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Abstract

The development of 3D silicon-on-silicon structures is now well under way. Additional functionality can be
achieved with similar techniques to realise piezoelectric-on-silicon structures and work in this area has
aready darted (Trolier-McKinstry et al, 2009). For effective future commercial development, a clear road
map is required, specifying development of the necessary design and fabrication techniques from research
and development through to economic high-volume manufacture and lower volume high-value manufacture
of niche products.

This paper outlines the range of processes that will be needed, along with possible industry sources for such
processes and illugtrations of present capahilities. These include surface finishing techniques such as ultra-
high precision grinding, bonding technology for dissimilar materials, and through-wafer-via fabrication.
Control of acoustic propagation, thermal expansion and electric field fringing effects will be considered.

The paper identifies areas that require research and development with possible starting points using existing
techniques that may be already in use in other semiconductor and e ectronics manufacturing applications. A
strong emphasis on empirica research highlights possible issues with examples including surface finishing
and wafer dicing to show the current status of some of the required techniques.

These examples are drawn from an archetypal pixellated piezoeectric-on-silicon structure to highlight
critical points. In the authors work, such pixellated structures occur in 1-3 connectivity piezodectric
ceramic-polymer composites with unit cell length scales from several millimetres, manufactured with
mechanical dicing, to less than 50 mm, manufactured with micro-moulding.

This forward looking paper takes the approach to “think freely” without restrictions as this opens up
potential manufacturing routes and ideas precluded from a more cautious iterative development approach.
The paper concludes by suggesting the criteriafor a“design for” approach linked to either bottom up or top
down assembly techniques for the integration of conventional and unusual piezoelectric materials with
siliconin 3D structures.

1. Introduction

“Sound and no fury” was the by-line heading an article on neuroscience in the Economist in January 2009
(Economist,2009). It reported a concept of using ultrasound that “ may permit deep-brain stimulation without
the need for surgically implanted devices or other invasive procedures’ based on work by Dr Andrew Tyler
and his colleagues at Arizona State University (Tyler et a, 2008). Considering the complexity of the brain
and the targeting precision required one might possibly conclude that piezoelectric-on-silicon structures
could be an important enabling technology in thisfield.

More immediately, research is taking place in several sites internationally on high frequency ultrasonic
arrays for ultrahigh resolution biomedical imaging. These arrays may have element centre-centre spacing of
as little as 15 nm (Bernassau, 2009). In such cases, external connections are extremely difficult to establish
and direct integration with silicon, or integration via an interposer, is a very attractive potential solution to
the connection problem.

2. Influences from Silicon

The development of 3D silicon-on-silicon structures is now well under way. Additional functionality can be
achieved with similar techniques to realise piezoeectric-on-silicon structures and work in this area has
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aready darted. For effective future development, a clear road map is required, specifying development of
the necessary design and fabrication techniques from research and development through to economic high-
volume manufacture and lower volume high value manufacture of niche products.

Multilayer wafer-scale packaging is becoming attractive as wafers get bigger and intermediate package costs,
such asfor ball grid array (BGA), microBGA (UBGA) and quad flat no-leads (QFN), increase. Consideration
now has to be given the key parameters for dicing, grinding and other associated processes that will be
required as the wafer-scale packaging process moves beyond pure silicon structures to components that
include sensors and actuators, typicaly in the form of MEMS and piezoelectric devices (Figure 1). Key
manufacturing technologies need to be considered at this point to ensure the development of wafer stacking
technology is successful. These include through-silicon vias, interposer manufacture, grinding with chemica
mechanical polishing (CMP), and dicing. The types of materia in the package may mean mgjor changes or
developmentsin current procedures.

Processors

iy

Energy/power

Figurel. Conceptual configuration for highly flexible structureintegrating Si and other technologies
(IMAPS, 2009)

Useful data can be derived from the experience of Loadpoint Ltd. This company has been involved in the
electronics industry since 1963, originaly as a semiconductor device manufacturer. In this time it has
focused on “niche” market opportunities and has dways maintained a forward view of the potential market
development for its products. It has a multifaceted view of the industry due to its involvement in process
development, machine supply and air-bearing manufacture and sales. The latter, in particular, being to third
party process providers, does give a different perspective not normally available to other commentators.

Over the past two years there has been an increasing amount of information and discussion on 3D packaging
for silicon in the industry. This has been driven by several factors. Figure 2 (Y ole News, 2007) isa summary
of the situation in the autumn of 2007. The key points from this are via diameter, wafer thickness, and
number of layers, changing as the manufacturing techniques become more developed over time. What is
relevant to this paper is the amost total focus on silicon and the relatively high level of technology that is
involved. The silicon 3D work provides a useful context for the migration of the stacking technique into new
areas of interest in the piezodectric and PZT arena.



Figure 2. Wafer level packaging evolution 2005 to 2014 (from Y ole News, 2007)

Sematech are a key player in this emerging technology and Figure 3 reflects their overview of the current
emerging situation. Again it is focussed on silicon but if other materials are considered for multi-materia
stacks, the same advantages may be available, particularly if the technical requirements are not so stringent
with respect to placement accuracy and similar points requiring fine process control.

Figure 3. Comparison chart for silicon CM OS options (Sematech, 2008)

The sophigtication of the marketing for wafer-scale Si products means that potentia suppliers to the industry
have to work very closaly with their customers. Thus key market needs are identified severa years ahead of
need. The need is now heavily influenced by legidation, as in the USA. So the market can be seen to be
actively “pulling” manufacturing processes through the development cycle. This is influenced also by the
tight feedback loops in current Statistica process control techniques and major manufacturing issues as
generally experienced. In some ways the high legidative requirement in industries, such as the automobile
industry, could be seen as a burden. However the enhanced safety requirement does cause magjor changes that
can be handled economically through changes in packaging. Environmenta aspects are now critical and the
concept of features per unit volume can aso be enhanced by consideration of packaging processes.



3. Wafer-scale Silicon Structures

Wafer-scale and chip-on-wafer structures have aready been used in the MEMS industry. Both InvenSense
(Yole News, 2007) and SiTime (Y ole Micronews, 2007) have used this to their advantage. A typical issueis
gaining access to bonding pads. Some do this by removing a strip over the pads, such as InvenSense and
some projection chip manufacturers. However, this not always an easy technology to exploit. Flip chip onto
an interposer or spreader is another solution.

Before taking the discussion further, the difference between wafer-scale and frame packaging should be
considered. Wafer-scal e dicing uses the more conventional dicing machine and related technol ogy approach.
In many ways it isasimple technology and very flexible. Dicing of frames uses a specific type of machine
called asingulator that can be highly focussed on a single product and islikely to be much less flexible.
However, asingulator is very productive and can incorporate device inspection and test in some models.
However, the wafer-scal e approach may eiminate several process steps with areduction in materials going
to scrap as part of the process. It would also be much simpler and more suitable for low to medium volume,
higher financial margin specialist applications.

Figure 4. Principle of wafer scalein a 3D context (IMAPS, 2009)

As an example, wafer-scale package dicing processes have been under development in Loadpoint Ltd since
1978. The first packages were air bag pressures sensors for AC Delco. These consisted of silicon and
borosilicate glass wafers 3.3 mm thick. Since then experience has been gained with many other customers
and technologies such as IBM Power PC™, Nokia, TI DLP™, VTl and YaHsin SMD LEDS.

For wafer-scd e technology to work severa critical technologies are needed. The through silicon via(TSV) is
critical to this as it overcomes the difficulty of wafer to device lead bonding. Vias can aso be used as part of
an interposer or spreader technique. In the other techniques needed, planarisation is critical, not only to
ensure flat surfaces for subsequent bonding processes but aso to maintain parallelism as the wafer stack is
built up. There is an interchange between one-to-one pad bonding and the use of interposer technology.
Multi-way vias could lead to simplifications.

Work is now being reported on the results of the development work over the past few years so the
envisioning of the concepts has moved from theoretical drawings as shown in Figure 5 to whole project
overviews as shown in Figure 6 and then the completed systemsin Figures 7 and 8.
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Figure5. University of Alberta’s 3D wafer-level stacking scheme (Garrou, 2008)

Figure 6. The completely Si-based long term vision of the 3DASSM consortium led by Georgia Tech
(Cole, 2009)

Figure 7. Toshiba CIS Camera module view from top (Garrou 2009)



Figure 8. Toshiba CI S camera module section (Ieft) (Garrou, 2009) and Lincoln Labsthree-layer
oscillator (right) (Garrou 2008)

It is worth noting that Samsung and ST Microelectronics are aso using this technology for camera cell
phones. Other organisations may also be using it, but have either reduced or completely stopped publishing
information as their IP has become sensitive.

4. Processes

Wafer-scale bonding has been well developed in the MEMs industry for bonding glass and other materials to
silicon. Up to six layers have been bonded and the techniques for this are well known. However the
introduction of vias needs to be considered in detail as in most cases isostatic bonding has involved flat
single materia surfaces.

A critical process in 3D wafer bonding is the thinning of the silicon wafers as the stack is built up. Thisis
normally achieved by etching or grinding with CMP to provide the high surface quality needed for the next
bonding operation. Critica to this technique in the future will be ability of the thinning techniques to handle
the metal in the vias whilst maintaining a planar surface across the dissimilar materials. CMP is now being
fine tuned for silicon work and whist techniques to handles vias are being evolved there is concern over
production rates (Dejule, 2008). This may be helped, however, by the advent of processes that can take
grinding into the normal surface finishes covered by CMP. A key indicator for this would be the ability to
grind and polish very thin wafers; one result isillustrated in figure 9.

Work has aso been undertaken in the fine grinding of PZT on severa base materials to thin sections (Nix,
2005) for diced arrays and moulded arrays (MacLennan, 2006) and this work indicates that there are suitable
processes readily available. Surface finishes from grinding are considered in detail by Arai (Arai, 2004).
PZT has been ground on silicon to 20 - 60 mm thickness.

Figure 9. 30 mm thick pixellated PZT array after grinding ( MacL ennan et alia, 2006)



Figure 10. Wafer ground and polished to 6 mm (T suda, 2009)

A technique that will be useful to this in the future will be dicing by grinding. In this the wafer will be
partialy diced through 25% of its thickness, bonded to the next wafer and then ground back to the required
thickness. Thiswill result in very high quality “back of wafer” surface quality and cleanly separated die. The
grinding process should not be affected by the metal in the vias but it will be essential that they are filled so
no grinding swarf accumulates in the void.

The method for building up the stack will reflect the characterigtics of the layers of materia. In some
instances it will be logical to use the strongest materia as a“handl€’ and build up the layers either on top or
below. The structure outlined in Figure 12 reflects concepts that have been part of funding applications in
medical ultrasonics. In this the active PZT layer a the top acts in both receive and transmit modes,
equivalent to sense and actuate modes in a pressure sensitive actuator.

The process flow for 3D silicon integration is now beginning to settle down and Figure 11 summarises one
view from early in 2008 that has passed the test of time.

Step 1 Step 3
FEOL TSV Wafer thinning Face-up bond
(via first) on handle (metal bonding)*
FEOL TSV Face-down bond Wafer thinning
(via first) (metal bonding) (on 3-D stack)
BEOL TSV Wafer thinning Face-up bond
(via first) on handle (metal bonding)
BEOL TSV Wafer thinnin
(via first) =t dlatn o (on 3-D stack?
Complete IC TSV from front Face-down bond Wafer thinning
fabrication (via first) (metal bonding) (on 3-D stack)
Complete IC TSV from front Wafer thinning Face-up bond
fabrication (via first) on handle (metal bonding)
Face-down bond
Complete IC metal, oxide/oxide Wafer thinnin .
fabr?cation ( or adhesive (on 3-D stack? VR g3 |2 i (B
bonding)
Face-up bond
Complete IC Wafer thinnin metal, oxide/oxide )
fabr?cation on handle ’ ( or adhesive LGSR
bonding
Complete IC Wafer thinning TSV from back Face-up* bond
fabrication on handle (via first) (metal bonding)
* Metal bonding can be Cu-to-Cu, CuSo, microbumps or DBI

Figure11. Processflowsfor 3D IC integration (Garrou, 2008)

Whilst the process flow for a silicon structure has been established, PZT structures have their own unique
requirements. It should aso be noted that the technological requirements could be simpler as the high
numbers of TSVsin silicon might not be needed. The merging of the silicon based technologies with PZT
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with more poorly defined technologies with respect to lithography, thin film, thick film and printed circuit
board technologies, will create issues that need solutions. This will mean a change in approach. However the
experience of the 3D silicon work does start to indicate the core issues that need to be addressed, key to these
being thermal management and the different coefficients of thermal expansion of the various materias. Table
1 outlines some of the issues being considered and possible sources for solutions (Braun, 2008).

Standards: there seem to be very few at the

moment so each organisation is developing its
own

Coefficient of linear expansion, COE
Acoustic propagation, electric field fringing

Internal stress build up

Test protocols, procedures and standards

Inspection systems and standards

SEMI or similar body to undertake

Design, thermal vias, pixellation,
use of appropriate materials.

Design, pixellation
Industry

Industry and international
standards organisations

5. PZT Structures, Process Sour ces and Process Changes

Figure 12 is a proposed wafer level structure that may be applicable to unusua applications of piezoelectric
materias such as the ultrahigh resolution arrays presently under development (Maclennan et a, 2007) and, at
adtill earlier stagein development, MEM S devices for uses such as ultrasonic particle manipulation.

Level ‘Function
1 PZT Sensor/actuator
Ceramic Absorber
Silicon Driver
Silicon Processor
Silicon Interposer
PCB Connection

Figure 12. Proposed structurereevant to ultrasonic particle manipulation (Sweet, 2008)

A theoretical structure would require both sensors and actuators with structural elements, especially for use
in harsh environments. The silicon e ements could be interconnected by vias with the external connection
using BGA, UBGA or QFN structures. There might also be the possibility of a hybrid external interconnect
method being devel oped to handle specific needs, such as ruggedness or operation in extreme environmenta
conditions.

In order to determine practicaly the process steps that should be considered, a six layer test-piece was
assembled from samples aready available within Loadpoint Ltd. This test-piece contained a number of key
materials and enabled some of the critical manufacturing points to be identified. A key part of this was the
glass, silicon, glass, silicon wafer-scale module that was already available as an assembly (NEDI, 2007).
Figure 13 shows the structure after dicing.
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Figure 13. Six layer test-piece after dicing (Sweet, 2008)

However, what is critical is that thisis not a six-layer structure but aten-layer structure if the intermediate
layers on the right hand side are a so included, these being the layers for bonding and circuit definition. It is
expected that there will be severa layers of filled epoxy in such structures, especiadly for ultrasonic
purposes. Thus the processing of such materials will be critical. Fortunately, most filled epoxies either grind
or dice well and this could be used to advantage. The next logical step isto consider al the processing steps
that might be involved, taking into account that some might be mutually exclusive or inclusive depending on
what is needed.

In this analysis several of the processes are dready available. However it is relevant to identify those where
more work will be needed as this will be a necessary major part of any research project. Table 2 identifies
some of the processes where further work is needed as well as those where there are established sources of
knowledge (Sweet, 2008). Thiswould need to be confirmed in the consideration of detailed applications. It is
expected that this technology will be highly application orientated and the initial steps will entail defining
those steps that are common to most applicationsto set up a common process “tool box”. (Thislist does need
expanding for specific projects).

Table 2. Processes In Existence and Requiring Development (Alphabetical Listing)

Process

Bonding processes, not isostatic.
Bulk removal by DRIE of Silicon.
Bumping and under fill.

Cavity machining.

CMP silicon.

Dicing of all or sub-elements.
Grinding & CMP glass.

Grinding of epoxy and ceramic.
Grinding silicon.

Fly cutting.

Injection of epoxy.

Ink Jet printing of electrical circuits.
I so-static bonding silicon to glass.
Inspection of internal structures.
Lapping, were suitable.
Photo-etching Copper or inter-connect

Possible sources or development needed

Devel opment needed.

Exists already.

Exists aready in silicon industry.

Moulding, etching, machining.

Exists dready.

Design of wafers and process critical for this.
Opticd industry or MEMS.

Devel opment needed, especidly with mixed materias.
Exists already.

Rapidly emerging, development needed.

Back fill or under fill from flip chip bonding.
Emerging circuit ink jet printing companies.
Established bonding organisations.

100% of al by X ray or ultrasonic imaging.

Exists already, development needed.

PCB Industry, thin and thick film hybrid technology.
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material on non silicon materials.

Planarisation CMP. Evolution outside silicon needed.

Planarisation, grinding. Needs to be explored outside silicon.

Routing & drilling FR4. PCB Industry.

Viasinsilicon, glass, FR4 Silicon evolving, glass devel opment needed, possibly
and ceramic. micro-sand blasting. FR4 PCB industry.

A wafer stacking technology may require other ideas to handle different needs. These could include internal
screening for RF isolation, idands for mounting devices above the plane of the sub-layer and cavities for
location of discreet devices. Shapes and curves in 2D and 3D form may be useful and these could be milled
or etched into the layer by chemical or mechanica means. Optical circuits may aso be added as well as
larger sub-elements such as “lab on achip”.

The use of structural simulations is highlighting many likely problems before actual manufacture. Such
simulations have proved to be very useful in the development of 3D silicon structures both as feasibility and
for the investigation of manufacturing costs. Figure 14 is a simulation of a wafer-scale structure that now
includes piezoelectric sensor and actuator devices on the top surface with an ultrasonic absorption layer
directly underneath. The structure then includes, in order, piezoelectric materials, loaded epoxy, glass,
silicon, glass, silicon and ceramic.

Figure 14. Simulation of ultrasonic structure (Sweet, 2008)

The dicing of this wafer-scale structure could use a heavy-duty dicer and single or multiple blade dicing
machines can be used. Some thick structures using steel or hard metals might need very heavy-duty dicing
machines. All the dicing blade and work holing techniques would be based on currently available processes,
athough some might need considerabl e adaptation.

6. Design For, Top Down and Bottom Up

Stacking of wafers will require consideration of several other key points. Tolerances of the various
technol ogies need to be kept in mind aswell asthe differencesin rates of thermal expansion. This part of any
product development has to be very carefully considered from the beginning. Whilst dicing is considered a
stable, established technology, it is still expected to generate some major problems. It is therefore important
that as many points as possible regarding dicing are considered from the beginning. In fact there are severa
processes where a “design for” approach could be used. These include grinding, planarisation, bonding,
etching, and filling. Testing and fault finding must also be considered from the beginning in a “ design for”
approach.

The points to be considered in a*“design for” approach are device performance; assembly; packaging and test
(Sweet, 2008). Some of the combinations of processes are unique and will require considerable thought at
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this stage. The output of a wafer-scale technique should be designed to integrate with a tape-and-reel
process. This approach will enable parts to be bonded automatically into larger systems using surface mount
technology. Interestingly, the wafer-scale technique envisaged would lead to a considerable drop in the part
count of any system using this concept.

It should be noted that the order of priority might not be as originally envisaged as the issues are overcome
or the capability of the equipment explored. In relation to this, a key point is that production or near to
production manufacturing equi pment should be used as early as possible to minimise the development cost
and time as the production quantities start to be considered. The order of the work might not be as originally
envisaged, a lesson from nanotechnology when it was found better to consider things from the smaller scale
and then go upwards as in some cases a scaling down approach simply missed out critica elements. |.E.
“bottom up” is better than “top down”.

For the general dicing a saw such as the Loadpoint NanoAce (Loadpoint Ltd, Swindon, UK) has al the
critica features that are needed. These include the ability to handle thick materials, highly flexible
programming, and a pattern recognition system capable of handling fiducials which are difficult to see. It is
expected that wafer-scale assemblies will get thicker. For this, avery heavy duty machine will be needed and
another example of such a machine is the Loadpoint MacroAce which has the necessary capacity and
features. Critical to the multi-wafer process will be the ability to grind wafers to high dimensional tolerances
(MacLennan et a 2006). The Loadpoint PicoAce has aready proven it's capability to handle this type of
application. It can also be adapted for fly-cutting as part of the planarisation process. It should be noted that
grinding or fly-cutting generates good geometry quickly and CMP then improves the surface finish, when
required.

7. Conclusions

There is a considerable amount of information already in the public domain, principally accessible via the
Internet. Much of it is very useful for applications such as the high frequency ultrasound arrays needed for
ultrahigh resolution medical imaging (Bernassau, 2009) and future technology required to realise techniques
identified in the latest research, such as human brain stimulation (Tyler, 2009). In moving towards such
technology, it appears that the community is in an unofficial pre-competitive phase whilst al the key
production requirements are being defined. The market seems to be “pulling through” the techniques it
requires and the potential suppliers are refining their equipment capabilities to meet that market as well as
defining what is available. The cost reductions achievable will be considerable, more especiadly as the
hardware is aready developed and it will be the characterisation and process devel opment that will provide
the challenges. For this paper, the technology points have been kept as genera as possible deliberately.
Further development will be project specific and the intellectua property can then be accurately defined in a
practica way.
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