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Detailed descriptions of two wafer-level integration schemes
implemented at IBM are given, and the challenges of bringing 3D
integration into a production environment are discussed.

Introduction

The last few decades have seen an astonishing increase in
the functionality of computational systems. This
capability has been driven by the scaling of
semiconductor devices, which has enabled the number of
transistors on a single chip to grow at a geometric rate,
following Moore’s Law [1]. In particular, the scaling of
silicon metal-oxide semiconductor field-effect transistors
(MOSFETs) [2] drives the effort to continue this trend
into the future.

However, several serious roadblocks exist. The first is
the difficulty and expense of continued lithographic
scaling, which could make it economically impractical to
scale devices beyond a certain pitch. The second is that
even if lithographic scaling can continue, the power
dissipated by the transistors will bring clock frequency
scaling to a halt. In fact, it could be argued that clock
frequency scaling has already stopped, and
microprocessor designs have increasingly relied on new
architectures to improve performance. These factors
suggest that in the near future, it will no longer be
possible to improve system performance through scaling
alone, and that additional methods to achieve the desired
enhancement will be needed. Three-dimensional (3D)
integration technology offers the promise of being a new
way of increasing system performance, even in the
absence of scaling. This promise is due to a number of
characteristic features of 3D integration, including
decreased total wiring length (and thus reduced
interconnect delay times), a dramatically increased
number of interconnects between chips, and the ability to
allow dissimilar materials, process technologies, and
functions to be integrated.

Motivation for 3D integration

Overall, 3D technology can be broadly defined as any
technology that stacks semiconductor elements on top of
each other and uses vertical, as opposed to peripheral,
interconnects between the wafers. Under this definition,
3D technology could include simple chip stacks, silicon
chip carriers and interposers, chip-to-wafer stacks, and
full wafer-level integration. Each of these technologies
has benefits for specific applications, and the technology
appropriate for a particular application is driven in large
part by the required interconnect density. For instance,
for wireless communication, only a few through-silicon
vias (TSVs) are needed per chip in order to make low-
inductance contacts to the backside ground plane. On the
other hand, high-performance processors [3] will require
extremely high densities (>10° pins/cm?) of vertical
interconnects. Applications such as 3D chips for supply
voltage stabilization and regulation reside somewhere in
the middle, and a myriad of applications exist that require
the full range of interconnect densities possible.

Since this paper deals mainly with technologies for
realizing extremely dense interconnects, it is reasonable to
explore in more detail the advantages that a large number
of vertical interconnects can have for 3D computing
systems. Perhaps the most compelling advantage of this
capability is that it allows a massive communication
bandwidth to be achieved between the processor cores
and memory. In typical 2D chips, the fast cache memory
is composed of static RAM (SRAM) or embedded
DRAM (eDRAM) [4] that is integrated directly onto the
chip. Such schemes work well for single-threaded or few-
threaded architectures. However, there has been a strong
industry trend to move to more highly multithreaded,
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Cross-sections of the three main 3D integration schemes: (a) face to back; (b) face to face; (c) SOI based.

massively parallel computational systems, and these
systems require considerably more memory bandwidth
than can be accommodated in a 2D architecture [5].

Basic 3D integration approaches

A wide range of 3D integration approaches is possible
and these have been reviewed extensively elsewhere [6-9].
These schemes have various advantages and tradeofTs,
so a variety of optimized process flows may ultimately
be used to meet the needs of the various targeted
applications. As a review, the main differences between
3D integration approaches are the assembly orientation
(face to back or face to face), the TSV process sequence
(vias first or vias last), and whether the substrate is
completely removed using a natural etch stop [bulk or
silicon on insulator (SOI)].

The face-to-back method is based on bonding the
front side of the bottom wafer to the thinned backside of
the top wafer. Similar approaches were originally
developed at IBM for multichip modules (MCMs) used in
IBM S/390* GS systems [10], and later this same
approach was demonstrated at the wafer level for both
CMOS (complementary metal-oxide semiconductor) and
microelectromechanical systems (MEMS) applications.
Figure 1(a) depicts a two-layer stack assembled in the
face-to-back configuration. The height of the structure
and, therefore, the height of the interconnecting via
depend on the thickness of the thinned top wafer. If the
aspect ratio of the via is limited, the substrate thickness
can then limit the number of interconnects between the
two wafers. In this scheme, the total number of
interconnects between wafers cannot be larger than the
number of TSVs. In order to construct such a stack, a
handle wafer must be used. This can induce distortions in
the top wafer, making it difficult to achieve tight
alignment tolerances [11]. In previous work, we have
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found that distortions as large as 50 ppm can be induced
by glass handle wafers, though strategies such as
temperature-compensated bonding can reduce these
distortions. For face-to-back schemes, typically, the
minimum thickness for the top wafer is on the order of
25-50 um using conventional grind and polish thinning.
For Cu vias, aspect ratios on the order of 5:1 are typically
needed for reliable fill, thus limiting the interconnect pitch
to values on the order of 10-20 um. For tungsten vias,
much higher aspect ratios are possible, and for these vias,
the interconnect pitch is likely to be limited by electrical
requirements of the interconnects and bonding alignment
tolerances. Of course, advances in wafer thinning, via fill,
and wafer alignment technologies could reduce the
achievable via pitch in the future.

Figure 1(b) shows the face-to-face approach of joining
the front sides of two wafers. IBM originally used this
method [12] to create MCMs with an interconnect pitch
of less than 20 um with reduced process complexity
compared to the face-to-back scheme. A key potential
advantage of face-to-face assembly is the ability to
decouple the number of TSVs from the total number of
interconnections between the layers. Therefore, it could
be possible to achieve much higher interconnect densities
than allowed by face-to-back assembly. In this case, the
interconnect pitch is limited only by the alignment
tolerance of the bonding process (plus the normal overlay
error induced by the standard CMOS lithography steps).
For typical tolerances of about 1 um for state-of-the-art
aligned bonding systems, it is therefore conceivable that
interconnect pitches of <5 um could be achieved with
face-to-face assembly. However, the improved interlevel
connectivity can be exploited only for two-layer stacks;
for multilayer stacks, the TSVs will still limit the total
combined 3D interconnect density.
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For the schemes depicted in Figures 1(a) and 1(b), both
SOI and bulk wafers can be used, where the process is
essentially blind to the presence of the buried oxide.
However, it is also possible to use the buried oxide as a
way of enhancing the 3D integration process, and this
scheme is shown in Figure 1(c). This SOI scheme has been
described extensively in previous publications [13—15] and
is only briefly summarized here. In the SOI scheme, the
SOI layer is used as an etch stop to allow the substrate to
be completely removed before the two wafers are
combined. As a consequence, the minimum height of the
interconnecting via could be as short as 1-2 um, allowing
Cu via dimensions as small as 0.2-0.4 um [14]. Via chains
with an interconnect pitch of 6.7 um have been
demonstrated using this technique [14], and if extremely
tight (<0.5 um) wafer-level alignment could also be
achieved, then via pitches less than 2 um could be
conceivable, allowing for numerous new system-level
opportunities not achievable with looser interconnect
pitches. However, there are some potential risks to
removing the substrate down to the buried-oxide layer.
The bulk silicon etch could lead to a chemical attack of
the device layer, now less than 200 nm away. It is also
unclear whether the removal of the entire substrate could
also affect the strain in the devices, a particularly
important factor in advanced CMOS technologies [16].
Guarini et al. [15] demonstrated functionality of CMOS
devices after full substrate removal and bonding to a
second wafer with little degradation of the device
characteristics. However, these devices did not have stress
liners, and a detailed analysis of stress effects in thin
transferred layers is still needed.

Process components for 3D integration

As described above, there are a wide range of possible 3D
integration schemes. However, all 3D integrated circuits
(ICs) must have three main process components: a
vertical interconnect, aligned wafer bonding, and wafer
thinning and backside processing. In this section, these
basic process components are described and, in
particular, the process aspects that differentiate wafer-
scale 3D integration from silicon-carrier and chip stacks.

Vertical interconnect

Perhaps the most important technology element for 3D
integration is the vertical interconnect, sometimes
referred to as the TSV or the through-silicon
interconnect, although in some cases, such as in our SOI
3D scheme to be described later, the via does not need
to go through silicon because the substrate is entirely
removed. A vertical interconnect is necessary for 3D
integration to truly take advantage of 3D for system-level
performance, because without it, interconnects would be
limited to the periphery of the chip, and in this case, the
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interconnect density would be no greater than in
conventional planar technology. This interconnection
method is essentially the same as a contact hole process,
with the difference that a much deeper hole has to be
created vertically through the silicon material using a
special etching process. In addition to IBM, other
companies and institutes, including Elpida Memory,
IMEC, Intel Corporation, Samsung, and Tezzaron
Semiconductor, are developing TSV methodologies
optimized for their applications [17, 18].

A variety of vertical TSV technologies have been
developed by IBM for silicon-carrier applications [19-21].
A number of vias-last approaches have been
demonstrated, and this process has the advantage that the
constituent CMOS technologies in the 3D stack do not
need to be modified, because the TSV is formed only after
assembly by using backside deep reactive-ion etching.
Insulation is subsequently applied to the interior of the
via and selectively removed from the base to allow
electrical contact. Metallization of large vias prepared in
this manner has been demonstrated by using an initial
partial fill with plated Cu followed by evaporation of
Cr/Cu ball-limiting metallurgy and Pb/Sn solder.
However, with the exception of the SOI scheme described
later in which the silicon substrate is entirely removed,
vias-last schemes in general may not be well suited for
high-density 3D integration because of the aspect-ratio
requirements of the dielectric and metal fill.

Another approach to TSVs that has been demonstrated
at IBM and elsewhere is a vias-first process flow. This
approach has the advantage of allowing higher-
temperature dielectric and metal fill processes and also
allows high-aspect-ratio vias to be formed. One particular
vias-first approach that has been described is an annular-
via geometry for large-area contacts [21]. This structure
uses an etched ring-shaped via geometry such that the
ring width is narrow enough to allow complete fill of the
structure using a variety of materials, including doped
polysilicon, electroplated Cu, or chemical vapor
deposition tungsten. However, for higher-density 3D
integration applications, annuli with small central cores
(the region defined by the inner diameter of the annulus)
can be used. The annular region is filled with isolation
dielectrics, and the central core is subsequently etched
and metallized.

The vias required for 3D integration schemes that
entirely remove the substrate can be formed by a vastly
simplified process, since isolation does not need to be
deposited. Therefore, a vias-last process or a vias-first
process can be completed easily. In addition, because the
distance between the layers is much smaller than in TSV
schemes, the via pitch and size can be dramatically
reduced. Thinning the bonded wafer to a membrane of a
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few microns could also have a dramatic impact on power
distribution because of the reduced via resistance.

Aligned wafer bonding

Aligned wafer bonding is the second key technology
needed for 3D integration. Aligned wafer bonding for 3D
integration is fundamentally different than blanket wafer-
bonding processes that are used, for instance, in SOI
substrate manufacturing. There are several differences.
First, alignment is required because patterns on each
wafer need to be in registration in order to allow the
interconnect densities required to take advantage of true
3D system capabilities. Second, wafers for 3D integration
typically have significant topography on them, and these
surface irregularities can make high-quality bonding
significantly more difficult than for blanket wafers,
particularly for oxide-fusion bonding. Finally, due to the
fact that CMOS circuits, usually with back-end-of-line
(BEOL) metallization, already exist on the wafers, the
thermal budget restriction on the bonding process can be
quite severe, and typically the bonding process needs to
be performed at temperatures less than 400°C. In the
following subsection, we briefly describe three particular
technologies for aligned 3D wafer bonding that have been
investigated at IBM: Cu—Cu compression bonding,
transfer—join (T-J) bonding (hybrid Cu and adhesive
bonding), and oxide-fusion bonding. We also discuss
issues associated with the alignment of full wafers and
how this process differs from typical lithographic
alignments or chip-placement approaches performed on
the die level.

Cu bonding

Attachment of two wafers is possible using a
thermocompression bond created by applying pressure to
two wafers with Cu-metallized surfaces at elevated
temperatures. For 3D integration, the Cu—Cu join can
serve the additional function of providing electrical
connection between the two layers. Optimization of the
quality of this bonding process is a key issue being
addressed and includes provision of various surface-
preparation techniques, postbonding straightening,
thermal annealing cycles, as well as use of optimized
pattern geometry [22-24]. All of these factors can affect
the crystal quality of the Cu, including such properties as
the texture and grain size, which can have a direct impact
on the bond strength and electrical properties.

The mechanism of thermocompression Cu bonding
occurs when, under elevated temperatures and pressures,
the microscopic contacts between two Cu regions start to
deform, further increase the contact area, and finally
diffuse into each other to complete the bonding process.
The key parameters of Cu bonding are the temperature
and pressure, the bonding duration, and Cu surface
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cleanliness. Optimization of all of these parameters is
needed to achieve a high-quality bond. The degree of
surface cleanliness is related not only to the prebonding
surface cleaning, but also to the vacuum condition during
bonding [22]. In addition, despite that the bonding
temperature is the most significant parameter in
determining the bonding quality, the temperature has to
be compatible with BEOL process temperatures.

The quality of patterned Cu bonding on the wafer-level
scale has been investigated for real device applications
[23, 24]. To achieve the best bond quality, the structural
design of Cu bond pads determines not only the circuit
placement, but also bond quality since it is related to the
available area that can be bonded in a local region or
across the entire wafer. Cu bond pad size (interconnect
size), pad pattern density (total bond area), and seal
design have also been studied. According to existing
results from several pattern densities ranging from <1%
to 35%, higher bond density results in better bond
quality. The bonded area rarely fails in dicing tests when
pattern density is larger than 13% [24]. Note that the
bonding area density requirement does not have a
detrimental impact on the real estate of the design,
because the bonds associated with the TSVs could be
included in this 13% requirement. In other words, if the
pad density associated with the TSVs is very high
(>13%), then no additional bonding pads are needed.
However, if the TSV density is low, then structural
bonding pads must be added to ensure adequate bonding
yield. In addition, a seal design that would consist of
extra Cu bonds surrounding the electrical interconnects,
chip edge, and wafer edge could prevent corrosion and
provide extra mechanical support [23], though additional
studies are needed. Additional discussion of the reliability
impact of the various join methodologies is presented in
the section “Challenges and limitations for 3D
integration” below.

T-J assembly

A variation of the Cu—Cu compression bonding process
can be accomplished by using a lock-and-key structure
along with an intermediate adhesive layer to improve
bond strength. This technology was originally developed
for thin-film MCMs and underwent extensive reliability
testing during build and qualification [25, 26]. However,
this scheme is equally suitable for wafer-level 3D
integration and could have significant advantages over
direct Cu—Cu-based schemes.

In the T-J assembly scheme, the mating surfaces of the
two device wafers that are to be joined are provided with
a matching set of protrusions (keys) on one side and
receptacles (locks) on the other, as shown in Figure 2(a).
The protrusion, also referred to as the stud, can be the
extension of a TSV or a specially fabricated BEOL Cu
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Bonding schemes: (a) cross-section of the T-J bonding scheme; (b) polished cross-section of a completed T-J bond; (c) a top-down scanning
electron micrograph view of a T-J bond after delayering, showing lock-and-key structure and surrounding adhesive layer; (d) oxide-fusion
bonding scheme; (e) cross-sectional transmission electron micrograph of an oxide-fusion bond; (f) whole-wafer infrared image of two wafers

joined using oxide-fusion bonding.

stud. The receptacle is provided at the bottom with a Cu
pad that will be bonded to the Cu stud later. At least one
of the mating surfaces, for example, the lower one in
Figure 2(a), is provided with an adhesive atop the last
passivation dielectric layer. Both substrates can be silicon
substrates, or optionally, one of them could be a thinned
wafer attached to a handle substrate. The studs and pads
are optionally connected to circuits within each wafer by
means of 2D wiring and TSVs as appropriate.

The substrates can be aligned in the same way for the
direct Cu—Cu technique and then bonded together by the
application of a uniform and moderate pressure at a
temperature in the 350°C to 400°C range. The layer
thickness of the stud and the combined thickness of the
adhesive and the insulator are adjusted such that the Cu-
stud-to-Cu-pad contact is first established during the
bonding so that a metal-metal bond is formed. Under the
continued bonding pressure, the stud height is
compressed, and the adhesive is brought into contact with
the opposing insulator surface and bonded. The adhesive
material is chosen to have the appropriate rheology
required to enable flow, fill, and bonding of the two
wafers, filling any gaps between features. Additionally,
the adhesive is tailored to be thermally stable at the
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bonding temperature and during any subsequent process
excursions required, such as additional layer attachment
or final BEOL wiring on the 3D stack. Depending on the
wafers bonded together, either handle-wafer removal or
backside wafer thinning is performed next. The process
can be repeated as needed if additional wafer layer
attachment is desired. A cross-sectional scanning electron
microscope (SEM) view of a Cu—Cu T-J bond with a
polymer adhesive interlayer is shown in Figure 2(b).
Figure 2(c) shows a top-down SEM view of the alignment
of a stud to a pad in a bonded structure after the upper
substrate has been delayered for the purpose of
constructional analysis.

The lock-and-key T—-J approach can be combined with
any of the 3D integration schemes described earlier. The
fact that the adhesive increases the mechanical integrity of
the joined features in the 3D stack means that it avoids
the fill factor requirements of direct Cu—Cu bonding.
However, it is unclear how much of a real advantage this
represents, since due to the low thermal conductivity of
typical polymer adhesives, fill shapes may still be
desirable to improve the thermal conductivity between
layers. A less obvious but significant feature in T-J
assembly is that the structure can maintain wafer-to-
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wafer registration without actual interface contact
between the two bonding wafers. One of the key issues in
wafer bonding is the removal of trapped air or water
between the wafers. Heat and vacuum are needed to
remove such entrapment, but both could lead to wafer
drift if used improperly; the T-J technique allows the use
of heat and vacuum without the risk of wafer shift.

Oxide-fusion bonding

Oxide-fusion bonding is another technique that can be
used to attach two fully processed wafers together. At
IBM, we have published extensively on the use of this
basic process capability to join SOI wafers in a face-to-
back orientation [14], and different schemes for using
oxide-fusion bonding in 3D integration have been
implemented by others [27]. General requirements include
low-temperature bonding-oxide deposition and anneal
for compatibility with ICs, extreme planarization of the
two surfaces to be joined, and surface activation of these
surfaces to provide the proper chemistry to allow robust
bonding to take place. An integrated oxide-fusion
bonding flow being explored by IBM is described in detail
in the section “Oxide-bonding 3D process vehicle” below.

The oxide-bonding process is shown in Figure 2(d),
along with a cross-sectional transmission electron
micrograph (TEM) of the bonding interface in Figure 2(e)
and a whole-wafer infrared (IR) image of a typical
bonded pair in Figure 2(f). The TEM in Figure 2(e)
shows a distributed nanoscale void pattern, while the
plan-view IR image in Figure 2(f) shows that after post-
bonding anneals of 150°C and 280°C, excellent bond
quality is maintained, although occasional macroscopic
voids are observed, as shown in the figure. In order to
improve the interface quality, we have investigated UV
(ultraviolet)-assisted annealing of the oxide films before
bonding [28]. We have found that increasing the
temperature of the UV treatment (from 250°C to 350°C)
not only concentrates the distribution of the microvoids
toward the bonding interface, but also leads to a
reduction in the bonding strength. UV treatment also
tends to reduce the number of large macroscopic voids
observed in bonded layers after annealing but does not
consistently eliminate them entirely.

The use of multiple levels of back-end wiring typically
leads to significant surface topography. This creates
challenges for oxide-fusion bonding, which requires
extremely planar surfaces. While it is possible to reduce
nonplanarity by aggressively controlling metal-pattern
densities in mask design, we have found that process-
based planarization methods are also required. As
described in Reference [28], typical wafers with back-end
metallization have significant pattern-induced
topography. We have found that simply depositing a
thick SiO; layer and planarizing using chemical-
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mechanical polishing (CMP) can reduce the roughness by
a factor of approximately 4; however, this reduction is
still insufficient to prevent pattern-induced voiding at the
bonding interface. Therefore, we have developed an
optimized CMP protocol that dramatically reduces
pattern-dependent variations by a factor of nearly 10
compared to the incoming wafer [28]. The development of
this type of advanced planarization technology will be
critical to the commercialization of oxide-bonding
schemes, because pattern-dependent topographic
variations will be encountered on a routine basis.

Wafer-level alignment

Wafer-level alignment is fundamentally different from
standard lithographic alignments used in CMOS
fabrication, because the alignment must be performed
over the entire wafer as opposed to being performed on a
die-by-die basis. This requirement makes overlay control
much more difficult than in die-level schemes. Distortion
due to wafer bow and thermal expansion as well as
pattern irregularity due to lithographic skew or run-out
can all lead to overlay tolerance errors. In addition, the
transparency or opacity of the substrate can also affect
the wafer alignment. Several manufacturers are developing
alignment tools that have an alignment accuracy of less
than 1 um.

Because of the temperature excursions and potential
distortions associated with the bonding process itself, it is
standard procedure in the industry to use aligner tools
(which have high throughput) and then move wafers to
specialized bonding tools with double-sided heating
chucks for good control of temperature and pressure of
the wafer and the gradient across the stack. The key to
good process control is the ability to separate the
alignment and prebonding steps from the actual bonding
process. Such a methodology allows for better
understanding of the final alignment error contributions.
That said, the actual bonding process and the technique
used can affect overall alignment overlay, and it is critical
to understand this issue to choose the proper bonding
process.

The alignment issue arises for Cu—Cu bonding when
the surrounding dielectric materials from both wafers are
recessed. In this scenario, if there is a large misalignment
prior to bonding, the wafers can still be clamped for
bonding. However, this structure cannot inhibit the
thermal misalignment created during thermocompression
and is not resistant to additional alignment slip due to
shear forces induced during the thermocompression
process. One way to prevent those is to use a lock-and-
key structure to limit the misalignment within the desired
region. Of course, the built-in lock-and-key structure of
the T-J assembly procedure can aid the wafer-to-wafer
registration by keeping the aligned wafers locked together
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during the steps following initial align and placement.
This could be a significant factor in maintaining the
ability to extend the 3D process to tighter interconnect
pitches, as this pitch is likely to be ultimately limited by
alignment and bonding tolerances.

Wafer-thinning processes that use handle wafers and
lamination can also add distortion to the thinned silicon
layer. This distortion can be caused by both a mismatch
in coefficients of thermal expansion between materials
and by the use of a polymer lamination material with low
elastic modulus. For example, if left uncontrolled, the use
of glass handle wafers can introduce alignment errors in
the range of 5 um at the edge of a 200-mm wafer, a value
that is significantly larger than the errors in more direct
silicon-to-silicon alignments. So, in any process using
handle wafers, control and correction of these errors is an
important consideration. In practice, these distortions
can often be well modeled as global magnification errors.
This allows the potential to correct most of the wafer-
level distortion using methods based on control of
temperature, handle-wafer materials, and lamination
polymers.

Alignment considerations are somewhat unique in SOI-
based oxide-fusion bonding. This process is often
practiced when the SOI wafer is laminated to a glass
handle wafer and the underlying silicon substrate is
removed, leaving a thin SOI layer attached to the glass
prior to alignment. Unlike in other cases in which either
separate optical paths are used to image the surfaces to be
aligned or IR illumination is required to image through
the wafer stack, one can see through this SOI on glass
at visible wavelengths. This allows very accurate direct
optical alignment to an underlying Si wafer in a manner
similar to wafer-scale contact aligners. Wafer contact and
a preliminary oxide-fusion bond must be initiated in the
alignment tool itself, but once this is achieved, there is
minimal alignment distortion introduced by downstream
processing [29, 30].

Wafer thinning and backside processing

Wafer thinning is a necessary component of 3D
integration, as it allows the interlayer distance to be
reduced, therefore allowing a high density of vertical
interconnects. The greatest challenge in wafer thinning is
that the wafer must be thinned to about 5-10% of its
original thickness with a required uniformity of <1-2 um.
In bulk Si, this thinning is especially challenging because
there is no natural etch stop. The final thickness depends
on the thinning process control capabilities and is limited
by the thickness uniformity specifications of the Si
removal process (that being mechanical grinding and
polishing plus wet or dry etching). Successful thinning to
a uniform Si thickness of a few microns has been
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demonstrated, but typically thicknesses of 2040 um are
necessary for a robust process.

Standard process steps for Si thinning are as follows.
First, a coarse grinding step is performed in order to thin
the wafer from its original thickness (~700-800 um) to a
thickness of 125-150 um. This type of process is usually
performed using a 400-mesh grinding surface. This step is
followed by a fine grinding step to thin to about 100 um
using an 1,800-2,000 mesh surface. Next, a mechanical
polishing step can be performed down to the desired
thickness of 30-60 um. For most processes, it is desirable
for these grinding steps to be performed only on uniform
regions of the silicon, because stresses associated with
mechanical grind and polish steps can damage fine
features in the silicon. If it is necessary to expose the TSV
from the backside, it is typically desirable to complete the
thinning process using a plasma-based etching process
(such as reactive-ion etching) to expose the TSVs.
Limitations on the uniformity of the backside thinning set
the practical limit on the TSV depth and, therefore, the
via pitch that can be achieved using this type of blind
thinning process.

Unlike the bulk-like process, in our SOI-based 3D
integration scheme, the buried oxide can act as an etch
stop for the final wafer-thinning process, and a purely wet
chemical etching process can be used for this process. For
instance, tetramethylammonium hydroxide (TMAH) can
remove 0.5 um/min of silicon with excellent selectivity to
SiO,. In our process, we typically remove about 600 um
of the silicon wafer by the mechanical techniques
described above and then employ a 25% TMAH at 80°C
to etch (at a rate of 40 um/hr) the last 100 ym of silicon
down to the buried oxide layer. The buried oxide has a
better than 300:1 etch selectivity relative to silicon and,
therefore, acts as a very efficient etch stop layer. The
overwhelming advantage of such an approach is that all
of the Si can be uniformly removed, leaving a very
smooth (<10 nm) surface for the application of bonding-
oxide films, and the layer of transferred circuits is
automatically a minimal thickness across the wafer,
facilitating the fabrication of high-density interlevel
wiring later in the process flow.

For face-to-back assembly, the wafer to be thinned
must first be transferred to a handle wafer. The
temporary bond to the handle wafer must be sufficiently
strong to survive the thinning process while still allowing
release of the handle wafer after bonding. If glass is used
as the handle wafer, it has the advantage of being immune
to wet etchants that might be needed for thinning the
silicon. However, distortions (bow and expansion errors)
can occur, particularly after the wafer is thinned, and
these can affect the alignment and subsequent processing
after bonding. The distortion of the thin membrane of Si
on a temporary handle wafer arises as one of the most
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significant challenges of the face-to-back approach.
Wafer thinning using the face-to-face assembly scheme is
in some ways simpler in that the distortion error
associated with thinning on a handle wafer is eliminated.
However, additional difficulties arise due to the fact that
the base wafer must remain immune to the grinding and
etching solutions used to thin the top wafer.

IBM 3D integration test vehicles

Ultimately, the integration scheme and process steps that
are optimal for a particular application will be
determined by a number of factors, including the number
of interlayer interconnects required, the external I/O
capacity needed, the number of layers to be stacked, the
power and cooling requirements of the stack, the expected
performance, cost, and the choice of technology (e.g.,
bulk or SOI). Specifically, the choice of a bonding
medium, the use of a carrier wafer, the order of
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processing steps, the incorporation of additional thermal
cycles (such as curing, bond strengthening, and out-
gassing), the choice of metallization techniques, the
implementation of seals, or any other yield or reliability
enhancers (such as via redundancy) are all dictated by
application needs.

In the next two sections, we present two 3D test
vehicles that have been built at IBM to develop the
process and integration technology and we discuss the
rationale behind the process options used to build these
structures. These constructions were specifically chosen
because they represent two distinct cases of different 3D
options for high-performance CMOS technology. The
first involves technology needed for microprocessor and
memory stacking, while the second is a general scheme for
ultrahigh-density 3D integration based on SOI
technology. Each of these options was investigated to
better understand the integration issues associated with
each basic scheme as well as to assess 3D integration in
general as a potential replacement of traditional planar
circuit layout to enable future high-performance system
applications.

Cu-bonding 3D process vehicle

In order to develop a general-purpose 3D processing
scheme that would be compatible with either bulk or SOI
CMOS, a new vehicle was created to develop the 3D
process. This process-development vehicle was based on
an ASIC (application-specific integrated circuit)
microprocessor chip with approximately 95 million
transistors and built in our conventional 0.13-um bulk
CMOS process, which includes deep-trench eDRAM. We
have partitioned this design so that the eDRAM is on one
level and the remaining CMOS logic is on a different level
(Figure 3). This partitioning does not lead to an increase
in performance, but it does represent a straightforward
way to test the integration of 3D processing elements with
complex circuits. As part of this process, a conventional
2D ASIC chip was fabricated alongside the 3D version of
the chip (using a two-die reticle) to test the impact of the
3D process on a known-working chip. The 2D and 3D
versions of the chip were intended to be functionally
equivalent. In this paper, we report on the process-
integration scheme used for this build and the structural
results.

The process-integration flow developed for this work is
intended to be compatible with standard foundry or
ASIC processing, with minimal deviations from the base
process. Processing in 3D begins with the fabrication of
dielectrics in the top wafer that will isolate the TSVs from
the surrounding silicon substrate. These via-isolation
dielectrics are embedded into the wafers before front-end-
of-line CMOS processing is initiated. The via isolation is
formed by etching an annular shape into the top side of
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the wafer, which is subsequently filled by thermal
oxidation and polysilicon deposition. The wafer is then
planarized, and the oxide-polysilicon-oxide via-isolation
films appear as shown in the top-down optical
micrograph of Figure 4(a). The single-crystal-silicon
region that remains in the central core of the annulus will
ultimately be replaced by via metallization; however, at
this point there is no metal in the structure, and such
wafers can be run as normal substrates through
conventional CMOS processing. We have shown that
adding these via structures into the wafer does not
significantly affect the electrical characteristics of
downstream CMOS, as can be seen in the performance-
screen ring oscillator (PSRO) data shown in Figure 4(b).

Once CMOS processing is completed, additional 3D-
specific processes are performed. First, the top wafer is
laminated to a glass handle wafer and then thinned to
expose the via patterns from the backside. The silicon in
the central core of the annular pattern is then removed
and replaced with copper using plating and CMP
processes. At this point, the top wafer can be bonded to
the bottom wafer, and the glass handle wafer removed.
The scanning electron micrograph (SEM) in Figure 4(c)
shows a detail of an interwafer connection after wafer
bonding. The location of the copper TSV, the
surrounding via-isolation layers (oxide-polysilicon-
oxide), and the connection to the bottom wafer are
labeled in the figure. We have demonstrated the ability to
process full 200-mm wafers in this manner and the ability
to build standard controlled-collapse chip connection
(C4) metallurgy on such bonded assemblies. It is
important to note that the interlayer-connection density
using this methodology is on the order of 10 times tighter
than can be achieved using conventional bump-based
stacking approaches.

Oxide-bonding 3D process vehicle

On the basis of the success of our earlier oxide-bonding
3D integration work, we initiated a project to assess the
viability of using this process to stack commercial
foundry-based SOI CMOS starting wafers. This project
uses a face-to-back integration scheme to assemble the 3D
stack; a wafer that is completed through middle-of-the-
line processing is transferred on top of a fully fabricated
bottom wafer (with four levels of metal) so that both
circuits are facing in the same direction. After wafer
bonding, the vertical interlayer via is formed as well as
two additional levels of metal. A cross-section of the
desired final structure is shown in Figure 5. For this work,
a specific test vehicle was designed by collaborators at the
Mayo Foundation (with support from IBM Engineering
and Technology Services) using a conventional CMOS
design kit supplemented with 3D design rules provided by
IBM. Below are additional details on the process flow for
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this integration scheme and a description of the structural
results of our initial completed hardware.

Starting wafers used were IBM 9S2 (130-nm node) SOI
wafers fabricated at IBM Burlington on 200-mm
substrates. The bottom wafer was processed up to the
fourth metal level (M4), while the top wafer was
processed up to the tungsten-contact (CA) level. The top
wafer was laminated to a glass handle wafer to allow
backside grinding and polishing of the silicon substrate,
as described earlier, to a thickness of approximately
100 pum. This part was then etched in TMAH, selectively
removing silicon and stopping on the buried oxide of the
SOI wafer. At this point, deposition of low-temperature
bonding oxide on top of the buried oxide was performed,
followed by annealing and CMP. Polishing the backside
of the thinned wafer was necessary because of topography
associated with the adhesive used to bond the wafer to the
glass handle wafer. Because the wafers are simply a
thinned membrane at this point, the adhesive layer
topography translates through the thin membrane of Si
and is seen as roughness on the backside of the SOI. A
similar procedure of low-temperature bonding-oxide
deposition followed by annealing and CMP was also
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applied to the bottom wafer. After chemical surface
activation of the planarized bonding surfaces, the wafers
were ready for aligned bonding.

Aligned bonding was performed on commercially
available tooling; a variety of such options exist. A low-
strength, aligned bond was formed on the tool, and the
bonded part was then taken through an additional
annealing cycle to strengthen the bond at the oxide
interface. At this point, the glass handle wafer was
removed using laser ablation, and the wafer surface
cleaned using oxygen plasma ashing. Figure 6(a) shows a
cross-sectional SEM of a wafer at this stage, showing the
four levels of metal from the bottom wafer and the
transistors and contact metallization of the top wafer, all
held together by an oxide-fusion bond.

At this point in the process, 3D vias were formed with
critical dimensions (CDs) of approximately 0.25 ym and
aspect ratios of about 6:1. We have shown the ability to
obtain good via-chain yield in these types of structures
using fairly standard liner-seed, Cu-plating, and Cu-CMP
processes. After the formation of 3D vias, the wafer was
then processed using relatively standard CMOS BEOL
processing. For our work, a two-level metal dual-
damascene Cu BEOL process was employed. Figure 6(b)
is a cross-section of a completed wafer showing the 3D
vias and two additional layers of copper metallization
that were fabricated after wafer bonding. Although the
specific demonstration discussed here was for a build with
four metal wiring levels bonded to two wiring metal
levels, in principle, this general methodology could be
used to enable any number of metal layers, either before
or after the wafer-bonding step.

Challenges and limitations for 3D integration
Clearly, despite the great effort and work scope already
covered in the area of 3D integration, several
development activities must still be carried out in order to
bring 3D integration into a manufacturing environment.
In addition, just like 2D systems, 3D ICs will ultimately
face roadblocks to their scalability and extendibility, and
it is useful to explore the nature of these challenges. In
this section, we briefly discuss the manufacturing issues of
yield and reliability for wafer-scale 3D systems and then
the fundamental limitations of power delivery and
cooling.

Numerous reliability concerns exist for wafer-level 3D
integration, yet, to date, no comprehensive reliability
results have been reported in the literature. For
integration schemes that are based on Cu—Cu compression
bonding, a major concern arises due to the possibility of
exposed Cu at the edges of the bonding interfaces when
the surrounding dielectric levels of both layers are
recessed. This is different than in standard Cu BEOL,
where the Cu has liner all around except for the surface,
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which is subsequently passivated. Edge seals have been
proposed [23]; however, corrosion of the edge seal itself
could occur and the use of the edge seal is not a guarantee
that further corrosion may not happen.

Electromigration is another concern. Cu is known to
have improved electromigration properties compared to
other materials, such as solder [31]. However, electromigration
studies have yet to be reported on Cu—Cu bonded
interfaces, and this is an area where active research is
needed. The bonding quality across the wafer is also a
significant factor for reliability, as regions with non-ideal
bonding quality could facilitate premature failure of the
interfacial contact. For all 3D integration schemes,
standard reliability metrics for deep thermal cycling,
temperature-humidity stressing, and chip—package
interactions must also be met.

Wafer-scale 3D integration suffers from a significant
drawback compared to chip-scale assembly in the area of
yield. Since known-good-die strategies cannot be used,
very high die yields for all components in the 3D stack
will be critical to achieving a combined yield of the final
structure that is comparable to typical 2D yields. It is
conceivable that with improved partitioning of
technology elements between layers in the stack, such
improved yield could occur because the process
technology for each layer would be much simpler than in
a 2D-only configuration, in which all functions need to be
combined in an integrated process. In addition, the use of
more robust computer architectures that use multiple
cores with redundancy as well as memory architectures
with self-repair functionality may be necessary to ensure
acceptable yields, particularly in 3D stacks that use
advanced CMOS technology.
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Looking into the future, a key limitation to the
extendibility of 3D integration technology will be the
ability to deliver power through the chip stack. The
difficulty lies in the fact that power vias need to be wide
enough to supply power through the entire chip stack
while maintaining low enough resistance to avoid
excessive voltage drop on V44 and ground. This problem
is exacerbated by the fact that the chip dissipating the
most power is likely to be located near the heat sink,
farthest from the package, necessitating that power vias
run throughout the entire stack. Ultimately, it is
conceivable that power delivery considerations could
limit the number of chips that it is beneficial to integrate,
because a greater percentage of the area allocated to
power vias will be needed as the total thickness of the
stack increases. Preliminary calculations indicate that for
high-performance microprocessor chips, it will be difficult
to increase the stack thickness beyond a few hundred
microns before the area allocated for power vias becomes
too large. This analysis provides a strong motivation
for thinning the individual layers in the 3D stack so
that more layers can ultimately be integrated. The
development of energy-optimized processor designs will
also be critical to maintain or decrease the total chip
power as additional layers are added.

Along with the issue of power delivery for 3D
integration comes the issue of cooling. The main cooling
issue arises from the fact that only one chip (usually the
microprocessor) can be located directly adjacent to a
conventional heat sink. The remaining chips in the stack
need to be located between the processor chip and the
package and, therefore, necessarily have to operate at a
temperature that is higher than the chip located next to
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the heat sink. This issue suggests that it will be very
difficult to stack two chips that simultaneously dissipate a
significant fraction of the total power delivered.
Furthermore, it highlights the need to maintain the best
thermal conductivity possible between the chips in the
stack. The ability to achieve good thermal contact
between the layers depends greatly on the integration
scheme. In this regard, we note that the metallic
connections between the wafers provide the best means
for heat transfer between the wafers. Therefore, one
would expect that Cu—Cu bonding would have excellent
thermal conductivity between the layers, particularly if a
large number of dummy metallization layers were
present. If an intermediate adhesive layer were used in
lieu of dummy bonding pads, then the thermal
conductivity between the layers would be decreased. The
SOI-based scheme may also suffer from poor thermal
conductivity between layers unless very-high-density 3D
vias are used.

The use of low-k films in the back-end layers of
advanced CMOS chips presents another barrier for
thermal transport between the wafers. In this case, the use
of thermal vias to ensure adequate conductivity between
the layers may need to be investigated. Since these cooling
issues could place a significant design restriction on the
types of systems that can be realized in a stacked
configuration, conventional 2D cooling solutions will
ultimately need to be replaced by 3D cooling solutions
[32-34]. Such techniques that have been investigated in
the literature include double-sided heat sinks,
microchannels for fluidic cooling, and interleaved 3D
heat-sink geometries. The anticipated cooling issues
highlight the fact that additional evaluation of thermal
dissipation in bonded structures is critical [35].

Summary

We have presented an overview of wafer-level 3D
integration technology. Unlike chip-to-chip and chip-to-
wafer integration schemes, wafer-level 3D integration
offers the potential for a high-throughput 3D integration
scheme that allows high-density interconnects and the
flexibility of processing wafers in a semiconductor
fabrication line after joining. A motivation for using high-
interconnect-density 3D systems has been provided,
which mainly relates to the massive bandwidths that can
be achieved between microprocessors and memory
elements that are stacked in a 3D configuration. The
process technology for making such systems has been
described and consists of the main elements of vertical
interconnects, aligned wafer bonding, and wafer thinning
and backside processing. Each of these processes brings
about new technology challenges that will need to be
addressed in a manufacturing environment. In order to
address and clarify the process and integration issues, we
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have completed structural builds on two 3D test vehicles,
one using an oxide-bonding scheme and one using a Cu—
Cu bonding approach. Both of these projects have helped
to highlight the process elements and approaches that are
most desirable for manufacturing. However, several
critical issues need to be studied further; these include
power delivery, cooling, and reliability. A thorough
assessment of these issues will be needed as 3D
technology takes the next steps toward manufacturability.
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