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ABSTRACT

Use of wafer bonding technology is a promising approach to 3-D integration, which aims to
alleviate future Cu/low-k interconnect bottlenecks and enables multifunctional system
integration. This paper describes a specific approach, incorporating wafer alignment and wafer
bonding of two 200 mm silicon wafers, along with subsequent processing steps. Our approach
using dielectrics as the bonding glue layer involves three critical processing steps: wafer
alignment and bonding, wafer thinning, and high-aspect-ratio via vertical interconnection using
damascene patterning. A passive test structure has been designed to demonstrate the feasibility of
this technology. Our results to date are quite promising, although additional research and
development is needed to fully evaluate the technological viability of this 3-D approach.

INTRODUCTION

A major driving motivation for integrated circuit (IC) technology development is the
achievement of ever increasing levels of circuit integration, which can increase both the
performance and functionality while reducing both the power and cost.  Wafer scale integration
(WSI), an early approach [1], has not proceeded successfully, while system-on-a-chip (SOC) has
received more attention recently [2]. However, major roadblocks for the development of WSI or
SOC remain to be overcome, e.g., interconnect metallization of long wires with the resulting RC
delay together with low yield and high cost of fabrication.

A variety of "three-dimensional" (3-D) integration and packaging techniques have been
examined to overcome the limitation of fully planar integration.  The earliest of these explored
the use of recrystallized polysilicon deposited over chip wiring topography. However the quality
of this silicon was inferior for upper level device performance and was regarded as requiring
more complex processing.  Another 3-D approach employed the stack of wafer-level circuits in
mid 1980s, such as the work published by McDonald et al. [3] and Grinberg et al. [4].  One key
issue was interconnection between wafers.  McDonald et al. studied via holes formed by laser
drilling, etching, Cu sputtering, and Au plating filling, while Grinberg et al. explored aluminum
thermomigration to form signal paths through silicon wafers.  However, the large wafer-to-wafer
connection path sizes (order of mils) made this 3-D approach unattractive.

Conventional scaling of planar ICs has advanced significantly in the last decade, partially as
a result of major back-end-of-the-line (BEOL) advancements in four main areas: chemical-
mechanical planarization (CMP) which enables five-to-eight levels of on-chip metallization;
copper metallization for lines (replacing aluminum) and vias (replacing tungsten) for improved
electrical conductivity and electromigration capability; dual damascene patterning to replace
metal reactive-ion-etching and dielectric gap fill to provide improved line definition and lower
BEOL manufacturing cost; and low dielectric constant (low-k) interlevel dielectrics for reduced
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line and coupling capacitance.  These factors combined result in extending the interconnect
bottleneck by more than three generations of conventional scaling of planar ICs [5].  However,
this scaling process has begun to encounter new severe process challenges. As minimum feature
size goes below 50 nm, damascene-patterned Cu/low-k interconnect structures are expected to
limit the performance of advanced ICs [6]. Therefore, 3-D integration has again come into
consideration for minimizing wire lengths, incorporating these newer BEOL processes to enable
3-D integration. Some of the technical changes driving this 3-D integration study reported on
here are recent successes in using wafer bonding in silicon-on-insulator (SOI) and micro-
electromechanical systems (MEMS) applications.

More recently, various 3-D packaging approaches have also been demonstrated, such as
Irvine Sensors' “neo stack” technology [7], or Tru-Si's “stacked wafer-level packaging” [8].
However, these 3-D packaging approaches involve peripheral interconnection.  They are hybrid
techniques, achieved by folding a large 2D chip into a 3-D shape (not a complete 3-D
integration), and the long wires on each chip are not reduced. While several approaches to 3-D
integration have been proposed [3-4, 5, 9] and some hybrid techniques are being commercially
introduced [5, 7-8], 3-D wafer bonding is a particularly attractive alternative [10-11].  3-D wafer
bonding technology is compatible with heterogeneous subsystems (e.g., for use in MEMS,
sensors, optoelectronic and wireless technologies), hard intellectual property (IP) core-based
implementations, and high speed synchronous digital systems (application specific ICs, or
ASICs, and SOC implementations), where short vertical interconnects replace long-distance
interconnects in conventional planar ICs  [12].

In this paper, we address key technology issues, and present experimental results with a
specific 3-D wafer bonding approach.  This approach incorporates alignment and bonding of two
(or more) 200 mm wafers, along with subsequent processing steps such as backside thinning of
one of the wafers and high-aspect-ratio via damascene patterning for vertical interconnections.
The process is monolithic, i.e., the wafers are aligned, bonded, thinned and via-interconnected,
prior to subsequent dicing of the stacked wafers using conventional dicing techniques.

3-D INTEGRATION TECHNOLOGY USING WAFER BONDING

Approach

Figure 1 schematically shows a pictorial representation of our 3-D integration concept using
wafer bonding, based on a photograph of IBM's Cu interconnect technology [13]. Here, three
wafers with ICs (device surfaces and multilevel interconnects are depicted in the figure) are
bonded either face-to-face (second level to first level) or face-to-back (third level to second
level).  Dielectric glue layers are used to enhance bonding adhesion; vertical high-aspect-ratio
vias (plug- and bridge-type) connect ICs on these bonded wafers using damascene patterning
techniques.

Several technology issues have to be addressed before such a scheme can be successfully
implemented. Key amongst these is wafer aligning and subsequent bonding production-size Si
wafers.  Before bonding, the wafers must be aligned to the accuracy in the range of the BEOL
dimensions (i.e., microns). The wafer aligner developed for this work is capable of achieving
alignment accuracy of one micron over a 200 mm wafer.

Current available direct wafer bonding processes involve high temperature, high voltage
and/or high pressure. Therefore, it is especially challenging to directly bond 200 mm wafers, on
which ICs with several interconnect metal levels have been fabricated. Wafer bonding for 3-D
integration requires compatibility with both conventional BEOL processes and subsequent
thinning and inter-chip interconnection. The use of a dielectric “glue” layer, such as spin-on
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polymers, may facilitate the wafer bonding for 3-D integration. The glue layer must provide a
seamless interface and strong adhesion to prevent delamination. It must also be thin in order to
minimize the via aspect-ratio, and sufficiently reactive to form a chemical bond at modest
temperatures, while highly thermally stable after bonding. FlareTM, methylsilsesquioxane
(MSSQ) and parylene are under investigation as potential glue layers.

To maximize the benefit in interconnect delay from the wafer bonding, vias with small
diameters and short lengths are required. Thus, the backside of the top wafer must be thinned to
under 10 µm with several techniques having been considered. An SOI-like wafer seems to be a
good candidate because the oxide layer provides an excellent wet-etch stop in the wet-etch wafer
thinning process. The oxide layer is then removed leaving a thin Si active layer. Damascene
patterning with deep via etching (~ 10:1 aspect ratios), subsequent metallization, and CMP
provide the contact between the ICs on the wafers. Two via types shown in Fig. 1 are options for
the vertical connections and both may be used for hard IP core-based 3-D integration [12].

As can be seen in Fig. 1, the wafer in the second level is bonded face-to-face to the first level,
then the wafer in the third level is bonded face-to-back to the second level.  We avoid using
"back-to-face" bonding process, e.g., bonding the backside of the second wafer to the front side
of first wafer, since the back-to-face process involves a difficult "handle-wafer process". That is,
a handle wafer must be bonded to the face of the second wafer before thinning the backside
wafer to under 10 microns, followed by release of the handle-wafer after bonding. "Back-to-
back" bonding has the same process complexity.

However, our 3-D integration approach does not limit the number of wafers that can be
stacked together. Wafers can be bonded face-to-back for the fourth and subsequent levels.
Different technologies can be fabricated on individual wafers utilizing existing fabrication
processes, and could then be stacked together for 3-D integration.  Therefore, this scheme offers
the benefits of significantly reduced interconnect delay as well as complex system integration to
increase both the performance and functionality.
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Figure 1. Pictorial representation of the 3-D integration concept using wafer-bonding, showing
dielectric glue layers as bonding interface, vertical high-aspect-ratio vias (plug- and bridge-
type) connecting bonded wafers, and bonding approaches of "face-to-face" and "face-to-back".
Figure modified from a photo in [13], courtesy of IBM Corporation, and used with permission.



Experimental Details and Process Flow

Passive via-chain test structures are designed in order to develop the 3-D integration baseline
process on 200 mm wafers and to establish the design rules by correlating yield with via size and
type. We focus on a few enabling unit processes to delineate key fabrication issues that limit 3-D
technology. Figure 2 presents a possible flow of major processing steps for fabricating our first-
generation 3-D test structure - the first-generation via-chain test structure (showing plug-type
via) - with our baseline process.

Figure 2. Process flow of the first-generation via-chain test structure (showing plug-type via)
– a baseline process for 3-D-integration.

The process starts with two wafers, each with a thin SiO2 layer on the surface. Then the
wafers are processed to form the test structure using damascene patterning and CMP. A thin
layer of glue (i.e., dielectric materials) is either vapor-deposited (such as parylene) or spun onto
the wafer surface (using a 200-mm FexiFabTM coat bake system). The two processed wafers can
then be aligned using an Electronic Visions Group (EVG) EV640 wafer aligner with
SmartViewTM technology, designed to achieve one-micron alignment accuracy over a 200 mm
wafer. The wafers are bonded using an EVG EV501 wafer bonder, following a glue-assisted
bonding process. The top wafer is backside thinned until only a few microns thick, using one of
several techniques. Our baseline process is to wet-etch the backside silicon of the top wafer using
KOH (stopping at the SiO2), after the bottom wafer and the bonding interface are encapsulated.
While a controlled backside thinning process is developed, removal of the entire Si layer permits
evaluation of other baseline processes. Reasonably short but high-aspect-ratio vias (a few
microns long and a micron or so wide) are etched through the backside of the thinned wafer, to
allow damascene patterned vertical connection to various wiring targets on either or both of the
two wafers.

EXPERIMENTAL RESULTS

Some experimental results from the key unit processes are discussed in this section, including
wafer alignment and bonding, wafer thinning and high-aspect-ratio vertical interconnection using
damascene patterning.
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One-micron alignment accuracy on 200-mm wafers appears feasible based upon our
preminary results. Figure 3 shows an alignment result using two 200 mm glass wafers. Each
wafer contains two alignment marks, which are located near the right and left edges of the wafer.
After aligning the top wafer to the bottom wafer, we used the optics on the aligner to inspect the
alignment accuracy.

5 µm

Left Right

Marks on
Top  and Bottom Wafers

Figure 3.  Alignment results on 200 mm wafers showing that alignment accuracy of one micron
is feasible. Each wafer contains two alignment marks, which are located near the right and left
edges of the wafer. The images were taken with the optics on the aligner.

Initial results show that under optimized processing conditions, two wafers can be bonded
using dielectric glue.  Figure 4 shows a focused ion beam (FIB) image of the interface of two Si
wafers bonded together using MSSQ.  The seam interface (MSSQ to MSSQ) is not visible at this
scale.  Intensive investigations of the wafer bonding process, which must be fully compatible
with the BEOL processes, are still essential to establish bonding requirements.
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Figure 4. FIB image shows clean interface (between Si and spin-on-polymer, or SOP). The
interface between SOPs is not observable [10].

A wafer thinning process is demonstrated using KOH wet-etch as shown in Fig. 5, with
single-side polished silicon prime wafers (<100>, 5-20 Ω -cm). After a one-micron thermal oxide
layer is grown, a simple test structure is patterned on the oxide layer following a BOE oxide etch
(see Fig. 5a). Then, the patterned wafers are etched using KOH solution (20% by weight) at
70 oC. This test wafer provides the wet-etch information for the polished and rough wafer
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surfaces (front and backside) as well as for the SiO2 layer at the same condition. As can be seen
from the plot of etch thickness versus time, a Si etch rate of ~50 µm/hour is obtained with a very
high Si-to-SiO2 selectivity of ~300:1. Therefore, an SiO2 layer can act as an excellent etch stop
for the via-chain test structure (Fig. 2) and for the case when an SOI wafer is used for the wet-
etch wafer thinning process as discussed in preceding section. For both cases, a smooth SiO2

surface can be achieved after the Si substrate is removed entirely because of the very high Si-to-
SiO2 etch selectivity.

Figure 5. Wafer thinning using KOH wet-etch. a) Schematic cross-section of patterned test
strutcure on SiO2/Si wafer; b) Etch thickness vs. time showing a high Si etch rate with a very
high selectivity for Si to SiO2.

Figure 6 shows the liner fill and via fill capability. The high-aspect-ratio via etching is carried
out on a 200-mm wafer capable PlasmaTherm Versalock high-density plasma etcher.  Two
approaches are being taken for copper via filling: an all CVD approach for liner and copper fill
and a CVD liner and seed integrated with electrochemically deposited (ECD) copper fill.  Low
temperature (<400°C) CVD TaNx liner processing is carried out on a custom designed load-
locked 200-mm wafer CVD tool.  CVD copper seed and/or fill processing is carried out on a
modified Tokyo Electron (TEL) Phoenix 200-mm wafer CVD cluster tool.  ECD copper fill is
carried out on a modified commercial 200-mm wafer plating tool in an additive-free bath using a
pulse-reverse current waveform.
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Figure 6. FIB images show CVD TaNx liner fill capability and both CVD and ECD Cu fill
capability for high-aspect-ratio via.
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SUMMARY

3-D integration using low-temperature wafer bonding techniques offers the potential of
reducing interconnect-related fabrication and performance limitations of future generations of
planar ICs, and allows effective heterogeneous integration today. Our approach involves a 3-D
monolithic wafer stacking process with micron-size inter-chip interconnection as an extension of
conventional BEOL technology. We discussed critical processing steps and presented
experimental results from the key unit processes, including wafer alignment with one micron
accuracy, wafer bonding using thin dielectric glue layer, wafer thinning using KOH selective
wet-etch and high-aspect-ratio vias as vertical interconnection using damascene patterning.
Passive via-chain test structures are designed for both the development of 3-D baseline processes
and establishing 3-D design rules. Complex systems can be realized utilizing this 3-D wafer-
stacked Si IC approach. This approach can dramatically reduce long wires and interconnect-
limited RC delays relative to SOC or 3-D packaging approaches while utilizing IC BEOL
compatible processes. Wafer alignment, bonding and thinning are key additional process steps.
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