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INTRODUCTION

Advanced packaging is entering a phase where yield
and long-term reliability are no longer determined
by individual materials, tools, or nominal process
windows, but by the integrity of interfaces formed
across increasingly complex, late-stage integration
flows. As architectures shift toward hybrid bonding,
high-density interconnects, and large-format
substrates, both the number of interfaces and the
sensitivity to variation increase, while economic value
becomes concentrated in each assembled module.?
Under these conditions, yield outcomes are increas-
ingly defined by system-level factors that are not
directly observable within individual process steps
and that establish interface conditions at the
moment they are formed — conditions that cannot
be corrected once integration progresses.3*

ADVANCED PACKAGING IS AN INTERFACE
INTEGRITY PROBLEM

As packaging architectures densify, interfaces
experience coupled stresses — chemical exposure,
mechanical deformation, electrostatic fields, and
environmental contamination — after they are formed
and with no opportunity for recovery. The scaling of
die-level (nanoscale) and package-level (microscale)
interconnections increases both the number of
interfaces and the probability that small, localized
integrity losses translate into system-level yield and
reliability excursions.>®
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Figure 1. The Scaling of Die (Nanoscale) and PCB (Microscale)
Interconnection Interface Volumes (Entegris).

This represents a fundamental shift from traditional
packaging paradigms. Back-end processes now
exhibit front-end-class sensitivities without
front-end margins.* A molecular film only a few
angstroms thick can permanently inhibit adhesion,
and a nanoscale particle can prevent bond forma-
tion.”® Once an interface is compromised, there is
often no rework step, recovery mechanism, or
downstream averaging effect. As a result, yield
degradation does not typically appear as a single
catastrophic event, but as the cumulative impact
of upstream integrity losses that persist and are
amplified through integration. Root cause and point
of detection are therefore frequently decoupled,
complicating yield learning and reliability debug.

As advanced packaging incorporates hybrid bonding,
higher interconnect density, and emerging system-
on-integrated-chip (SOIC) architectures, its sensitivity
to contamination increasingly resembles that of
front-end semiconductor processes. Control of
particles, trace metals, organics, and surface chemistry
becomes yield-defining rather than yield-affecting,
requiring a system-level approach that spans materials,
tools, handling, and facilities.

WHY INTERFACE INTEGRITY BEHAVES DIFFERENTLY
IN ADVANCED PACKAGING

Advanced packaging introduces conditions that
fundamentally change how interface integrity is
established and maintained. Compared to traditional
packaging, it combines a wider range of materials,
high-viscosity chemistries, large and mechanically
heterogeneous substrates, and late-stage integration
of multiple known-good components. As a result,
interfaces are formed under more tightly coupled
and less forgiving conditions.

These challenges are amplified in panel-level fan-out
and chip-on-panel architectures. Larger substrates
increase sensitivity to variations in pressure, tempera-
ture, and chemical exposure, while mechanical
effects such as warpage become more pronounced.
Under these conditions, small local variations can
propagate across the substrate, affecting a larger
number of devices and turning localized defects

into system-level yield limiters.®




At the same time, hybrid bonding removes many
of the tolerances that existed in earlier assembly
approaches. Bond formation depends on clean and
planar surfaces at the moment of contact, and any
imperfection present at that point becomes a
permanent defect. Because there is no mechanism
for correction after bonding, variability introduced
upstream directly determines bonding outcomes.”®

These effects are further compounded by how
interface conditions are created and controlled.
Many of the variables that define surface condition
are introduced upstream in materials preparation,
storage, and delivery but only become visible as
defects during downstream processing. This separa-
tion between where variation originates and where
it is observed creates a structural challenge, where
yield issues are addressed within individual process
steps even though their root cause lies elsewhere
in the system.’

As a result, failure behavior in advanced packaging

is often latent. Interfaces formed under marginal
conditions may pass initial inspection but degrade
later under thermal, mechanical, or electrical stress
during operation.® This decoupling of formation and
failure makes root cause difficult to isolate and shifts
risk toward later stages of integration.
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Figure 2. Entegris collaboration model.
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In this environment, yield is not defined by the
performance of any single step, but by how well
the full system preserves interface conditions at
the moment they are formed.

SIX DOMAINS THAT PRESERVE INTERFACE INTEGRITY

These dynamics manifest consistently across several
domains where interface conditions are established,
preserved, and ultimately tested through integration.

1. Substrate Handling: Preserving Integrity
Before Processing Begins

Substrate handling establishes the initial condition
of surfaces before processing begins and sets the
baseline for interface integrity. Mechanical interaction,
electrostatic effects, and environmental exposure
during transport or storage introduce damage that
cannot be recovered in later steps.

As substrates become larger, thinner, and more
heterogeneous, sensitivity to these effects increases.
Microscratches, contamination, and charge accumu-
lation introduced during handling are often not
detected immediately but propagate through the flow
and manifest as failures once interfaces are formed.
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2. High-Viscosity Materials Handling: Forming Interfaces That Survive

High-viscosity materials handling determines how
interfaces are physically formed during dispense,
fill, and encapsulation processes. Under pressure
and flow transitions, dissolved gas and micro-
inclusions can nucleate and become trapped
within the material.

Because gas transport is limited relative to process
time, bubbles formed during handling cannot
escape prior to curing and become embedded

in the interface. This creates an escape limited
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condition where gas introduced during handling
becomes part of the interface rather than being
removed before cure.* These voids disrupt material
continuity and may not be immediately visible but
degrade reliability under thermal and mechanical
stress.

In production, this behavior often appears as stable
operation followed by sudden yield excursions after
restart or material transitions, reflecting changes in

material state rather than tool settings.
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Figure 3. Defect mapping of 4500 cP material without (left) and with a 0.5 pm filter (right).

3. Copper Plating: Chemical Integrity at Electrical Interfaces

Copper plating defines electrical interface integrity
through the chemical state of the plating system.
Deposition behavior reflects the combined condition
of formulation, storage, delivery, and recirculation
rather than individual tool parameters.

Variations in chemistry influence grain structure,
inclusion formation, and interfacial stability. These
effects are often not detected during initial testing

but emerge later as resistance drift, corrosion, or
reliability degradation under electrical and thermal
stress.

Because plating occurs late in the integration
sequence, these defects carry forward into high-
value assemblies, amplifying their impact.




4. CMP and Hybrid Bonding: Planarity as an Integrity Requirement

Chemical mechanical polishing (CMP) establishes the
surface planarity and cleanliness required for hybrid
bonding. Particle populations within slurry systems
evolve dynamically, and shear-induced interactions*!°
can increase large particle count, introducing surface
defects during polishing.
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At the scale required for hybrid bonding, these
defects create nanometer-level non-uniformity
that directly affects bonding outcomes. Because
bonding occurs without a self-healing mechanism,
surface condition at the moment of contact deter-
mines success, and variability introduced during
slurry handling or post-CMP processing translates
directly to yield variation.
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Figure 4. Impact of CMP slurry delivery and filtration conditions on wafer defectivity. System-level changes in slurry handling and filtration drive a

32— 34% reduction in Cu and oxide wafer defect counts.

5. Electrostatic Discharge: Preserving Interface Integrity Under Charge Stress

Electrostatic effects in advanced packaging are driven
primarily by charge accumulation rather than discrete
discharge events. Material flow, fluid transport, and
substrate movement can generate charge in systems
where natural dissipation is limited.

This accumulated charge can degrade dielectric
layers and interfaces without immediate failure,
creating latent defects that appear later under
electrical or thermal stress.®* Managing ESD therefore
requires controlling charge generation and dissipa-
tion across the full system, not just preventing
discrete events.
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Figure 5. Left: Magnification of pinhole in a valve diaphragm. Center/
right: Example of electrical discharge through a standard PFA tubing
wall (0.062" diameter wall thickness).




6. Facility-Level Contamination Control:
Sustaining Integrity Across the Flow

Facility conditions define the environment in which
materials and substrates are exposed throughout
the manufacturing flow. Contamination introduced
during chemical distribution, transport, or storage
can alter surface condition prior to interface
formation.

As sensitivity increases, contamination control must
extend beyond point-of-use mitigation to include
materials supply, delivery infrastructure, and ambient
environment. Interface integrity depends on main-
taining consistent conditions across the full system,
not just within individual tools.*

Across these six domains, a common pattern
emerges: interface conditions are established
through system-level interactions that are often
outside the visibility of individual process steps,
yet determine yield and reliability outcomes.
These interactions define interface quality
before it can be directly measured, controlled,
or corrected within individual process steps.

CONCLUSION: INTERFACE INTEGRITY AS THE
YIELD-DEFINING DISCIPLINE

Treating interface integrity as the yield-defining
discipline changes how advanced packaging systems
are designed. Preserving interface integrity depends
not only on how interfaces are bonded and stressed,
but also on how the surfaces that form them were
exposed and controlled earlier in the manufacturing
lifecycle. It shifts optimization upstream, elevates
handling, delivery, and facility environments to
first-order process variables, and requires that
interfaces be engineered to survive and not merely
form through late-stage integration.
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ABOUT ENTEGRIS

Entegris is a world-class supplier of advanced materials
and process solutions for the semiconductor and other
high-tech industries. Entegris is ISO 9001 certified and
has manufacturing, customer service, and/or research
facilities in the United States, Canada, China, France,
Germany, Israel, Japan, Malaysia, Singapore, South
Korea, and Taiwan. Additional information can be
found at entegris.com.
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