micromachines

Review

Thermal Management and Reliability Engineering of Advanced
HBM Packages: Materials, Interfaces, and Integrated
Design Strategies

Hye Rin Do f, Jun Ha Wee ¥, Hwa Rim Lee T, Young Chae Lee, Yunna Song and Sung Gyu Pyo *

W) Check for updates

Academic Editor: Chang-Chun Lee

Received: 1 August 2026

Revised: 1 September 2026
Accepted: 4 September 2026
Published: 8 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

School of Integrative Engineering, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974,
Republic of Korea

* Correspondence: sgpyo@cau.ac.kr

* These authors contributed equally to this work.

Abstract

Advances in artificial intelligence, high-performance computing, and generative Al tech-
nologies have driven a rapid increase in the memory bandwidth and data throughput
required of semiconductor systems, establishing High Bandwidth Memory (HBM)—which
vertically stacks multiple DRAM dies—as a key enabling memory technology. However,
increasing the stack count and shrinking the interconnect pitch in HBM not only intensify
vertical heat accumulation and hotspot formation but also give rise to complex reliability
issues, including thermo-mechanical stress arising from coefficient-of-thermal-expansion
(CTE) mismatch, package warpage, interfacial delamination, Cu protrusion, void formation,
and joint degradation. This review analyzes the heat-generation and heat-transfer mecha-
nisms of HBM packages and examines package-level thermal management strategies based
on thermal interface materials, underfill, non-conductive film, epoxy molding compound,
heat spreaders, and high-thermal-conductivity composites. It further summarizes the cur-
rent crowding, electromigration, Cu—dielectric interfacial defects, and thermo-mechanical
failure mechanisms that arise at fine-pitch interconnects and hybrid-bonding interfaces,
together with the material and process design strategies developed to mitigate them. In
addition, structure-based thermal management technologies—thermal TSVs, embedded
cooling, and hybrid bonding—are compared. This review emphasizes that the thermal bot-
tlenecks and reliability degradation of HBM are interconnected through interfacial thermal
resistance, interfacial adhesion, residual stress, and interfacial defects, and proposes that
next-generation, highly stacked HBM requires a multi-scale thermal-reliability co-design
that integrally controls the heat-, stress-, and current-transfer pathways across the entire
package and interconnect domain, rather than relying on the improvement of individual
material properties alone.

Keywords: High Bandwidth Memory; thermal management; packaging reliability;
interfacial thermal resistance; thermal interface material; underfill; hybrid bonding; thermal-
reliability co-design

1. Introduction

Advances in artificial intelligence, high-performance computing, and generative Al
technologies have driven a rapid increase in the data throughput and memory bandwidth
required of semiconductor systems [1-3]. However, the growth rate of memory bandwidth
remains comparatively limited relative to the improvement in processor computational
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performance, intensifying the memory-wall problem in which data-movement latency
and power consumption constrain overall system performance. High Bandwidth Memory
(HBM) has attracted attention as a key technology for overcoming this limitation [4,5].

HBM achieves high bandwidth and superior power efficiency by vertically stacking
multiple DRAM dies and connecting them at high density through through-silicon vias
(TSVs) [6-9]. Because it can also be integrated within the same package as a GPU or
Al accelerator, HBM has become a core memory architecture for next-generation Al and
HPC systems [10-12]. However, increasing the number of stacked dies and shrinking
the interconnect pitch lengthen the heat-transfer path, accumulate interfacial thermal
resistance, and raise power density, thereby intensifying internal heat accumulation and
hotspot formation [13-15].

HBM packages are composed of materials with markedly different thermal and me-
chanical properties, including Si, Cu, underfill, non-conductive film, epoxy molding com-
pound, and substrate [16-19]. When temperature changes occur, the resulting mismatch in
coefficient of thermal expansion (CTE) among these materials generates thermo-mechanical
stress, which can lead to warpage, delamination, Cu protrusion, and interconnect failure.
Furthermore, once interfacial delamination or voids form, the local thermal resistance in-
creases, which in turn raises the local temperature and stress, driving a coupled degradation
process [20-22].

Conventional micro-bump structures, meanwhile, become increasingly vulnerable to
current crowding, electromigration, void formation, and degraded joint reliability as the
pitch decreases [1,7,23,24]. To overcome this limitation, hybrid bonding—which simulta-
neously forms Cu—Cu direct bonds and dielectric—dielectric bonds—has been proposed
as a next-generation HBM interconnect technology [25-28]. Hybrid bonding can achieve
ultra-fine pitch and low electrical resistance, but it is highly sensitive to surface roughness,
native oxide, contamination, flatness, and interfacial voids, and therefore requires precise
interfacial control [5,29,30].

To address these issues, packaging materials such as thermal interface materials, high-
thermal-conductivity underfills, non-conductive films, epoxy molding compounds, and
carbon-based composites are being developed, alongside structure-based thermal manage-
ment technologies such as thermal TSVs, heat spreaders, and embedded cooling [9,31-37].
However, high filler loading intended to improve thermal conductivity also increases vis-
cosity and elastic modulus, which can degrade gap-filling capability and stress-relaxation
performance; consequently, improving a single material property alone is insufficient to
simultaneously resolve HBM’s thermal management and reliability challenges [2,38—44].

Therefore, next-generation HBM packaging must integrally consider not only mate-
rial thermal conductivity but also interfacial thermal resistance, adhesion strength, CTE,
residual stress, current transport, and processability [10,18,45]. This review analyzes the
heat-transfer mechanisms and major thermal and mechanical reliability issues of HBM
packages, and comprehensively examines package-level thermal management materials
and interconnect-level interfacial design technologies. It further compares hybrid bond-
ing with structure-based cooling technologies and proposes directions for multi-scale
thermal-reliability co-design to ensure the long-term reliability of highly stacked HBM.

2. Reliability Challenges in HBM Packages
2.1. HBM Architecture and Heat Generation

HBM has a three-dimensional integration structure in which multiple DRAM dies
are vertically stacked, with each die connected to the base die through TSVs and micro-
bumps or a hybrid-bonding structure [1,5,23,46,47]. The stacked HBM is connected to a
GPU, CPU, or Al accelerator through a silicon interposer or an advanced substrate [3,4,12].
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This structure shortens the data-transfer distance and increases I/O density, but it also
concentrates numerous heat sources within a small area.

Heat generation in HBM originates mainly from the memory banks and peripheral
circuits of the DRAM dies, as well as from the base or logic die at the bottom of the stack.
In particular, relatively high power density can develop in the PHY and logic regions
responsible for high-speed data input/output [6,9,11]. When HBM and a GPU are placed
on the same interposer, the overall temperature distribution is affected not only by the
HBM'’s own heat generation but also by heat transferred from the adjacent GPU.

As the number of stacked HBM dies increases, not only does the total heat generation
increase, but the length of the heat-transfer path from the internal dies to the external
cooling surface also grows. Heat generated in dies located near the center of the stack or far
from the cooling surface must pass through multiple silicon layers and bonding interfaces,
making it difficult to dissipate efficiently [7,8,10,13]. As a result, the vertical temperature
gradient increases with stack count, raising the likelihood of localized hotspot formation at
specific locations.

The internal temperature of HBM is determined not only by the amount of heat
generated but also by the position of the heat spreader, the cooling boundary condition, die
thickness, the thermal conductivity of the bonding layer, and TSV placement [14,48-50].
Consequently, HBM devices with the same total power consumption can exhibit different
peak temperatures and temperature distributions depending on the stacking structure
and heat-transfer path. In particular, when the heat source and the cooling surface are
positioned asymmetrically, the internal temperature distribution of the stack likewise
becomes asymmetric.

The overall packaging architecture, including the GPU/accelerator die, the HBM stack,
the silicon interposer, and the heat spreader, is illustrated in Figure 1.

— Micro-bump/
Hybrid Bond

GPU / Al Accelerator Die

Base / Logic Die

. Th?ﬁ% Silicon Interposer (TSV routed)T ﬁ %} =

Package Substrate

High-density interconnect via Si interposer

Figure 1. Schematic of HBM packaging architecture [21]. Original schematic prepared by the authors
based on the packaging architecture reported in Ref. [21].

2.2. Heat Transfer Path and Interfacial Thermal Resistance

Heat generated in HBM is dissipated to the outside through the silicon die, TSVs,
micro-bumps, bonding layers, underfill or NCF, TIM, and the heat spreader [31,34,39,51].
The thermal resistance of each material layer is determined by its thickness and thermal
conductivity, but in an actual package, the interfacial thermal resistance that arises at
the contact interface between dissimilar materials has a substantial effect on overall heat-
transfer performance. Figure 2 illustrates representative heat dissipation pathways and the
resulting thermal accumulation in such a 3D-stacked memory structure.
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Figure 2. Heat dissipation pathways and thermal accumulation in a 3D-stacked memory structure [7].
Reproduced from Ref. [7], an open-access article published in Electronics (MDPI) under the terms of the
Creative Commons Attribution (CC BY) license.

Silicon and Cu have relatively high thermal conductivity, whereas the underfill, NCF,
and dielectric positioned between dies have comparatively low thermal conductivity. In
particular, in highly stacked HBM structures where inter-die bonding layers are repeated
many times, even a small thermal resistance at each individual interface can accumulate to
a substantial effect across the entire stack [40,44,52]. Accordingly, the vertical heat-transfer
performance of HBM can be limited more by the characteristics of the repeated bonding
layers and interfaces than by the thermal conductivity of any single material.

Interfacial thermal resistance is influenced by surface roughness, actual contact area,
interfacial voids, contamination, and the phonon-transport characteristics between the
two materials [32,36,53]. Even when a bonded surface appears flat to the eye, the actual
contact area can be smaller than the total area because of microscale surface asperities. Air
or microvoids exist in the non-contacting regions and act as localized thermal barriers that
impede heat transfer.

TSVs and Cu interconnects can serve as low-thermal-resistance vertical heat-transfer
paths [54-56]. However, because TSVs in HBM are primarily placed to carry electrical
signals and power, it is difficult to optimize their position and density based on heat
transfer alone [31,55]. In addition, the dielectric liner and barrier layer surrounding the
TSV can limit direct heat transfer between the Cu and the silicon. Therefore, the thermal
effect of TSVs should be evaluated not only in terms of the high thermal conductivity
of the metal but also in terms of TSV density, diameter, placement, and the surrounding
interfacial structure.

2.3. Thermo-Mechanical Stress and Package Deformation

HBM packages are composed of a variety of materials—Si, Cu, solder, polymer, and
package substrate—whose CTE and elastic modulus differ substantially from one another.
In general, Si has a lower CTE than Cu and polymer-based packaging materials, so when
temperature changes during fabrication or operation, each material undergoes thermal
deformation of a different magnitude [16,17,19,57,58]. However, because the free expansion
and contraction of individual materials in a stacked structure is constrained by adjacent
layers, thermo-mechanical stress can become concentrated within the materials and at inter-
faces, particularly at die corners and structural discontinuities [16,17,19,59]. The magnitude
and distribution of this stress are determined not only by the CTE mismatch between
materials but also, in combination, by the elastic modulus, layer thickness, structural
constraint conditions, the stress-free temperature, and the overall thermal history of the
process [18,20].
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As can be inferred from the coefficients of thermal expansion (CTE) of Si and Cu shown
in Figure 3, the Cu within a TSV tends to expand to a greater degree than the surrounding
silicon. As temperature rises, the expansion of Cu is constrained by the silicon, which
can generate radial, hoop, and shear stresses at the TSV sidewall and the surrounding
dielectric [16,50,57]. This stress can affect the electrical characteristics of the region between
the TSV and the transistor area, and under repeated thermal history it can progress into
interfacial cracking and delamination.
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Figure 3. Thermo-mechanical stress evolution around a Cu TSV during thermal cycling. Original
schematic prepared by the authors.

Cu protrusion is a phenomenon in which the top of a Cu pad or TSV protrudes
above the surrounding surface, arising from the CTE mismatch between Cu and the
surrounding Si or dielectric together with the relaxation of residual stress generated by
plastic deformation, high-temperature creep, grain growth, and the electroplating process
of Cu [21,60,61]. Non-uniform Cu protrusion degrades the coplanarity of the bonding
interface and concentrates contact pressure at specific pads. Because hybrid bonding
requires simultaneous contact between Cu and dielectric surfaces, even a height difference
on the order of several to several tens of nanometers can affect bonding quality.

At the package level, warpage can arise from differences in CTE and elastic modulus
among the various material layers [20,22,62,63]. Cure shrinkage and residual stress gen-
erated during the curing of underfill or EMC also affect package deformation. In highly
stacked HBM, deformation accumulated from each die and bonding layer makes it in-
creasingly difficult to control overall package curvature and die-level warpage as the stack
count increases.

Warpage is not merely a change in shape; it also affects bonding alignment, underfill
flow, and interconnect contact condition. Non-uniform deformation concentrates tensile
or shear stress at certain interconnects, which can lead to cracking, open failure, and
delamination [17-19]. Conversely, once interfacial delamination occurs, local stiffness
decreases and deformation becomes further concentrated, which can intensify warpage
even further.

2.4. Fine-Pitch Interconnect and Hybrid Bonding Reliability

Conventional HBM has widely relied on solder-based micro-bumps to connect stacked
dies [64-68]. However, as the interconnect pitch decreases, the diameter and height of
the bumps decrease correspondingly, and the alignment precision and shape uniformity
required during the bonding process increase substantially. At narrow spacings, underfill or
NCF can have difficulty fully filling the gaps between bumps, resulting in voids and unfilled
regions. Figure 4 compares the micro-bump and hybrid-bonding interconnect structures.
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Figure 4. Comparison of micro-bump and hybrid bonding in HBM. Original schematic prepared by
the authors.

In fine-pitch micro-bumps, current crowding is likely to occur near the entrance
where the wiring connects to the bump and near the UBM edge, where the current path
narrows abruptly [24,59,66,67]. The resulting local increase in current density promotes
Joule heating and electromigration; as electrons flow, metal atoms migrate, typically causing
atomic depletion and void formation on the cathode side and metal accumulation with
intermetallic-compound growth on the anode side. In solder-based joints, Kirkendall voids
can also form due to the asymmetric diffusion of Cu and Sn and the growth of intermetallic
compounds. This degradation reduces the effective cross-sectional area of the interconnect
and can lead to increased contact resistance, local heating, and eventual open failure.

Hybrid bonding is a technology that eliminates solder bumps and forms Cu-Cu bond-
ing and dielectric-dielectric bonding at the same interface [5,7,29,30,56]. This approach
can substantially reduce interconnect pitch and is advantageous for reducing the electri-
cal resistance as well as the parasitic resistance and capacitance of the joint. Because it
eliminates some of the interfaces previously occupied by solder and underfill and forms
a direct Cu—Cu connection, it can also reduce vertical thermal resistance when sufficient
contact area and a low void fraction are secured. For these reasons, hybrid bonding is
regarded as a core interconnect technology for next-generation HBM and highly integrated
3D packaging.

However, the bonding quality and long-term reliability of hybrid bonding are highly
sensitive to surface condition. Native oxide and organic contamination on the Cu surface
impede Cu atomic diffusion and metallic bonding, and the influence of these surface
defects becomes greater as the bonding temperature decreases [69-73]. At the dielectric
interface, surface hydroxylation, surface energy, and moisture condition affect the initial
pre-bonding strength and subsequent annealing behavior [26,27,74]. Surface particles can
also form localized gaps that block the surrounding contact, causing interfacial voids
far larger than the particle size itself. In fine-pitch structures, a defect of the same size
occupies a larger fraction of the total pad area, so its electrical and thermal impact becomes
correspondingly greater.

Cu dishing, dielectric erosion, and pad-height variation arising from the CMP process
also limit bonding quality [21,28,75,76]. If the Cu is excessively recessed, initial contact
may not form; excessive protrusion, on the other hand, can cause localized pressure
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concentration and dielectric damage. Hybrid bonding therefore requires the simultaneous,
precise control of the surface flatness, roughness, and height difference of both the Cu and
the dielectric.

2.5. Coupled Failure Propagation

The thermal, mechanical, and electrical degradation processes that occur in HBM do
not proceed independently; rather, they develop in a mutually coupled manner in which
one degradation phenomenon promotes another damage mechanism. A local hotspot does
not so much change the CTE mismatch between materials itself as it amplifies the local
temperature rise and temperature gradient, thereby increasing the thermal-deformation
mismatch and thermo-mechanical stress around the TSV and bonding interface. Repeated
application of this stress can lead to interfacial cracking and delamination; in the delami-
nated region, the actual contact area decreases and a low-thermal-conductivity gap or void
forms, increasing the interfacial thermal resistance [16,18,22,39]. As a result, the tempera-
ture in adjacent regions rises further, and a positive-feedback behavior can emerge in which
thermal stress and crack propagation continue to accelerate.

Interconnect voids directly link electrical and thermal degradation because they simul-
taneously reduce the current path and the heat-transfer area. When the effective conductive
cross-section decreases due to void formation, current becomes concentrated in the remain-
ing region, increasing the local current density and Joule heating [24,59,66,77]. The elevated
temperature promotes metal-atom diffusion and electromigration, causing further void
growth and an increase in interconnect resistance. Because the increased resistance in turn
raises local heat generation, a repeating degradation cycle can form in which void growth,
current crowding, and Joule heating mutually amplify one another. At hybrid-bonding
interfaces as well, initial microscale defects such as Cu non-contact, particle-induced voids,
and non-uniform Cu recess or protrusion can simultaneously increase contact resistance,
local heat generation, and interfacial stress concentration, and under repeated thermal and
electrical loading these defects can progress into cracking and delamination.

As package warpage increases, the contact pressure at the bonding interface and the
load on the interconnects become non-uniform [17,20,58,62]. At some joints, insufficient
pressure causes incomplete bonding, while at other locations excessive compressive or
shear stress can act. During subsequent thermal cycling, repeated package bending and
stress redistribution concentrate tensile and shear stress at particular interconnects and
interfaces, and crack growth and delamination tend to progress preferentially in regions
where initial defects already exist. Furthermore, because interfacial delamination reduces
local stiffness and further concentrates package deformation, warpage and delamination
can form a mutually amplifying relationship.

In this way, the failure propagation of HBM must be understood as an interconnected
problem involving hotspots, interfacial thermal resistance, current crowding, electromi-
gration, warpage, and delamination. Consequently, it is difficult to adequately assess
long-term reliability from a single measurement of thermal conductivity, adhesion strength,
or electrical resistance alone. Reliability assessment of next-generation HBM packages
requires an experimental approach that combines temperature cycling, power cycling,
electromigration testing, warpage measurement, and interfacial fracture analysis, together
with coupled multiphysics analysis that simultaneously accounts for thermal, mechanical,
and electrical fields [19,25,28,78].

2.6. Generational Evolution of HBM Packaging: From Micro-Bump Interconnects to
Hybrid Bonding

Since its introduction, HBM has evolved through successive generations—HBM]1,
HBM2, HBM2E, HBM3, and HBM3E—each of which has increased stack count, per-pin
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data rate, and I/O density while progressively narrowing the micro-bump pitch used to
interconnect the stacked DRAM dies [1,5,23,46,47]. Across these conventional generations,
vertical die-to-die connection has relied predominantly on solder-based micro-bumps
combined with capillary underfill or NCF, and the dominant packaging issues have evolved
together with this pitch scaling. In earlier, lower-count HBM1/HBM2 stacks, the principal
concerns were solder-joint thermal-fatigue life, intermetallic-compound growth at the
bump interface, and underfill voiding at comparatively relaxed bump pitches [64—68,79].
As stacking increased to 8-12 dies in HBM2E and HBM3/HBMB3E and the micro-bump
pitch was reduced toward the sub-40 pm range, current crowding, electromigration-driven
void formation, and Kirkendall voiding at the solder interface became progressively more
severe, while capillary filling of underfill or NCF between the narrower, taller bump arrays
became increasingly prone to voids and unfilled regions [24,59,66,67,80]. At the same time,
the repeated stacking of micro-bump/underfill layers accumulated interfacial thermal
resistance and CTE-mismatch-driven warpage across the die stack, compounding the
thermal and mechanical reliability issues discussed in Sections 2.2 and 2.3 [16-20,44,51].

As the micro-bump pitch approaches its practical scaling floor—set by solder-volume
control, bump-to-bump alignment tolerance, and underfill gap-filling capability—hybrid
bonding has emerged as the leading interconnect candidate for HBM4 and beyond, eliminat-
ing solder and underfill altogether by forming direct Cu—Cu metallic bonds and dielectric—
dielectric bonds on a single, planarized interface [1,5,7,23,29,30]. This transition removes
the bump-and-fillet geometry that limits micro-bump pitch scaling and enables interconnect
pitches well below the practical floor of solder-based joints, together with lower parasitic
resistance and capacitance [5,29,30,81]. However, it introduces a qualitatively different set
of packaging challenges from those of the micro-bump generations: bonding quality now
depends on nanoscale surface flatness, roughness, and cleanliness rather than on solder-
reflow behavior, so native-oxide formation, organic contamination, and CMP-induced
Cu dishing, erosion, and non-uniform Cu protrusion directly govern void formation and
bond strength [21,28,69-76,82]. Achieving a sufficiently low bonding temperature to limit
residual stress and CTE-mismatch-driven warpage, while still securing adequate Cu inter-
diffusion and dielectric bond strength, further requires close control of surface activation,
Cu crystallographic orientation, and post-bond annealing [60,61,74,75,83-86]. Wafer-to-
wafer and die-to-wafer bonding also demand tighter overlay alignment and particle control
than micro-bump assembly, because a single particle or void can occlude a much larger
fraction of the drastically smaller bond pad [25,28,76]. Sections 3 and 4 examine, respec-
tively, how these package-level and hybrid-bonding-specific interconnect-level issues are
being addressed at the material and process level.

3. Package-Level Thermal Management Materials
3.1. Thermal Interface Materials

A thermal interface material (TIM) is positioned between the HBM or logic die and the
heat spreader, where it fills the microscale gaps between the two surfaces and lowers the
contact thermal resistance [32,34,39]. Because microscale roughness inevitably exists on the
actual chip and heat-spreader surfaces, direct contact results in contact only at certain pro-
trusions, leaving air in the remaining regions. Since air has very low thermal conductivity,
these microscale gaps substantially degrade overall heat-transfer performance.

As shown in Figure 5, the total thermal resistance through a TIM consists of the
bulk thermal resistance that arises within the TIM material itself and the contact thermal
resistance that arises at the two interfaces on either side [31,53,59]. The bulk thermal
resistance within the TIM is determined by the bond line thickness (BLT) and the thermal
conductivity of the TIM, kTIM, and can be expressed as follows.
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Figure 5. Thermal resistance components of a TIM layer [36]. Original schematic prepared by the authors.

Here, BLT denotes the thickness of the TIM layer formed between the device and
the heat sink. In addition, RC1 denotes the contact thermal resistance at the device-TIM
interface, and RC2 denotes the contact thermal resistance at the TIM-heat-sink interface.
The effective thermal resistance of the TIM joint can therefore be expressed as follows.

Rrimefr = Rer + % +Re2 (2)

As shown in the equation above, the effective thermal resistance of a TIM is determined
by the sum of the bulk thermal resistance of the material itself and the contact resistance
arising at the chip—TIM and TIM-heat-spreader interfaces [52,87]. Consequently, even a
material with high thermal conductivity can exhibit high thermal resistance in an actual
package if its surface wetting and conformability are insufficient. Conversely, even a
material with relatively low bulk thermal conductivity can effectively lower the overall
thermal resistance if a thin bond line thickness and good interfacial contact are secured.

Silicone grease offers excellent flowability and surface conformability, but pump-out
and dry-out can occur over long-term use [10,37,88,89]. Phase-change material softens
above a certain temperature to improve interfacial contact, but repeated thermal cycling can
cause shape-stability and relocation issues. Solder TIM provides high thermal conductivity,
but its high elastic modulus and CTE mismatch can transmit large stresses to the chip and
heat spreader.

Carbon-based TIMs using CNTs, graphene, and graphite have recently been actively
studied [36,57,80,90-92]. Owing to their high aspect ratio, CNTs can form a continuous
heat-transfer network even at low loading, and vertically aligned CNT structures are
advantageous for through-plane heat transfer. However, the junction resistance between
CNTs and the polymer-CNT interfacial thermal resistance can limit the actual improvement
in thermal conductivity.

Graphene, owing to its high in-plane thermal conductivity, is advantageous for spread-
ing a local hotspot over a wide area, and graphite sheets can likewise be used as large-
area heat-spreading materials. However, graphene and graphite exhibit structurally high
thermal-conductivity anisotropy, so when platelet fillers align parallel to the interface,
through-plane heat-transfer performance can be limited [87,90,92,93]. Therefore, when
applying these materials as TIMs, filler orientation, aspect ratio, and interfacial bonding con-
dition must be controlled to secure a vertical heat-transfer pathway. A hybrid network that
combines the vertical heat-transfer characteristics of CNTs with the lateral heat-spreading
characteristics of graphene or graphite has been proposed as an effective design strategy
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that complements the directional heat-transfer characteristics of each component and forms
a three-dimensional heat-transfer pathway.

A TIM for HBM must simultaneously secure not only high bulk thermal conductivity
but also a low and uniform bond line thickness, excellent wetting and conformability,
low elastic modulus, resistance to pump-out and dry-out, electrical insulation, and long-
term thermal stability [10,32,34,89]. In particular, appropriate viscoelastic behavior and
compressive conformability are required to maintain continuous interfacial contact even
when the pressure and surface profile between the HBM stack and lid are non-uniform.
Accordingly, the design of next-generation HBM TIMs must integrally consider not only
the thermal conductivity of the filler itself but also filler-network orientation, polymer—filler
interfacial thermal resistance, porosity, bond-line stability, and thermal-cycling reliability.

3.2. Underfill and Non-Conductive Film

Underfill fills the space between the die and the substrate, or between stacked dies,
mechanically bonds the die to the substrate, and redistributes the thermo-mechanical
strain that would otherwise concentrate at the interconnects across the entire resin
layer [37,44,64,79]. It was traditionally used mainly as a reinforcing material to improve
the thermal-fatigue life of solder joints, but in highly stacked structures such as HBM,
because it is a repeatedly placed interfacial layer, it is also important as a material that
constitutes the vertical heat-transfer path. The mechanical reinforcing effect of underfill is
determined by the material’s elastic modulus, CTE, adhesion strength, and cure shrinkage;
an excessively high elastic modulus can concentrate local stress at die corners or interfaces.
This capillary underfill process and the resulting underfill layer structure are illustrated in
Figure 6.

Composite Underfill

Wafer -
Cu —.

Underfill Injector

Figure 6. Capillary underfill process and underfill layers in HBM stacking [7]. Reproduced from Ref. [7],
an open-access article published in Electronics (MDPI) under the terms of the Creative Commons Attribution
(CC BY) license.

Underfill generally consists of epoxy resin, curing agent, catalyst, and inorganic
filler. Silica filler is widely used to lower the effective CTE and cure shrinkage of the
resin and to improve dimensional stability [64,94,95]. However, as filler content increases,
viscosity and elastic modulus increase together, which can restrict capillary flow into
fine-pitch interconnects. In particular, as the interconnect pitch and standoff height of
HBM decrease, not only the average filler size but also the maximum particle size and
particle-size distribution must be precisely controlled.

Using thermally conductive ceramic fillers such as AIN, BN, and Al,O3 can improve
the thermal conductivity of underfill [33,40,96,97]. AIN provides high thermal conductivity
together with electrical insulation, and BN can form an efficient heat-transfer network by
exploiting its platelet shape. However, because viscosity and elastic modulus also increase
with filler content, a trade-off arises between thermal conductivity and processability.
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Representative thermal and dimensional properties of such AIN-BN/epoxy underfill
composites are summarized in Table 1.

Table 1. Representative thermal and dimensional properties of AIN-BN/epoxy underfill compos-
ites [64].

. Hybrid Filler Thermal Relative
Material Loading Conductivity Improvement CTE
Neat epoxy 0 wt% 0.22 W-m~1.K~! 1x -
AIN-BN/epoxy 75 wt% 10.18 W-m~1.K~! ~46 X 22.56 ppm-°C~!

In thermally conductive underfill, the type and shape of the filler substantially change
the degree to which a heat-transfer network forms even at the same loading level. In
particular, combining ceramic fillers of different shapes and sizes allows smaller or platelet-
shaped particles to bridge the empty spaces between larger particles, increasing fillerfiller
contact and forming a more continuous heat-transfer pathway [17,77,78].

Lee Sanchez et al. fabricated an epoxy composite combining spherical AIN particles
with platelet BN filler and analyzed the thermal conductivity and thermal-expansion
characteristics as a function of filler composition. The thermal conductivity of neat epoxy
was approximately 0.22 W-m~!-K~!, whereas a composite containing 75 wt% AIN/BN
hybrid filler reached 10.18 W-m~!-K~!, an approximately 46-fold improvement in thermal
conductivity [64]. In addition, the CTE of this composition decreased to approximately
22.56 ppm-°C~1, showing that the introduction of hybrid filler can contribute to improved
dimensional stability as well as heat-transfer performance [64].

This performance improvement can be interpreted as arising because AIN forms
the primary heat-transfer pathway while the high-aspect-ratio BN platelets bridge the
disconnected regions between AIN particles [17,64]. Similarly, an epoxy composite using
AlyOs together with BN has been reported to show improved thermal conductivity relative
to composites using a single filler, owing to enhanced connectivity between particles [77].
Modifying the BN surface with polymer also improves interfacial bonding and dispersion
between the filler and the epoxy matrix, allowing electrical insulation to be maintained
together with improved thermal conductivity [78].

However, thermal conductivity does not continue to increase proportionally with filler
content. Beyond a certain loading level, particle agglomeration and incomplete wetting
can increase the interfacial thermal resistance between fillers, and void formation within
the polymer matrix can also limit the effective thermal conductivity [17,47,80]. Therefore,
achieving high thermal conductivity requires controlling particle-size distribution, particle
shape, dispersion state, and the matrix—filler interface together, rather than relying on filler
loading alone [17,78].

High filler loading also increases resin viscosity and elastic modulus, which can
impede capillary flow between fine-pitch interconnects. In structures such as HBM, where
interconnect pitch and die spacing are especially small, filler trapping, unfilled regions,
and voids become more likely, and these defects can simultaneously cause local stress
concentration and increased interfacial thermal resistance [3,82]. Accordingly, the optimal
composition of underfill for HBM should not be the filler content that yields the highest
thermal conductivity, but rather the composition that minimizes overall thermal resistance
while satisfying the gap-filling capability and processability required at the target gap.

In summary, underfill design using hybrid ceramic fillers is an effective approach for
simultaneously improving thermal conductivity and CTE, but practical application in HBM
requires jointly considering the trade-offs among filler loading, viscosity, elastic modulus,
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and void formation [3,47,64]. A strategy of forming a continuous heat-transfer pathway at
low filler content using a hybrid filler network of different sizes and shapes combined with
surface modification is therefore more appropriate than simply adding a high content of a
single filler [17,77,78].

NCEF is pre-placed on the die in film form and softens during the thermo-compression
bonding (TCB) process to fill the region around the interconnects [51,72,80]. NCF can
shorten the number of process steps and the process time, but if resin flow and filler
movement are insufficient during bonding, voids and filler trapping can occur around the
bumps. Therefore, viscosity change, curing kinetics, bonding pressure, and heating profile
must be optimized together. The corresponding thermo-compression bonding sequence,
before and after bonding, is shown in Figure 7.

TC Bonder

Wafer

NCF
Cu

“— Bump

I —

(a) (b)

Figure 7. Thermo-compression (TC) bonding process: (a) before bonding; (b) after bonding [7].
Reproduced from Ref. [7], an open-access article published in Electronics (MDPI) under the terms of the
Creative Commons Attribution (CC BY) license.

In highly stacked HBM, because underfill or NCF layers are repeated between each
die, the thermal conductivity and thickness of each individual layer accumulate into the
overall vertical thermal resistance of the stack [8,44,51]. These materials should therefore be
designed not merely as adhesives or reinforcing agents but as functional interfacial layers
that simultaneously control heat transfer and stress distribution.

3.3. Epoxy Molding Compound and Structural Materials

Epoxy molding compound (EMC) protects the HBM stack and surrounding inter-
connects from external impact, moisture, and environmental contamination, and secures
the overall structural stability of the package [2,63]. However, because EMC occupies a
relatively large volume within the package and has a CTE that differs from those of Si, Cu,
the interposer, and the organic substrate, it can substantially affect the package warpage
and residual stress that develop during fabrication and operation. In particular, in highly
stacked HBM, the asymmetric structure and thermal-shrinkage behavior introduced by the
EMC can alter the bending deformation and interfacial stress distribution of the entire stack.

A high loading of silica filler is generally added to lower the CTE and cure shrinkage
of EMC [20,38,63]. Silica filler is effective in improving the dimensional stability of the
resin and suppressing deformation caused by temperature change, but as filler loading
increases, viscosity and elastic modulus rise, which can degrade molding flow and the
ability to fill fine spaces. Excessive filler content can also increase process pressure and
cause filler segregation and local resin starvation. In thin, large-area advanced packages,
non-uniform flow of the molding compound, curing reaction, and cooling shrinkage can
act together to cause die shift, voids, local thickness variation, and package warpage.
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The mechanical properties of EMC must strike a balance between stress relaxation
and structural support within the package. If the elastic modulus of the EMC is too high,
external loads and thermal deformation can be transmitted directly to the die and intercon-
nects. Conversely, if the modulus is too low, structural support and warpage-suppression
capability can become insufficient. Accordingly, EMC design requires integrated optimiza-
tion among CTE, modulus, glass-transition temperature, cure shrinkage, and moisture
absorption [20,62,63].

The interposer and heat spreader likewise affect overall thermal management and
mechanical stability [2,12,41]. A silicon interposer is advantageous for fine-line wiring and
TSV integration, but it has high brittleness and can develop stress due to CTE mismatch
with the organic substrate and molding material. A heat spreader spreads local heat over a
wide area, but because it can increase the thermal resistance of the bonding layer and the
structural stiffness, its shape and material selection are important.

3.4. Multifunctional Packaging Composites

The reliability problems of HBM packages arise from the coupling of thermal bot-
tlenecks, CTE mismatch, warpage, delamination, and interconnect degradation [2,98,99].
Accordingly, next-generation package-level materials are moving away from conventional
single-purpose materials that address only one function, toward multifunctional packaging
composites that simultaneously secure heat-transfer performance, mechanical reliability,
electrical insulation, and long-term stability. In particular, as Al accelerators and HBM
become integrated at increasingly high density, heat accumulation and electromagnetic-
interference issues can increase together, requiring material designs that integrally consider
thermal management alongside structural and electrical function.

A representative approach is to introduce highly thermally conductive fillers into the
polymer matrix, TIM, or underfill to form a continuous heat-transfer pathway [57,90-93].
CNTs and graphene have high intrinsic thermal conductivity and large aspect ratio; ver-
tically aligned CNTs are advantageous for through-plane heat transport, while graphene
and graphite are advantageous for lateral heat spreading. A hybrid network combining the
vertical heat-transfer characteristics of CNTs with the lateral heat-spreading characteristics
of graphene or graphite can therefore simultaneously assist the vertical heat dissipation
and hotspot spreading of HBM.

However, as filler loading increases, thermal conductivity and dimensional stability
can improve, but viscosity and elastic modulus also increase, which can degrade processabil-
ity and stress-relaxation performance [10,34,42,95]. A high modulus can be advantageous
for suppressing interconnect deformation, but it can also increase the peel and shear stress
transmitted to the interface during thermal cycling, raising the risk of delamination.

Three-dimensional thermal networks such as graphene foam, aligned CNT arrays, and
CNT/graphene hybrid frameworks have attracted attention as a way to mitigate this trade-
off [57,92,93,100]. Introducing a pre-connected heat-transfer skeleton into the polymer
matrix can form a continuous thermal pathway without excessive filler loading, while
maintaining a certain degree of polymer compliance. This is also advantageous for reducing
the filler agglomeration and junction resistance that arise in randomly dispersed structures.

Multifunctional underfill is likewise an important research direction [40,44,64,94,96].
In highly stacked HBM, because underfill is repeatedly placed between each die, it func-
tions simultaneously as a stress-relaxation material and as part of the vertical heat-transfer
pathway. Thermally conductive underfill must therefore mitigate local heat accumulation
while also effectively redistributing the stress that develops during thermal cycling. How-
ever, because increased filler content raises viscosity and flow resistance, which can cause
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voids and filler trapping in fine-pitch structures, filler size, morphology, and resin rheology
must be optimized together.

Electrical insulation is also an important design factor [68,98-100]. CNTs, graphene,
and graphite can provide high thermal conductivity and electromagnetic-interference
shielding performance, but if an electrically conductive network forms, the risk of leakage
current and short circuits increases. It is therefore necessary to use carbon fillers with an
insulating coating, or ceramic—carbon hybrid fillers combined with BN, AIN, or Al,O3, to
maintain the heat-transfer pathway while suppressing electrical percolation.

The performance of a multifunctional composite is determined not only by the intrinsic
properties of the filler but also by its dispersion state, orientation, interfacial bonding, and
network connectivity [2,38,42]. Long-term degradation phenomena such as pump-out and
dry-out in TIM, and cure shrinkage, moisture absorption, and viscoelastic relaxation in
underfill and EMC, must also be considered together.

As a result, next-generation package-level materials for HBM must move beyond
simply adding high-thermal-conductivity fillers, toward the integrated design of the filler
network, polymer matrix, curing behavior, and interfacial adhesion. The key lies not in
maximizing individual properties but in simultaneously controlling the pathways along
which heat and stress are transmitted within the HBM structure, which connects directly to
the interconnect-level material strategies and interface-oriented material design discussed
in the following section.

Table 2 reorganizes the representative material classes, key performance indicators,
and principal trade-offs discussed in Sections 3.1-3.4 into a single comparative summary.

Table 2. Summary of key package-level thermal management materials discussed in Section 3.

. Representative Key Property or . Main Trade-
Section/Category Materials Indicator Main Advantage Off/Challenge
Grease:
Grease: high pump-out/dry-out;
flow/conformability; PCM: shape stability
Silicone grease; Effective joint resistance PCM: improved under cycling; solder:
3.1 Thermal phase-change R_TIM,eff =R_C1 + contact above high modulus/CTE
.in terface material (PCM); BLT/k_TIM +R_C2 transition mismatch stress on
materials (TIM) solder TIM; CNT-, (Equations (1) and (2));  temperature; solder:  chip; carbon-based:
graphene-, and bond-line thickness high bulk k; junction and
graphite-based TIM  (BLT) and bulk k_TIM  carbon-based: high k polymerfiller
at low loading, interfacial resistance,
tunable directionality = in-plane/through-
plane anisotropy
. Mechanical . . .
Thermal conductivity . Viscosity and elastic
. reinforcement of . :
rising from interconnects plus a modulus rise with
Silica-filled epoxy 022 W-m~ 1K1 repeated verIff)ical filler loading,
3.2 Underfill and underfill; AIN-BN (neat epoxy) to P restricting capillary
heat-transfer path;
non-conductive hybrid-filler epoxy 10.18 W-m~1.K~ 1 at hvbrid. multi-sha ’e flow and gap-filling
film (NCF) underfill (Table 1); 75 wt% AIN-BN loading gy’ ot SM3P€ 4t fine pitch; particle
. fillers bridge .
NCF (~46x), with CTE inter-particle waps agglomeration and
reduced to p &ap voids above the
for a more

~22.56 ppm-°C~! [64]

continuous network

optimal loading
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Table 2. Cont.

Section/Category

Representative
Materials

Key Property or
Indicator

Main Advantage

Main Trade-
Off/Challenge

3.3 Epoxy
molding
compound (EMC)
and structural
materials

Silica-filled EMC;
silicon interposer;
metal heat spreader

CTE, cure shrinkage,
glass-transition

temperature, and elastic

modulus as coupled
design targets

High silica loading
improves
dimensional stability
and suppresses
warpage; heat
spreader enables
wide-area heat
spreading

High filler loading
impairs molding
flow and fine-feature
filling;
elasticcmodulus
trade-off between
stress transfer to the
die and
structural /warpage
support

3.4
Multifunctional
packaging
composites

Vertically aligned
CNT arrays;
graphene/graphite
foams;
CNT-graphene
hybrid networks;
ceramic—carbon
hybrid
(BN/AIN/ALOs +

Continuous
heat-transfer pathway

formed at reduced filler

loading; electrical
percolation threshold

Decouples thermal
conductivity from
total filler loading
while preserving

polymer compliance;
can combine thermal
management with

EMI shielding and

Requires precise
control of filler
dispersion,
orientation, and
interfacial bonding;
risk of electrically
conductive
percolation if not
insulated or

carbon) fillers

electrical insulation

hybridized

4. Hybrid-Bonding-Centered Interconnect Materials and Interface
Engineering for Next-Generation HBM4+ Packages

This chapter focuses specifically on the interconnect-level material and interface tech-
nologies required for next-generation HBM4 and beyond, in which hybrid bonding is
expected to replace solder-based micro-bumps as the primary die-to-die interconnect. Be-
cause hybrid bonding eliminates solder and underfill and instead forms simultaneous
Cu—Cu metallic bonding and dielectric—dielectric bonding on a single, planarized inter-
face, it removes the bump-and-fillet geometry that limits micro-bump pitch scaling and
allows the interconnect pitch to be reduced well below the practical floor of solder-based
joints [1,5,7,23,29,30]. Section 4.1 first summarizes the fine-pitch reliability issues that re-
main relevant to conventional micro-bump interconnects as a baseline, and Sections 4.2-4.5
then examine, in turn, the Cu-Cu and dielectric—dielectric bonding mechanism, low-
temperature bonding and residual-stress control, barrier/passivation and dielectric inter-
face design, and interfacial defect control and reliability assessment that together determine
the reliability of hybrid-bonded HBM4+ interconnects. Table 3 summarizes representative
results from the hybrid-bonding literature reviewed in this chapter.

Table 3. Representative process and material strategies for Cu—Cu/dielectric hybrid-bonding reliabil-
ity in next-generation HBM interconnects.

Reference(s)

Approach/Technique Reported Outcome or Key Finding

Ong et al. [26]

Exploiting Cu crystallographic
orientation promoted Cu interdiffusion
and achieved low contact resistance at

reduced bonding temperature

Low-temperature Cu/SiO; hybrid
bonding using (111)-oriented
Cu surfaces
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Table 3. Cont.
Reference(s) Approach/Technique Reported Outcome or Key Finding
Enhanced dielectric-surface
Kang et al. [27] Co-hydroxylated Cu/SiO, hydroxylation strengthened initial
& ’ hybrid-bonding strategy low-temperature pre-bonding for

memory-centric chip architectures

Identified control of Cu

Wang et al. [21] Cu-protrusion optimization for protrusion/coplanarity as critical to
& ' wafer-to-wafer hybrid bonding bonding-interface quality in
HBM packages
Enhanced surface diffusivity of
s (111)-oriented nanotwinned Cu enabled Cu—Cu direct
Zhang etal. [61]; Chiu et al. [75] nanotwinned-Cu bonding bonding in ambient atmosphere and at

reduced temperature

Plasma-based surface activation and  Suppressed native-oxide regrowth and

Park et al. [69-71,83,84] Cu passivation (N; plasma, enabled solderless Cu-Cu bonding at

copper-nitride nanolayer) temperatures as low as ~260 °C

Hung et al. [72]; Hong et al. [73]

Provided low-cost oxidation protection

PVD-deposited passivation layers compatible with subsequent

(eg, CusN) low-temperature bonding
Identified void distribution and
. . Reliability assessment of pad-edge defects as the dominant
Lhostis et al. [25]; Moreau et al. [28] submicrometric hybrid-bonding pads factors limiting

bonding-level reliability

Wengzel et al. [76]

Showed that annealing conditions
strongly affect final interfacial
bond-interconnect quality

Post-bond heat-treatment study for
die-to-wafer hybrid bonds

Lu et al. [85]; Wang et al. [86] oxide reduction

Controlled compressive stress and
chemical oxide reduction each expand
the achievable low-temperature
bonding process window

Bonding-pressure control and in-situ

(e.g., glycerol-assisted)

4.1. Fine-Pitch Interconnect Materials

In fine-pitch interconnects, as the joint size decreases, the effect of metal microstructure
and interfacial reactions on overall reliability increases. Solder used in micro-bumps forms
intermetallic compounds during the bonding process, and as bump size decreases, the frac-
tion of the joint occupied by intermetallic compounds increases [1,65,68]. Excessive growth
of intermetallic compounds can cause brittle fracture and increased electrical resistance.

Electromigration is a phenomenon in which the momentum of electrons at high current
density is transferred to metal atoms, causing atomic migration. In fine-pitch intercon-
nects, because current is concentrated into a narrow joint, sensitivity to electromigration
increases [24,59,67]. Because elevated temperature accelerates atomic diffusion, reliabil-
ity degradation can progress rapidly in regions where hotspots and current crowding
occur simultaneously.

Mitigating this requires controlling Cu microstructure to suppress grain-boundary
diffusion and stabilizing interfacial reactions. Cu with large grains and a specific crys-
tallographic orientation can reduce diffusion pathways and improve electromigration
resistance [45,61,82]. Barrier and passivation layers can also improve long-term interfacial
stability by suppressing Cu diffusion and oxidation.
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4.2. Cu—Cu and Dielectric—Dielectric Hybrid Bonding

Hybrid bonding simultaneously forms Cu—Cu metallic bonding and dielectric—
dielectric bonding on a single plane [1,7,23,29,30,81]. The dielectric surface maintains
the initial bonding and alignment condition, and during subsequent thermal treatment, Cu
atoms diffuse along the interface, strengthening the metallurgical bond.

To form Cu-Cu direct bonding, the two Cu surfaces must approach one another at the
atomic scale. If surface roughness is large or native oxide is present, the actual contact area
decreases and unbonded regions can remain [69-73]. Therefore, surface contamination and
native oxide must be minimized through CMP, wet cleaning, plasma activation, and surface
passivation. This Cu—Cu and dielectric—dielectric hybrid bonding process is illustrated in
Figure 8.

(b)qm_ o

Figure 8. (a) two Si/device wafers with 5iO,-embedded, dished Cu pads prior to bonding; (b) initial
5i0,-Si0; dielectric bonding upon wafer contact, leaving a gap at the recessed Cu—Cu interface;
(c) Cu—Cu metallic bonding completed after thermal annealing, as thermal expansion of Cu closes the
interfacial gap together with the dielectric bond. Schematic illustration of the Cu-Cu and dielectric—
dielectric hybrid bonding process [26]. Reproduced from Ref. [26], an open-access article published in
Materials (MDPI) under the terms of the Creative Commons Attribution (CC BY) license.

In dielectric—dielectric bonding, surface hydroxyl groups and moisture can play an
important role in initial bond formation. Plasma activation forms reactive groups on the sur-
face and increases surface energy, enabling initial bonding even at low pressure [26,27,74].
However, excessive plasma treatment can cause surface damage and increased roughness,
so process conditions must be precisely controlled.

The crystallographic orientation and grain size of the Cu pad also affect the bonding
temperature and quality. Using a crystallographic orientation with high surface diffusivity,
or nanocrystalline Cu, can promote atomic migration and interfacial closure even at rela-
tively low temperature [45,61,75,82]. However, nanocrystalline Cu can exhibit rapid grain
growth and surface-shape change during thermal treatment, so thermal stability must also
be secured.

4.3. Low-Temperature Bonding and Residual Stress Control

Lowering the process temperature of hybrid bonding is important for securing the
thermo-mechanical reliability of HBM [18,21,22,83]. A high bonding temperature increases
the CTE mismatch between Cu and dielectric and can generate large residual stress and
warpage during cooling. It can also cause thermal damage to devices and low-k dielectrics
that have already been formed.

Surface activation, control of Cu crystallographic orientation, nanocrystalline Cu,
passivation layers, and chemical treatment are used to achieve low-temperature bond-
ing [69,72-74,84]. Surface activation increases the initial contact force, and reducing the Cu
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diffusion distance or providing an active diffusion pathway enables bonding to form, even
at low temperature.

However, at low process temperature, insufficient Cu atomic diffusion can leave
interfacial voids incompletely removed. Therefore, rather than simply lowering the temper-
ature, bonding pressure, annealing time, surface chemistry, and Cu microstructure must be
controlled together [60,76,85]. The key is balancing a lower bonding temperature against
securing sufficient interfacial bond strength.

If bonding pressure is excessively high, plastic deformation of the Cu pad and dielectric
cracking can occur; if the pressure is too low, surface asperities are not sufficiently deformed
and the contact area remains limited [77,85,86]. An appropriate pressure window must
therefore be established that accounts for both the yield behavior of Cu and the fracture
strength of the dielectric.

4.4. Barrier, Passivation, and Dielectric Interface Design

Because Cu is sensitive to oxidation and diffusion, barrier and passivation technolo-
gies are important for securing interfacial stability before and after the hybrid-bonding
process [69-72,83]. A thin metallic or organic passivation layer can suppress Cu oxidation
during storage and alignment, and it must not impede interfacial diffusion or be removed
prematurely during bonding.

The barrier layer suppresses Cu diffusion into the surrounding dielectric or sili-
con [28,77]. However, an increase in barrier thickness can increase both electrical and
thermal resistance, so a continuous film must be formed at minimal thickness. In addition,
if the interfacial adhesion between the barrier and the Cu and dielectric is insufficient,
delamination can occur during thermal cycling.

The dielectric material must simultaneously provide a low dielectric constant, high
dielectric breakdown strength, and good bondability [26,27,74]. Increasing porosity to
lower the dielectric constant can decrease elastic modulus and interfacial adhesion strength
and increase moisture absorption, which can degrade long-term reliability. Dielectric
selection should therefore consider mechanical strength, surface chemistry, and thermal
stability together, rather than electrical performance alone.

4.5. Interfacial Defect Control and Reliability Assessment

Representative defects that arise at the hybrid-bonding interface include voids, particle-
induced gaps, oxide residue, misalignment, and local delamination [21,25,28,76]. These
defects not only increase electrical contact resistance but also cause disruption of the
heat-transfer pathway and stress concentration.

The impact of an interfacial defect depends on its location as well as its size. A void at
the center of a Cu pad reduces the effective current-carrying area, while a defect at the pad
edge can simultaneously increase current crowding and stress concentration [25,77]. A void
at the dielectric interface can act as a moisture-ingress pathway and a crack-initiation site.

Accordingly, the reliability of hybrid bonding should not be assessed from average
bond strength alone [25,28,76]. Electrical resistance, thermal resistance, void distribution,
fracture mode, and interfacial changes after thermal cycling must be analyzed together.
Furthermore, because individual defects are extremely small in submicron-pitch structures,
high-resolution non-destructive analysis must be combined with cross-sectional analysis.

Table 3 summarizes representative process and material strategies reported for Cu—Cu
and dielectric—dielectric hybrid bonding and their key outcomes, drawn from the studies
reviewed in Sections 4.2-4.5.
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5. Integrated Thermal-Reliability Design Strategies

The reliability challenges described in Sections 2—4 are not independent: thermal bottle-
necks, CTE-mismatch-driven stress, and current-crowding-driven electrical degradation are
coupled through shared interfaces, so improving a single material property or a single struc-
tural element in isolation cannot resolve the thermal-reliability problem of HBM as a whole.
This section therefore examines four complementary design levers—structural thermal-
path engineering (Section 5.1), the thermal-conductivity /mechanical-reliability trade-off
in packaging materials (Section 5.2), process—material-structure integration (Section 5.3),
and interface-oriented material design (Section 5.4)—and, through the key result summa-
rized at the end of each subsection, shows why these levers must ultimately be combined
within a single multiphysics thermal-reliability co-design framework (Section 5.5) that
simultaneously evaluates the thermal, mechanical, and electrical fields of the package.

5.1. Structural Thermal Path Engineering

In highly stacked HBM, improving the thermal conductivity of packaging materials
alone is insufficient to fully resolve internal heat accumulation. Thermal path engineering
is therefore needed to structurally shorten the path from the heat source to the cooling
surface or to form additional heat-transfer channels [8,31,35,54,55].

A thermal TSV is a metal structure placed primarily for heat transfer rather than for
electrical connection. Adding thermal TSVs at appropriate locations can rapidly transfer
heat from within the stack toward the interposer or heat spreader [48,49,54,55]. However,
because increased TSV density affects die area, signal routing, and thermo-mechanical
stress, the thermal benefit must be weighed against the design cost.

Placing high-thermal-conductivity dummy dies or thermal bridges around the HBM
can spread local heat to the heat spreader [41]. A structure such as a finned lid increases the
surface area in contact with the cooling fluid, improving external convective heat transfer.
Such structures can be relatively easily combined with existing packaging processes, but
the effect of lid stiffness and bonding pressure on package warpage must be evaluated.

Embedded liquid cooling, which forms microchannels within the interposer or heat
spreader, has the advantage of removing heat directly at a location close to the heat
source [9,35,43]. Compared with conventional approaches that transfer heat to an external
heat sink, it can substantially lower the overall thermal resistance, but it introduces new
reliability concerns such as channel fabrication, pumping power, leakage, and corrosion.

Structure-based cooling technologies should be optimized together with TIM, underfill,
and hybrid bonding rather than applied in isolation [8,9,41,43]. Even if the internal heat-
transfer path is improved, overall cooling performance can remain limited if the thermal
resistance at the chip-lid interface is high; conversely, even excellent TIM performance may
be insufficient to remove a hotspot if a thermal bottleneck exists within the stack.

Key insight: no single structural cooling element—thermal TSV, dummy die/finned
lid, or embedded liquid channel—can be optimized independently of the chip-level TIM
and bonding interfaces with which it operates in series; the achievable reduction in peak
junction temperature is set by whichever stage of the heat-transfer path is least optimized,
not by the best-performing stage alone.

5.2. Thermal Conductivity—Mechanical Reliability Trade-Off

Increasing filler content to raise the thermal conductivity of a packaging material forms
a continuous heat-transfer network within the polymer matrix [10,33,34,42]. However,
viscosity, elastic modulus, and brittleness can increase at the same time. High viscosity
impedes filling between narrow interconnects, and a high modulus transmits temperature-
induced deformation directly to the interface.
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Accordingly, in filler design, it is important to establish the minimum filler content
required to achieve a target thermal resistance, rather than maximizing thermal conductivity.
Hybrid fillers, filler alignment, and surface modification can be used to form an efficient
heat-transfer pathway without excessive filler loading [40,57,96,100].

If the interfacial bonding between the thermally conductive filler and the polymer is
too weak, phonon scattering and interfacial thermal resistance increase [52,68,97]. Con-
versely, if the interfacial bonding is excessively strong and rigid, stress-relaxation capability
can decrease. An appropriate level of interfacial bonding that considers both heat transfer
and mechanical damping is therefore required.

Optimization of HBM materials should not be carried out by independently maxi-
mizing or minimizing individual values such as thermal conductivity, CTE, and modulus.
Because these properties are interrelated, it is more appropriate to establish a property
window suited to the package geometry and process conditions [2,37,38].

Key insight: because thermal conductivity, viscosity, elastic modulus, and interfacial
adhesion move together as filler content changes, the useful design variable is not the
maximum achievable thermal conductivity but the minimum filler loading that meets a
target thermal-resistance specification without violating the gap-filling and stress-relaxation
limits of the package.

5.3. Process—Material-Structure Integration

The manufacturing reliability of HBM is determined by the interaction between
material properties and process conditions. Even with the same NCEF, resin flow, filler
distribution, and degree of cure can vary depending on bonding temperature and pres-
sure [51,63,64,84]. Similarly, even for the same hybrid-bonding surface, the oxide and
contamination condition changes depending on the waiting time and environment af-
ter cleaning.

Material development must therefore reflect the actual process heating rate, pressure
profile, bonding time, and cooling condition from an early stage [18,20,22]. Simple coupon-
level property evaluation alone cannot sufficiently predict the resin flow, warpage, and
interfacial stress that occur in an actual multilayer stack.

Linking process simulation with structural analysis makes it possible to predict the
temperature distribution, cure shrinkage, warpage, and residual stress that develop during
manufacturing [10,17,48,58]. Reflecting these analytical results in material formulation and
bonding conditions can reduce the reliance on trial-and-error process development.

In addition, because HBM has a structure in which the die, package, and system levels
are strongly coupled, the optimal condition for an individual layer may not coincide with
the optimal condition for the overall package. For example, a stiffer underfill can reduce
local strain at the micro-bump but increase stress at the package edge [19,78,79]. A multi-
scale analysis that simultaneously considers various length scales is therefore required.

Key insight: because coupon-level material data cannot reproduce the resin flow, cure
kinetics, and warpage that develop in an actual multilayer stack, and because a locally
optimal material condition—for example, a stiffer underfill at the micro-bump—can be
globally unfavorable by increasing stress at the package edge, reliable process design
requires linking process simulation directly to structural analysis rather than relying on
independent, single-scale optimization.

5.4. Interface-Oriented Material Design

The hotspots, delamination, Cu protrusion, void formation, and bonding failures
that occur in HBM may appear to be distinct phenomena, but most are closely related
to the characteristics of the interfaces between materials [7,28,39,52]. Heat encounters
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resistance as it passes through an interface, stress concentrates at interfaces where material
properties change discontinuously, and current is likewise affected by contact area and
interfacial defects.

Accordingly, next-generation HBM materials should be designed around the actual
behavior at the interface rather than around bulk properties alone. For TIM, the wetting
and contact resistance with respect to the chip and heat spreader are more important than
the thermal conductivity of the filler itself; for underfill, adhesion to Cu, passivation, and
dielectric is important in addition to bulk modulus [26,32,37,44]. In hybrid bonding as well,
oxide, roughness, grain orientation, and voids determine actual performance more than
the intrinsic conductivity of Cu.

Interface-oriented material design is an approach that simultaneously controls in-
terfacial thermal resistance, interfacial adhesion, interfacial stress, and interfacial chem-
istry [71,72,74,83]. This can be achieved using techniques such as filler surface func-
tionalization, gradient interlayers, compliant interfaces, oxide control, and selective
surface activation.

A gradient structure can mitigate the abrupt change in thermal and mechanical prop-
erties between two dissimilar materials [88,89]. For example, forming an interfacial layer in
which filler content or modulus changes gradually through the thickness can reduce stress
concentration while maintaining the heat-transfer pathway. Applying a thin compliant
layer can also absorb deformation at the bonding interface and suppress crack initiation.

Key insight: across TIM, underfill, and hybrid-bonding interfaces alike, the properties
that dominate package-level performance are interfacial—wetting, contact resistance, adhe-
sion, and interfacial chemistry—rather than the bulk properties of the constituent materials,
so interface-oriented design strategies such as gradient interlayers, compliant layers, and
surface functionalization yield larger reliability gains than further optimization of bulk
filler content alone.

5.5. Thermal-Reliability Co-Design

In conventional packaging design, thermal performance, mechanical reliability, and
electrical performance have often been evaluated sequentially. In HBM, however, because
a single design variable can simultaneously affect multiple performance metrics, thermal,
mechanical, electrical, and process characteristics must be integrally considered from the
early design stage [6,9,12,45].

In thermal-reliability co-design, material thermal conductivity, CTE, modulus, inter-
facial adhesion, electrical resistivity, and processing window are simultaneously used as
design variables [2,8,15]. Die thickness, stack height, TSV density, interconnect pitch, TIM
thickness, and cooling structure must also be optimized together.

For example, increasing thermal-TSV density can improve heat-transfer performance
but can also increase silicon area consumption and stress concentration. Increasing the
filler content of underfill decreases the stack’s thermal resistance but can increase viscos-
ity and interfacial stress. Lowering the hybrid-bonding temperature decreases residual
stress but can result in insufficient interfacial diffusion and bond strength. Co-design is
the process of accounting for these trade-off relationships to find the optimal operating
window for the overall package, rather than the highest value of any single performance
metric [10,35,43,78].

In the future, predictive models that combine multiphysics simulation with experimen-
tal reliability data are expected to become increasingly important [3,15,17,22,48]. Jointly
computing the temporal evolution of temperature, stress, current density, and interfacial
defects enables more accurate prediction of failure initiation and propagation. Machine-
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learning-based models can also be used to rapidly explore promising design regions across
the vast space of material composition and process variables.

Ultimately, the reliability of next-generation HBM must be secured not by indepen-
dently optimizing package-level materials and interconnect-level interfaces, but through
multi-scale interface engineering that connects the two domains [1,5,56]. This represents
a design paradigm that treats materials, interfaces, processes, and structure as a single
system and simultaneously controls the pathways along which heat, stress, and current
are transferred.

6. Conclusions

HBM has evolved across successive generations—from HBM1 through HBM3E on
solder-based micro-bump interconnects, and now toward HBM4 and beyond on hybrid
bonding—with each generation trading a narrower interconnect pitch and a higher stack
count for a longer, more resistive heat-transfer path and a more tightly coupled set of
thermal and mechanical reliability risks (Section 2.6). Across this transition, the heat-
transfer performance of HBM depends less on the thermal conductivity of any individual
material than on the interfacial thermal resistance that accumulates at the underfill, NCF,
TIM, and bonding interfaces repeated at every die level.

At the package level (Section 3, summarized in Table 2), TIM, underfill/NCF, EMC,
and multifunctional composites each show a consistent trade-off in which raising filler
content to increase thermal conductivity simultaneously raises viscosity, elastic modulus,
and brittleness. The AIN-BN hybrid-filler underfill system in Table 1, which improved
thermal conductivity by roughly 46-fold while lowering CTE, illustrates that hybrid, multi-
shape filler networks can shift this trade-off favorably, but only within a processability
window that must be verified case by case at the target pitch and gap.

At the interconnect level (Section 4), the transition from micro-bump interconnects
to hybrid bonding for HBM4 and beyond removes the pitch-limiting bump geometry
but introduces a fundamentally interfacial reliability problem: bonding quality is now
governed by nanoscale surface flatness, cleanliness, Cu crystallographic condition, and
dielectric surface chemistry rather than by solder-reflow metallurgy (Table 3). Achieving
low-temperature, low-defect Cu—Cu and dielectric-dielectric bonding therefore requires
the coordinated control of CMP-induced Cu protrusion and dishing, surface activation and
passivation, and post-bond annealing, rather than the optimization of any single process
step in isolation.

These material- and interconnect-level findings converge on the conclusion reached
in Section 5: because the thermal, mechanical, and electrical degradation mechanisms of
HBM are mutually coupled through shared interfaces, structural thermal-path engineer-
ing, filler and material design, process conditions, and interface engineering cannot be
optimized independently without shifting the reliability burden elsewhere in the package.
Realizing the full benefit of any single improvement—an added thermal TSV, a higher-
conductivity underfill, a lower hybrid-bonding temperature—therefore requires evaluating
it within a multiphysics thermal-reliability co-design framework that simultaneously tracks
temperature, stress, and current density across the package.

Accordingly, next-generation HBM packaging requires multi-scale interface engineer-
ing and thermal-reliability co-design that jointly control the heat-, stress-, and current-
transfer pathways across both the package and interconnect domains, rather than in-
dependently optimizing package-level materials and interconnect-level interfaces. This
integrated design strategy, informed by the generational packaging trends, material trade-
offs, hybrid-bonding reliability mechanisms, and coupled-design insights summarized
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above, is expected to serve as a key foundation for securing the thermal management
performance and long-term reliability of ultra-highly stacked memory beyond HBM4.
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