cost-Effective
Manufacturing

The environmental impact and cost associated with
complex 3D IC manufacturing processes must be
addressed. Future research should investigate greener
fabrication techniques, recycling strategies for multi-
tiered structures, and scalable low-cost integration
schemes suitable for mass production [48].

8. Al-Optimized 3D IC Architectures

With the growing deployment of 3D ICs in Al and
machine learning accelerators, further investigation
is needed into custom 3D architectures optimized for
neural networks, in-memory computing, and edge
inference.  This  includes  vertical  dataflow
architectures, 3D neuromorphic computing models,
and co-optimization of hardware and algorithm
layers.

Conclusion:

Three-dimensional integrated circuits (3D ICs) have
emerged as a pivotal advancement in semiconductor
technology, addressing the limitations of traditional
two-dimensional scaling as feature sizes approach
fundamental physical and economic barriers. By
enabling the vertical stacking of multiple functional
layers including logic, memory, and analog
components 3D ICs offer enhanced interconnect
density, reduced signal delay, improved energy
efficiency, and compact system architectures. This
paper reviewed key fabrication technologies critical
to 3D IC development, including through-silicon
vias (TSVs), wafer-level and die-level bonding, hybrid
bonding, and monolithic 3D integration. It also
examined the enabling role of advanced materials,
low-temperature processing, and heterogeneous
integration techniques in overcoming challenges
such as thermal management, alignment precision,
and vyield optimization. While significant progress

has been made, continued innovation is essential in
areas such as thermal dissipation, interconnect
scaling, and design automation. As fabrication
methods mature and industry standards evolve, 3D
ICs are expected to see broader adoption in high-
performance computing, mobile devices, Al
accelerators, and IoT platforms. In summary, 3D ICs
not only extend the trajectory of Moore’s Law but
redefine it through architectural innovation. By
uniting advancements in fabrication, materials, and
system integration, 3D ICs are set to become
foundational to the next generation of compact,
efficient, and multifunctional electronic systems.
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