WITH CONSIDERING THE
performance computing growing
exponentially, heterogeneous integra-
tion becomes as a solution for combin-
ing more logic, memory, and specialty
chiplets in each area to accelerate com-
puting. Hybrid bonding interconnection
(HBI) is one of the most important tech-
nologies to heterogencous integration,
which is defined as a bonding along with
a “hybrid” interface (metal-metal and
dielectric-dielectric). It enables a con-
nection from a silicon chip to another
with direct metal pad to pad connection.
The technology increases the density of
the contact and shorten the intercon-
nect distance between components. In
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(a) A high-performance computing system integrated by 2.5D (interposer to connect
local high bandwidth memories and optical transceiver modules) and 3D (stacked memory and
stacked performance die) integrations [10], and (b) key interconnection structures of 2.5D and

3D integrations [42].

this paper, we review the modern tech-
nologies of Hybrid bonding interconnec-
tion with characterization of the contact
interfaces of metal to metal and dielec-
tric to dielectric. Also, we raise a novel
method to perform a low cost, organic
dielectric based, low process tempera-
ture hybrid bonding interconnection for
wider packaging application needs.

HETEROGENEOUS INTEGRATION
ENABLED BY ADVANCED

CONNECTION

Advanced packaging techniques have
arisen as a crucial driver pushing the
continuous evolution and downsiz-
ing of electronic devices. In the realm
of performance, power, area-cost, and
time-to-market (PPACt) [1], the focus
has shifted onto 3D integrated circuit
(3DIC) technology, drawing consider-
able attention. The modern explanation
of “3D” extends beyond the confines of
the backend package process, embracing
heterogeneous integration within the sili-
con chip integration as well. This review
delivers a comprehensive overview on
advanced package interconnection tech-
nologies, with a dedicated emphasis on
the scope of hybrid bonding interconnec-
tion technology for 3DIC fabrication.

Numerous methodologies exist for

establishing  interconnections — within
packages.

bumps, created through the fabrication

Traditional copper micro-
of copper pillars with lead-free solder
caps, have been adopted as the inter-
connect paradigm for mid-to-high-end
flip-chip packages. Ponte Vecchio archi-
tecture presented by Intel is a leading-
edge example which utilize micro-bumps
to assemble the 3D stacked chipset system
[2]. The micro-bumps with fine pitches
support designs with 30-40 pm pitches
by employing bump diameters of 20-25
pm and elevations ranging from 10-20
um for interconnection spacing [3]. The
advanced micro-bumps for silicon chip
to chip connection can be further scaled
down in pitch [4], published by tsmc for
specific mobile, IoT and client applica-
tions. The interconnection process based
on copper micro-bumps is following
mature procedures to fabricate electro-
plated bumps with specified metals fol-
lowed by mass reflow process, and finally
succeeded by precisely controlled thermal
compression bonding (TCB) techniques
at assembly [5]. Micro-bump intercon-
nection can be applied for leading edge
flip-chip package and package-on-pack-
age (PoP) type of packaging structures.

Very fine pitch micro-bump (pitch down
to 18-25 pm) can be applied for silicon
chip to chip interconnection, as a cost-
effective way for consuming products.

However, scaling of package inter-
connections continues pushing the
cutting-edge package technology devel-
opment. In recent times, the application
of silicon chip integration has garnered
significant attention, allowing diverse
functional silicon components, to com-
bine into an integrated silicon assembly,
known as chiplet integration [6]. The
term “chiplet” represents the smaller
size integrated circuit (IC) with specific
functionality. Multiple chiplets can be
assembled by advanced interconnection
technologies. In the case, a unique tech-
nology, hybrid bonding interconnection,
is developed for the needs of finer pitches
and lower latency comparing with con-
ventional copper micro-bumps. Hybrid
bonding interconnection enables a con-
nection from a silicon chip to another
with direct metal pad to pad connection,
where the “hybrid” means the bond-
ing interface includes metal-metal and
dielectric-dielectric. The connection pad
pitch can be further reduced from that
was made by micro-bumps.

The hybrid bonding interconnection
method has the potential to increase
the data throughput between chiplets.
Differ from a monolithic chip, a chiplet
assembles chips based on their specific
functions. This concept essentially
based on a functional partitioning of
the system on chip (SoC). The parti-
tioned silicon chips, characterized by
distinct 1/O protocols, can be inter-
connected using frontend packaging
processes.
point towards to enabling partitioning

Anticipated developments

at levels within the monolithic chip,
manifesting as 3D “System on Chip”
(3D-SoC) partitioning. Figure 1 shows
a high-performance computing system
with 2.5D (interposer to connect local
high bandwidth memories and optical
transceiver modules) and 3D (stacked
memory and stacked performance die)
integrations and their key interconnec-
tion structures [7].

This approach facilitates the creation of
multiple distinct functional chips, manu-
factured on separate source wafers, which
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are subsequently assembled into individu-
al chips using appropriate packaging tech-
niques. Refer to the segmentation from

Frontend 3D

Backend 3D

hA =]

InFO
RDL-based

tsmc, these techniques can be categorized
into Backend 3D platform and Frontend

SolC/CoW

3D platform, as Figure 2 shows [8].
Backend 3D platformis geared towards
connections between silicon and packag-

ing components (for example, interposer

or substrate) or between package modules
Si Interposer-based

(for example, fanout modules). For this

purpose, well-established interconnection Frontend 3D and Backend 3D heterogeneous brief and their integration. Frontend
3D includes system on integrated chip (SolC) with chip on wafer (CoW) and wafer on wafer
(WoW) technologies. Backend 3D includes integrated fanout (InFO) and CoWoS (chip on wafer
on substrate) technologies. Frontend 3D and Backend 3D can collaborate for the advantages
on PPACt come from system level integration [8].

m Advanced Connection Technologies [41].

technologies such as silicon interposers
(2.5D) and Fanout are employed.
Frontend 3D platform, on the other
hand, concentrates on silicon process
integration achieved by stacking chips
together with applying hybrid bond-
ing interconnection. This IC stacking

can be accomplished using various con- TECHNOLOGY BUMP MICRO-BUMP HB HBI
nection technologies. including chin to Applications 2.5D Interposer 3D Chip Stacking 3D Chip 3D Chip
& 7 . & chup Stacking Stacking
wafer [9], [10], chip to chip [11], and :;';I
) Chipz | Chig | Chipi Chip
wafer to wafer [12], [13] stacking meth- I HH | EHH_H | SISISiS g siSsiss
.F D technol facili Sample s cniez Gulp2 Chip2
ods. Frontend 3 te? HOO8Y .ac1 lta.te.s Interconnect Solder Solder Cu-Cu Cu-Cu
the assembly of multiple functional sili- GonnectionPitch ~36um o51im <10um <A
con chiplets while carefully considering Connection Density 0.06X 0.13X 1X 9X
£ h i i } Performance (1/Delay) 0.05X 0.035X 1X <0.79X
actors such as interconnection band Bandwidth Density  0.003X 0.0455X 1X 711X
width for data transfer, power delivery, Energy/bit 458X 20X 1X 075X

mechanical robustness, and thermal
management. Typically, a key require-
ment for chip stacking involves scaling
down the contact pad pitch to sub 10 pm
or even less than 1 um [14], [15]. The
scaling of Frontend 3D chip stacking is
closely correlated to the development of
hybrid bonding interconnection. Col-
laborating with feature structures like
through silicon vias (TSV), through
oxide vias (TOV), and inter-die gap fill
(IDGF), these interconnection links
vertically stack chips of the same or dif-
tering sizes. In forthcoming sections of
this article, we will elucidate the func-
tions of these structures and outline the
integrated process flow of packaging. In
Table 1 [41], we summarize the connec-
tion technologies described above, their
dimension, and relative performance.

ENABLEMENT OF CHIPLET
INTEGRATION

The chiplet integration approach pres-
ents several advantages. Firstly, it benefits
from the assembly of known good dies
(KGD) [16]. Since chiplets amalgamate
individual functional chips, KGD can be

pre-sorted for assembly. Secondly, each
individual chip can be manufactured
using its optimal process node during
semiconductor production. The over-
all chiplet manufacturing process is not
restricted by the most advanced func-
tional blocks; different processes can be
employed for chiplets. Thirdly, the foot-
print of each functional chip can be more
flexibly adjusted compared to a mono-
lithic chip design. With these advantages
in mind, hybrid bonding interconnec-
tion technology empowers semiconduc-
tor companies to realize heterogeneous
integrated (HI) chiplets spanning various
functions, technology nodes, and sizes.
This technology enables the combination
to function as a unified product. The
ultimate application of hybrid bonding
interconnection assembled chiplets is
aimed at domains such as high-perfor-
mance computing and artificial intel-
ligence, both of which are experiencing
exponential growth, even as traditional
2D transistor scaling faces limitations
and increased costs.

HYBRID BONDING INTERCONNECTION
MANUFACTURING APPROACH

Hybrid bonding interconnection enables
a connection from a silicon chip to
another with direct metal pad to pad
connection. The hybrid bonding inter-
connection considers both Cu-Cu
bonding and dielectric-dielectric bond-
ed interfaces, requiring detailed pro-
cess controls with handling copper and
dielectric materials, which can be per-
formed by thermal compression bonding
(TCB) and direct bonding interconnec-
tion (DB or DBI).

Thermal compression bonding (TCB)
technology has found extensive applica-
tion in advanced flip-chip solder bonding
processes [17], [18]. This versatile tech-
nology can also be adapted for hybrid
bonding interconnection with a broad-
er process window, especially regard-
ing surface conditions. Nevertheless,
traditional TCB involves longer heating
time for the handling chucks.

An alternative bonding technique
known as direct bonding intercon-
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Different hybrid bonding interconnection fabricated by bonding methods.
Wafer to wafer (WtW) bonding and die to wafer (DtW) bonding are two primary procedures,
and die to wafer collective bonding is a combined procedure of a reconstituted wafer to

wafer bonding [21].

nection (DB or DBI) [17] has been
implemented in production cases. This
method involves placing the die direct-
ly onto the bottom wafer after surface
activation treatment at room tempera-
ture or a low heating temperature. This
approach significantly reduces concerns
about coefficient of thermal expansion
(CTE) mismatch during die placement.
A subsequent post-annealing step is nec-
essary to complete the hybrid bonding
interconnection interface bonding, and
the bonding mechanism will be explored
in upcoming sections of this article. The
DB method offers potential enhance-
ments in throughput, overlay accuracy,
and overall cost of ownership. However,
maintaining high surface cleanliness,
dielectric surface conditions, and effec-
tive control of copper dishing are vital
for achieving successful bonding yields.
In some advanced demonstrations,
the DB method has showcased remark-
able precision, achieving wafer-to-wafer
overlay within less than 300 nm (3 sigma
within wafer, WIW) [19], and even as
low as 100 nm under optimized con-
ditions. These outcomes illustrate the
method's capability to handle hybrid
bonding interconnection bonding with
sub-micron contact pad sizes. In the case
of conventional fabrication of a hybrid
bonding interconnection involving poly-
crystalline copper pads (Cu-Cu connec-
tion) and SiO2 dielectric (SiO2-Si02
bonding), a post-annealing process with

280 — 400 °C is necessary to address
concerns related to contact resistance
and grain growth at the bonded inter-
face. However, such high-temperature
annealing poses challenges for thermally
sensitive devices, such as DRAM. There-
fore, there is an interest in developing
low-temperature processes for hybrid
bonding interconnection formation,
typically below 220 °C. This research
area aims to expand the range of appli-
cations for advanced heterogeneous inte-
gration.

HYBRID BONDING INTERCONNECTION
SCHEME

Hybrid bonding interconnection can be
accomplished through various bonding
procedures, people also consider wafer-
to-wafer (WtW) bonding, chip-to-chip
(CtC) bonding, or chip-to-wafer (CtW)
bonding methods. WtW bonding has
found successful applications in high-
volume production of image sensors
[20], developed by SONY with Ziptro-
nix (Xperi) Direct Bonding Intercon-
nection (DBI) technology [21]. Notably,
there has also been recent reporting on
the integration of logic chips with pas-
sive wafers [22]. CtC bonding, on the
other hand, is significantly tailored to
the realm of 3D stacked DRAM applica-
tions, and the development of low tem-
perature hybrid bonding interconnection
(LT-HBI) techniques has become a focal
point for this application [23]. CtW

bonding finds its use in assembling logic
chips to SRAM and logic-to-logic inte-
gration. Ongoing research is encom-
passing a wide array of areas, such as
advanced integration involving more
stacked components and solutions aimed
at cost reduction [24].

The comparison of different hybrid
bonding interconnection procedures
is outlined in Figure 3 [25]. The two
primary bonding methods for stacking
silicon chips or IC package modules are
wafer-to-wafer (WtW) bonding and die-
to-wafer (DtW) bonding. An innovative
approach known as “collective bonding”
technology combines the reconstitution
procedure of die-to-wafer (DtW) with a
subsequent WtW bonding process.

DtW finds widespread application in
hybrid bonding interconnection for both
heterogeneous and homogeneous inte-
gration scenarios. The process is accom-
plished with the dicing of the functional
device wafer, followed by the transfer of
known good dies (KGD) onto a tem-
porary carrier, typically in a frame form
(with a temporary adhesive tape) carrier.
The frame-form carrier undergoes sur-
face activation and cleaning steps, after
which the KGDs are positioned onto
a functional wafer. The advantages of
the DtW procedure include: (1) the pre-
liminary sorting of KGDs before bond-
ing, (2) the flexibility to accommodate
various die sizes, and (3) the capabil-
ity to work with different wafer types,
resulting in fewer mismatch impacts.
However, one limitation of this technol-
ogy is the consideration for throughput.
Enhancing bonding speed, ensuring high
die-to-wafer accuracy, and achieving cost-
effectiveness remain the central objectives
in the development of DtW technology.

At the forefront of innovation, a fully
integrated DB CtW bonding tool con-
cept has emerged. This integrated tool
encompasses multiple clusters intercon-
nected within a mainframe. The key
modules, including the surface activation
(plasma treatment) module (designed
to accommodate frame-type carriers),
cleaning module, and DB bonding mod-
ule, are closely linked to minimize the
queue time between surface activation
and DB bonding. This configuration
also ensures superior particle control
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compared to handling individual tools.
The integrated DB CtW bonding tool
brings substantial benefits to complex
heterogeneous chiplet integration, con-
tact pad scaling down, and low-temper-
ature hybrid bonding interconnection
integration scenarios.

WtW bonding technology has seen
extensive development over time, tracing
its roots back to dielectric Fusion Bond-
ing involving the contact of dielectric
layers deposited on the surfaces of silicon
wafers. This method has been applied in
various contexts such as the production
of backside illuminated CMOS image
sensors (BSI-CIS), MEMS devices, and
backside power distribution networks
(BSPDN).
bonding to enable hybrid bonding inter-

The extension of fusion

connection with embedded metal and
dielectric defines as WtW bonding. Simi-
lar to DtW, WtW bonding can be handled
by thermal compression fusion bonding
and DB modes (contacting at room tem-
perature followed by post-annealing).

WtW  hybrid bonding interconnec-
tion introduces additional considerations
compared to fusion bonding. Achieving
precision chemical-mechanical polish-
ing (CMP) processes is vital for manag-
ing total thickness variation (TTV) and
uniformity of copper pad surface pro-
files. In 12-inch WtW bonding cases,
nano to sub-nano scale dielectric surface
roughness (Ra) is a necessary condition,
alongside precise control of nano-scale
copper surface dishing profiles. Control-
ling wafer warpage is critical for ensur-
ing yield and overlay alignment during
wafer-to-wafer contact, while the condi-
tion of bonded wafer edges affects the
subsequent wafer thinning process, often
necessitating edge trimming to maintain
conformity without misalignment or
edge bevel effects [26].

Integrated WtW bonding tool mod-
ules have been employed in mass pro-
duction for years. These integrated tools
encompass major modules such as pre-
activation plasma treatment, wafer clean-
ing, and bonding. Optionally, UV bond
and alignment verification modules can
be linked to the mainframe for sequen-
tial WtW bonding process integration.
Conventional WtW direct bonding pro-
cesses take place in atmospheric condi-

The selection of hybrid bonding interconnection
bonding dielectric and metal constitutes the
most pivotal decision, contingent upon the type
of silicon chiplets to be integrated. Regarding
dielectric materials, silicon oxide fabricated
through plasma enhanced chemical vapor
deposition (PE-CVD) utilizing tetraethoxysilane
(TEQS) precursor has found wide application in
hybrid bonding interconnection contexts.

tions, prioritizing throughput and cost
of ownership (COO) considerations.
Comparing WtW bonding to DtW
bonding, the former offers advantages
in terms of throughput and a simpler
process flow. However, one limitation
of WtW bonding is that KGD cannot
be individually bonded to other KGD
at the bottom wafer. The loss in wafer
yield depends not only on the bonding
process itself but also on the yield of
individual bonded wafers. A more recent
development is the Collective Bonding
technology [27], which introduces an
additional step involving the transfer
of KGD to create a reconstituted wafer
(“ReCon” wafer), followed by the WtW
bonding process. However, this technol-
ogy requires further demonstration to
establish its capabilities. In essence, the
bonding overlay accuracy of the Collec-
tive Bonding method results from com-
bining temporary DtW and permanent
WtW bonding overlays. When compared
to the DtW process, the collective bond-
ing technology may not achieve the same
level of fine-pitch hybrid bonding inter-
connection product handling.

— L4 - 3 4 X gz oz
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HYBRID BONDING
INTERCONNECTION INTERFACE
CHARACTERIZATION

Figure 4 illustrates the process integra-
tion for hybrid bonding interconnection
formation. The process can be broadly
categorized into three major segments:
Hybrid bonding pad formation, Align-
ment and Contact, and Post-Bond Pro-
cess. This review paper will focus on
using DtW hybrid bonding interconnec-
tion as an example to delve into the key
performance indices of the major process
modules.

Hybrid bonding pad formation is
typically associated with the top metal
layer of the backend of line (BEOL).
Detailed distinctions between face-to-
face, face-to-back, and back-to-back
[28], [29] hybrid bonding pad formation
are not covered in this paper. Instead,
the focus is on characterizing the con-
tact pad surface. The standard process,
in alignment with BEOL procedures,
involves dielectric deposition, dielectric
via etching, barrier/seed layer deposi-
tion, electroplated via filling, followed
by the removal of excess metal through

b7 Boncng
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Integrated process flow of hybrid bonding interconnection process based on die to

wafer and wafer to wafer integrations [42].
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m Candidates for dielectric and metal options of hybrid bonding interconnection.
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The selection of hybrid bonding
interconnection bonding dielectric and
metal constitutes the most pivotal deci-
sion, contingent upon the type of sili-
con chiplets to be integrated. Regarding
dielectric materials, silicon oxide fab-
ricated through plasma enhanced
chemical vapor deposition (PE-CVD)
utilizing tetracthoxysilane (TEOS) pre-
cursor has found wide application in
hybrid bonding interconnection con-
texts. Silane precursors are also under
scrutiny due to their lower process tem-
peratures. Given that the silicon oxide
bonding mechanism hinges on cova-
lent bond formation through siloxane
links, the quality of the silicon oxide
layer deposited on the chip or wafer
side significantly influences defects at
the bonding interface. In recent years,
various dielectric materials have been
investigated for specific hybrid bond-
ing interconnection applications. SiCN
is being considered for applications with
low process thermal budgets, potentially
enabling post-annealing at temperatures
below 250 °C [30]. Aluminum nitride
(AIN) is explored as a bonding dielectric

Polycrystalline >280°C

structure

Fine grain

Passivation
metal on
polycrystalline

POST BONDING ADDITIONAL PROCESS
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Industrial baseline
Bonding interface grain
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native oxidation
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chemistry

Higher hardness
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is critical to bonding
quality.
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chemistry

Fine grain microstructure
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process temperature
and queue time.
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on passivation metal
selection.

Additional cost from
passivation metal
fabrication.

200-250°C

200-250 °C

180-250 °C

interface material offering high thermal
conductivity [31].

In terms of contact metal, electroplat-
ed copper remains the prevalent choice.
To lower the annealing temperature for
Cu-Cu bonding, several novel metal
schemes have been proposed, includ-
ing nanotwinned copper (ntCu) [32],
fine-grain copper [33], and a passivation
metal structure [34]. Table 2 compiles
the candidates for dielectric and metal
options in the context of hybrid bonding
interconnection.

In the formation of Cu-Cu connec-
tions, the bonding surface should be
slightly recessed compared to the sur-
rounding dielectric surface prior to
hybrid bonding. Additionally, stringent
specifications are imposed on copper
dishing tolerances achieved through the
CMP process [35], [36]. The amount of
copper dishing required is influenced by
factors such as hybrid bonding contact
pad dimensions (shape, diameter, and
depth), bonding methods (DB or TCB),
and annealing conditions. Achieving an
ideal Cu-Cu bond less defect at bond-
ing interface is depending on minimiz-
ing the organic impurity residue, high
cleanliness of the hybrid bonding pad,
limited oxidation, and well controlled

copper protrusion behavior during
annealing heating step. Inadequate dish-
ing can lead to excessive copper protru-
sion at annealing temperatures, resulting
in gaps between dielectric layers. Con-
versely, excessive dishing may give rise to
voids caused by insufficient Cu-Cu con-
nection.

Copper density presents a significant
challenge in the CMP process. Elevated
copper coverage can cause heightened
erosion in areas with high copper den-
sity, potentially leading to delamination
within those regions. Based on our expe-
rience, careful monitoring of localized
erosion becomes imperative when copper
density surpasses 20%.

State-of-the-art  CMP

offer exceptional dishing control across

processes

12-inch wafers, achieving sub-nanome-
ter total thickness variation (TTV) con-
trol (3 sigma). Tuning CMP conditions
to optimize outcomes for various pitches
and copper coverage scenarios stands as
an ongoing objective for manufactur-
ers. Combining endpoint detection with
real-time profile control (RTPC) during
the polishing process proves beneficial in
improving TTV control during hybrid
bonding pad formation.

HYBRID BONDING MECHANISM AND
CHARACTERIZATION: DIELECTRIC
BONDING

In the case of SiO, dielectric bonding,
particularly within the context of the DB
hybrid bonding interconnection meth-
od, the initial attachment is facilitated by
Van der Waals forces generated through
hydrogen bonding networking between
oxygen and hydrogen atoms derived
from absorbed wafer molecules at the
bonding interface [37], [38]. The die-to-
wafer attachment process occurs at low
temperatures, typically below 100 °C,
often at room temperature. This
mechanism largely governs SiO;-SiO;
direct bonding by leveraging absorbed
water layers, in which water mol-
ecules form a cluster at temperatures
below 100 °C. Subsequent to this, a
thermal process is employed to anneal
the bonded structure. As the tem-
perature rises above 100 °C, water is
capable of diffusing around the bond-
ing interface, leading to adhesion
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through hydrogen bonding originat-
ing from silanol groups on the surface
of SiO, dielectric layers. At tempera-
tures around 200 °C, covalent bonds
like siloxanes can form. Further eleva-
tion of temperature, nearing 700 °C,
permits the Si0;-SiO; interface to close
nano-gaps at the interface. This mecha-
nism, often referred to as SiO, viscous
tlow, occurs through annealing at high
temperatures, as depicted in Figure 5.
However, as mentioned previously, the
annealing temperature is constrained by
the functionality of the integrated cir-
cuits. Standard backend of line (BEOL)
processes usually allow for process tem-
peratures of 300-350 °C, which is com-
monly employed for logic device process
integration. In contrast, DRAM devices
are more sensitive to temperature, neces-
sitating an annealing temperature of
220 °C or even lower to avoid detrimen-
tal effects on functionality.

In cases involving SiCN-to-SiCN
[30], a

with low annealing temperatures is

dielectric  bonding solution
introduced for hybrid bonding inter-
connection. SiCN dielectrics offer the
advantage of achieving a high bonding
energy (>2 J/m?2) at low annealing tem-
peratures (around 250 °C), as reported.
SiCN-SiCN bonding showcases distinct
interfacial properties. Some research
indicates that the cross-section of SiCN-
SiCN bonding presents an interface
with approximately 10 nm of oxide-rich
material, evident by the strong dark con-
trast observed in transmission electron
microscopy (TEM) images. electron
energy loss spectroscopy (EELS) stud-
ies suggest that the oxide-rich interface
likely corresponds to SiOj.

Activation treatments for dielectric
surfaces, terminated by hydrophilic func-
tional groups, are essential. The extent
of dangling bonds is closely tied to acti-
vation conditions, followed by a step
that involves water absorption, typically
accomplished through a water wash or a
queue time. Various concepts have been
proposed for activation processes, such
as wet processes employing a dilute HF
(DHF) solution and dry processes like O,
plasma, N, plasma, Ar plasma, or their
combinations involving forming gas to
achieve surface activation treatment [39].
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Dielectric bonding voids represent a
significant defect that affects the reliabil-
ity of the bonding interface, leading to
an increase in non-ideal electrical prop-
erty. To ensure dependable 3D stacking,
it is crucial to achieve a void-free bonding
interface. The occurrence of SiO;-SiO;
voids at the bonding interface has been
linked to the temperature of post-bond
annealing processes, with void formation
primarily taking place at annealing tem-
peratures above 350 °C in the presence of
water. Additionally, dangling bonds are
also thought to contribute to void forma-
tion during the direct bonding annealing
process. However, SiCN-SiCN bonding
interfaces tend to exhibit fewer voids, or
even none, after post-bond annealing.
Research indicates that void formation
correlates with the density of dangling
bonds. SiCN-SiCN interfaces show a
higher density of dangling bonds, which
can lead to chemical reactions between
dangling bonds and water molecules.

Polymer dielectric materials are now
being considered as potential candidates
for hybrid bonding interconnection. Pre-
vious research has shown that benzocy-
clobutene (BCB) based polymers can be
bonded at temperatures below 180 °C
[43]. Furthermore, based on our recent
study, photo-imageable polyimide (PI)

Si0» bonding based on fusion bonding

has demonstrated reliable bonding capa-
bility at temperatures below 250 °C.

HYBRID BONDING MECHANISM
AND CHARACTERIZATION: COPPER
INTERCONNECTION
In achieving an ideal hybrid bonding
interconnection, Cu-Cu connections are
typically facilitated through grain bound-
ary migration. This phenomenon occurs
after thermal compression (in the case of
TCB) or post-bonding annealing (in the
case of direct bonding). The mechanism
of Cu-Cu grain migration, so called grain
growth in industrial, at a specific tem-
perature and compression pressure can
be modeled using a surface creep model.
This model postulates that the pressure
gradient acts as the driving force, com-
pelling layers of atoms to migrate and
fill the spacing of the bonding interface.
Factors such as copper surface roughness,
bonding time, temperature, and pressure
play pivotal roles in the bonding forma-
tion process [40]. Cu-Cu grain migra-
tion (grain growth) can be monitored by
cross-section TEM analysis, Figure 6(a)
shows a general mapping of morphology-
bonding strength correlated to bonding
temperature [45].

To reduce the bonding temperature,
surfaces with high copper diffusivity are
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considered. Surfaces that are highly ori-
ented toward Cu (111) exhibit enhanced
surface diffusivity. Moreover, during
low-temperature bonding (as low as
250 °C), the theoretical bonding time
for (111) surface diffusion is notably
shorter than that for grain boundary dif-
fusion. However, it is essential to account
for grain boundary formation when con-
sidering experimental bonding times for
(111) surfaces. Thus, a precise control on
(111) oriented Cu microstructure dur-
ing the Cu pad manufacturing process
remains a critical factor in enabling low-
temperature bonding.

A method involving the application
of a passivation metal on the copper sur-
face to achieve low-temperature Cu-Cu
bonding has been introduced [44]. Spe-
cific passivation metal, such as gold (Au)
and others, can be applied to cover the
copper pad surface, effectively prevent-
ing copper oxidation in the atmosphere.
Subsequently, during the thermal pro-
cesses involved in hybrid bonding inter-
connection, such as temperature cycling
bonding (TCB) or post-direct bonding
(DB) annealing, Cu atoms can diffuse

through the passivation layer. In this pro-
cess, the metal passivation layer enhances
the diffusion of Cu atoms. The diffused
Cu atoms form a continuous connection
phase, enabling the entire bonding pro-
cess to be conducted at a temperature
as low as 120 °C. The passivation metal
method is with high mass production
potential since it can be fully integrated
in packaging manufacturing process.
Figure 6(b) shows a schematic metal
stacking and interconnection formation
mechanism, and Figure 6(c) shows a
cross-section of the Cu-Cu bonding by
passivation metal method.

In the case of direct bonding, since
the annealing is performed without
additional compression force, the key
challenge is to achieve fully-bonded
Cu-Cu metal interfaces/pads at low
thermal budget such as 200-250 °C to
mitigate adverse thermal impact to the
device. To the case, the material coeffi-
cient of thermal expansion (CTE) is also
the factor to optimize Cu-Cu bonding
at lower annealing temperature. A mod-
eling work pointed that with providing
different microstructure of copper, it

can provide up to 40% improvement in
CTE. With capping metal on copper,
CTE can be improved up to 43% at opti-
mal capping layer thickness. The results
show that CTE plays a significant role in
bond quality and 40% improvement on
CTE can facilitate the full Cu/Cu pad
bonding at desired temperature regimes.

Finally, thermo-mechanical reliability
in copper pads were analyzed for various
temperature and CTE scenarios. Ther-
mo-mechanical simulations clearly show
that with the current dishing amount
(10 nm), it is not possible to obtain good
Cu-Cu bonding even at 300 °C with Cu
CTE. Improved CTE from selective Cu
alloy, improves the Cu-Cu bonding at
300 °C. At lower annealing temperature
of 250 °C, the CTE increases similarly
reduce the Cu-Cu gap and suggests a
potential solution for success Cu-Cu
bonding at lower thermal budget.

In achieving an ideal hybrid bond-
ing interconnection, Cu-Cu connections
are typically facilitated through grain
boundary migration. This phenomenon
occurs after thermal compression (in the
case of TCB) or post-bonding anneal-
ing (in the case of Direct Bonding). The
mechanism of Cu-Cu grain migration at
a specific temperature and compression
pressure can be modeled using a surface
creep model. This model postulates that
the pressure gradient acts as the driv-
ing force, compelling layers of atoms to
migrate and fill the spacing of the bond-
ing interface. Factors such as copper
surface roughness, bonding time, tem-
perature, and pressure play pivotal roles
in the bonding formation process.

LOW COST POLYMER
DIELECTRIC BASED LOW
TEMPERATURE HYBRID BONDING
INTERCONNECTION

A novel low-temperature hybrid bond-
ing technology is presented to target the
fabrication of a multi-layer redistributed
line (RDL) structure. This technology
is devised to create a low-layer-count and
fine-pitch RDL structure via the semi-
additive RDL process on separate glass
carriers. These high-layer-count RDL
layers are subsequently assembled using
a low-temperature hybrid bonding pro-
cess (<200 °C). The novel process flow is
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named as “Hyper RDL”. The utilization
of low-temperature hybrid bonding for
the RDL introduces a substantial reduc-
tion in accumulated stress during the
process, thereby mitigating issues related
to warpage. A reference process flow of
Hyper RDL fabrication is shown in Fig-
ure 7(a). The low temperature hybrid
bonding interconnection is applied with
considering an interface with photosensi-
tive polyimide (PSPI) dielectric bond-
ing and passivation metal gold (Au)
enhanced low-temperature Cu-Cu bond-
ing. Based on previous investigation,
passivation metal (Au) could establish
low-temperature Cu-Cu bonding con-
nections by thermal compression mode
at 200 °C as well as polyimide to poly-
imide bonding. In the case, an additional
post annealing process (250 °C/30 min)
is optional. The process integration
adopted in this reference process flow
involves a Passivation Metal (Au)/Ti/Cu
metal stacking scheme.

Remarkably, the study reveals that
even low-modulus PSPI with a surface
roughness (Ra) of 10 nm can be suc-
cessfully bonded. Further enhancements
to the PSPI-PSPI bonding interface are
achieved through the implementation of
pre-bonding surface activation process-
es. Figure 7(b) shows structured Hyper
RDL fabricated by LTHBI with the
cross-section inspections.

Overall, Hybrid RDL demonstrates
the application of a novel hybrid bond-
ing technology that enables the cre-
ation of multi-layer RDL structures at
low temperatures. The applications of
this process module can be broad, such
as high density interconnection (HDI)
substrate manufacture, high layer count
RDL stacking in wafer level package, and
RDL based packaging module integra-
tion in wafer form or in panel form. The
results highlight the potential for reduced
stress accumulation and improved bond-
ing interfaces, showcasing the potential
of this technology for advanced semicon-
ductor packaging.

CONCLUSION

In summary, this article delves into
advanced packaging techniques, with a
specific focus on 3D integrated circuit
(3DIC) technology. The evolution of

() Dehonding layer canting
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(€} TCR process
iy i
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Metal Contact Interface

(b} Debonding layer and
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(a) The process flow of Hyper RDL; such process includes a hybrid bonding
interconnection based on photosensitive polyimide (PSPI) dielectric and passivation metal
(Au) covered on copper. (b) The structured Hyper RDL fabricated by LTHBI with the

cross-section inspections.

packaging methods, such as micro-bump
interconnections and hybrid bonding,
is explored in the context of improving
performance and integration. The emer-
gence of Chiplet technology, enabling
the assembly of functional silicon com-
ponents, is highlighted as a crucial devel-
opment for heterogeneous integration.

The article outlines different bonding
methods, including die to wafer (DtW),
chip to chip (CtC), and wafer to wafer
(WtW) bonding. Collective Bonding,
combining DtW and WtW bonding, is
also discussed. The importance of pro-
cess integration and interface character-
ization in achieving successful hybrid
bonding is emphasized.

Two primary bonding mechanisms
are detailed: dielectric bonding and
copper interconnections. Silicon oxide
dielectric bonding is explained through
hydrogen bonding and annealing pro-
cesses. The role of different dielectric
materials, such as SiCN and AIN, is
explored. Conventional Cu-Cu intercon-
nections involve copper grain boundary
migration requiring high temperature.

(111) Cu oriented surface contributes
capability.
Finally, a passivation metal method to

low-temperature  bonding
achieve the lowest bonding temperature
with reliable Cu-Cu interconnection
interface is introduced.

The article concludes by introduc-
ing a novel low cost and low tempera-
ture hybrid bonding technology, Hyper
RDL, based on redistributed line (RDL)
structures. The benefits of low-temper-
ature hybrid bonding, its benefit from
stress reduction, advancements in pas-
sivation metal enhanced Cu-Cu bonding
and photosensitive polyimide bonding
are discussed.

Overall, the article underscores the
significance of advanced packaging
methods in the evolution of semicon-
ductor devices, focusing on 3DIC tech-
nology and its potential to reshape the
landscape of electronic systems.
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