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Abstract

This paper discusses the current and future needs in
continued CMOS scaling, reviews the status of the transfer
and joining (TJ) technology for MCM-D and wafer level 3DI
integration, and explores the opportunities of the TJ
technology in the realm of the “More than Moore” era.

Introduction

The continued CMOS device scaling in the past decades
has enabled over a million fold increase in device content per
chip and has exponentially increased device performance and
reduced the device cost per bit by as much in the trend known
asthe “Moore’ s law” [1]. The recent inclusion and revision of
“More Moore” and “More than Moore” directionsin the ITRS
road map for semiconductor industries [2] is a clear
recognition that more content with better integration on the
system level can be achieved through continued device
scaling as well as through hybrid system integration for at
least another decade. While transistor speed is gaining ground
by switching to high-K gate dielectric and metal-gate coupled
with SiGe gate stressor [3], the memory latency and wiring
RC delay continue to challenge the 2D configuration in chip
architecture. The current drive in device architecture toward
the “More Moore” concept is largely the result of the shift
from the frequency scaling toward the parallel scaling in order
to aleviate power consumption and memory bottleneck while
enabling the continued device size reduction [4]. The recent
rise in device multi-cores approach has allowed better system
performance architecture and a more baanced power
management [5] while maintaining the trend in device density
increase. The performance gain by multi-cores is well
established by the “Amdahl’s law” in the mainframe high
performance computing [6]. It is recently that the multi-cores
in device enabled the chip performance enhancement to
continue while reducing the costly power consumption, and to
some extent the memory bottleneck [7]. The eight cores Cell
chip [8], IBM PowerPC architecture [9], and the Intel tera-
scale 80-core processor [10], are some of the multi-cores
examples. Multi-cores architecture helps to reduce some of
the wiring delays while maintaining the device performance
by parallelism [11]. Each generation device dimension scaling
increases the proportion of RC delay between the CPU and
the memory cache and reduces the efficiency of CPU access
to the memory [12]. To place the memory closer to the CPU
with a higher bandwidth access bus is critical to increase the
chip overall performance. 3D architecture, placing the
memory directly over the CPU using the through-Si-via
(TSV) architecture offers the nearly perfect memory access
(shortest distance and widest bus) for the CPU and the best
chip overall performance [13]. In a 3D configuration, with a
mere re-arrangement of the position of the cache to the logic

from 2D to 3D, the device performance can be increased by
as much as 30%, which is equivalent to complete generation
of 2D device scaling (18 months) with everything else being
equal [13].

Therefore, 3D integration will be a critical part of the
device integration for CMOS scaling to continue in the future.
With the recent rapid development in hybrid 3D integration
technologies, the device performance at system level by
innovative system schemes is expected to advance
concurrently with or over the 2D scaling. Such cross-over
transitions between the integrated (serial, homogeneous,
device-centric) and the hybridized (parallel, heterogeneous,
component-centric) systems had repeated many times since
the very beginning of the IC revolution: Vacuum tubes
(hybrids), transistors (integrated), discrete circuits (hybrid),
integrated circuits (integrated), multi-chip modules (hybrid),
system on chip (integrated), and now 3D system integration
(hybrid). Technology maturity and the cost often dictate the
prevalent technology options. The integrated and hybridized
architectures both enable a much higher system density, and
therefore system performance but in their unique ways: The
integrated architecture allows a streamlined process, a high
volume production, a better system scaling, and a diverse
components specialization. The hybridized architecture offers
new functionality, better system contents, specialized
applications, and new market opportunities. We are in the
middle of another such cross-over transition.

It must be noted that the underlying driving force to adopt
of any new technology is its ability to concurrently enhance
performance and reduce cost. CMOS 2D scaling in the past
decades has been able to increase the chip content while
reducing the cost per bit by a million times. Any successful
3D technology will also have to meet such a challenge in
order to be a viable contender to maintain the continuation of
the CMOS scaling as well as to enable and lead the “More
than Moore” advancement.

This paper will discuss the 3D integration needs in both
system hybrids and system stacks. The current status of chip-
to-chip, chip-to-wafer, and wafer-to-wafer architectures will
be reviewed. In particular, transfer and joining, a fine pitch
system level 3D integration method will be presented. This
transfer and joining method for 3D integration was initially
developed for IBM high end system thin film multi-chip
module (MCM-D). The technology was then further enhanced
into a wafer level bonding, thinning, and fine pitch transfer
joining connection technology with and/or without the aide of
a glass carrier. We will demonstrate the transfer and joining
technology in wafer level applicationsin fine pitch 2D CMOS
integration, in CMOS wafer thinning, in CMOS to MEMS
application, and in a proposed CMOS to opto-electronics
application. We will review the results in 2D chip-to-wafer



(C2W) applications for chip-to-wafer placement, bonding,
polishing, and wiring over the gaps between chips. We will
also review the results of 3D fine pitch transfer-join contacts
yield, reliability with varying contact via sizes. Finaly, we
will discuss whether fine pitch 3Dl as applicable to
packaging, as interconnect, or wafer level integration.

. 3DI Overview

3DI introduces a new integration dimension in devices
and various methods have been proposed to address the
associated challenges [14]. The approaches can be grouped
into package-centric (chip-chip, or C2C) and BEOL-centric
(wafer-wafer, or W2W). In the package-centric approach the
emphasis is on known good die (KGD), and on chip-chip or
passive-chip integration where the wiring density
improvement is secondary to functionality. Multi-stacking
and lower cost are possible but with relatively higher
difficulty [15]. In the BEOL-centric approach the focus is on
wafer level connections and potentially with a high TSV
density and lower cost [16]. The following is a brief overview
of the commonly used 3DI approaches:

3DI with lateral connections (chip stacking):

Chip stacking is one of the earliest 3D integration
concepts [17] in which memory chips are stacked together
and the signal leads are taken out from the chip edges and are
wire bonded to a logic chip. Such stacks are widely used in
mobile devices today for low power and lower 10 count
devices to make the package with a higher density for
infformation storage. The advantages of the chip stack
methodology are its compactness and its requirement of
limited power and 10 density. Recently, through-Si-vias are
incorporated in the chip stacks and allow memory-logic with
either face-to-face (F2F) through C4 flip chip connection and
form the basic building block in C2C and in W2W 3DI
scheme [18]. More recently the system-in-a-cube (e-cube)
concept is targeting high volumetric density for mobile and
medical application [19].

3Dl with through-connections:

For desktop and server application where 10 band width
and fast switching speed are required the 3DI technology
favors through-Si-via (TSV) with a wider bandwidth. In such
cases wafer-wafer (W2W), chip-chip (C2C) and chip-wafer
(C2W) direct bonding and 10 connections offer integration
alternatives with potential for higher performance and cost
reduction.

3DI covers several key components outlined below: 1)
through-Si-via (TSV), 2) wafer bonding and thinning, and 3)
interface-via-connection (IVC). Each 3D integration scheme
addresses these aspectsin its own unique ways:

1) Through-Si-Via (TSV):

TSV provides a direct, short and wide bus path for device-
device communication in a 3DI stack in either C2C or W2W
format [20]. Since it is more suitably formed at wafer level,
TSV has brought the wafer level integration to the forefront.
TSV process is strongly coupled with wafer bonding/thinning
capability. For wafers with thickness 20-100 pum tungsten
TSV is preferred. Tungsten has a closer thermal coefficient of
expansion (TCE) to Si [15] than other metals, a high aspect

ratio via fill by the CVD process, and is capable of a tight
TSV pitch. However, tungsten’s high resistivity, high stress
and high temperature deposition requirements limit its wide
use. 50:1 aspect ratio W viafill has been demonstrated in Si
asthick as 100 um [15]. The W TSV pitch is normally limited
by the wafer thickness and resistance requirements. Currently,
W TSV is mostly considered applicable to Si thickness above
20 - 50 pm with the functional pitch about in about the same
range.

When wafers can be thinned below 20 um other TSV fill
meaterials like Ni and Cu become alternatives to W. This is
because the TSV size can be reduced and Ni and Cu TCE
become less of an issue. Cu plating fill aspect ratio at 5:1 or
less also restricts Cu to such a low thickness. Cu or Ni TSV
filling is desirable since they conform to the back-of-the-line
(BEOL) process and allow a greater TSV compatibility with
the BEOL flow.

2) Wafer and chip bonding:

A reliable 3Dl wafer bonding is vital to enable post-
bonding Si thinning, TSV choice, interface via connection
(IVC), post-bonding BEOL, and multi-layer device stacks.
The primary options for wafer bonding are: A) metal bonding,
B) dielectric bonding, and C) metal/dielectric hybrid. The
type of bonding interface also determines the TSV build
before the bonding (via-first) or after (via-last). There is also
the stack direction. Wafers can be connected face to face
(F2F) or face to back (F2B). This stacking direction is
dictated by how the stacks are carried in the process, the
registration and functionality required. Memory stacks tend to
use F2B stacking while memory-logic prefers F2F stacking.
F2F alows a better managed registration and performance
while F2B enables a better managed design. In this aspect
W2W and C2C share the requirements. The commonly used
bonding methods and their salient features are summarized
below:

A1) Metal bonding with C4 or micro-C4: C4 bonding
uses solder for metal connection. It is widely used in chip
stacking and TSV C2C with relatively thick 3DI chips with a
more relaxed connection pitch. To reduce the TSV thickness
(for smaller pitch) an underfill to secure the thin chip is
normally required. For low connection density (> 50 um
pitch), this approach can be effective, especialy if the wafer
level yield is low and the known-good-die assembly KGD is
necessary. This approach normally requires a via-first option.
It is possible but can be quite complex for multiple chip
stacksin thisway [15].

A2) Metal bonding with Cu-Cu thermal compression:
This type connection extends the connectivity ability of flip
chip solder connection and can be used for both C2C and
W2W. The metal contacts form interface connection as well
as mechanical bonding between wafers. The metal interface is
simple to form and has a relatively high strength. Normally
this structure has agood vertical stressrelief on the contacting
surfaces during thermal cycles. They can have a tighter pitch
down to a few microns and typically work well for thick
wafers [21]. For tighter pitch 3DI with wafer thinning to less
than 20 um, the wafers tend to bend and crack along the
bonding edges due to the lateral stress build-up. Since metal is



not as compliant as much as adhesive, it is relatively difficult
to achieve a wafer level bonding with metal contacts alone.
This approach is relatively successful for chip level bonding
with a thick 3D chip. This approach aso prefers a viafirst
option.

B1) Dielectric interface with low temperature oxide-
oxide bonding: Oxide-oxide bonding stems from bulk SOI
bonding [22]. In SOI the bonding oxide goes through over
1000C and forms a bonding interface. Low temperature oxide
bonding takes advantage of surface activation to achieve the
bonding strength [23]. Due to the nature of the bonds oxide-
oxide bonding has a relatively low surface adhesion strength
of several Jm?, which is sufficient for wafer grinding and
polish but might be marginal for continued BEOL and ability
to sustain chip-package interaction (CPI). With a high content
of through-via connections using via-last process the oxide-
oxide bonding can be enhanced for continued BEOL and CPI.
Oxide-oxide bonding normally starts from the wafer center
and progresses toward the edge and provision is required for
air to escape. Care must be given for alignment drift during
such bonding.

B2) Dielectric interface with adhesive bonding: This
aternative to oxide-oxide bonding, adhesive bonding
originates from packaging technology. A layer of compliant
(or B-staged) dielectric material or a dry adhesive is used to
bond the wafers together. This approach frequently requires a
vacuum bonder to ensure the interfaces are free of air pockets.
Similar to oxide-oxide, adhesive bonding requires a via-last
process for power and signal 10 with dlightly higher TSV
aspect ratio due to the adhesive thickness of several um. BCB
and polyimide adhesives are commonly used as high
temperature adhesives [24]. More recently, BEOL low-k
dielectrics are being explored for enhanced thermal budgets
[25]. After the bonded wafers are thinned the connections are
added through the thinned top wafer in a BEOL -like process.
For a fine pitch connection, this approach requires the top
wafer to be thinned to less than 10 um. Compared to oxide-
oxide bonding, dielectric adhesive bonding has better
topography conformity but has lesser registration accuracy,
through-vias connection pitch, and BEOL thermal budget.

C1) Hybrid with Metal/oxide: In this case the metal
contacts and the oxide dielectric are finely polished and are
bonded together in one step. Due to planarity requirement this
approach is suitable for C2C or C2W bonding. It is relatively
difficult to achieve a wafer-wafer bonding with this method.
Sometimes the oxide is replaced with BEOL inter-level
dielectric (ILD) based on the bonding methods.

C2) Hybrid with planar Metal/adhesive: This method is
similar to metal/oxide hybrid but replaces the oxide with an
adhesive. The surface planarity in this approach is less
stringent than that of oxide/metal hybrid due to the compliant
nature of the adhesive [26].

C3) Hybrid with interlocking metal/adhesive: Another
way to make the hybrid joining surface is to use an
interlocking structure. Compared to the planar hybrid
structure, the interlocking hybrid structure provides several
additional features for wafer bonding. The first is the enabling
of the direct metal-metal contact to improve connection yield.

The second is the maintaining of registration without slippage
during lamination. The third is the facilitation of air
evacuation during lamination prior to pressurization. The
fourth is the securing of the entire interface for the thinned
wafer. In this paper we will focus in more detail on the hybrid
option with interlocking adhesive/metal structure bonding.
This metal/adhesive interlocking hybrid approach was
developed during the earlier work for MCM-D structure made
by thin film transfer and joining (TFTJ). In the case of wafer-
wafer bonding, areas without bonding will have different
stress than areas with bonding (either with metal or
dielectric). This is particularly the issue for a 3D structure
with a thinned top wafer for high density through-Si-
connection. In the case of flip chip C4 connection the stress
is maintained on the metal contacts due to the thickness of the
chip and the stress concentration can be alleviated by
increased C4 heights and the use of underfill. In the case of
3DI, the metal contacts alone can have only a maximum
contact area of 25% which concentrates thermal stress and
would lead to Si early fatigue fracture. With adhesive
between the metal contacts this stress concentration can be
distributed to the entire surface. The dielectric between the
contacts has another (5") function. It is to reduce the metal
corrosion or migration due to the environment. The adhesive
can prevent such issues and potentially increase reliability.

There are several ways to form this hybrid wafer level
interconnection. This paper will review one of the methods
we have practiced, transfer-join (TJ) method. We will review
from its early application in MCM-D to recent results in
wafer level 3D integration.

3) Interface vias connection (IVC) (Imbedded and
through-vias): With oxide and adhesive bonding the via-last
process is necessary to form the inter-wafer connections. This
type via connection is also called through-via connections.
Since the ability to form the TSV also depending on the top Si
thickness, via-last is normally a good option for thin top Si (<
20 pum) and for power and ground connections to the bottom
wafer with a low resistance and inductance. Theoretically a
viarlast through-via offers a better wiring pitch as the vias are
lithographically defined. In redlity, a high density through-via
with via-last approach is density limited by the blocked
wiring channels in the inter-level-dielectric (ILD) they pass-
through and by the viafill aspect ratio. In addition, the wafer-
wafer overlay accuracy in wafer bonding limits the pitch of
the through-vias. Unless these practical issues are resolved,
via-last offers less than the ideally projected through-via
density advantages over the viafirst approach. For viafirst
approach, the through-vias are formed as part of the BEOL
layer build and are patterned with base wafer lithography and
can alow better wiring channels. Since the wafer to wafer
connections are made at the interface layer, via-last processis
also called imbedded vias. Therefore, via-first is better suited
for high density signals for the inter-wafer connections.

4) 3Dl as BEOL (W2W), as packaging (C2C), or as a
separ ate discipline:

Current C2C 3D favors adoption of packaging (C2C)
approach while W2W 3DI tends to use BEOL -like flow. Both
approaches have advantages and limitations. In the case of
C2C 3DlI, the materials and cost limit their use in board level



final assembly, therefore it is difficult to add additiona
structure beyond 2 or 3 levels. However, C2C has the known-
good-die (KGD) advantage which is criticad for early
production. Wafer level 3DI in theory can lower the cost and
build more stacks. However, the cumulative yield can be a
major concern. In addition, to re-introduce the bonded wafers
back to BEOL processing limits the material selection for an
optimum wafer bonding. Alternatively, using C2W with
wider choice of packaging materials in a dedicated line might
be a better option for 3DI. This 3DI line would also enable
“More than Maoore” integration with functions beyond CMOS
which will be discussed later.

[1l. Transfer and join (TJ) for MCM-D and for wafer
level 3DI:

1) MCM/SCM Thin film Transfer and join (TFTJ)
with face-up and face-down build:

In this section the recent results in transfer and join (TJ)
technology from MCM-D and SCM to wafer level 3DI will
be reviewed. The wafer level transfer and join (TJ)
technology was based on the thin film transfer and joining
(TFTJ) technology developed for an IBM high-end thin film
multi-chip-module-deposited dielectric (MCM-D) [27]. In
order to enhance the MCM-ceramic (MCM-C) wiring density,
a low-K polyimide thin film high density and fine pitch
wiring plane pair was added to the package [28]. This thin

2: bond to temp carrier

1: TF build

i

Glass carrier

Glass carrier

3: glass carrier removal

4: botransfer/join

Figure 1: Top-surface up build [35]

film package was originally added to the MCM-C base
through a seria build process. In order to simplify this
process a parallel build for the thin film (TF) layers with glass
plate as carrier was developed [29]. The TF was built on the
glass carrier with either a face-up [30] or a face-down [31]
build approach. The face-up approach is for complex systems
with full level test and repair capability from both top and
bottom surfaces of the TF modules. To better manage the film
distortion during the build a two-step transfer method was
developed. First the face-up TF (top surface up) was built,
tested and flip transferred to a temporary glass carrier using a
Teflon-PFA adhesion layer. The connecting 10s (bottom
surface) are then prepared after the flip and tested for the
bonding interface and the TF is then transferred from the
temporary glass carrier to the MCM-C base through the
bottom surface 10. The Teflon adhesion layer on the top
surface also serves as a compliant layer during the lamination
to the base MCM-C carrier. This “flip” approach ensures the

TF aways attaches to arigid carrier and is the first successful
film transfer method on a module level (Figure 1 from [35]).
For the simpler single chip modules (SCM) the TF is
preferred to build face-down (bottom surface up) and the TF
is transferred directly from the glass carrier to the MCM-C
base in one transfer step (Figure 2, also from [35]).

1: TF build 2: transfer/join

Figure 2: Bottom surface up build [35]

2) MCM/SCM Discrete and
bonding interface:

In the fina transfer lamination of the TF to its MCM-C
base, two bonding structures were developed. The first oneis
the discrete spacer structure in which a Kapton-EKJ 200
composite adhesion film (from DuPont) with punched
through-vias was used as the bonding structure. Figure 3
shows the schematic of the discrete spacer structure. Figure 4

integrated interlocking

Glass carrier

e

s e

Figure 4: Modules built with discrete spacer [35]

shows some of the MCM-D modules built with discrete
spacer and Figure 5 is a typical SEM cross-section of the
spacer structure. The Kapton-EKJ 200 film has a 37 pum
kapton core and 6 um EKJ adhesive on both sides of the core.
The 10 metal uses a normal C4 Ni ball limiting metal (BLM)
and the solder is applied using 400 mesh grade 90Pb/10Sn
paste with a glass molder transfer method [32]. The TF solder



balls are inserted into the punched through-vias in the spacer
for both alignment and 10 connection to the MCM-C module

Thin Film

Figure 5: Discrete spacer x-section [35]

by a lamination. The spacer bonds TF to the base MCM-C
and functions similar to C4 underfill structure. During the
lamination the 10 C4 BLM thickness is found to have a
profound impact on the TF drift (or slippage) during the
bonding lamination. When the BLM is thinner than the
adhesive thickness (6 um) the position of the TF 10 BLM
would dlip out of the through-vias and the 10 registration
could not be maintained within the spacer through-vias. When
the BLM thickness is increased to 12 um (2x the adhesive
thickness) the IO BLM and solder position is aways
contained within the spacer through-vias. The kapton core of

e

Glass Carrier

Figure 6: Integrated spacer [35]

the EKJ film and the BLM Ni metal form an interlocking
structure when BLM is thicker than 6 um and it is this
interlock that provides C4 10 positioning stability during
lamination. To control such a lamination slippage a lock and
key interface structure was therefore always provided to
confine the metal contactsin their allowed capture 10 viaarea
during lamination.

The origina interlocking structure in discrete spacer was
extended to an integrated spacer structure. Figure 6 show the

schematic of the integrated spacer. Figure 7 shows some of
the SCM modules built with integrated spacer structure and
Figure 8 is a typical SEM cross-section for the integrated
structure.  In the integrated spacer a metal protrusion is

—

Figure 7: SCM modules built with integrated spacer [35]

provided on one interface. The other interface is a double

Thin Filia

Figure 8: Integrated spacer x-section [35]

layer recess. a fully cured polyimide (such as PI5878G from
HD-microsystems) and a thermoplastic polyimide adhesive
(such as PI3003X1, also from HD-microsystems). The metal

Transfer&Join (T&J) Process Flow

1) Bond device wafer 1
to glass carrier

2) Thin device wafer 1
to ~ 20 um (optional)

3) T&J device wafer 1
to device wafer 2

and form = 20 um pitch
3D connection

4) Release glass carrier
and form POR C4

Figure 9: Wafer level bonding and thinning

provide a complete metal contact while allows film to outgas
prior to pressurization for bonding. This integrated approach
was used for single chip module (SCM) for both ceramic and
laminate carriers.

3) 3Dl Wafer-level bonding and thinning

The bonding and transferring of polyimide thin film
module using glass carrier formed the basis for wafer level
3Dl bonding, thinning, transferring, and joining. Figure 9
shows the schematic of extending TFTJ film handling



technology into wafer level bonding, thinning and transfer.

Figure 10: A 5 um stand-alone wafer membrane [35] .

The process can be accomplished with or without a glass
carrier. Figure 10 shows an 8" device wafer initially bonded
to a carrier with the adhesive, was then thinned to 5 um, and
is rel from the carrier as a stand-alone wafer membrane.

¥ 5 I i =
LT T Tl 1
B b B | (4 d

3
Figure 11: A bonded and thinned device wafer [22]

Figure 11 shows that the bonded wafer can be polished to
remove al the bulk Si to its buried oxide (BOX) surface with
devices only. Both Teflon-PFA and HD-3003X1 are
evaluated for use in lamination at and beyond 300C [33, 35,
37a). Kapton-KJ adhesive had shown to hold the structure
through 370C chip reflow [35]. The works are under way to
extend the wafer level bonding and thinning capability to 300
mm wafers.

4) Through-Si-via (TSV)

With the wafer bonding and thinning to sub-20 pum
capability, TSV process with high density connection
becomes possible. Several ways of deep Si viafill have been
evaluated. Initial work showed that a15 pum CD 45 pum pitch
at 20 um deep TSV with electroless Ni is possible [35, 37].
Other TSV metd fills are aso possible in this thickness
regime [37c]. The through-Si via typically is formed before
the wafer bonding (via-first). They can also be formed after
the wafer thinning (via-last). Viafirst normally alows for a
wider material and processing choice as there is less
constraint on the process temperature. Via-last, on the other
hand, allows the TSV and interface via connection (IVC)
form in one step, normally with a better production yield

albeit at a lower via density. In most of our work, via-first is
used with an imbedded 1V C for inter-wafer connection.

5) W2W and C2W interface via connection (1VC):

One of the key 3DI aspects is the ability to interconnect
stacked wafers. Thinning wafers to below 20 um has enabled
TSV vialast build which is typically better for power/ground
through-via connections. For wiring critical applications the
TSV viafirst build is preferred for better wiring channel
density. The integrated spacer concept developed for the
MCM/SCM transfer bonding has been advanced to a finer
pitch and was extended to wafer level transfer and joining
(TJ) technology [33]. One of the initial via/stud interlocking

interfaces demonstrating the alignment and connection
67° 66°

Via—=/__\

A
Stud

Figure 12: Via/stud (lock/key) alignment and accuracy [33]

capability is shown in Figure 12. One side of the interface is
built with Cu protrusions (stud) and the other interface with
recesses (via). The overlay accuracy by using the stud/via
lock/key structure on a wafer level has been demonstrated to
be within 1 um as shown in the figure. The viarecess is
normally a double layer structure with the lower layer as a
distortion restrainer and the top layer an adhesive. The
vialstud size has be demonstrated ranging from 1 um to 20
pm with atypical 5 um CD and a height of 3to 5 pm in most
cases. The distortion restrainer (lower layer of the double
layer) can be any materia with sufficient rigidity at
processing temperature. We typically use a crosslinked

Top wafer (20 um)

Figure 14: 20 um thru-Si via-chain [35, 373]

polyimide or a CVD oxide. The adhesive layer is a modified
polyimide film with a Tg and Tm to allow flow during
lamination without thermal decomposition [34]. The TJ
assembly prior to full lamination has several features that
address the major wafer bonding issues. The direct contact of
the metal stud/via (lock/key) allows a metal bonding with a
locally higher than applied pressure. The double layer recess
controls the distortion and alignment during the heat ramp. A
dight gap between the two mating surfaces in bonding
enables outgas of the moisture trapped on the surfaces and in



the bulk. A less obvious feature of the TJ assembly is that it
releases the stress between the interfaces. The small portion of
the metal contact allows the two surfaces to remain stress free
until bonding takes place. The adhesive absorbs any thermal
and mechanical stress and protects the thinned wafer
structure. This is very similar to C4 under fill used to spread
the stress across the entire surface. Figure 14 shows a
complete 20 um CD 45 um pitch Ni-TSV via-chain using TJ
connects to a base wafer [33, 35, 37].

The bonding strength of the polyimide adhesive is very
high. It typically exceeds the S 4-point bend fracture
strength. Figure 15 [from 21, 23, 34c]] compares the adhesion
strength for several commonly used bonding surfaces in 3DI.
Oxide-oxide is normally in the range of 1-3 Jm? while Cu-Cu
can be as high as 20-30 Jm?. However, polyimide adhesive
strength is typically beyond 4-point bend measurement
Jm?

10000+

1000+

1004

10+
1-‘5 I T T

Oxi-Oxi

Cu-Cu XP3003

Figure 15: Bonding strength for various materials [21, 23,
and 34c]

capability and Si beam break normally results. The adhesion
strength is indirectly obtained by using peel test instead,
which translates to over 100 J/n.

Because of the interfaces are interlocked TJ bonding
preferably done in an iso-static vacuum assisted lamination
process. Figure 16 shows a schematic of the lamination
fixture. A conforming layer of air-tight materials is used as
vacuum and pressure seal. Due to the self alignment nature of
the lock and key structure, TJ structure has a high alignment
accuracy and via connection yield, as mentioned earlier.

The TJ structure with a temporary bonding has been

Top Platen with Heat (up to 450C)
and force (up to 75 tons operating force)

Pressure
\asin-let

Top Chamber

Cu gasket &
seal sheet
vvvvvvvvv Forming gas

Vacuum line :
supply line

pressure plates
Fiaure 16: TJ lamination fixture schematic [35]

evaluated for chip-wafer placement for known-good-die
(KGD) 3DI bonding at wafer level [35, 37b]. In this exercise
we took two wafers with TJ mating structures. One of the
wafers is diced into chips and the chips are re-aligned to the
un-diced wafer using the TJ via/stud as alignment. The chips
are tacked down to the surface wiring of the base wafer

Bottom
Chamber

Bottom Platen with heat (up to 450C)

temporarily using a micro-tipped tack-down adhesive. After
the chips are placed they are laminated to the base wafer and
bonded to the base wafer using via/stud both as registration
and as IV C via connection. The surface adhesive between the
chips and the base wafer form the final permanent bond to
secure the chips to the base wafer. In order to enable the
polishing of the chip-wafer assembly after bonding, the edge
chips, normally discarded after dicing, are put into the
assembly as well to reconstruct the uniform surface required
for lamination and for wafer thinning. After normal backside
grinding step there is no damage to the chip corners if the
chips are well bonded to the base wafer. There is no need for
dicing channel back-fill and no concern about polish slurry
and chemical getting to the joined surface as TJ joining seals
the entire contact surfaces.

6) TJ Data and discussion:

Dozens of IBM MCM-D modules have been built by the
TJ process and evaluated for construction and reliability, as
well as manufacturability. A fully functional MCM module
with 30 chips was assembled and that module was put in user
condition for an extended period for field performance study.
The reliability of the joining as well as the potential electrical
impact in system level was evauated. No performance
disparity, due to the joint structure, was noted. The spacer
thickness was found to have significant impact on the joints
reliability. The thickness reduction from a 75 um spacer
(EKJ320) to a 50 um spacer (EKJ200) significantly enhanced
the thermal cycle life. TFTJ was aso extended for use in
SCM. Thisisathin film patch concept which applies thin film
only to alocalized area of a chip carrier or a card where high
density wiring is required. Based on the data from MCM
modules SCM on aumina ceramic base carriers the spacer
thickness below 20 um was studied and no stress failure was
reported in thermal cycles within the module expected
lifetime. This local patch arrangement by TFTJ combines the
advantages of low cost base carrier with nominaly low
complexity and wiring density provided with high wiring
density of thin film wiring only in a small loca area. This
enables optimized chip carrier performance at system level
while reducing over al module cost. This is possible because
with TFTJ, the base carrier can remain at a relatively coarse
ground rule with a better electrical resistivity, high production
yield, and low cost. With the small area thin film patch, more
patches can be made on each temporary panel reducing cost
per patch especially when compared with serialy additive
processing of the same local pattern on the base carrier one at
a time. Most significantly, TFTJ allows thin film to be
processed on a large panel line such as flat panel display line
which would further reduce processing cost. One interesting
application space is to add a TFTJ patch directly to a low
density micro card. In this way any low density card can be
transformed into higher density by alocal patch.

For wafer level 3DI application the TJjoining was refined
based on TFTJ and was developed to enable a much finer
pitch and registration accuracy. The typical applications are
for join pitches below 50 um. This tight pitch is designed for
high density, high bandwidth 3DI applications. Figure 17
shows such atransfer of interconnects 10 um lines on 20 pm
pitch. There are two sets of wiring in the stitching pattern.



The x-wirings are formed on the base wafer. The ends of the
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Figure 17: 10 on 20 um TJ transferred via-chains [33,35]

X-wirings are protruding studs of 7 um in height. The y-lines
are formed on a transferring wafer or glass with the y-wiring
Electrical Resistance per via connection

Chip Join reflow and Thermal cycle results
(100% yield with no fails, 72 cells per via size, 352 vias per cell)
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Figure 18: Chip join reflow and Thermal cycles results of
the transferred TJ via-chains [33, 35]

ends with a recess of 5 um. The x and y lines from both
wafers are brought together with a lamination. The carrying
wafer for the y-wirings is then removed. The y-wirings are
then transferred to the base wafer and connect to the x-
wirings and form via-chains. The transferred structures have
the stitch sizes of 10, 15, 20, and 25 um. After the transfer the
joining yield was assessed to be 100% in 72 such transfers in
each via size with 352 stitches in each chain. The transferred
structures were then subjected to 13 times chip reflow cycles
at 300C, then 350C to simulate module rework. The via-chain
resistance is measured after the cycles are shown in Figure 18.
The 10 pum stitch was found to have a resistance per via
increase from 30 milli-ohms to 60 milli-ohms during the
350C reflow. For other via sizes the resistance is stable. The
stitches were then put through 3650 cycles of 25 C to 150C
thermal cycles for thermal fatigue test. The via-resistance
values are plotted as a function of thermal stress cycles time.
There is no appreciable change in the via-chain resistance
during thermal cycles.

For chip-wafer 2D applications, the wiring resistance
yield across the space between the chips dicing channels are

measured before and after the lamination. No noticeable
resistance change and yield loss was found for line width
downto 5 pm.

The general approach described can in principle be
extended to larger wafer sizes by using appropriate
tooling option.

7) “Morethan Moore’ applications

The ability of TJ technology to re-assemble chips into a
pseudo-wafer with high registration accuracy enables the
technology to be applied to much wider application spaces
beyond CMOS scaling. ITRS roadmap anticipates that future
CMOS advancement to follow “More Moore” and “More
than Moore” parallel paths. TJ has been demonstrated a viable
technology for “More Moore” CMOS 3Dl applications. It is
equally suitable for “More than Moore” integration. We will
show some of the demonstrated applications with TJ:

A) MEMS: Using the same principle outlined in the
previously discussions the micro electro-mechanical systems
(MEMS) can be assembled accurately with CMOS devices.

Figure 19: TIfor MEMS transfer [37a, 37b]

Millipede is an IBM project using nano-size dots as a
recording device for high density low power mobile storage
device. The central focus of the integration is to use a
thermal-electrical  logic device to drive micron scale
mechanical levers for surface data read and write. TJ
technology is used here to transfer the high density
mechanical levers from one wafer to the surface of a CMOS
wafer. Figure 19 shows the wafer level transfer of the levers
with the levers sitting on the TJ studs. A high transfer and
joining levers yield (>95%) and high planarity uniformity (20
nm / 100 um) was demonstrated and the device successfully
enters data system test [37aand 37b].

B) Opto-electronics: Optical interconnect plays a
major role for box-box communication. With the
advancement of integration it is conceivable that they might
replace some of the on-chip wiring to increase the data
bandwidth. One of the issues to incorporate optical channels
into the electrical system is the placement accuracy and the
fine size of the fiber channels with respect to the light
emitters. TJ technology was demonstrated to be able to
resolve both issues. Figure 20 shows an array of fine pitch
optical channels formed by using polyimide conduits with
metal reflector to form tota reflection [38]. The channels are
about 10 um in size and 25 um in pitch. Similar channels



using oxide on Si wafers can be made similar to the Millipede
MEMS device. Figure 20 aso shows a schematics of how a

|  ASiGe-to-VCSEL MultiChannel Optoelectronics |

SiGe CSEL
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Figure 20: TJfor opto-electronics [33,35]

CMOS (SiGe) high speed logic and the laser drive (VCSEL)
and the optical channels can be positioned accurately to send
the laser signals into the multi-channels optical bus. The

Figure 21: TJ enablement of hybrid systems [35]

receiving end of the optical channels will be a light detector
device with the output to drive alogic CMOS, SiGe, or alll-
V device. With the readily available TSV technology the
optical channels can be used with vertical laser from wafer-
wafer through 3DI connections.

C) Hybridized device: With the ability to integrating
device both in 2D and 3D, it is possible now to construct a
high density

i /
‘<l /s /L S S S
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Figure 22: Wafer level Chip hybridization [33, 37b]

device in awafer level with either chip-wafer or wafer-wafer
to integrate SiGe, GaAs, I11-V, logic/Memory in variety of
ways. Figure 21 schematically shows some of the potential
combinations of the 2D/3D to achieve the best circuit speed

and or specia functionality. Due to the material and substrate
size compatibility issues the different materials normally can
not be processed sequentially on the same wafer. With the
T&J method the wafers can be separately processed and
diced and then recombined on to a base carrier with proper
connection as in discussed and illustrated schematically in
Figure 22 (see[33, 37b, 39-42] ).

V. Summary:

The MCM-D thin film transfer and join (TFTJ)
technology and the related wafer level transfer and joining
(TJ) technology are reviewed. These integration technologies
can enable high density fine pitch 2D and 3D integrations at
wafer-wafer and chip-wafer level for “More Moore” scaling.
The advances are also applicable for “more than Moore”
applications in MEMS, opto-electrinics, hybrid devices.
These advances can ultimately bring SOC and SIP together,
achieving SOC performance with SIP versatility for the future
CMOS.
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