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Three-dimensional (3D) packaging with through-silicon-vias
(TSVs) is an emerging technology featuring smaller package size,
higher interconnection density, and better performance; 2.5D
packaging using silicon interposers with TSV is an incremental
step toward 3D packaging. Formation of TSVs and interconnec-
tion between chips and/or wafers are two key enabling technolo-
gies for 3D and 2.5D packaging, and different interconnection
methods in chip-to-chip, chip-to-wafer, and wafer-to-wafer
schemes have been developed. This article reviews state-of-the-art
interconnection technologies reported in recent technical papers.
Issues such as bump formation, assembly/bonding process, as well
as underfill dispensing in each interconnection type are discussed.
[DOI: 10.1115/1.4026615]

1 Introduction

In recent years, driven by the demand for new electronic prod-
ucts with smaller size, lower power consumption, and better per-
formance, 3D packaging is attracting more and more attention
from academia and industry. Traditional electronics are integrated
in the 2D scheme, and in the early days, usually only one chip
was encapsulated in a package. Later, the system in package (SiP)
technology brought several chips into a single package, which
increases the speed while reducing the size of the package.

Some of the earliest 3D packages were stacked die SiP pack-
ages with wire bond connection. In these packages, different dies
might be connected either directly with each other or indirectly by
way of the substrate. In some types of packages, wire bonding and
flip-chip technologies can be used together. The bottom-most chip
is connected to the substrate with flip-chip solders, while other
chips are connected using wire bonding (Fig. 1). However, the
density of the wire bonds is restricted by the dimension of the pe-
ripheral of the dies, and a relatively long wiring path also prohib-
its further improvement in performance. Therefore, 3D
interconnection technology using TSVs is the most promising so-
lution for next-generation packages. Compared with the wire
bonding method, TSV-based approaches provide shorter wiring
distances and higher density, and therefore have a smaller form
factor and better electrical performance.

In recent years, methods for fabricating TSVs have been
extensively investigated, and different types of TSVs have been
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Fig.1 3D SiP with wire bonds and flip-chip bumps [1]

developed. From the geometry point of view, annular or fully
filled vias with different taper angles were manufactured [2]. The
filling material might be copper (Cu), tungsten (W), polysilicon
[3], solder material with Cu particles [4], and conductive adhesive
[5], etc. Some TSVs serve as electrical connections while some
are designed as thermal TSVs (TTSVs) to dissipate the heat and
improve thermal management [6,7]. Various manufacturing proc-
esses have been studied to create a void-free TSV as quickly and
cheaply as possible. At the current stage, although 3D packages
with TSVs have not been widely used in products, electronic
packages with silicon interposers containing TSVs (such as Xilinx
Virtex-7 FPGA [8], etc.) are already on the way to market.
Because the coefficient of thermal expansion of the silicon inter-
poser is closer to the die, the silicon interposer can prevent the brit-
tle ultra-low-x dielectric material of the die from cracking.
Packages with TSV interposers are regarded as 2.5D packages. Fig-
ure 2 shows a cross section image of the Xilinx Virtex-7 FPGA
product, and the Si interposer with TSVs can be clearly seen.

For the electronics manufacturing industry, 3D packaging is a
brand-new area that is much more than creating TSVs through
wafers or dies. It involves challenges in various aspects such as
materials [9], process control, supply chain, thermal management
[6], reliability [10], as well as design guidelines. Among 3D inte-
gration processes, creating interconnections between the stacked
dies or wafers has crucial importance. A reliable, low-cost, high-
performance 3D package must be assembled with a reliable
interconnection technology. Generally, technologies for 3D inter-
connection are categorized into three stacking schemes: chip-to-
chip (C2C), chip-to-wafer (C2W), and wafer-to-wafer (W2W). In
each scheme, the interconnection technologies differ from each
other in terms of the interconnection structures, interconnection
and underfill materials, process flows, etc. In journals and at con-
ferences that focus on 3D packaging, many novel types of inter-
connections have been reported. In this paper, recent advances in
3D and 2.5D interconnection technologies are summarized, and
the similarities, differences, advantages, and potential drawbacks
of these approaches are discussed briefly.
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Fig. 2 Cross section of a package with an interposer contain-
ing TSVs developed by Xilinx [8]
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2 Chip-to-Chip and Chip-to-Wafer Interconnection

Currently, chip-to-chip (also known as die-to-die or D2D in
some literature) stacking is being widely researched in 3D inter-
connection. In this stacking scheme, although the TSVs are usu-
ally fabricated at the wafer level, the wafer is diced into chips
before the stacking process. This technology not only minimizes
the change in bonding tools but also ensures that only ‘“known
good dies” (KGDs) are used in the assembly, which leads to a
high yield. Chip-to-chip stacking is a very flexible technology,
and chips with different sizes can be integrated in one package.
Chip-to-wafer (also known as die-to-wafer, D2W) approaches
may also share these advantages. The difference is, in the chip-to-
wafer approach, the chips are connected to the wafer, and the sin-
gulation of each stack is performed after the assembly, or even af-
ter the underfill dispensing and molding process [11]. Multiple
chips can be bonded to a temporary carrier and then assembled to
the wafer simultaneously. Therefore, chip-to-wafer stacking can
achieve higher throughput than chip-to-chip stacking. In addition,
a specially designed template can be used as the carrier to improve
the precision of the alignment [12]. In recent years, there have
been numerous advances in chip-to-chip and chip-to-wafer
approaches, many of which use fine-pitch microbumps or Cu pil-
lars for interconnection and adopt improved underfill dispensing
technologies.

2.1 Bump Structure. Various interconnection types with dif-
ferent materials, sizes, and even structures have been reported in
recent years. Common interconnection structures such as micro-
bumps and Cu pillars have been used in 3D chip-stacking struc-
tures [13-22]. Generally, the trend of the interconnection is
becoming smaller in dimension, finer in pitch, and higher in inter-
connection density. Bumps with 10 um pitch have already been
studied [14]. Some innovative bump structures invented in recent
years, such as the Ni micro-insert [23-25] and the Cu/Sn inter-
locking bump [26,27], have also been applied to 3D interconnec-
tions. Figure 3 shows a cross section view of interlocking bumps
fabricated by Jang et al. [28]. Sn bumps (25 ym in diameter and
15 um high) were fabricated on one chip, and the Cu interlocking
bumps on the other chip were inserted into the larger Sn bumps
using the flip-chip bonding process. Planar bumps (70 ym in diam-
eter and 10 um high) directly fabricated on Cu TSV were also
used in the same paper (Fig. 3). Souriau et al. used micro-insert
interconnection technology in their chip-to-wafer stacking study
[29]. In that process, a matrix of micro-inserts made of Ni was
inserted in the soft NiSn material, which was formed on the corre-
sponding location on the wafer (or on other dies). An image of the
micro-inserts matrix is shown in Fig. 4. These novel structures
have several benefits. First, they meet the trend of miniature in the
packaging industry and enable high-density interconnection, one
of the driving forces of TSV-based 3D integration. Small bump
size not only reduces the distance between dies but also leaves
more space on the die so that more TSVs can be fabricated. Sec-
ond, these structures are compatible with mature flip-chip bonding
techniques for chip-to-chip or chip-to-wafer connections. In addi-
tion, the mechanical robustness and electrical performance have
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Fig. 4 Image of fabricated micro-inserts [29]

been tested by the inventors [28,30]. Some disadvantages of these
novel structures have also been pointed out in publications. For
instance, the micro-insert approach is sensitive to planarity, and
nonflatness may increase electrical resistivity [23].

The Cu pillar bump technology has emerged in recent years.
This technology enables small pitch size and high interconnection
density. Compared with the solder-bump-based interconnection, a
Cu pillar with a solder cap has many advantages such as higher
standoff, less solder spread out [31,32], etc. Though this technol-
ogy was invented not long ago, it has already been used in 3D/
2.5D packaging [19,33], and the effect of solder capping material
has been studied [34]. Direct Cu to Cu bonding using the thermo-
compression method, which can connect two Cu pillars (or studs)
without using any solder material, has also been researched
[35,36].

2.2 Bumping and Assembly Process. Formation of the
bumps or pads is an important step in the packaging process. Vari-
ous bumping methods have been investigated to make the process
more efficient and reliable.

The controlled collapse chip connection (C4) technology,
which was invented by IBM in the 1960s, is a well-established
interconnection technology. Different methods of making C4
bumps, such as masked evaporation [37], paste screening [38],
and photolithographic electroplating [39], have been developed
since its invention. A current C4 bumping technology developed
by IBM, the C4-New Process (C4NP), has already been used in
3D chip-stacking [21,22,40]. The C4NP process utilizes a glass
mold with cavities to transfer solder to the wafer. Molten solder is
injected in the cavities of the mold, and then the mold is aligned
below the wafer. Then, the wafer and the mold are heated above
the solder’s melting temperature in a sealed-off manufacturing
environment so that the solder will wet the underbump metalliza-
tion (UBM) and attach to the wafer. The C4NP process flow is
schematically depicted in Fig. 5. Compared with other bumping
methods, this approach combines several advantages, such as the
capability of fabricating fine-pitch bumps in volume production,
easy change of solder materials, environmentally friendly manu-
facturing (no plating chemical), low cost, etc. [40].

Due to the capability to fabricate tiny bumps, plating is another
popular method for bumping and forming UBM. Electrolytic and

20um

Fig. 3 Cross section image showing interlocking Sn/Cu bumps (left) and a Cu

planar bump with TSVs (right) [28]
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Fig.5 Solder transfer process in C4ANP technology [21]

electroless plating processes are widely used; for example, Cu pil-
lars with different solder caps can be formed by electroplating
[41]. Reflow and plasma cleaning that removes contamination and
the oxidation layer might be conducted after plating [42]. Various
deposition methods are also commonly used. For example, in
Souriau et al.’s micro-inserts approach, the Ni and NiSn layers
were formed by the electroplated chemical deposition method on
a Ti/Cu seed layer, while the seed layer was deposited by physical
vapor deposition [29].

The conventional approach for making TSVs includes a process
(usually chemical-mechanical planarization, CMP) for removing
the overburden Cu. However, a recent study has shown that by
improving the TSV filling process, the Cu microbumps on the
active side of the TSV can be directly formed by the electroplating
method in the TSV-filling process, so there is no need to remove
Cu and perform extra bumping on that side [43]. The TSVs and
Cu microbumps fabricated by this novel process are shown in
Fig. 6.

A solder bump maker (SBM) technology that does not require
solder mask has also been reported [44-46]. The SBM is made up
of resin, additives, and Sn58Bi solder powder. A guide is used to
control the thickness of the SBM layer, and excessively printed
SBM materials are removed with a blade. Then, the guide is
removed, the chip is reflowed, and the bumps are formed. A coin-
ing process is applied to guarantee the uniformity of the height by
compressing the bumps at elevated temperature. The SBM bumps
have low volume and can be formed directly on top of the TSVs.
The schematic diagram of the bumping process is shown in Fig. 7,
and a cross section image of the bumps after the coining process
is shown in Fig. 8.

New interconnection materials and bonding techniques are
emerging, and various new processes have been developed. Tradi-
tional flip-chip bonding approaches and many novel technologies
have been introduced in the 3D chip-to-chip or chip-to-wafer
packaging area.

() S

Fig. 6 Cross section image of Cu-filled TSV with Cu
microbump (a) and X-ray photo of TSVs after Sn plating (b) [43]
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Fig. 7 Schematic diagram of the SBM bumping process [45]

Fig. 8 Cross section image showing TSVs and coined bumps
[44]

2.2.1 Bonding With C4 Reflow Process. Due to numerous
advantages such as low cost and the ability to rework, C4 is a very
successful technology widely used in flip-chip packaging. Since
flip-chip bonding techniques were used in 3D chip stacking, C4
interconnections in 3D chip-stacks have also been studied
[15-18,21,22]. In the C4 assembly approach, solders are fabri-
cated on the chip, and then the chip is positioned and placed on
the substrate. Finally, the interconnection is created by a reflow
process.

Reflow is one of the most important steps in the C4 process.
For 3D assembly, multiple chips must be stacked one over
another, and two different joining strategies may be used. One
way is to use sequential reflow. In sequential reflow, the bottom
chips are mounted first, followed by a reflow process. Then, other
chips are assembled sequentially from the bottom to the top, and
the reflow process is repeated after each chip is mounted. In paral-
lel reflow, an alternative approach, several chips are mounted to-
gether, and then all the chips are joined in a single reflow process.
Parallel reflow leads to higher manufacturing throughput; how-
ever, this approach requires better control of the placement pro-
cess, because the solder bumps are not connected until reflow. In
contrast, for sequential reflow, the relative displacement between
each layer can be controlled in each joining process, at the cost of
time and the risk of dissolving more UBM material in the solder
[21]. Both approaches have been successfully implemented in
experiments, and a three-layer stack by IBM using sequential
reflow is demonstrated in Fig. 9.

As the size of the microbumps decreases, flux cleaning
becomes more and more difficult, especially for large dies. Two
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Fig. 9 A three-layer chip-stack fabricated with sequential
reflow process by IBM [17]

approaches have been studied to resolve this issue. One improves
the flux-cleaning tools or processes, and the other approach adopts
a fluxless bumping method. Au et al. applied an additional force-
flow system to the inline pressurized spray system in their
research, and a test on a four-layer stacked-chip module with a
30 um gap showed that the force-flow system is four times more
efficient than inline pressurized spray only [15]. Maria et al. tried
two approaches: a fluxless bonding approach with formic acid am-
bient and flux bonding with a water-soluble flux. Both led to suc-
cessful results [18].

2.2.2 Bonding With Thermocompression. In the thermocom-
pression method, interconnection materials are pressed together at
elevated temperature to form the joints. The process temperature
and pressure depend on the material and geometry of the joints.
Various studies have been conducted on creating interconnections
between stacked strata using thermocompression. For instance,
micro-inserts and interlocking bump structures (Sec. 2.1) have
been assembled in this way [28,29]. The thermocompression
method does not require the reflow process and has been used to
create tiny, fine-pitch interconnections [13]. Zhan et al. compared
two thermocompression bonding methods: conventional thermo-
compression in which the top chip was compressed continuously
and gap-control thermocompression containing two separate com-
pressions, while each compression had its own pressure and dura-
tion value. The experiment showed that novel gap-control
bonding might prohibit the solder squeezing issue and lead to bet-
ter bonding results [42].

Direct Cu—Cu bonding with thermocompression offers several
benefits such as low electrical resistivity, high thermal conductiv-
ity, and low susceptibility to electromigration. Key parameters of
this process include temperature, pressure, duration, and surface
cleanness of Cu [47]. The variation of Cu pillar/pad height is a
concern, and a method for compensating the bump height varia-
tion was proposed by Lee et al. using electroless Ni plating [35].
In Lee et al.’s approach, the Cu pillars and Cu studs were formed
on two chips. After bonding with thermocompression, the bonded
parts were put through cleaning, surface roughening, catalyst and
conditioning process, and then immersed in the Ni-P solution for
plating. As a result, the electroless plating process led to improved
interconnection quality by filling the gap between the Cu pillars
and the studs, thus reducing the resistance by 15%.

2.2.3  Low-Temperature Interconnection Methods. In addition
to traditional thermocompression and reflow soldering processes,
novel low-temperature interconnecting processes have also been
developed [48]. In C2C and C2W approaches, low-temperature
soldering processes such as the transient liquid phase (TLP) and
solid state diffusion bonding usually feature a low melting point at
bonding but a high remelting temperature due to the formation of
an intermetallic layer. These methods may greatly reduce the tem-
perature required at assembly, and therefore reduce the stress
induced by thermal mismatch. Bonding materials reported in the
literature include InSn by Morinaga et al. [49], AulnSn by Xie

014001-4 / Vol. 136, MARCH 2014

et al. [50], CuSn by Zhang, Agarwal et al. [51,52] and Sakuma
et al. [53], CulnNi by Sakuma et al. [53], etc. Agarwal et al. used
two relatively low-temperature processes for the CuSn material,
TLP and solid metal bonding (SMB). The SMB bonding has a
lower processing temperature than TLP, which is below the melt-
ing point of Sn [51]. Sakuma et al. compared the reliability of
CulnNi and CuSn bonding with finite element analysis (FEA) and
experiments, and results indicated that the NiCuln solder showed
better thermomechanical reliability than the CuSn solder. Differ-
ent failure modes were associated with two material combina-
tions. For CulnNi, the failure was found on In; while for CuSn,
failures such as die-cracking were found [53].

One point worth mentioning is that the advantage of these low-
temperature bonding methods is not just low-temperature process-
ing. The trends in the packaging industry are higher density, more
controllable processes, higher thermomechanical reliability, and
these goals have been achieved by these novel approaches. For
example, in Ref. [53], low-volume CuNiln solder only 6 um high
was successfully made on an annular, tungsten-filled TSV, and the
samples exhibit good reliability in the thermal cycling tests.

2.3 Issues on Underfill. Underfill is a key technology for
improving the thermal-mechanical reliability of flip-chip pack-
ages. Many variations of underfill have been developed to
increase reliability, simplify the process, achieve higher yield, and
reduce the voids [54]. As the industry began to use flip-chip tech-
nologies to create the chip-stacking structure, this reliability-
enhancing technology was applied to 3D packaging as well. How-
ever, as the distances between chips decrease, dispensing underfill
is becoming more challenging. Yet many researchers have suc-
cessfully dispensed the underfill into the small gaps [15,16,18,53].
Au et al. filled all the gaps in a four-die stack package through a
multiple line/multiple needle height dispensing process, so that
the encapsulation of all gaps between the joints can be done
simultaneously [15]. Au et al. also found that the corner fillet
value of conventional filling would expose the top-most solder
joint gap interface (Fig. 10). In contrast to the traditional capillary
underfill process in which the flow of underfill is driven by the
surface tension, a vacuum filling approach was developed by
researchers at IBM [18,55]. In the vacuum filling approach, the
flow of underfill is driven by the pressure difference, and this
change in the dispensing mechanism led to better filling quality. A
scanning acoustic microscope (SAM) image shows that the vac-
uum filling technology can fill a 14 um gap without leaving a visi-
ble void in the underfill, while in its counterpart, the small voids
appear clearly in the SAM image (Fig. 11).

Instead of dispensing underfill after stacking, another approach
uses no-flow underfill or adhesive to fill the gaps between the
chips. No-flow underfill is dispensed before the chip-attachment
process and cured after the assembly. The solder reflow and cure
process can be integrated, leading to a more efficient manufactur-
ing process. Adhesive materials that are pre-applied before the as-
sembly process may serve a similar function as underfill;
therefore, in this paper, the term “simultaneous underfill” is used
to describe the materials that fill the space between Si chips or
wafers simultaneously with the assembly process.

Fig. 10 A gap exposed by using a typical 50% corner fillet
value in underfill dispensing [15]
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Fig. 11 SAM image of flip-chip samples after capillary (left)
and vacuum (right) underfill dispensing [55]

Myo et al. combined In-based low temperature with no-flow
underfill [56]. In that study, the chip-stacking structure was fabri-
cated by attaching the chips sequentially. In each step, the under-
fill was dispensed onto the substrate (or lower chips), and then the
chip was placed and bonded. A similar underfill approach was
performed by Agarwal et al. in low-temperature chip-to-wafer
bonding with CuSn microbumps [51].

Hybrid bonding using metallic materials for interconnection
and adhesive materials as simultaneous underfill has also been
investigated. For example, the Cu/Sn interlocking bump technol-
ogy in Sec. 2.1 uses adhesive to fill the gap and secure the struc-
ture [28]. Some scholars use the term ‘“wafer-level underfill”
(WLUF) for the pre-applied material on the wafer that glues the
chips or wafers together in the assembly process and serves the
same function as regular underfill afterward [54]. In the manufac-
turing process with wafer-level underfill, the bumping is per-
formed at the wafer level, and then the wafer-level underfill is
applied on the wafer, usually by spin coating (or vacuum lamina-
tion, screen printing, stencil printing). A B-stage cure process fol-
lows if the underfill is initially in a liquid state. Then, the wafer is
diced for assembly if chip-to-chips or chip-to-wafer stacking is
used [57].

The resin or filler on the bump surface is a problem that poten-
tially affects the connection. To get rid of these materials, hybrid
bonding technology with a planarization process was developed.
The planarization process is usually CMP or diamond bit cutting.
Nimura et al. developed a low-cost thermal pressure planarization
process. In their approach, the resin was compressed by a silicon
substrate coated with a release agent. The solder/adhesive and Au/
adhesive bonding were successfully implemented after this novel
planarization process [58—60].

Because of the difficulty in underfill dispensing, 3D chip-
stacking structures without underfill were also studied [34,61].
Researchers have used FEA and experimental methods to study
the reliability of 3D packages with and without underfill materials.
Although producing packages without underfill is usually not
preferable, in some cases the reliability appears acceptable. For
example, Kohara et al. showed that samples with a thin die
(50 um or 70 pum thick, 7.3 mm by 7.3 mm chip area) connected to
a silicon interposer by 40 um pitch solder joints could survive
1000 thermal cycles even without underfill. However, with a thick
die (725 pum thick with the same chip area), the parts failed shortly
after the test, but the parts with underfill passed. Finite element
simulation reached consistent results with the reliability test [61].
Therefore, experiments must be performed to carefully evaluate
the reliability, and numerical simulation is also suggested.

3 Wafer-to-Wafer Interconnection

Unlike chip-to-chip or chip-to-wafer stacking, the wafer-to-wa-
fer process is performed completely at the wafer level, and only
one singulation process is performed after all wafer-stacking steps
have been completed. In this aspect, the wafer-to-wafer process
has a high manufacturing throughput. However, the problem with
the wafer-to-wafer approach is yield. Because there is no way to
cherry-pick the KGDs, the yield for wafer-to-wafer stacking is
lower than chip-to-chip or chip-to-wafer stacking, and the yield

Journal of Electronic Packaging

decreases as the number of stacked layers increases. The cost-
effectiveness of wafer-to-wafer stacking has been analyzed and
compared with the chip-to-wafer approach [62,63]. On one hand,
the analysis in Ref. [63] shows that either chip-to-wafer or wafer-
to-wafer stacking might be more cost-effective, depending on the
chip area and production volume; on the other hand, for the wa-
fer-to-wafer approach, low yield could greatly increase the cost
due to the loss of good dies, especially for large chips [64].

Due to the dimension of the wafer, dispensing underfill into the
narrow gaps between wafers is very difficult, if not impossible.
And even after wafer-dicing, filling underfill into the narrow gaps
inside the chip-stacks is still challenging (Sec. 2.3). Therefore,
recent studies of wafer-to-wafer interconnection focus on proc-
esses using simultaneous underfill or techniques that do not neces-
sitate underfill at all [65].

3.1 With Simultaneous Underfill. The simultaneous under-
fill approach is an emerging technology that has attracted many
researchers. Once the bonding process is finished, the gap between
wafers is occupied by the filled materials simultaneously, and the
filled materials act as a stress-redistribution layer to alleviate the
reliability risk at the electrical joints. Depending on the intercon-
nection structure and the TSV formation process, wafer-to-wafer
bonding with simultaneous underfill can be divided mainly into
two categories: One is the metal bump interconnection with adhe-
sive or polymer as simultaneous underfill, and the other is adhe-
sive bonding followed by the TSV formation process, which is
supported by the wafer-on-wafer (WOW) Alliance and also
known as the WOW approach.

Hybrid bonding combines the interconnection process of metal
bumps with simultaneous adhesive attachment between wafers.
Therefore, the adhesive acts as both bonding material and
“underfill.” A great advantage of hybrid bonding is that the old
technologies and experiences for creating metal-to-metal joint can
be applied to this new method. Ko et al. and Chang et al. worked
on the wafer-to-wafer hybrid bonding with CuSn and benezocy-
clobutene (BCB) [66,67], and the process flow is shown in
Fig. 12. The Cu bumps were formed on the top wafer, and the
CuSn bumps were fabricated on the bottom wafer. Then, the BCB
adhesive were applied to both wafers by spin-coating and lithogra-
phy, followed by a postlithographic treatment process for cleaning
the bump surface. The bonding process was carried out at 250 °C.
The wafer-thinning and backside metallization were conducted af-
ter the bonding. Unlike other wafer-handling processes that
require temporal bonding to silicon or glass carrier, this approach
features a carrier-less wafer-handling process that can simplify the
process flow. Cross-sectional scanning electron microscope

(a) Cu/Sn microbump scheme on
the top and bottom wafer

b) BCB spin coating and lithography

(¢) Cu/Sn and BCB hybrid bonding

(d) Wafer thinning and backside
metallization

Fig. 12 Schematic diagram of the process flow of wafer-to-wafer
hybrid bonding [66]
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(b)

Fig. 13 Cross section images of TSVs and microbumps [67]

(SEM) images showing the TSVs and microbumps are given in
Fig. 13.

In addition to forming interconnections with eutectic solder
materials, the Cu—Cu [47,68-70] or Au—-Au [59,60] connection
process with adhesive (also known as transfer-join process or TJ)
has also been developed. IBM researchers fabricated joints with a
mechanical lock-and-key structure using this process. In the struc-
ture shown in Fig. 14, a Cu stud was made on the top wafer, and a
recess was made on the bottom wafer. A polyimide (PI) layer was
coated on the top wafer. After the PI on the Cu studs was
removed, the wafers were aligned and bonded by thermocompres-
sion in vacuum.

Hybrid bonding, like many commonly used packaging methods,
utilizes metal bumps for interconnection. These metal bumps are
not only part of the electrical circuit but also an important me-
chanical structure that provides support and endures stresses and
strains. The bump structure is a potential failure location under
mechanical or thermomechanical loadings. The adhesive bonding
followed by TSV formation is a low-temperature, bumpless pro-
cess. This process is also referred to as WOW because of the sup-
port of the wafer-on-wafer alliance. The difference between a
bump-based joint and a bumpless joint is illustrated in Fig. 15.

Several technical papers have been published on fabrication
with WOW technology, and the electrical and mechanical proper-
ties have also been studied [71-73]. A detailed schematic diagram
of the process is shown in Fig. 16. The wafer is first temporally
bonded to the support glass wafer and then undergoes the thinning
process. Usually the wafer is thinned down to less than 20 um, or
even 10 um. Then, the wafer is bonded with BCB/CyCloteneTM ad-
hesive, and the TSV etching and filling processes are then per-
formed. Figure 17 shows stacked wafers with TSV fabricated by
this process.

Before
bonding

Top wafer

fdpﬁ[l;fer
Bonding
“<— interface

S |

Polyimide

Bottom wafer
After

bonding

sum

Fig. 14 SEM cross section image of the joint structure before
(top) and after bonding (bottom) [69]
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Probable Failure Sites
Underfill

Si1 Si1

Conventional TSV
e.g. TSV- Thinning, B

WOW Bumpless TSV
ding Thinning-first, TSV-last

Fig. 15 Comparison of the conventional joint structure and the
WOW bumpless structure [71]

A. Back Grind ;
Glass
Trench 4 Temporary
~N %{Adhesive bond
Base wafer
| Back grind

¢ 10um thick.

B. BCB Bonding

C. TSV Etching TSV 10um in diameter

— B

D. Side-wall Dielectric ﬁhnSi el dieiectics
of SIN

B s e e =

E. Cu Electro-plating &
TSV filled by Cu
— &CMP

Fig. 16 Process flow of the WOW bumpless interconnection
technology [72]

150pm

g

80um 1st wafer

Si substrate

Fig. 17 A seven-layer wafer-stacking structure using the WOW
process [73]

3.2 Without Underfill. Underfill is applied to fill the gaps
between Si chips or wafers to enhance the reliability of electronic
packages. If two wafers with active circuits can be directly bonded
together without any gap, there is no need for underfill. For
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Fig. 18 Schematic diagram of bonding an SOl wafer to the bottom wafer based on

the IBM platform [76]

Four-wafer multi-stack

Fig. 19 SEM image of a four-layer stack fabricated with SiO,
fusion bonding [77]

| Cu metal trace on backside of

S4800 5.0kV 3.8mm x15.0k SE(M) 1/20/20(7

Fig. 20 SEM cross section image showing a TSV connecting
two bonded wafers [78]

example, silicon direct bonding is a technology that directly puts
two wafers into contact by either Si-Si or Si-SiO,-Si fusion. The
bonding surface of the wafers must be very flat and clean. The
bonding process can be processed at room temperature, but high-
temperature (above 800°C) annealing is required to formulate
strong covalent bonds at the interface. Low-temperature solutions
can be obtained by activating the wafer surface using wet chemi-
cal or plasma before bonding [48,74]. Three-dimensional integra-
tion using silicon direct bonding has been studied by
organizations such as IBM, Freescale, etc. Face-to-face and face-
to-back joining are both applicable [75-78]. A face-to-back join-
ing process to stack a silicon-on-insulator (SOI) wafer to another
wafer based on the IBM platform is schematically shown in
Fig. 18. First, the top wafer is temporally attached to a carrier
glass wafer, and then thinned down, aligned, and bonded to the
bottom wafer, while the bottom wafer usually remains at full
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thickness to support the stacking structure. After the bonding pro-
cess, the TSVs are formed through the thinned wafer to create
electrical paths. The SEM image of a four-layer stack fabricated
with SiO, fusion bonding is shown in Fig. 19, and a cross section
SEM image showing the TSV is shown in Fig. 20. In addition to
the TSV-last option in Fig. 18, creating metal-to-metal intercon-
nections simultaneously with the wafer bonding process has also
been proven feasible experimentally [79-81].

4 Summary

This paper summarizes state-of-the-art technologies in chip-to-
chip, chip-to-wafer, and wafer-to-wafer interconnection schemes.
Different interconnection structures with different fabrication
processes are compared. In chip-to-chip and chip-to-wafer stack-
ing, many flip-chip packaging technologies have been applied to
2.5D and 3D processes, and various innovational approaches have
been explored in bump formation, low-temperature assembly pro-
cess, flux cleaning, underfill dispensing, etc. At the wafer-to-wafer
level, technologies such as silicon/oxide fusion, wafer-on-wafer
adhesive bonding with the via-last approach, and hybrid bonding
using metallic interconnection with adhesive have been devel-
oped. Regardless of the TSV fabrication and assembly process,
wafer-thinning is commonly performed in wafer-level processes,
and thin-wafer handling techniques have been studied extensively.
Although each interconnection method listed in this article has its
advantages and drawbacks, all of the 3D packaging technologies
share a common goal: to create reliable, high-density interconnec-
tions for 3D applications productively and cost-effectively.
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