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In hybrid bonding, tight alignment and overlay accuracy between the wafers is required to achieve good electrical contact between the

interconnected devices on the bonded wafers. Constant reduction in pitches is fueling tighter bonding specifications. Shown here is the

SmartView® NT3 Aligner, which achieves sub-50nm alignment accuracy on 300 mm wafers, supporting advanced 3D applications such
as memory and logic stacking, Al accelerators, and heterogeneous integration.
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Hybrid bonding: A critical enabler of next-gen 3D device

architectures

By Tobias Wernicke, Bernd Dielacher [EV Group]

he rapid advancement of

microelectronics is placing

increasing pressure on
conventional device architectures
to deliver higher performance while
maintaining efficiency and scalability.
Traditional monolithic scaling is no longer
sufficient. As a result, the industry is
moving towards new integration schemes
combining individually optimized
components via advanced 3D stacking and
heterogeneous integration approaches.

The technological shift towards
new integration schemes is driven in
large part by the rapid rise of artificial
intelligence (AI), cloud computing,
and other data-intensive applications.
These workloads place unprecedented
demands on compute performance,
memory bandwidth, and energy
efficiency. Modern data centers are
scaling aggressively, and applications
such as large language models and real-
time analytics require tightly-coupled
compute and memory architectures.
At the same time, the need to balance
performance with power consumption
and thermal constraints is becoming
more critical than ever. Consequently,
system architectures must evolve to
support higher data movement efficiency
and reduced latency, enabling sustained
performance improvements in an era
defined by exponential data growth.

In this context, hybrid bonding is
emerging as a key technology to meet
these escalating system requirements.
It provides ultra-fine-pitch connectivity
well beyond the capabilities of traditional
micro-bump solutions and has become
a key enabler of advanced 3D and
heterogeneous integration. But what is
hybrid bonding? Unlike conventional
bonding techniques, hybrid bonding
uniquely combines dielectric-to-
dielectric fusion bonding with metal-
to-metal thermocompression bonding
(TCB), usually copper to copper, within
a single process step.

Plasma-activated fusion bonding allows
the joining of two dielectrics at room
temperature through surface-to-surface
interactions, primarily driven by capillary
forces and secondarily by Van der Waals
forces. The initial state, called “pre-bond,”
is strong enough to allow wafer handling
but requires a subsequent annealing step
to form a permanent bond. During this
temperature treatment, the pre-bond is
transformed into a covalent bond via a
hydrolysis reaction between surface oxides
and hydroxyl (OH) groups. This bonding
mechanism is well described by the
Gosele model [1]. To reduce the annealing
temperature to a complementary metal-
oxide-semiconductor (CMOS)-compatible
range (<400°C), the substrates are plasma
activated before the pre-bonding. This
activation modifies surface hydrophilicity,
which ultimately increases the density of
reactants for the hydrolysis reactions, most
notably hydroxyl (OH) groups [2].

The electrical connection during a
hybrid bond is established via a very
local metal-to-metal TCB. The driving
mechanism during TCB is solid-state
interdiffusion. Because there is no liquid
metal phase involved, no related wafer-to-
wafer alignment shift occurs.

The process of record to create hybrid-
bondable structures is the damascene
process ( ). While the patterning
process can vary significantly across
different damascene integration schemes
(e.g., dual-damascene, single-damascene),
the preparation of the bonding interface

surface always involves an over-polishing
step, resulting in a recessed metal surface
relative to the bonding dielectric. Because
both parts of the hybrid bonding—the
plasma-activated fusion bonding and the
TCB— require a temperature step, this
over-polish is required to compensate
for the mismatch in thermal expansion
between the metal and the dielectric
materials. In addition, to ensure reliable
mechanical contact between both
materials, the degree of metal recess is a
critical parameter. Typically ranging from
2-4nm, the metal recess must be controlled
across the entire substrate with sub-
nanometer precision.
When looking at roadmaps (

), particularly in terms of pitch scaling
and associated wafer-to-wafer overlay
requirements, the primary challenge
in current hybrid bonding processes
becomes very obvious: How can wafer-
to-wafer overlay be controlled and further
improved? Considering the latest reference
data [5], the success of a hybrid bond
in terms of wafer-to-wafer overlay is
typically evaluated based on the maximum
misalignment vector measured across
the wafer. However, to optimize wafer
overlay performance, it is essential to
understand the individual contributors to
misalignment and their respective origins.

The EVG overlay model analyzes an
overlay measurement, which represents
the vector-based misalignment between
top-to-bottom alignment marks at
multiple locations across the wafer

Figure 1: Simplified damascene process flow. SOURCE: EVG
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Figure 2: Roadmap bond overlay vs. interconnect pitch [3]. SOURCE: EVG

(“Overlay”), and separates them into
overall linear (“Alignment”) and
nonlinear (“Distortion”) components
( )-

The alignment component describes the
global wafer-to-wafer shift and comprises
four sub-components: Translation in the
x-direction, translation in the y-direction,
rotation, and wafer-to-wafer scaling. By
subtracting these linear components from
the measured overlay, the remaining
residuals— referred to as distortion—can
be isolated and analyzed.

Global shifts between wafers in x-
and y-directions are straightforward
to understand and can be directly
corrected using standard wafer-to-wafer
optical alignment systems. The scaling
component, however, can originate from
various sources, such as environmental
differences during top- and bottom-
production, respectively, and different
stress-induced wafer shapes.

It is important to mention that the
bonding process itself also introduces
a scaling component. This is primarily
attributed to the point-contact initiation
of the bonding process via a bond pin,
which triggers the fusion bond process
( ). During the bonding process,
the bond pin locally pushes the center
of the top wafer towards the bottom

wafer while the outer regions are still
being held by vacuum. This results in
a radial stretching of the top wafer,
which is transferred to the bottom
wafer as the bond wave propagates.
Various techniques are available in

industry to compensate for this inherent
scaling effect, as illustrated in

. Because the scaling induced by the
bonding process exhibits a strong linear
dependence on the curvature of the top
wafer, a highly effective compensation
method is to intentionally induce a
matching curvature on the counter-
wafer, thereby canceling the inherent
scaling effect.

When analyzing distortion behavior
and its origins in hybrid bonding, a
distinction must be made between
blank and patterned wafers. As shown
in , the bond wave propagation
of a patterned wafer differs
significantly compared to a blank
wafer, adopting a more square-shaped
profile. This behavior arises because
the bond wave of the dielectric regions
must propagate around the embedded
metal features, which are typically
arranged in orthogonal (horizontal-
vertical) layouts. As a result, the bond
wave front is constrained by the metal
pattern geometry, which translates
into different bond wave shapes.
Ultimately, this behavior has a direct
impact on the overlay.

Figure 3: Example of overlay breakdown. SOURCE: EVG

Figure 4: Scaling and distortion dynamics during the fusion bonding process. SOURCE: EVG
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Figure 5: a) Schematic illustration of scaling (runout) compensation in wafer bonding; and b) Linear relationship

between chuck bow and runout [4]. SOURCE: EVG

Figure 6: Bond wave propagation behavior of: a) Blank vs. b) Patterned wafers. SOURCE: EVG

Hybrid bonding offers a scalable pathway
to extend system-level performance
beyond the limits of traditional device
scaling. It enables each functional chip to
be independently optimized, leveraging
the most suitable process node or material
while maintaining tight system-level
coupling. As a result, designers can move
beyond monolithic scaling and adopt more
flexible, performance-driven integration
strategies. These approaches are already
being deployed in applications such as
Al accelerators and high-performance
computing (HPC), where memory
bandwidth and latency represent critical
bottlenecks. In this context, hybrid
bonding enables the close integration of
logic and memory, supporting advanced
architectures such as high-bandwidth
memory (HBM) stacks and emerging
logic-on-memory concepts.

The developments noted above align
closely with imec’s CMOS 2.0 vision,
which extends 3D integration towards
system-level partitioning into distinct
tiers, reconnected through dense vertical
interconnects. These architectures require
extremely fine pitches for logic-to-logic
and memory-to-logic stacking. Recent

results from imec and EV Group highlight
the state of the art in hybrid bonding [5],
demonstrating wafer-to-wafer hybrid
bonding at a 200nm interconnect pitch with
sub-40nm alignment accuracy across full
300mm wafers, representing a record level
of precision ( ). This breakthrough,
enabled by optimized materials, chemical-
mechanical polishing (CMP) processing,
and advanced bonding equipment, marks
a key milestone toward the interconnect
densities required for CMOS 2.0 and future
3D system architectures. Looking further
ahead, hybrid bonding is also expected to
support future device architectures such

Figure 7: Transverse electromagnetic mode
(TEM) image of daisy chain structures on a 200nm
hexagonal pad grid with equal hybrid pad size and
25% designed Cu density [5]. SOURCES: imec/EVG

as complementary field-effect transistor
(CFET), where vertical stacking at the
transistor level will impose even more
stringent requirements on nanoscale
interconnect definition and alignment.

The challenges of these scaling and
integration strategies extend beyond wafer-
to-wafer overlay requirements and include
material-related issues, such as thermal
and electrical properties, discussed below.

In terms of thermal properties,
particularly in the context of logic-
memory integration, increasingly stringent
temperature budget must be maintained to
avoid issues such as unwanted diffusion or
excessive thermomechanical stress. This
temperature budget can be below 200°C,
which is significantly below the commonly
used annealing temperatures for hybrid
bonding (around 300°C). One promising
approach to achieve bonding at reduced
temperatures is copper grain-engineering,
specifically, fine-grain copper, often
referred to in literature as nano-crystalline
copper [6]. The modification of the
grain structure is typically achieved
during the copper electroplating by
introducing different additives during
deposition that impact the grain-growth
behavior. Because the metal bonding
mechanism in hybrid bonding is based
on diffusion, the use of fine-grain copper
is motivated by the increased density
of grain boundaries, which act as fast
diffusion pathways. Diffusion along grain
boundaries occurs at significantly higher
rates than bulk (volume) diffusion. This
allows interconnect formation similar to
“conventional copper,” but at significantly
reduced temperatures. During annealing,
fine-grain copper recrystallizes resulting
in low electrical resistivity.

Regarding the electrical properties of
hybrid bond interconnects, significant
research efforts are focused on sub-10nm
via dimensions, as required for advanced
logic applications, such as the hybrid-
bonded CFET architecture. While copper-
based hybrid bonding is well established,
scaling copper to these dimensions
becomes increasingly challenging for two
main reasons. First, copper can easily
diffuse into silicon, necessitating the use
of a robust diffusion barrier within the
interconnect structure. As dimensions
shrink, this barrier must scale accordingly.
Second, the electrical resistivity of thin-
film copper increases exponentially for
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film thicknesses approaching the mean
free path of copper (~40nm), primarily due
to enhanced surface and grain boundary
electron scattering. Therefore, alternative
materials are being investigated—the most
promising being ruthenium—particularly
when grown epitaxially, as it is well suited
for front-end integration.

As shown in , ruthenium,
especially epitaxial ruthenium, exhibits
favorable resistivity for thin films
below 10nm. In addition, ruthenium
interconnects do not require diffusion
barriers, like for copper interconnects.
This enables a significantly higher fraction
of the interconnect cross section to be
occupied by the conducting material,
rather than by auxiliary layers such as
barriers [7]. Consequently, ruthenium
is considered one of the most promising
candidates for advanced interconnect
scaling in hybrid bonding applications.

An equally important aspect of

advanced hybrid bonding integration
schemes is the need to enable the extreme
wafer thinning of these architectures. As
interconnect pitch scales into the sub-
micron regime, the entire stack must
become thinner, flatter, and more precisely
controlled. This shifts temporary bonding
from a supporting process step to a critical
technology driver on its own. An enabler
in this domain is EVG’s LayerRelease™
technology, an infrared (IR) laser
debonding technology based on silicon
carriers and inorganic release layers that
allows fusion bonding to the carrier—
providing superior rigidity during device
thinning. In addition, its inorganic nature
is front-end compatible and supports high-
temperature processing steps directly
on the carrier. IR laser debonding has
emerged as a particularly effective solution
for next-generation integration schemes
that require extreme thinning in advanced
process flows.

Figure 8: Resistivity of ruthenium and other metals related to film thickness [7]. SOURCE: Used with

permission of IEEE

As the semiconductor industry continues
to push beyond the limits of conventional
scaling, hybrid bonding is rapidly evolving
into the dominant interconnect technology
for advanced integration. While wafer-
to-wafer overlay is constantly optimized,
new materials and processes are being
introduced to enable new technology
nodes and integration schemes.
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