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SUMMARY

With the semiconductor industry racing toward a historic transii@no chips
with less than 45 nm features demand 1/Os in excess of 20,000 that stgppriting
speed in terabits per second, with multi-core processors aggyepetelding highest
bandwidth at lowest power. On the other hand, emerging mixed ssgatdms are
driving the need for 3D packaging with embedded active components andhdaita
interconnections. Decreasing /O pitch together with low cost, hadgctrical
performance and high reliability are the key technologicallatiges identified by the
2005 International Technology Roadmap for Semiconductors (ITRS). Béiegta
provide several fold increase in the chip-to-package vertical arieect density is
essential for garnering the true benefits of nanotechnology thlattiize nano-scale
devices. Electrical interconnections are multi-functional mdsetiamt must also be able
to withstand complex, sustained and cyclic thermo-mechanical loagsldition, the
materials must be environmentally-friendly, corrosion resistantitilly stable over a
long time, and resistant to electro-migration. A major challeisgalso to develop
economic processes that can be integrated into back end of tefawaidry, i.e. with
wafer level packaging.

Device- to- system board interconnections are typically accaneplisoday with
either wire bonding or solders. Both of these are incrementauandto either electrical
or mechanical barriers as they are extended to higher derfsityteoconnections.
Downscaling traditional solder bump interconnect will not satis#ythermo-mechanical

reliability requirements at very fine pitches of the order of 3ffons and less. Alternate

XXV



interconnection approaches such as compliant interconnects typiegliyve lengthy
connections and are therefore limited in terms of electrical prepgalthough expected
to meet the mechanical requirements.

A novel chip-package interconnection technology is developed to addrel€3 the
packaging requirements beyond the ITRS projections and to introduce inealegign
and fabrication concepts that will further advance the performahdée chip, the
package, and the system board. The nano-structured interconnect technology
simultaneously packages all the ICs intact in wafer fornh wiantum jump in the
number of interconnections with the lowest electrical parasifies. intrinsic properties
of nano materials also enable several orders of magnitude higeeroimect densities
with the best mechanical properties for the highest reliakalitg yet provide higher
current and heat transfer densities. Nano-structured intercorpregtdes the ability to
assemble the packaged parts on the system board without the usertfi unakerials
and to enable advanced analog/digital testing, reliability ggsand burn-in at wafer
level.

This thesis investigates the electrical and mechanical peafoa@n of nano-
structured interconnections through modeling and test vehicle fabnicdhe analytical
models evaluate the performance improvements over solder and compliant
interconnections. Test vehicles with nano-interconnections were fabricatgdawsicost
electro-deposition techniques and assembled with various bonding inderface
Interconnections were fabricated at 200 micron pitch to compalethgtexisting solder
joints and at 50 micron pitch to demonstrate fabrication processéseapitches.

Experimental and modeling results show that the proposed nano-interiomsneould
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enhance the reliability and potentially meet all the systerfopeance requirements for

the emerging micro/nano-systems.
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CHAPTER 1

INTRODUCTION

This chapter begins with a brief introduction of the current trendartsv
convergent and multi-functional mixed signal micro-systems witbgrated functions.
Various challenges associated wifoviding fine pitch and short interconnections that
can support high bandwidth with miniaturization and integratéwa, identified and the
current approaches to address these issues are presented. Neamdlvaioces in
interconnectionsassembly, test, and module reliability technolagyyuture high-speed
multifunctional systems are presented in detail. Novel approaiduoesing on new
interconnection materials, processes and bonding interfaces tosattardme pitch/high

I/O requirements of future are then presented as the objectives of thd studsn

1.1 Evolution of Convergent Multifunctional Microsystems
Microelectronic products in the past have been discrete systeths computers
providing digital computing, telecommunication systems providing voiceebas
communication functions and a multitude of consumer products each providingl@
function like video, audio etc. Recently, there is a new and engetgend towards
convergent micro-systems that bring together existing digihRf technologies as well
as newer technologies like optoelectronics, Micro-Electro MechbhSystems and bio-
sensors. Examples of next-generation convergent systems include peaigptzd
assistants with cell phone, GPS, sensors, web-mail access and smart mgxdiacds i

In the past, driven by Moore’s law, the integration efforts weveuded
predominantly on silicon using CMOS technology. While silicon is lsested for

integration of transistors, it does not lend itself to integratib®F and optoelectronic



circuits in a cost-effective mannérhe latest IC technologies also allow integration of
incredibly complex circuits on a single die, resulting in integnadf multiple functions.
Within the IC technologies, there is a growing divergence betwdtasretit types of
technologies. Mainstream high density logic CMOS is combinech vgpecific
technologies for memory, analog, high-voltage, RF, MEMS (matectromechanical
systems) and electro-optical circuits.

The System-on-Chip (SoC) concept seeks to integrate numerous fystions
on one silicon platform horizontally, namely the chip. If this chip lbardesigned and
fabricated cost effectively with computing, communication and consftumetions such
as processor, memory, graphics, antennas, filters, switches, dib&raveguides and
other components required to form a complete end-product system, theratals
necessary to package such a system is to power and d¢od. highly unlikely that all
these functions can be integrated in a cost-effective way ingée sSoC.Hence, the
System-on-Chip (SoC) approach of integrating functionalities omgleschip is beset
with several fundamental and practical barriers like high ceseral photolithography
steps, low yield and licensing and Intellectual Property (IBQes [1].Most systems
consist of many non-silicon components, such as passive components, sebSonsasa
connectors, etc. that have limited performance when integrated oansiAc new
paradigm that overcomes the shortcomings of both SoC and tradipankhging,
therefore, is necessary.

To overcome the limitations of SoC approach, System-on-Package (SoP)
approach was proposed by Prof. Rao Tummala at the PackagingdRe€eater in

1994. SoP enables heterogeneous integration of RF/digital/opto/bio-skmsstigns by



system-centric IC-package co-design and functional optimizatitm3D integration of

thin film components on the packagelost system companies are pursuing SoP to
answer the market demand for highly-miniaturized, high-performdoaecost systems

for the era of ambient intelligence characterized by seladtronic portable devices
schematic SoP cross-section is shown in FigureThé.underlying benefit of System-
on-Package (SoP) technology is its ability to support highly iatedr systems or
subsystems with optimized cost, size, and performance while simultaneousingeithe

time to marketWith this fundamentally new paradigm, the SoP methodology overcomes
the barriers of SoC leading to cheaper and faster convergent Microsystems [2]

Cooling & Shielding

<0.5mm

50~200 um

Thermal Via/Heat Pipe Options:

High E/High Thermal Conductivity - Reworkable Nano Bumps
Composite Core - CuAu Solder Braze

Fig. 1.1: Georgia Tech — Packaging Research Center’'s Chifdtalsedded Active and
Passives on a SoP Module.

Currently, System-in-Package (SiP) approach of vertical sigqadi bare and
packaged ICs is also pursued by several packaging companies doatiote of functions
at module and subsystem levels. SiP extends silicon integration boit3B still limited
by CMOS capabilities [3]The leading commercial applications for stacked-die chip-
scale packages (CSPs) are those requiring increased memoiyeddansa small form

factor. The driving force behind the emergence of stacked CSPsebasthe handset



market because of the design push for reduced dimensions combined with
proliferation of memory-hungry functions (messaging, color displaystactive games,
and other performance differentiators)While the trend towards convergent
multifunctional systems continues with the package level integrageveral challenges
exist in integrating high I/O, high performance chips on to the package

The system-on-package (SoP) is a system concept with this pactegation,

the

in contrast to SiP, a module concephe SoP, a System-centric technology, is based on

embedded thin film components in organic boards or packages, and togeth&iRv
modules, SoC devices, battery and user interface, leads to muttohalsystems in the
short term and mega—function systems in the long run. It seekdegradte disparate
technologies to achieve multiple system functions into a singleage¢ while providing
ultra-small form factor.

Along with mixed signal electronic systems, SoP is also bewpuwritical for
neuroscience applications such as wireless implantable midews/sNeural implants
have a 3-D array of electrodes that interface with the tisbwes creating the much
significant neuro-electronic interfaces. These micro-systempport electronics for
signal processing and for wireless communication with the outgidiel. [4]. The most
significant challenges in packaging these arrays are kgdpe feature sizes small in

order to keep the low profile of the package.

1.2 Major Enablers for High Density Packaging
SoP relies on embedded thin film components and high density packagisgsfem
integration. This thesis focuses on high density systems packawge enabling

technologies of SoP permit applications such as a single-chip matkrieonnection or



multi-chip integration of heterogeneous semiconductor chips to provgystam on a

package.

1.2.1High Density Chip-Package Interconnections

With the semiconductor industry racing towards a historic transikinano chips with
less than 45 nm features demand I/Os in excess of 20,000 and chip-patkagamnects
that support computing speed in terabits per second. A reduction in tlee ghsgipation
and increase in the total bandwidth is achievable using the mudti ajggroach. The
multi-core approach would need an extremely high number of 1/0O’s asrtoninects to
support bandwidths of the order of 1 terabyte/second for communicatiansebelC’s.
The escalating /0O densities are therefore driven by the Mheedcomputer and
communication technology for highest system performance, not by thetiager
frequency of a single processor but by multi-core processgmse@ately providing
highest data rates at lowest power.

The IC packaging that is used to provide I/O connections fromhipei@ the rest
of the system is typically bulky, costly, and limits both the performance andligility
of the IC it packages. Systems packaging involving interconneatioomponents on a
system level board are similarly bulky and costly, with pelectrical and mechanical
performance.For multi-chip modules, high-I/O interconnections of multiple closely
spaced chips allows power/ground and signals to be transferred ioutiod the SoP
module. In this scheme, each chip itself may contain a vas#yegreumber of /0O and
power/ground connections. Hence, combining SoP with high-density intertiomnacd
packaging techniques enables highly miniaturized SoPs, the sygtgmation approach

of the future.



1.2.2High Substrate Wiring Densities

The second is fine-pitch wiring on a high density substrate, which, wdrabined with
fine-pitch interconnects, provide the high degree of interconnectionahaupport high
bandwidth integration for SoP products. IC interconnection and packagimgotegies
have not kept pace with the continuing scaling of IC technology. &ve gse to the
“interconnect technology gap” between advanced IC technologies aedofthe-art
PCB (printed circuit board) technologies, increasing with eact technology

generation.

PCB

Advanced PCB

Lithography based

IC Scaling interconnect technology

Size Scaling

I Reduced Gap

v

Time

Figure 1.2: The Interconnect Gap: Requires new High Density Interconegutdlogies

For the past four decades, board technology has been the majoonnesic
technology, based on the lamination of a stack of multiple intercomieait layers.
Evolution towards smaller feature sizes has been rather slow Einfmathe scaling
frenzy in IC technology. The coarse contact pitches of even thé adeanced PCB

interconnection technologies are still around 250um width. This is ia bogtrast with



the IC I/O pad pitches which are as small as 40um for stetesadrt technologies and
are expected to reduce to 20-30um in future. It is clear that a largeomtent gap exists
between the on-chip interconnect technologies and the most advancaeddh@&ogies

and is illustrated in Figure 1.2.

1.2.3Embedded Actives

Embedded Actives have been proposed and realized, to some exent, casisingr
package technology to achieve ultra miniaturized form factoredisas better electrical
performance. It accomplishes these by burying active chip compgodeattly into a
HDI (High Density Interconnect) substrate. While embedded acipproaches with
chip-first technology can give many advantages such as smail femtor and better
electrical performance, they have also many other concanmsas: (1) Serial chip-to-
build-up processes accumulate yield losses associated with eaesgrieading to lower
yield and higher cost. (2) Defective chips cannot be reworked in bedelad package
structure. This needs 100% KGDs (Known Good Die). (3) The intercbong in chip-
first approach which are direct metallurgical contacts cégua due to thermal stress.
(4) Thermal manangement issues are also evident since thesctufally embedded
within polymer materials of substrate or build-up layers.

It is expected that the chip-last approach has many advaraages few
disadvantages, compared to chip-first or chip-middle technologestfre viewpoints of
process, yield, reworkable interconnections and thermal management.

1. Process and yield: Lower loss accumulation and higher procédsageeexpected
for mutichip applications, since all the processes for substratel-dguilayers,

cavity and embedding the chip are carried out in two parallel tpesa—



substrate and chip. In addition, no complex processes are needdbeaftleip is
embedded, which could otherwise damage the chip.

2. Reworkability: Defective chips can be replaced by the use ewfonkable
interconnects and appropriate selection and processing of undantll
encapsulation materials after electrical testing.

3. Interconnections: Short interconnections can give rise to ekdghecformance as
good as direct metallurgical contacts of chip-first embeddingeattichnology.
Nano-structured materials with not only high electrical conductibity also
excellent mechanical strength, toughness and fatigue resistamceprovide
mechanically reliable interconnects even with low profile.

4. Thermal management: Since the backside of embedded chip is dengublsed to
air or bonded to a layer of heatsink with highest thermal conductthigymal
management becomes easier and many possible solutions for coolirge can

applied.

1.3 Device to Package Interconnects as a Key Cornerstone for SoP

The continuing increase of operational frequency, the escalatimgtaomplexity and
the boosting of the number of 1/0O’s because of multi-core anthres, results in a need
for inventive interconnect and packaging technologies that enable thmetE
translation from the (sub)-pm scale on the chip to the um orcate at the system level
while maintaining system performance (Figure 1.3). Consequently,hapeigormance
bridging technology between the very high-density IC technology and the stansiard

substrate technology becomes a necessity.



Electrical interconnections rely heavily on multi-functional mate that must
serve as electrical conductors and be able to withstand compléainedsand cyclic
thermo-mechanical loads. In addition, the materials must be envinbaligdriendly,
corrosion resistant, thermally stable over a long time, andasesist electro-migration.
A major challenge is also to develop economic processes thhedategrated into back

end of the wafer foundry, i.e. with wafer level packaging.

Wire Bonding
Pitch: 60 pm — 40 pm

Embedded Active
Die Thickness:

IC 0 50 System-on-a Package
- m .
Peripheral and Hm W Thin-film Interconnect
Area A
Tea ™ . . Embedded Passives
High Speed Flip Chip ;
Cullow-k Organic substrates

Peripheral: 40 ym
Area: 250 pm

Wafer Level CSP
Area Array Redistribution
Pitch: 300 um

Figure 1.3: Current scenarios for device to package interconnections with SoP.

Device- to- system board interconnections today are typicallynguicshed with
either wire-bonding or solders. Both of these are incrementaluanidto either electrical
or mechanical barriers as they are extended to higher derfsityteoconnections.
Downscaling traditional solder bump interconnect will not satisythermo-mechanical
reliability requirements at very fine pitches even of the ordeBloinicrons and less.

Alternate interconnection approaches such as compliant intercergpatally require



lengthy connections and are therefore limited in terms ofrelacproperties, although
expected to meet the mechanical requirements.

Decreasing I/O pitch together with low cost, high electrmarformance, high
reliability and poor mechanical properties are the key techraabbarriers identified by
the 2005 International Technology Roadmap for Semiconductors (ITR3dblg able
to provide several fold increase in the chip-to-package verticakcamteect density is
essential for garnering the true benefits of nanotechnology thlattiize nano-scale
devices. Major interconnection and their enabling technologies alahgthe current

roadblocks are outlined below.

Ultra-fine pitch wire bonding

Today, one of the most widely-used interconnect technology is th&osmio Au wire
bonding. Using this low-cost method, pitches of 40um can currently bevadhi€his
technology however results in long interconnect wires, fanning out fihensmall on-
chip I/O pitch to a coarse package level pitch of typically 280qt more. Besides the
difficult manufacturability and the reliability issues assadatvith these long and
narrow pitched wires, electrical parasitic effects becomportant. Moreover, wire

bonding technology is mostly limited to peripheral array interconnections.

Flip-chip Solder Bumping
One way to overcome the parasitic effects related to wire bgnslithe use of flip-chip
bumping technology. This technology is especially suitable for ragbeed, high

frequency or high 1/0 count applications. Howewdswnscaling traditional solder bump

10



interconnects to very fine pitches of the order of 50 microns oridesst expected to
satisfy the thermo-mechanical reliability requirements. Aefbdiscussion on various

solutions offered in response to the above needs is as follows.

Underfills

Underfills are typically used to increase the reliabilityflgd-chip packages. Although
with a decreasing pitch and consequently a decreasing dmllise joint gap between the
substrate and the die decreases to the point that it may beeyndifficult to flow
underfill completely under the die. At 100 um pitch, the gap betweerdithend
substrate could be significantly less than 25 um, the limit of underfill flow. Fse thery
fine-pitch applications, an alternative underfill technique will needbe developed or
flow under the chip will not be possible. One alternative would be to debesinderfill
material on the wafer immediately after flip-chip solder burgpiAchieving high filler
loading with no-flow underfills is critical to achieve the optim@TE and modulus.
New nanocomposite underfill materials and processes are beingm/¢o implement
this process. Use of underfill can also exert significant pgeliresses on the die, bump
and package substrate. These peeling stresses are a concemp$ousing low-k
dielectrics. In general, low-k dielectrics are softer and hawakereadhesion properties

than oxide, so they are more prone to delamination.

Low CTE Substrates

Using a substrate that is CTE-matched to silicon would addreghghao-mechanical

reliability problem, whether it eliminates the need for an undlesfilnot. The C-SiC

11



material developed by Georgia Tech and Starfire Systemgsofietter thermo-
mechanical properties than traditional organic substrates. Howdngrtechnology is
still in a nascent stage having issues like board porosity and piahilarge scale

manufacturing costs.

Today Issues Tomorrow
!

Cu-low-k
Reliability
Highly Stressed °
Interconnects Lowi CTE, High
\/quulus Composite
Warpage
High CTE, Low Modulus Dimensional

Stability
Lines (um) 25-75 5-7
Vias (um) 100 5-20
Capture Pads (um) 400 |:> 5-20
Wiring (cm/cm?) 300 10000
1/0 (cm™) 1000 20000
Pitch (um) 200-300 20-50

Figure 1.4: Comparison of today's asymmetric and tomorrow's convetgght
performance Microsystems; The use of a high-stiffness, low-@F&mic as a package
substrate material can allow the interconnects to be placedlgntithin a BCB build
up. Lines and spaces could be <10 pum in such a scheme. (Source: Georgia Tech).
Recently, thin core or coreless substrate technology is emeagithe choice for
the most demanding system applications for thinner profile and esup&gctrical
performance. Though packaging materials industry is respondingstalémand with
advanced substrate materials such as low loss and toughened epbRiesd epoxy
based laminates reinforced with PTFE (Gore), the stiffnepsresments are still major

impediments for this coreless technology unless rigid tempokaners and stiffeners

(NEC) are used. High stiffness dielectrics need an inorgamforeement which makes
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thinning and laser drilling difficult. To address these barriersnaeds in a cost-effective
manner, there is a need for newer thin core, low CTE, high stiffsabstrate

technologies.

Compliant Interconnects

Compliant Wafer Level Packages have offered a solution to thecshongs of underfill

and flip chip technologies. They do a better job than most techaslag satisfying the
mechanical requirements of high performance micron sized intercisniktowever, this
mechanical reliability comes at the cost of electricalfqggerance which is again

compromised due to lengthy connections as in the case of wire bonds.

Cu-low k Integrity

Cu-low-k structural integrity is another major reliability comcdor high-density flip-
chip packages. Interfacial delamination is commonly observed in lowtktrar low-k
interconnects after assembly due to large deformation andestrgemerated by the
thermal mismatch between the silicon die and the substrate. Iwdfe back-end
process, the crack driving force results from the thin filndted stresses within each
layer and the thermal mismatch stresses within the lowdkst®uring the packaging
process, in addition to the residual stresses and thermal misstrasses within the Cu-
low-k stack, the global thermal mismatch between the package I@néxerts
considerable external loads on the Cu-low-k structures. Comparedheitbxide, the
low-k dielectric is softer, expands more and adheres weakly to midterials. Since the

adhesion strength for passivation/low-k dielectric interfaceois, lit is prone to
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delamination. While this indicates that interfacial delaminasomot a critical issue for a
standalone die, the problem is commonly observed in Cu-low-k interconrfésts a
assembling the die into a flip-chip package as reported by Meetadd6] and Duet al.
[7]. The ITRS 2005 [5] has identified the UBM integrity and package compatiaditiie
key areas of challenge in the Cu-low-k IC assembly and packaBiimginating the
global CTE mismatch between the package and the IC can minthez&u-low-k
reliability problem by significantly reducing the interfacsifesses in the Cu-low-k stack
[6-8].

New package reliability issues arise in the assembly anklgacof Cu-low-k
dielectric devices and other new materials and structures.tidéitmtroduction of these
and other new package and device types there is much research neteckiiability
physics, related materials science and the physical environmikets these products are
being used. These technologies will be required if we are to theetlemand for
increased reliability. Therefore, an interconnection technologgeéslied that can satisfy
the fine-pitch reliability requirements as well as addresseschallenges arising from

Cu-low-k.

1.4 The Nano Interconnect Proposal with Chip-last Technology

As discussed above, solder has been the traditional choice for @WTilip chip
interconnections in spite of its poor mechanical properties andiedqberformance-
mechanical performance trade-offs and process constraints. tiue fife of a flip chip
solder interconnection is proportional to the vertical stand-off hdigkérconnection
height) between the chip and the substrate. Compliant leads madedef gplother

materials solve the mechanical reliability but with higherapitics. With the trend
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towards shorter interconnections, fine pitch and higher I/O densitg thea need for
more innovative interconnect solutions to overcome the limitationsldéisbumps. This

gap between future requirements and current technologies imalcdllustrated in

Figure 1.5.
Today Future
5 X Reduction
in Pitch Challenges -

 Best Mechanical Prop. (Fatigue?)
« Best Electrical Prop. (L,C,R)
« High Reliability

« 150 - 200 micron pitch
¢ Solder Ball with underfill

« Wire Bond/Compliant Interconnects
* Low Cost

» Reworkability (MCMs)

Figure 1.5: Current area-array interconnect technologies and future regpiisem

In order to address these issues with chip-first and chip-las{PRC has
proposed a chip-last embedded active approach [9]. Here the chgmsla@dded after all
the build-up layer processes are finished. For the interconnectianstkadle metal
based nano-structured interconnect are used to enable shortesnmtetovith the best
electrical and thermo-mechanical properties. To minimize the epsability and
reliability problems associated with solder based flip chip rakBe nano-structured
interconnections have the potential as a candidate for replaceshesdlder. This
approach has several advantages such as:

1) Stronger, fatigue resistant interconnection materials compared to solders

2) Minimal bridging problems because of the non-reflowable metal post
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3) Lower bump temperature, uniform current distribution and thick UBM thashe

in the electro-migration aspect.

4) Fine pitch assembly with higher standoff, thus promoting the underfilling process.

5) Flexibility of bumping with various shapes and sizes; thus enhancing the

performance of the flip chip assembly.

The proposed nano copper and nickel based interconnects will be a new

fundamental and comprehensive paradigm to solve all the four bafrjef® pitch 2)
Electrical performance 3) Reliability and 4) Cost. The nepr@gch involves the use of
nano-copper and nano-nickel based interconnections for high fatiguenesjistdrahigh
current carrying capabilities and lowest electrical parasitic

The 1/0O pitch challenge is proposed to be accomplished by fahgcé#tese
interconnects at a pitch of 50 microns. The high electrical perfarens obtained from
the lowest capacitance, resistance and inductance of the interconsigbtiat can be
shortened as required. It also comes from the ultrahigh currentydessébility of nano-
grained metals. The high reliability comes about by ultra lowess on the
interconnections enabled by low TCE package. It also comes abautuftra superior
fatigue resistance and strength of nano-grained metals. Lawaogs from wafer level
packaging—a process by which the entire wafer is depositedhatith interconnections

with a few lithographic steps.

Nano-grained copper and nickel have been shown to possess tremendous

resistance to deformation and potentially high resistance guétnd fracture with low

electrical resistance and high current carrying capabilitys I because nano materials
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seem to have outstanding mechanical properties, order of magnitiide than their
microcrystalline counter-parts. Taking advantage of these imtinsperties, we propose
to explore novel manufacturing and assembly processes and tools to peliabée
wafer level packages with higher interconnect densities. Naamortnections hold the
potential to provide quantum jump in the number of interconnections andoy&dethe
best electrical and mechanical properties. This thesis systaftyainvestigates the
reliability benefit provided by nano-structured materials and thdalslity as a potential

replacement for solder based interconnections.

1.5 Objective of Thesis and Organization
The objective of this research, guided by the trends and the desdldescribed above is
to explore the potential on providing a large number of interconnedigineen ICs in a
system by means of fine-pitch nano-structured metal intercaanscthe final goal of
this research is to have nano-metal interconnects integratedtheitback-end wafer
fabrication technology and tested and burn-in at the wafer level dnghaspeed. In this
approach, the best electrical properties come from the snaitamnects enabling ultra-
high speed signal transmission. The mechanical integrity andiligficome from the
improved mechanical properties of materials at nano-scale. Namo l@aél packaging
of ICs is expected to be cost effective since nano-scale ciiome are deposited on the
entire 300 mm wafer with thousands and possibly millions of connections.

The approach is to evaluate if pure metals such as Copper arel blckretain
their superior electrical properties and also to use them inergstalline form at around
20-50 nm to achieve the combinations of strength, fatigue resistamtetoaghness

needed to serve the mechanical functions for 50 pm pitch intercenndelectro-
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chemical plating is the preferred method to produce nano-struatuegals for nano-
grained copper and nickel interconnects. Various low cost matgniddesis routes were
demonstrated to yield the bonding interfaces for IC-substrate bonding.

The research presented in this thesis has evaluated nano-stfuestareonnects
using both Finite Element Analysis (FEA) and experimentdlyarsafor high density and
high reliability packaging. This includes formation of two-dimensi¢@®) FE models
of appropriate structures followed by application of correspondingepsing conditions
and/or thermal cycling. Experimental analysis includes thdcttion of test vehicles
followed by reliability testing and measurements. Experimentaltsesté then correlated
with FEM results in order to analyze the suitability of nanoestired interconnects for
future fin-pitch interconnection requirements.

Chapter 2 provides a discussion on various issues mentioned in tgevath
regards to the work described in this thesis. This starts witltltakbenges associated
with next-generation-chip to package interconnections; discussed botérnis of
materials and process challenges. This is followed by a reefewarious rigid and
compliant interconnection technologies suggested by various resgewaps. The
chapter concludes with a discussion on various bonding methodologies gmdpbgies
of nano-structured materials.

Chapter 3 deals with design and FE modeling of nano-structured imtexts
assembled on various substrates using a number of bonding approachess|iitbga
discussion on the design of chip and substrate test vehicles aténammtect pitches for

electrical and thermo-mechanical characterization. This iewWet by an illustration of
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the geometry modeled and a description of the material propesgesin modeling. This
is followed by interconnect reliability modeling at 200pum pitch.

Chapter 4 describes the various chemical synthesis processesbandtitm
techniques used to deposit nano-structured copper and nickel intercoahdeie
interconnect pitches. This includes a thorough discussion on variot®lgter plating
baths used and their composition and parameters in which they ar¢éedp&aetailed
experimental techniques are described for the deposition of vahiouard thick-film
bonding interfaces.

Chapter 5 covers the results and discussion based on the experishiaues
discussed in chapter 4. It shows the fabrication results for chipsusastrates at the two
interconnect pitches and the synthesis results for deposition of bantknfgaces using
various routes. This is followed by the assembly and thermo-meehaal@bility of
nano-structured interconnects and correlation with FE modeling. Appepiscussion,
based on results, is presented at various stages in this chaptedemto reach
conclusions which form the Chapter 6.

Chapter 6 also suggests the areas in which future work cardeedmut in order
to further explore the concept in order to examine the viabilitynario-structured
interconnections for next generation micro-systems packaging.

Promising and robust processing approaches have been developed ashmart of
work to fabricate and assemble high density, and reliable chipe&wd interconnections
that are also able to conduct high currents and high amounts oéffiesntly. In a

nutshell, nano interconnects hold the promise of meeting the challerigeext
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generation packages, that can be produced as scalable, low cokighndolume

packages with high yields and high performance.
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CHAPTER 2

LITERATURE REVIEW

The introductory chapter described how emerging technologiespgmtidagions
are driving the requirements and innovation for next generation sygirkaging and
assembly. In connection to this changed and extended view, a new &mphas
fundamental approaches is needed to meet and complement the emautjirgrale
systems. The design processes and needed tools have to succesgieelyith this
tremendous increase in complexity. The understanding and utilizatiomatérial
properties, material interaction, and advanced material processingritical for
developing new technologies in a long-term perspective. [10]

This chapter discusses the material and process challenges rasve towards
finer pitch interconnect. In addition, a number of wafer level paongatgchnologies
have been analyzed distinctly in terms of various technical isBa#s compliant and
rigid type of interconnects are discussed in detail, as wétleabenefits and trade-offs of
each kind of technology. The discussion will reveal the statbeskettechnologies as of
today. The properties of nano materials and their potential appficatichip to package
interconnects are also discussed in detail. Various deposition methods assatisglong
with the properties exhibited by these materials. The chapteludes with a thorough
discussion on traditional and leading edge bonding materials and tecksolsgid for

joining the interconnection to the substrate.
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2.1 Long Term R&D Challenges from Roadmaps

The semiconductor industry closely follows a roadmap that projectsettek for several
technology generations. The package must be capable of meetingritjestons if it is
to be successful. In this section are discussed the differen¢rudpedl that will be faced
by any new WLP (Wafer Level Package) technology in termsmekting the
requirements of the International Technology Roadmap for Semicond{it&S) [5]
Different technology markets will have varying needs in teainthese issues. Starting
from the I/O count, high performance applications have the highestdfi@rement of all
the markets. The size of the die is assumed to be the sizeR$.WInimum pitches are
used to calculate the number of 1/Os supported by a particular tdtihology. The
predictions of ITRS roadmap in terms of interconnect pitch for thmesn
interconnection technologies in use today are tabulated in table 2.1.

Table 2.12005ITRS Roadmap for Interconnect Pitch (um).

Year 2007 2009 2010 2015 2020
Wire bond 30 25 25 20 20
Area Array Flip
120 100 90 80 70
Chip
Peripheral Flip
30 25 20 20 20
Chip

The wafer level packages are projected to use interconnectsdti2® microns
in future. Using these numbers, the total I/Os supported by eclchalogy is calculated.

It is important to note here that these are I/Os that can bedotan the package and do
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not necessarily suggest that they will be routed on the substrate. Thmdewaf@approach

using nano-interconnects at a pitch of 50 microns exceeds ti& piétections for all

generations. The comments about packaging challenges arisinghkeemrequirements

beyond around 2010 are neither comprehensive, nor particularly detaitezl ioadmap,

and do not therefore give much of sp

ecific guidance. For exampleTR® 2005

Assembly and Packaging roadmap summarizes their picture dérulped and issues in

table 2.2.

Table 2.2:Assembly and packaging diffi

cult challenges beyond 2010 (re-writtiele

92b from ITRS 2005 Assembly and Packaging roadmap) [5].

Difficult challenges beyond 2010

Summary of Issues

Package cost does not follow the die cos

reduction curve

tMargin in packaging inadequate to suppd

investment required to reduce cost

Small die with high pad count, High powe

density, and/or high frequency

2ICurrent density, operating temperature, ¢
for these devices exceed the capabilities

current assembly and packaging technol

2tC

of

0gy

High frequency die

Substrate wiring density to support
lines/mm; Lower loss dielectrics—sk

effect above 10 GHz;

>20

n

Close gaps between substrate technolog

and the chip

ySilicon I/O density increasing faster th

the package substrate technolo

Production techniques will require silico

like production and process technologies.

Table 2.2 (Continued).

23



Table 2.2 (Continued).

System-level design capability to

integrated chips, passives, and substrate

Partitioning of system designs a

gnanufacturing across numerous compa
make

will required optimization

performance, reliability, and cost

complex systems very difficult. Embedd
into

passives may be integrated

“bumps” as well as the substrates.

fa

nies

=

ol

he

New device types (organic, nanostructur
biological) that require new packaging

technologies

eE)rganic device packaging requirements
yet defined; Biological interfaces wi
require new interface types; Bumpless 3
array technologies will be needed duri
this period. Face to face packages and g
3D packages

are examples.

driving forces.

frequency, low power and low profile are

not

rea

ng

ther

High

The referred challenges beyond 2010 are not very different fromsthait and

medium term roadmaps. They mostly stress issues already dsingssed by different

segments of the research and development community. The tablesewmbrtimat:

“Production techniques will require silicon-like production and processitdogies after

2005". A challenge and an opportunity exist here to find ways around thisrsukl,

avoiding involving the more expensive silicon-like production and procekadkgies.

2
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Table 2.3 summarizes the key IC technology drivers and their ingpatiie emerging

packaging technologies.

Table 2.3: Impact of IC Technology on Packaging Technology

IC Technology Drives

IC Technology

Consequences

Impact for Packaging

Technology

- Larger

size

yielded die -

- Shorter gate lengths) -

More transistors per dig -

Shorter gate delay
Higher clock frequency
Higher

dissipation

power| -

Higher 1/0O count required

Signal integrity feature
required
Interconnect delays to &
minimized
More efficient therma

management required

[v)

e

An obvious challenge is that new device types (organic, nanostrgicture

biological) put different requirements on packaging technologies aretiap on the

temperature and chemical environment excursions during processipgcidiy

biological, but also organic materials with interesting propedamot be involved in

many of today’s processes. Process-design and process contpatitiiltherefore be

much more important in the future. New processes need to avoidemgietatures and

probably often exclude also vacuum steps for both compatibility andreasbns.

Organic materials that are specifically designed to avoidgassing and degradation

under these circumstances will find more use in future [11].
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2.2 Current Interconnect Technologies and Materials Challenge of Area Array
Electronic Packaging

Electronic packages, the housings for semiconductor devices, canchibategas all of
the materials around the semiconductor up to, and often including, a printed wiring board.
A package typically consists of the semiconductor mounted and winéd galder or
gold wires) to a dielectric substrate that is encapsulatecdabtkse device from the
environment. The electronic package must serve four functions: preledgical (or
photonic) contact to and from the chip; act as an electrical dpmasformer to take
electronic functionality from the dense surface of the chip tacdlaeser pitched outside
world; provide environmental isolation to the semiconductor; and provide aneaver
heat conduction away from the device.

Electronic packaging, and to a greater degree area-arr&ggiag, is arguably
one of the most materials-intensive applications today. The fanoilinaterials included
in a package include semiconductors, ceramics, glasses, polymeénmsetals. A list of
the type of materials used in electronic packages is shown in Zabldhe processes
that are required to assemble a package are equally variddirgyesoldering, curing,
cold and hot working, sintering, adhesive bonding, laser drilling, and etching.

The important issues in advanced area-array electronic packaging
semiconductor devices are materials driven. Some of the progessren materials
issues include the effect of introducing a silicon device interfatie copper pads and a
low-K dielectric, the effect of decreasing pitch and featsize on the package
interconnects, the development and implementation of organic substnatieadvanced

underfills for fine-pitch flip-chip applications. From a materiaeliability aspect,
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important materials issues include enhanced solder interconneabilityl and

complexities evolving from the introduction of lead-free solder alloys [12, 13].

Table 2.4: Materials Used in Electronic Packaging

Material

Application

Semiconductors

D

Si, GaAs

Metals

Solders for interconnects (Sn-Pb, Sn-Ag; gold wirebonds; capper

lead frames (Kovar, CuBe, Alloy 42); copper traces in substr
tungsten, molybdenum traces in co-fired ceramics; Ag, Au, P
thin/thick films on ceramics; and nickel diffusion barr

metallizations.

Ceramics

Al,O3 substrates modified with BaO, SIGCuO,etc.; SiN dielectrics;

diamond heat sinks.

Polymers

Epoxies (overmold); filled epoxies (overmold); silica-fill
anhydride resin (underfills); conductive adhesives (die bonc
interconnects); laminated epoxy/glass substrates; polyi
dielectric; benzoyclobutene; silicones; and photosensitive poly

for photomasks.

Glasses

ate

d for

er

1%
o

ling,
mide

mers

SiO, fibers for optoelectronics; silicate glasses for sealing;

borosilicate glass substrates; and glass fibers for epoxy.

substrates (FR-4).
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In the past, advances in silicon semiconductors had little or not effetche
electronic-package design or process. New advances in siliconedelave driven
increases in chip speed, device density (e.g., the number obtoassnni), and power
dissipation. These changes, and those planned in the future, require lar@persnom
interconnects to and from the devices, improved electrical penfimenanore effective
thermal management, software systems to design and modeaseraldy, and different
sets of materials to make these changes happen. Furthetineopackage is shrinking to
a minimalist version of the products that traditionally have ludled packaging. The
chip and board have become a conjugate packaging system thatprouvste the
traditional levels of electrical, mechanical, thermal inteséacand environmental
protection, with the additional challenge of increased performanceddition, the
boundary between where the device ends and where the package begbecdrae
blurred with passive devices (e.g., resistors, capacitors, etctheinpackage and
redistribution layers that act as space transformers onhipe Electronic packaging is
becoming one of the greatest challenges in manufacturabilityprpenice, and
reliability in advanced electronics applications.

Some of the needs for improved performance can be met with sonenwvearghe
packaging solutions that have been developed over the last 5-10 ye@se. sblutions
have typically focused on peripheral packages with wirebond chip-togacka
interconnects. A schematic illustration of one such package is shokigure 2.1. The
devices on the silicon die are routed from the center location arhiheo the wirebond
pads on the periphery. The chip is mechanically bonded to a sabatdtis gold-

wirebonded to electrically connect the chip to the leadframe. [€hdframe fans
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interconnects through a dielectric (ceramic or organic) irgergheral pattern, where it
can be soldered to a printed wiring board. As the number of leadssesréhis type of

package becomes problematic.

Polymer overmold

—
Gold wirebonds
- / Silicon die

&
W/\ =
>

&

Figure 2.1: An isometric-section schematic that illustrates a perigheskhge showing a
dual-in-line-package (DiP) that is wire bonded.

Leadframe

An alternative to peripheral interconnect packaging is to acceamtised area
under the chip and package for interconnects in an area-array solutischefnatic
example of an area-array package is shown in Figure 2.2. lraaegapackaging, the
surface of the chip has an array of solder interconnects (sold@shtimt are joined to a
substrate when the chip is flipped over (flip-chip packaging). Tleecohnects can then
be fanned-out through the package to another area-array geometey looittm of the
package called a ball-grid array (BGA). An organic underfilsfihe gap between the
silicon die and substrate to enhance mechanical adhesion. The pitehsoider bumps
is much coarser than for wire bonding - 200 pm to 250 pum.

One of the great advantages of the area-array package is an increase inoére num
of available input/output (I/O) leads over peripheral designs.ekample, at a 70 um

pitch, the maximum number of wire bonds on a 10 mm chip is less thak@Cén area-
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array package on the same 10 mm chip, even at the coarser bump @&h oh, the
number of available I/O interconnects increases up to 1,600. Furtherm®adfficult to
design the sweep of wires from the chip to the lead frameriphesal packaging to
eliminate shorts and minimize inductance between adjacent Winese issues are not
present in the much coarser pitched area-array packagdigrchip package, the solder
interconnects can also act as heat sinks because they ehedtta the active surface of

the silicon and are massive enough to draw heat away from the silicon.

Flip Chip Silicon Device

solder balls

Underfill

BGA solder balls ~
Printed Wiring Board

Figure 2.2. A schematic of an area-array package witip&tip device interconnect
and a ball-grid array package.

Also, the cost of current peripheral array solutions has geneealtgeded
customer targets while falling short of advanced requirements rforpance and
reliability. Additional development is needed to meet the tarfeeduced cost with
increasing functionality and performance. The number of I/O ioberects must increase
dramatically with functionality while the cost per I/0O mustrdase at a rate comparable
to that of the silicon device.

The requirements for improvements in the functionality of electrdengces will
also drive the area-array package solutions. High-performegpmlecations have an 1/0

range of 1,000-2,000 with a voltage drop power requirement and ground aiilabi
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the middle of the chip, rather than at the edges, which resultdrineatoward a flip-chip
area-array solution. Hand-held (e.qg., cellphones) and cost-perforrfeagcedesktop and
portable computers) applications have a lower I/O requirement,anvithm factor that
requires a tighter density of I/Os provided by an area-areedkgme. Even with the
advantages created by area-array packaging, performangabilitgl and cost
requirements are challenging currently available areg-alectronic package design.

The majority of these challenges are materials driven [14].

Solder

Dielectric

Ti

Figure 2.3: A cross-sectional schematic of a UBM and solder bieam@ flip-chip
interconnect.

Deposition of metal on the aluminum or copper pads on the silicon dewised
to provide a solder wettable surface for the flip-chip solderaaterects and a diffusion
barrier to the silicon (Figure 2.3). The metals are deposited iarea array at the wafer
level and can be plated or deposited by physical means (evaponaspgttering). The
metal stack, or Under Bump Metallurgy (UBM), typically consists o&dinesion layer to

the pad (chromium, titanium, or zincated aluminum), a diffusion bawrl@oium or
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nickel), and a solder wettable layer (nickel, copper, or gold). Tlgses are typically a
few thousand angstroms thick and are patterned on the wafer lojithlography. Solder
is deposited on the UBM by evaporation (high-lead-content solderspgplat solder
paste.

The flip-chip solder interconnects are typically a high-lead-cargelder alloy
(e.g., Pb-5Sn or Sn-3.5PDb, in wt. %) that has a melting point in egE&°C. This
high-melting-temperature solder alloy does not reflow during espeent soldering
processes (e.g., substrate to board reflow). The solder is reftowfedn solder balls,
and the wafer is then diced. For assembly into a package, the sliccansoldered to a
ceramic, or an organic substrate. A silica-filled anhydrigenranderfill is then flowed
and cured under the die to enhance mechanical adhesion. The subgiedtermed to
mirror the configuration of the solder balls on the die. The subgieate are metallized
to be wettable by the solder. The substrate acts to redisttiteuteads to a coarser pitch
on the package side.

To form the BGA interconnects, solder balls are mechanicallyeglam the
substrate lands using mechanical fixtures. The solder allajpéoBGA interconnects is
typically a near eutectic Sn-Pb alloy that melts at 183°C. [dles are fluxed and
reflowed to join to the substrate. Welding, or brazing, or glassigeallid on the die or
by flowing and curing an organic encapsulant (glob top) over the digletan the
package. The package is then ready for assembly to a printed wiring board.

The environment for electronic packages can be quite severe, depepdmthe
application, and the package must perform reliably in the requiredoement. The

package can be exposed to ambient thermal cycles that can nmamge few degrees for
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a desk-top computer to almost 200°C for automobiles or avionics applicalibas
device itself can create thermal cycles through joule heétimging the device on and
off). These temperature fluctuations result in thermo-mechagigekes because the
materials joined in an electronic package have a wide randjeeafr coefficients of
thermal expansion. The package can be exposed for long periods of tetevated
temperatures due to a combination of high-temperature ambient condéignsunder
the hood of an automobile) and joule heating. These temperatures (~125T®) can
be well in excess of 90 percent of the melting point of the solaeed in the package.
The package can also be exposed to mechanical strains due to vibratloock (e.g.,
dropping the device). These environmental requirements are complicaedrea-array

package where the solder bonds are both electrical and mechanical interconnects.

2.3 Critical Materials and Processing Issues

The processes discussed above for currently used area-arrayatapmdichave been
optimized according to various requirements and, although challengasglt rin
manufacturable and reliable assemblies. However, there are amoiméguirements on
the horizon that relate to device performance, size, number qfdé8g and reliability

that will challenge and modify these processes.

a) Packaging Devices with Copper Metallization with a Low-k Dielectric

New metallization materials are being incorporated on silidemices to improve

performance, while simultaneously increasing electro-migraésistance. Plated-copper
metallization offers the lowest cost with greater eleatriconductivity than sputter-

deposited aluminum metallization. Additionally, low-permittivity iregoks (low-
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dielectrics with < 3 provide a reduced capacitance and catlsdetween conductors.
The low-k material is used as a dielectric insulator inrber-level dielectric (wiring the
silicon out to the first package interconnect) with a matrix @bper or aluminum
interlaced, typically using a dual damascene process [15At7example of a low-k
material used for semiconductor devices is the photosensitive becipebeyenes
(photo-BCB) polymer that has a k = 2.65. The damascene process atahtemg-layer

metal structure is shown in Figure 2.4.

—_Lowk
/dieletric
— Si

ontact pad | Seed layer
Via
Barrier

Plated Cu
via and pad

Etch stop—"

(SIN) ~_

Figure 2.4: Process steps to fabricate a dual damascene stmittucopper and a low-k
dielectric [17].

The devices for which copper and low-k dielectric are the mostbsiitdso
require area-array packaging, involving flip-chip interconnects, inrdedaccommodate
the large number of 1/0Os expected with these devices. The flparhay also reduces

cross talk that could occur in wire bonded packages, because theitesgcan act as
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antennas and create an inductive current in nearby conductors. Theowave the use
of copper and low-k on the die could potentially affect the manufaclityabnd
reliability of the packaged devices. The significant issues involvgzhckaging copper
and low-k involve bonding with the copper and structural stability of thkectric during
processing and in service.

Many of the currently used low-k materials have properties thgtade at
processing temperatures in excess of 250°C due to extensive ickosg-lin the
polymer. Therefore, the solders that must be used to intercowiiedhe copper/low-k
silicon device must have a suitable process temperature. The atdgenidely used for
this application is the near eutectic Sn-Pb alloy that melts at 183°C. Cu-ldmavis to
have a fracture toughness of 1 Jkompared to oxides and oxy-nitrides (8-162)/and
Cu-epoxy (25 J/A). Since the adhesion strength for passivation/low-k dielectric
interface is low, it is prone to delamination. While this indisatbat interfacial
delamination is not a critical issue for a stand-alone die,ptioblem is commonly
observed in Cu-low-k interconnects after the die assembly [18].

There are a number of challenges associated with this charoggper low-k.
The UBM must be redeveloped in changing from a high-lead smldbe eutectic solder
alloy. The greater amount of tin (~63 wt.%) in the eutectic saltley results in a much
faster reaction with the wettable UBM metallization and coeiit in de-wetting if the
appropriate metal types and thicknesses are not present. The UBil\d are deposited
in what could be highly stressed conditions that could affect thiarpgmnce and

reliability of the bumps.
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These UBM structures have earlier been optimized for aluminumh pa
metallization and may require changes for adhesion to copper padsnédalézation
that has seen a great deal of development over the last fesvay@hhas shown a great
deal of promise is electroless Ni-P. Electroless Ni-P hastlvantage that it only plates
over metal and, so, is a selective-metal-deposition technique as oppesagoration or
sputtering, which requires patterning and etching process steps$ioless nickel has
potential as a low-cost UBM and has a very slow reaction r#te tim. However,
implementation of the electroless nickel as a UBM is not wiekexl because processing
and reliability require further characterization efforts, theré are significant research
efforts underway. Furthermore, electroless nickel is typigalgceded by zincation on
aluminum pads, which can not be performed on copper. A new process edltobe

developed.

(b) Fine-Pitch Packaging
The trend in flip-chip interconnect pitch, as represented in Tablerzlitates that the
current 150 um pitch will shrink to 90 um by 2010. The driving force for this pitch shrink
is to satisfy the requirements for high-performance silicon dgviEkeese requirements
include a dramatic increase in the number of 1/0Os due to incareétse number of signal
lines and power requirements. Higher power devices require mgmal and ground
lines and, to limit point sources of heat, the power and ground intercerstemild be
spread evenly across the area array.

There are a number of materials and processing challengesassd with finer

pitches. As the pitch shrinks, the methods to deposit the solder benoreelimited.
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Solder paste is very difficult to deposit using a silk-screermoadeat pitches below 150
pm due to rheological limitations of forcing a semi-solid (pp#tto small holes (silk
screen). Evaporation is difficult because developing a metakrsangask with the
required tolerances is prohibitively expensive. Solder plating lisasgjood option, but
the solder must be very uniform across each die and currenmbplating chemistries for
binary and ternary solder alloys do not provide a tight control otedlalloy

compositions. Solder ball uniformity is also critical because laag@tions between die

could result in electrical opens for small balls and shorts for large bajle¢ 2.5).

iindersized Solder Ball Oy

Figure 2.5: The uniformity of ball size on the flip chip is intpat. (a) If the ball is
undersized, electrical opens occur. (b) If the ball is oversieksttrical shorting is
possible.

An additional issue with a decrease in ball size is the starfteafht between the
substrate and the die decreases to the point that it may beewyndifficult to flow
underfill completely under the die. At 100 um pitch, the gap betweerdithend
substrate could be significantly less than 45 um, limiting e 6f underfill. For these
very fine-pitch applications, an alternative underfill technique makd to be developed
or flow under the chip will not be possible. One alternative would be positethe

underfill material on the wafer immediately after flip-chgdder bumping. New underfill

materials and processes would have to be developed to implement this process.
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(c) Organic Substrates

Enormous cost savings are realized in electronic packaging gigcireg ceramic
substrates with organic substrates, reason being that, in volumectoogd organic
materials are less expensive than ceramics. The organicdasebalso offers a lower
dielectric constant of 3.5 for organic vs. 5 for ceramics (thexefess capacitance and
better speed).

The board interconnect density for flip-chip substrates musinatodate the
increasing density of off-chip interconnect, and cost-effectivgstsate capability that
combines the necessary fine line and micro-via features mustvbpled. Micro-vias
are the metal-filled holes that provide a conduction path between clpgerin the
multiple layers of an organic substrate. Micro-via capabitityst also scale with line
width/spacing in order to provide the "via in-line" structures se&®y to support bump-
pitch densification. At current 250 um pitches, micro-vias can batexeusing a
photolithographic process. At finer pitches, laser-drilling technisuest be developed
to create the required small via size [19].

Advanced substrates for flip chips must also provide increased Viieatiile
delivering improved electrical performance with reliabiliéyels at least equivalent to
current surface-mount applications. New materials with diétectmstants approaching
2.0 and with coefficients of thermal expansion approaching 6.0 ppm/°Genilecessary
to meet fine-pitch requirements. Furthermore, uniformity and #atrage critical for
organic substrates to ensure uniform joint size and bonding acrossdieaes the

interconnect pitch decreases [20].
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(d) Underfill
Flip-chip technology demands that the space between the chip and#teate be filled
with a dielectric organic material to help mechanicallgiiaick the chip to the substrate.
The underfill material is a silica-filled anhydride resin po&r. The filler provides the
strength in the composite polymer, and the resin bonds with the disulstrate. A
scanning electron miscroscopy (SEM) micrograph cross seaftiareutectic solder flip-
chip joint on an organic substrate with silica-filled underfill is shown in Figure 2.6.
Without this underfill material the difference in the coefficienit thermal

expansion between the chip (3 x®1@hnm/mm°C) and the substrate (~17 x°10
mm/mm°C) would quickly result in fracture of the solder interconnettsn variations
in temperature occurred. New underfills are being developedctomemodate increased
bump density and shrinking bump height.

Si die

UBM—

Solder

Cu pad —

Organic __
Substrate

10 pum Underfill

Figure 2.6: A micrograph of a flip-chip solder bump with silica-filled undeil][

As bump density increases and pitch decreases, the underfill lowsinto

smaller and smaller spaces. The applications at 250 um pgahreean underfill with a
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thickness of 110 um. At a 150 um pitch, the distance between the chsplastdate will
be less than 50 pum but must result in 100 percent fill for requeneglsl of reliability.
Traditional flow dispensing and cure may not be suitable in thesesfiaices due to a
lack of capillary driving force. For very thin fill spaces, walkvel deposition of the
underfill will need to be developed. This wafer-level deposition would wavepin-on of
an uncured polymer to a uniform thickness slightly less than the bumipt.n€he wafer
would then be diced and die-mounted on substrates. Reflow would form diee jpahts
and cure the underfill simultaneously. Materials development is eshtorcreate a filled
polymer that can be spun to a uniform thickness of 25 um ordesds well with silicon

and substrate materials, and are compliant.

(e) Solder Reliability
For surface-mount and area-array applications, the role of sold#reipackage is
increased. In these advanced designs, the solder is an electtégtaonnect and a
mechanical bond, and must also serve as a thermal conduit to renaivizohe the
joined device. The interconnects become more critical as chipckipecarrier size, and
the number of I/Os increase, while the solder joint size and costade. Furthermore,
some of the use environments are becoming increasingly severex&wople, some
automotive electronics are being relocated under the hood with tomgeextremes that
could range from -55° to 180°C. Portable devices, such as cellupphteles, are
expected to withstand severe shock environments caused by dropping a phone.
Under thermal cycling conditions, the solder interconnects undergo -micro

structural evolution through heterogeneous coarsening and failuresiés in electrical
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opens. This situation is alleviated, although not eliminated, through #heofushe
underfill for the flip-chip interconnects. Currently, BGA intercoctseare not underfilled
because they are much more massive and typically join mateiddsmore closely
matched coefficients of thermal expansion. As the pitch shrinks tla@ddie size
increases, the amount of strain imposed upon the solder interconnectsaases. The
strain imposed on the solder joints follows the relation

Dg =Da.bTa/h [2.1]
where is the shear strain imposed, is the difference in coefficient of expansion
between the joined materialsT is the temperature changejs the distance from the
neutral expansion point of the joined materials, lamslthe thickness of the interconnect.

An example of the change in strain follows: For the 250 um pitcle af 17.3
mm’ has a = 8.65 mm and h = 110 pm; for 100 um pitch, the die is 22°8nitima =
11.4 mm and h = 25 um [22]. The temperature excursion is 100°C and theSdi@ is
10%°C) with an FR-4 substrate (17 x 90C). The resultant shear strains in the
outermost solder interconnects at 250 um and 100 pum pitches areeigant and 50
percent, respectively. The larger strains result in more fapigle failures in both the
solder and potential fractures in the silicon if the underfiligfars the strain to the more
brittle component.

This issue may need to be addressed with more compliant intercorarett
underfill with more fatigue-resistant interconnects. Another potfesdlation is to use
greater standoff solder interconnects with an aspect ratio meetegrthan one. This
solution has been incorporated with great success on BGA interconusaat) column

grid arrays rather than standard balls.
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(f) Lead-Free Solder Alloys

Concerns about the presence of lead in the environment and potentialrexguenarios
that could result in the ingestion of lead by humans and wildlife gnampted a
concerted effort to limit the use of lead in manufactured productslfiyogasoline,
plumbing solders, and paint). The driving forces of this effort aaeynand include the
U.S. federal government, the U.S. Environmental Protection Agenty,astd municipal
governments, activist groups, and concerned citizens. Japan and Europe eted init
similar efforts in the elimination of lead from the environmenhads been construed by
the electronics industry that the use of lead-bearing solders woulitenatmune from
the consequences of these debates and legislative efforts. Fortheantead-free solder
alloy would limit the problems created byparticle-induced soft errors. Therefore,
efforts have commenced to develop lead-free solder alloys for argarder@onnects.

A number of tin-based solder alloys have been proposed as leasitbsttutes
for packaging applications. There is no single candidate &dlogplace eutectic Sn-Pb
solder, but there are three alloys that stand out as strong possiliar implementation
as lead-free alternatives. These lead-free alloys, theltingiébehavior and a brief
discussion of their microstructure are given in Table 2.5.

The intermetallics that form upon the reaction of these soldéfs typical
metallizations are the same as are found with eutectic Sn4fPlsogper, a compound
layer of CySn/CuySn forms, while with nickel, a Nbn, layer forms. The kinetics of
inter-metallic growth is also similar to eutectic Sn-Pb. Onemgatl problem with these
solders is the higher melting temperature of these soldersahlmught make them

unsuitable for certain applications. However, the ability to s@terhigher temperature
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also makes them good candidates for hierarchical soldering. One eqssiblem with
these alloys is that they do not wet copper or nickel mettithizs as well as eutectic Sn-
Pb. The presence of lead in solders improves wetting behavior leyihgwthe liquid
surface tension [23]. Also, higher reflow temperatures lead to higlresses and

warpage in the assembly.

Table 2.5 Candidate Lead-Free Solder Alloys.

Liquidus/Solidus | Processing

Alloy Microstructure
Temp. (°C) Temp. (°C)

Tin matrix with precipitates of

Sn-3.5Ag 221 (eutectic) 260
AgsSn
Tin-rich dendrites with lamellar
CuSbAgSn
211 (eutectic) 240 Sn-Ag-Sb-Cu interdendritic
(Castin)
regions
Tin-matrix surrounded by tin-
rich and bismuth-rich lamella
Sn-3.4Ag-4.8Bi 201 (eutectic) 230

with AgsSn inter-metallic

precipitates

From a mechanical properties perspective, these lead-fiyes akhibit higher
yield strength and slower creep deformation than eutectic Snd®lever, the alloys are

susceptible to interfacial delamination at the inter-metadlider interface under tensile
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loading conditions [24]. These lead-free alloys also have betigudaperformance than

eutectic Sn-Pb, with the Castin alloy having the longest thermo-mechaatigakflife.

2.4 Current WLPs with Compliant Interconnects

The benefits in using compliant interconnects can be seen by a@wgltrad effects of a
structure that simplifies interconnects through a continuous, compbget. The
compliant layer concept can be analyzed by considering a beamahtudee different

materials as shown in Figure 2.7.

Figure 2.7: Compliant Tri-Layer Beam.

Shear and peel stresses are developed when the beam isdmately a certain
temperature gradient from its stress-free temperatuseséten that there is a reduction of
shear stress with an increase of thickness in the midde, layy a decrease of its shear
modulus. It is desirable to keep the thickness of the packagingdsysnall as possible,
because the shorter the interconnect, the higher the frequentieariize supported by
the package. Therefore, improving the compliance of the packayiagdppears to be a
very logical way to avoid mechanical failure by absorbindedgtial strain energy.
However, even if using compliant interconnects can solve the pralfl@hE mismatch,

the electrical performance of these interconnects must beigatesl further. The choice
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of compliant interconnects makes sense only if their performaricfiesathe future
requirements for microelectronics and if they can withstand other faikcbanisms.

The design of compliant interconnects is of critical importanagptimizing their
electrical and mechanical characteristics. These chastit®@re intrinsically linked and
they both depend on the geometry of the structure and the properties wiaterials
used. A requirement that flexible interconnects have to satigfeishree dimensional
mechanical compliance. The structure must exhibit flexibilitthe plane of the chip to
compensate for CTE mismatch between the die and the substratéscbuérdically to
accommodate substrate non-uniformity and to allow test and burn-in avatbe level
package.

Also, the best electrical performance of a device is obtainedetycing the
package parasitics in order to decrease line delays and mimgmike electrical
connection length in order to increase the system working frequétarieover, the
packaging layer must appropriately remove the heat produced blith#r applications
requiring no use of heat sinks (for size or costs limitationspllyi great care has to be
taken so that the effects of all chemical, physical and thenechanical failure
mechanisms on the designed packaging layer are considered.

These issues are to be answered by determining the appraye@netry for the
interconnects and choosing the materials exhibiting suitableriei¢cand thermo-
mechanical properties for the packaging layer. A judicious chaiamaterial could
avoid a complicated structure shape and still provide a reliable dcameas is the case
for compliant solder (a solder ball can then act as a compliagtcamnect). The

possibilities are numerous, but each combination that exhibits aypartelectrical and
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thermo mechanical behavior might only be suitable for one partiaplalication. Most
compliant interconnect solutions that have been developed consist of €lewdthl
connections embedded in a low modulus overcoat. These compliant packagirsy la
provide a linkage between the bond pads on the chip and solder balls thatomtziat
on the substrate pads. Hence, as no stress is applied on soldertjeintiability of the
system is greatly improved.

Compliant Wafer Level Packages have offered a solution to th&cshongs of
underfill and flip chip technologies. They do a better job than mosintdagies at
satisfying the mechanical requirements of high performamceon sized interconnects.
The development of compliant interconnects is in a fairly develspege of research.

There are already several promising designs. Some of them are shown below.

Tl, Fujikura, Matsushita  Hitachi, Seiko Epson Tessera, Mitsui Form Factor, Shinko

Figure 2.8: Current Compliant Research.

Some of the current research includes a packaging technotogyTessera Inc.
in San Jose, California called Wide Area Vertical Expansion, AV Other projects
are from Georgia Institute of Technology. These technologiésdes a high 1/0 density
interconnect called Sea of Leads and G-helix interconnectSVM\E technology from
Tessera Inc. addresses the needs of advanced electronic padkalyidong high pin

count, high speed, high thermal dissipation, and high environmental refiabiig basic
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concept behind their compliant interconnect is the placement of amodulus

encapsulant between a silicon die and its package substrate [25].

. l Coppar Inmazh £ Yaidwg

T LR Rekip s L

Figure 2.9:Schematic of WAVE package.

The fabrication process for the Tesserra WAVE package stéahtscreating the
copper lead on a sacrificial polyimide layer and the solder baltbe die. The polyimide
layer is selectively weakened so that the copper lead wsilyeaeparate from the
polyimide during the injection of the encapsulant material. Theasdilken flipped over
and soldered to the copper leads. The entire panel is then placednjecion fixture
that injects the encapsulant material between the die and sebBuaing the injection,
the encapsulant fills and expands the gap between the die and sulos@atextent
controlled by the injection fixture. The encapsulant and flexible colepels enable the
relative movement of the die and package terminals in the xdyz directions. A cross
section of the final device illustrating the flexible link and grscdant layer is shown in

Figure 2.10.
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Package Substrate

Interconnect Layer — SRR

Flexible Link *
On Chip —_—
Aluminum circuits L

Silicon

Source: Tessara

Figure 2.10: Tessera’s Compliant Interconnect Structure.

A joint development effort between TI Japan and Fujikura has resulted i
unique technology referred to as Cu Plated Resin Core WLP [2fireFR2.11 highlights
the use of Encapsulated Cu Post technology in watch applications vncesased
functionality and miniaturization are driving the packaging requirgmeét shows how a
resin post is formed to provide a compliant, solder wettable, copgtatlired standoff.
An encapsulant is molded over the structure to provide a protectivetdelayer.
Electrically, this packaging technology has been proven to be sthi&ewafer bumping

process uses an under-bump-metallurgy (UBM) technique to form the solder bumps.
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Copper Post

Polyimide Core

Copper
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ball drop

Figure 2.11: Fujikura’s Compliant Bump WLCSP.

An optimum thickness of the compliant polymer has to be determineden tar
ensure mechanical stability. Increasing the thickness would dectba stress on the
BGA solder ball, but it would increase the stress on the copper Téa space between
the die bond pad and the copper lead pad also has to be optimized hbedasigue
stress on the copper lead would increase with increasing bump height.

FormFactor's Wire on Wafer or WOW™ Encapsulated Wire Bond Technadog
a noteworthy technology within this class of WLPs described iditdrature [27]. The
wire bond micro-spring technology on which this WLP technology is dbasas
originally developed for use as a highly compliant contactorifer ffitch probe cards at

Form Factor. A typical thin film redistribution layer technolagyused to distribute the
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chip’s 1/0 out to a 0.5mm or greater pitch. Using a modified golddaaitier, a precisely
shaped gold ball bumped micro-spring structure is formed on the Hedlistt I/O pad
(figure 2.12). This relatively soft bond wire serves as ¢esie for the fabrication of the
micro-spring. The micro-spring is ruggedized while maintaining csnpliancy by
overcoating the wire with electroless Ni/Au. Form Factor bagn successful in

promoting the use of this technology particularly for memory applications.

Over-coating of materials —\\‘

Re-routed Trace

Aluminum Silicon .
Bond Pad

Source: Form Factor

Figure 2.12Micro- Spring Interconnects from Form Factor.

The SEM Photomicrograph shown in figure 2.13 highlights the unique aspect of

the wire spring based compliant bump developed by Form Factohdor WOW™

technology.

Figure 2.13: FormFactor's WOW™ Encapsulated Wire Bond Technology.
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At Georgia Institute of Technology, the Sea of Leads (Sodjept focuses on the
development of ultra high /O density interconnects. SoL uses thinMEMS type
build-up processes as opposed to the thick film technologies of theBAM®ACess. In a
prototype SoL package shown in Figure 2.14, 12,000 leads were fabricateticirt
area. These leads have x-y-z three directional compliancelempth of the leads is a
function of the required in-plane mechanical compliance, which in@dasarly from
the center of the packaging area to the edge. In addition, thealeadsented along the
die’s local direction of expansion in order to provide a higher degfreempliance. To
improve the compliance in the Z-direction, an air-gap, contained in amodulus
composite, is formed underneath the compliant leads, which also Itveedielectric

constant [28].

Figure 2.14Sea of Leads Electrical Interconnections.

Another group at Georgia Institute of Technology is working on a second
compliant interconnect design, called the G-helix interconnect [2%hisnwork from
Georgia Tech, the fabrication and the reliability of 100pm pitch camipbff-chip G-

Helix interconnects are demonstrated. A three-mask processeds tassuccessfully
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fabricate the free-standing compliant interconnect at a pitchO6pm. The G-Helix
interconnect consists of an arcuate beam and two end posts. The dreaateis
incorporated into the design to accommodate the differential desplat in the planar
directions (x and z)The arcuate beam is designed with smooth curvature to avoid sharp
corners eliminating stress concentrations, and thus to improve théelomgeliability of

the structure. The two end posts connect the arcuate beam to #meldeethe substrate.
The total height of the two posts determines most of the standgfitHetween the die

and the substrate.

Figure 2.15: Compliant G-helix interconnects.

One of the salient features of the compliant wafer level pasksghat the cost is
independent of the I/O count because all I/Os are monolithicallicé&bd in one step, as
is typical of most of the wafer level packages which leverbhgecbst advantage due to
most of the packaging done at the wafer scale.

The majority of wafer level packages are accomplished simpladding few
fabrication steps to the existing wafer. A compliant metal Isdabricated and the vias
are filled with polymer. The end of the metal lead is exposed and solder bunpiecack

for attachment to the printed wiring board. Dicing of the wafelds packages ready for
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system assembly without undergoing any tests. This advantage ofigtiséidicing of

wafer to very end proclaims enormous benefits in testing.

2.5 Current WLPs with Rigid Interconnects

Although much has been written about the positive impact of increaBecbi/nts and
closer spacing of bumps on packaging of microelectronics, mpsitant to know what
lies beyond achievement of finer pitch. Reviewed are some exanvpkre novel high-
density packaging and interconnection of IC’s are achieved through contrdigd dad
manipulation of flip-chip solder bumps and IC orientations.

Solder interconnects have been supplied for a number of years byecapti
manufacturers for PC’s and for automotive applications. Contraerviaimp bonding
manufacturers provide reliable standard pitch interconnects atdsiwvMicroelectronics
materials suppliers continue to make leaping advances in the afmtéor these
interconnect technologies. Advances in commercially available adpyecnaterials for
microelectronics have resulted in denser solder interconnects @edrobust processes.
Yet demanding applications such as high performance imagingsaresuiring thinned
wafers, may push the fine-pitch interconnect supply chain out of toessing comfort
zone. Various research groups are addressing these demanding reqisirgmough the
deployment of materials and novel designs to meet tomorrow’s ficke ipterconnection
needs. This section reviews some novel fine pitch solder intercaswiatibns that have
resulted from the simultaneous deployment of these advanced isatenaque
interconnect designs and assembly techniques.

Photolithography processes and photo-resist materials improvemeatgdize a

long way to solving some of the limitations to achieving ultrae fipitches for
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interconnection. Well-established processes exist, especially wizesn are to be
fabricated. Certain steps during processing are advantageousimosattzoth sloping
walls to ensure integrity of the conductive traces. Materiath s benzocyclobutene
(BCB) provide a gentle, controlled and specific slope on which thel nratees are
formed. The smooth slope is desirable for maintaining integritgeabase of the bump
[30]. Further up the bump stack, where columns of solder are to be, platedesirable
to use a plating stencil (Figure 2.16), that has a vertical sidemgle so that the top and
base are practically the same size. This ensures thatanhections placed close to each
other (fine pitch) do not encroach and short near the top due to a stoghémepll. Such

materials are constantly evaluated and potential impact on pitch size is ceshsider

-~
-~
-~
T AR

Figure 2.16: SEM of a new plating photoresist material under evaluation.

Requirement for assembly of flip chips at variable heights

The advanced interconnect design idea of Controlled Variable Hsoddter bump was
offered as a packaging solution to a unique challenge. For a partaqplication the
peripheral pads on a particular optoelectronic device were 10 mioftses vertically
from the central array of flip chip bonding pads, per the devicgmleki order to ensure

consistent and reliable flip-chip joining, the matching peripheral bumaps required to
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be fabricated approximately 10 microns taller than the centay af bumps. As figure
2.17 below illustrates, this was consistently achieved and resulted saccessful

demonstration of a high data rate optical package.

e |

Figure 2.17: Photo of the Controlled Variable Height solder bumps, faressful

packaging of a high-data rate optical system.

Requirement for submerged solder bumps for minimum standoff gap

Another challenging application used fabrication of solder bumpswibig buried in a
silicon “well” (figure 2.18). To function according to the systersige, the assembly of
chip and substrate must have a controlled 4-micron standoff gap. Thesgelpsof the
pads-on-chip relative to pads-on-substrate was required to achievaticapamupling

[31].

Figure 2.18: lllustration of x-section of a chip/substrate assembly witadbbdmps.
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One difficulty in the fabrication lies in photolithography and paiteg of reliable
conductive traces in the well. It is well know that if impropddiricated, conductor
trace opens result due to discontinuous coverage on the rim of thelnwelder to
overcome this, one approach is the use of multi-layering of poytodorm the well. It
is expected that this will yield smoother sidewalls that will allow &test coating of the
sidewalls and rim of the well, thereby mitigating opens in conducases. The multi-
layering of polymer dielectric also offers an additional advantagving control of
individual layer thicknesses between the metal layers, whichirth@t design engineers
can exploit for this capacitive coupling application. Once the vgellabricated the
bumped IC can be aligned and joined to the substrate such that the bhamgpseased,

yielding the desired 4-micron standoff between pads.

Requirement for chip on edge assembly for 3-D density packaging

Researchers have also used solder bumps proximate to the ¢dgd®fto achieve 3-D
on-edge joining of chips as shown below. After precise fabricatidhe bumps on the
IC’'s and substrates, the chips were precision-aligned with custototyping chip

placement equipment. Final joining resulted during reflow of the nsaleter bumps as
depicted in figure 2.19. The curved columnar joints resulted from the knowrstitace

tension of molten solder. The novel 3-D interconnect concept is findingcapah in

advanced packaging [32].
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Figure 2.19: Picture of 3D Interconnect with bumps.

Eutectic Sn/Pb Fine-Pitch Solder bumping at 50 micron Pitch

MCNC (Research Triangle Park, NC, now RTI International) hasldped a fine-pitch
Sn/Pb solder bumping process that is capable of reliably fahgca5um bumps on
50um pitch, as well as flip-chip assembly methods that allovedhstruction of multi-
chip modules of sensor — readout circuit pairs [33]. Their processs reh an
electroplating method to form the solder bumps, which gives tremerilgdoitslity in
processing conditions and excellent wafer-level uniformity (duR0). The very nature
of fine pitch flip chip assembly creates several issues iatsdcwith flux residue
removal after reflow. This problem was completely eliminate@ bgrthe use of Plasma
Assisted Dry Soldering (PADS) process during assembly. PBQSplasma treatment
process that reacts with the Sn oxides on the surface of Sn-bsaldegs. The Sn oxides
are converted into a compound that breaks up as the solder melts dtlang exposing
unoxidized solder to the bond pad, allowing full solder wetting to occilovRés done
in a conventional nitrogen-inerted belt furnace that prevents itvedation of the solder

during the bonding process.
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Figure 2.20: Cross-Section of Joined 25um Bumps.

Bumpless Build-up Layer Packaging

Bumpless Build-Up Layer (BBUL) is a chip-first package, orifindeveloped by GE to
meet future packaging technology requirements. The BBUL packagedgsovhe
advantages of small electrical loop inductance and reduced thernhaumead stresses
on low dielectric constant (low) die materials. Furthermore, it allows for high lead
count, ready integration of multiple electronic and optical componenth[as logic,
memory, radio frequency, micro-electro-mechanical systvitsMS), among others],

and inherent scalability.

solder mask
apenings for ball or decmpling
pin attachment capacitors
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Figure 2.21: Schematic cross-section of a three-layer BBUL package.
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BBUL differs from traditional assembled packages in that it st&gf a die or
dice embedded in a substrate, such as bismaleimide triazindaf@iNate or a copper
heat spreader, which then has one or more build-up layers formed on shandard
microvia formation process, such as laser drilling, makes the coome between the
build-up layers and the die bond pads. This is analogous to a wafeCleRe{WLCSP)
with the die embedded in the panel to increase the area. The embeifditieglie or dice
in the panel may be done with molding or dispensed encapsulation masraith
certain other CSP technologies, the build-up layers are mada witimdard high-density

integration (HDI) patterning technology [34].

Chip in Polymer Build-up

Fraunhofer 1ZM and TU Berlin have together introduced the Chipoiynker (CIP)
technology. Its special feature is the use of ultra thin chipsy Tare embedded into
build-up layers of PCBs. The chips are mounted on the substraterhglrdie bonding
followed by an embedding in a dielectric layer. On top of them,Irhe&s are created,
connecting the chips and the substrate electrically. The embeddisgmatonductor
chips into build-up layers requires a thinning of wafers down tord®@r less. The thin
chips in the CIP are integrated into the PCB by either laromatr embedding into a

liquid dielectric [35].

Figure 2.22: Principle of the Chip in Polymer Structure.
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Vertical interconnection for 3-D Chip Stacking

This three-dimensional (3D) chip stacking technology has beerogedeby ASET to
realize a high-density and high-performance System-in-Pacl&i§gd. (A 20-pm-pitch
low impedance vertical interconnection through Cu through-via (TV) within chips
plays the following roles: the wide signal bus and very shortradak path for high-
frequency signal transmission, the strong power supplies and gtabied lines. The
vertical interconnection is fabricated by Inter Chip Connection YIf@®cess, which
includes Copper Bump Bonding (CBB) utilizing Cu-Sn diffusion for conngaBu TVs
without the formation of bumps on the chip back surface and encapsulatirgythn

gap between chips.

[ Simple and Low Temp. Interconnedion ]

< 10um [FE dE:‘:E
Cu Burmp
NCP Resi 5n Alloy Cap
i EE, i
| \—Cu Through Blsctrods
{20 pm piech)
Cross sectional strocrore of 3D chip stacked LSI [ Encapsulation of Supsr Narrow Gap (<10 pm) ]

20- u m pitch Through-via

in the 4 layer stacking of TEG chips

Cu Through-via (10 pm[])

‘“‘ Oxide
o

(SEM photograph after Si etching)

Figure 2.23: 20 m-pitch vertical interconnection is formed in through chips.
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The temperature cycling test (TCT) was on Chip on Chip (CoC)3anahip
stacking structure fabricated by ICC process, and over 1,000 awtlability was
demonstrated. The vertical interconnection with Cu and ICC demonstrated the
excellent capability of high performance interconnection on 3D dhaigking package.
The vertical interconnection that was established by TVs anddhierconnection (ICC)
is able to realize high-speed data transmission between deéwipesvent signal delay.
As shown in the figure, the 20-pm-pitch vertical interconnection isddrin through
chips, which is fabricated by the Cu TV fabrication in chip andrttex chip connection

(ICC) process [36].

Polymer Collar Ultra CSP

Flip Chip Technologies has developed a unique reinforcing polymer struittate
surrounds the solder ball neck at the die surface, called Polymar.Qdleir intent was
to improve the board level reliability by reinforcing the inteefdetween the solder ball
and UBM surface. This technology is believed to be highly compatiltttehigh volume
manufacturing with a minimal cost adder. Due to this significaptovement in board
level reliability, the Ultra CSP™ Polymer Collar™ enhanceneeipected to become a
standard part of FCT's RDL and Bump technology. Figure 2.24 providesual vis
comparison between FCT’s standard Ultra CSP™ bump and a bump withelP @pitar

[37].
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Figure 2.24: FCT’s Standard vs Polymer Collar Ultra CSP.

Much emphasis is being put on attaining finer pitch interconnectionsevw
some novel advances presented here offer unique solutions to the d€nnext
challenges. Newly available commercial materials offer tequired processing
advantages to solve a host of limitations for fine pitch intercommmectThe materials of
thick photo-resists improve efficiency for solder bumping and wah@mning by
accomplishing the required thickness with only one coat. Together tigsovements
translate to fine pitch interconnections at lower process cdstapproach to achieving
the bumping of wafers thinned to 100 microns has also been shown. Desigrfade
controlled variable height solder bumps, buried bumps and on-edge 3D chiblgssem

have resulted in some unique solutions to advanced packaging interconnect challenges.

Micro C-4 Interconnections

An increase in the area array density of interconnections derhasddriven a constant
decrease in the pitch/diameter of the solder bumps. IBM hadhtheagemonstrated
semiconductor test chips and silicon carrier test vehicles50ifhm p-C4 diameters on a
100 pm pitch and 25 pm micro-bump diameters on a 50 um pitch compahetypical

industry standards of 100 um solder bumps on 200 pm or 225 um pitchesdvdnsea
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using pu-C4 interconnection represents a 16 times improvement ard&0density over a
standard flip-chip array with 200 pm pitch. A range of solder and vabalidimiting
metallurgies (BLMs) were explored, including high melt solddaSiiP (97/3), eutectic
PbSn (37/63), Pb-free solder (Sn/Ag/Cu family of solders), and golpA#iSn (80/20)].
Ball-limiting metallurgies included compositions such as TIWA@EU/NI/Au,
Cr/CrCu/Cu/Au, Ti/Cu/Ni/Au, Ti/Ni/Au, Ti/Cu, Cr/Cu/Cu/Ni/Au, and otfseconsidered

to be dependent on the solder interconnedB88h

L, W Doe 3y X908
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Figure 2.25: (axamples of microsolder bumps in which microbumps are approximately
25 um in diameter on a 50um pitch, (b) Cross sections of siliconiconsdt 50um pitch
with multiple solder connections (left) and one 25 pum wide solder connection.

3D Embedded Components in Organic Packages

Shinko has shown embedding of ultra-thin silicon components into the osgydusirates
using a “chip-middle” approach. Their embedded package uses low ansfatturing
process with the conventional build-up substrate process and mateiglse[2.26].
They have demonstrated two kinds of chip mounting processes (face-upngpflip-

chip mounting) in the substrate, and have studied the key technolemiagation of

stress, wafer thinning, interconnection of embedded chip) for the ncamurig of such
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packages. They showed that thinner and smaller chip is suitablelb@dding the chips
in organic substrates, since the thin chip becomes flexible, andtrés sn the

interconnect joints is relaxed [39].

Somder Resist
Bulldup layer
Glass cloth core £l ifide
Buildup layer
Solder Resist

il
.&-ﬁ%ﬁ%?ﬁﬁ*'- R

Ultra thin Chips Uitra thin Chips

Figure 2.26: Structure of Shinko’s embedded organic package.

Ultra-thin Soldered Flip Chip Interconnections on Flexible Substrate

Flip chip assembly of silicon IC’s on flexible substrates hasegamore interest in the
last years. Fraunhoffer recently demonstrated an immersioersa process (a cost
effective maskless bumping process) for thin solder layers oaHilgs with assembly on
thin flexible substrates [Figure 2.27]. Test chips were bumped usinggrsion solder
bumping technology to create thin solder caps down tord®itch. Thermode bonding
was shown as a promising fast flip chip technology for thin saddesatacts on flexible
substrates. They studied two different solder materials in cotidmnnaith no-flow
underfill materials for flip chip contacts of less than 19 height. Since the reliability of
thin solder joints is a key issue, the failure mechanisms andgthegabehavior were
described. They showed that the inter-metallic phase format®ma lerge influence on

joint reliability because the intermetallics consume the majority asaler alloy [40].
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Figure 2.27: SEM picture of SnCu soldered interconnectiongr6test vehicle in initial
state after thermode bonding.

2.6 Limitations of Solders and the Need for Novel Interconnection Materials

The interconnect signal delay between the IC and the packagheatitermomechanical
reliability depends strongly on the interconnect material usederMb with lowest

resistivity that are processable and manufacturable, and yettamasuperior mechanical
properties at assembly and operating temperatures becomecal logoice for the

interconnect system.

2.6.1Solder Based Interconnections

The stress-strain behavior of solders is compared with micranamalcopper in figure

2.28. Solders are weaker materials with much lower yield stessding to much higher
plastic strains for the same stress. The strength ofrsakle40 MPa compared to micro

and nano-copper which are 4-10 times stronger.
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Figure 2.28Stress-strain curves for solders, copper and Au-Sn braze [42].
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Figure 2.29:Mean fatigue life vs. plastic strain range for solders and cope strain
values are chosen from literature sources for solders and are roughesstonabpper.
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The inferior mechanical properties of solders are also comparttd copper

through the dynamic fatigue or crack growth rate behavior. CGbfinson-type

equation, derived using experimental data for electroplated copperafdileutectic

solders are summarized in table 2.6. The plot for fatigue lifplastic strain range using

literature data (except for nano-copper) is shown in figure 2.29. e singe for nano

and microcopper is expected to be lower because of its highdrsyiess compared to

solder, leading to improved fatigue life as seen from the figure.

Table 2.6: Coffin-Manson fatigue models for plated copper, eutdeheSq) and lead-
free solders.

N¢: Mean cycles to failure

Copper | N*® XE>"= LE,: Plastic strain range
OE, Es. Fatigue ductility coefficient
The fatigue ductility coefficient for copper was reported

vary from 0.15 to 0.3 [43].

Eutectic N¢ Mean fatigue life;
Nf = 0.146DE™***
solder DE:Plastic strain range [44]
SnAgCu| N"XDE, =C
Data obtained from Pang et al. [45]

solder

Poor mechanical properties of solders have always been a condera pitch.

Recently, development of new solder materials has been reégortenicro-alloying of

grain refining elements into Sn-Ag and Sn-Cu-Ag systems to achietter mechanical

properties. Presence of certain elements can lead to preoipistengthening in the
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solder [46]. Introduction of additives might also prevent grain boundatingliduring

steady-state creep and hence increase its creep stretigibhghl it might be at the
expense of creep ductility. Inert, hybrid inorganic/organic, nanetstred chemicals,
were incorporated into low melting metallic materials, such as leadefegtronic solders
were evaluated to achieve improved mechanical performance ateeleemperatures
and service reliability of lead-free electronic solders. @igaderived nano
reinforcements with appropriate functional groups to promote bonding witimetedlic

matrix efficiently pinned the grain boundary of solder all®@ading to the improvement

in properties [47].

2.6.2Nano Materials Based Interconnections

Advantage of copper as a good electrical conductor is undisputed. Cengwdtipure
copper is 5.96 x 00hnm* m* as compared to a conductivity of 6.9 %IBhni*.m™ for
Pb-Sn eutectic solders. In addition, copper has good electro-migrasibihitys that
renders high current carrying capability to the interconnectsofstuctured copper
shows significant improvements in fracture strength and toughtiesiscan address the

reliability concerns with fine-pitch interconnects.
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Figure 2.30: Stress-strain curves for (a) nano-copper and (k)-origstalline copper for
tensile tests [48].

Bansal et al. have used a variety of characterizatidmigges such as nano-
indentation, x-ray, and electron microscopy, tensile, fracture atigué testing to
characterize the mechanical properties of the materials at Geoo}id4B3. Metals such
as Ni and Cu when produced in nano-crystalline grain sizes (10 -5&en®)shown to
possess significantly enhanced resistance to deformation and gbtemth resistance
to fatigue and fracture without large increases in electresastance. Figure 2.30 shows
the stress-strain plots for nano-crystalline Cu and for micro-cryssalu.

The tensile strength of nano-crystalline Cu was 456 MPa ahaftiNi was 897
MPa with the yield strength being just a bit smaller thantémsile strengths. This
represents a 5 to 6 times increase in strength of thesgiasatompared to conventional
forms. The ductility of both nano-crystalline materials is high, sitdin hardening is
virtually non-existent in both. Thus, such materials are idealledupr high density

interconnects that are needed for nano-wafer level packaging.
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The mechanical properties of nano-crystalline copper and nickebameaced in
Table 2.7. The strength of these materials is much higherti(6e®) than the coarse
grained counterparts. On the basis of the stress-strain curhe plastic deformation
range, depressed strain-hardening effect with respecthdd ih the conventional
polycrystalline Cu and Ni can be noticed. The fracture toughvedsgs are also quite
high for these strength levels and are well suited for apmitatbeing discussed here

[48].

Table 2.7: Summary of Mechanical Properties for Nano Copper and Nano Nickel [48].

Nano-Copper Nano-Nickel

Grain Size (nm) 59.13 56.5
Vickers Hardness 130 240
Nanoindentation

1.9 3
Hardness (GPa)
Modulus (GPa) 100 206
Modulus from

104 208
Nanoindentation (GPa)
Poisson’s Ratio 0.259 0.262
Ultimate Tensile

454 898
Strength (MPa)
Yield Strength (MPa) 437 867
Jic (KI/m?) 21.66 12.13
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It can be clearly noted from above that nano-crystalline coppemekel have
superior mechanical and electrical properties and are poteatialidate materials for
off-chip interconnections. However, some issues remain unresolved suahiceo-
structural stability and low cycle fatigue life of thesetenals. It has been reported in the
literature that the low cycle fatigue life of ultra-fineagned (UFG) materials deteriorates
but no literature exists on the low cycle fatigue life of narystalline metals. The
electrical properties of nano-crystalline copper as reportatenature is compared with

the properties of bulk copper and lead-free solder in Table 2.8.

Table 2.8: Comparison of Electrical Resistivity of Nano-copper Biitk Copper and
Solder.

Electrical Copper | Copper Copper Sn-Ag
Bulk Copper
Resistivity (55 nm) | (100 nm) | (~10 nm) solder
(10° ohm-cm) 1.7 [49] ~ 20 [50] ~ 100 2-25[51] ~13

Because of their special microstructure, nano-crystalline (mtale; with grain
size typically smaller than 100 nm, possess some distinguishedtmepmompared to
their micro-crystalline (mc) counterparts with grain sizedgfly larger than 1 um, such
as an increase in hardness and strength, improved wear resigtahso on [52-62]. As
far as the preparations of nc metals and alloys are conceetetiro-deposition
technique is so attractive because it is able to produce réldavger quantities of fully
dense nc metals with a fairly narrow grain size distribution.cdBteselectrodeposited nc
metals, such as Ni [53-60], Cu [61] and Co [62], have been used as the model materials in

literature, to investigate the mechanical behavior and deformatiamamiem of nc
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metals. Numerous experiments have shown that the electrodeposite@xtubits very
high strength compared with its conventional mc counterparts [43-60], buisoally
low tensile ductility, typically smaller than 3% at room tenapere [63-65]. Therefore, it
is imperative to improve the tensile ductility of nc materiéds their structural
applications which often require both high strength and good ductilitpT6Wang et
al. [68] has described a thermo-mechanical treatment that s@hirean ultra-fine grain
(ufg) Cu with a bimodal grain size distribution with micrometeedi grains embedded
inside a matrix of nano-crystalline and ultra-fine grains. Thmliomogeneous
microstructure can lead to a 30% uniform elongation and a 65% elongatiaitute.f
Recently, Li et al. [53] has reported the tensile data of ectredeposited nc Ni with a
grain size of 44 nm. This nc Ni has a 8-9% elongation to failure7a2®& uniform
elongation, but relatively low yield and ultimate tensile strendgihe improved tensile
ductility of this nc Ni was simply attributed to its high depasitquality and less defects,
but detailed microstructure examinations was not provided in that paperin a
different paper [69], a fully dense nc Ni was obtained by usidgegt-current electro-
deposition method.

Electro-deposition of copper is one of the methods most generafiioysd to
obtain metallic flms of adequate thickness, porosity-free &treacand good adhesion
[70-72]. Electrodeposited copper films have been widely investigatdd respect to
their morphological characteristics, electrical propertres @rrosion resistance [73, 74].
By controlling variables such as current density, applied curremilsiggmperature, bath
composition, etc., a variety of flms with different charactesstan be achieved, thus

allowing to tailor the mechanical characteristics of thdifor specific applications. It is
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well known that one of the ways to control the structure of theretigosits is to adjust
the current density during dc plating or to apply a periodic&inging current signal. In
the first case, films of different grain sizes can be agugeven in the nanometer range
if sufficiently high current densities are applied. In the aafsa periodically changing
current, i.e., periodic electrolysis, different morphologies can benadtait has been
established that this kind of electro-deposition technique leads to dehefi
morphological effects such as smoother, more uniform and more compasiteg75—
77]. This being the case, if different structures showing suitalolghologies can be
formed, different and maybe better mechanical properties can be tailored.

A number of investigators have measured the strength and elagterfps of
electroplated nickel microstructures. The available data aseqed in Table 2.9 and are
seen to vary significantly. Mazz al.[78] performed tensile tests on nickel structures in
a direction perpendicular to the growth direction. The modulus was atstinto be
approximately equal to that of bulk nickel. Christensoal.[79] performed tensile tests
on a number of nickel specimens, plated under varying conditions. The &saadpplied
perpendicular to the direction of the growth during electroplatinggsas Mazza). The
yield strength of the nickel structures decreased as the cdeesity increased and the
elastic modulus measured was less than bulk nickel at all caeesities (around 160
GPa). The columnar growth, with [100] oriented grains on the lappedcsurivas
postulated as the reason the modulus was low. Buabihait[80] provides results from
tensile tests on sulfamate nickel specimens perpendicular thréotion of growth, and
compression tests along the direction of growth. Both as-depositédaanealed

specimens were tested. Interestingly, the annealed modulus ohsile specimens was
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extremely low (92 GPa), somewhat in agreement with the resblimned for the
sulfamate posts in the paper by Stephens et al [81]. While armeslexpected to

produce larger grain size and lower strength, the reason the modslse Weamatically

reduced is not known.

Table 2.9: Electroplated Nickel Mechanical Properties.

Ultimate
Crrent Elastic Yield
Grain Tensile
Reference Bath | Density Modulus Strength
Size (um) Strength
(ma/cnf) (GPa) (MPa)
(MPa)
Mazza [78] Sulf. 10 40-100 202 405 782
Sharpe[39,40] | Sulf] - - 176 323 555
Buchheit [80] | Sulf.] 20and 5D 2-3 160 277 -
Christenson [79]  Sulf. 20-70 - 160 275-441 -
Greek [38] - - - 231 1550 2470
Stephens [81] | Watts 30 <1 214 - 2100
Stephens [81] Sulf 30 <1 125 - 1600

Greeket al. [82] used tensile tests perpendicular to the direction of growth to
provide strength and modulus of nickel structures that are the hightsse reported
(yield strength 1550 MPa, elastic modulus 231GPa). The details dfathewere not
provided. Sharpet al. [83], [84] provide yet more tensile data on electroplated nickel
specimens (bath unspecified) loaded perpendicular to the growth dirdidtieraverage

modulus of the specimens tested was 176 GPa, and the yield sitasgdld5 MPa. The
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studies also made note of the anisotropy of grain orientation irpduengens tested and
suggested that this anisotropy might be the reason for the lbamrekpected elastic
modulus. It should be noted that in most cases, investigators applied tmads
electroplated structures such that the nonzero principal strgssrpendicular to the
direction of growth during the electroplating process, while in thk\wy Stephens et al,
the nonzero principal stress is parallel to the growth direction.

Recently, the synthesis of nano-crystalline nickel by elet#mosition has
attracted much attention. Erb et al. [85-90] have produced nano-éngstattkel with
grain sizes in the range of 6—100 nm by adding saccharin to a-Wyjadt bath in pulse
electro-deposition at the on-time of 2.5 ms and the off-time of 430mghe other hand,
Natter et al. [91-93] have achieved the same material by pelseoetieposition at the
on-time of 1- 5 ms and the off-time of 50-100 ms in an electrolyte inoWgaNiSG;,
Na—K tartarate, PO, , NH,Cl and Na saccharin. Direct current electro-deposition has
also been demonstrated to be able to produce nano-crystalline matesiahimi et al.
[94] have synthesized the material with the grain sizes rgnigom 35 to 97 nm by
adding sulphamate-nickel-anti-pit into a nickel sulphamate bath, akohiaaet al. [95]
have produced the nano-material from the electrolyte containiB®,N NaSO,and
HCOOH by using direct current. According to the electro-atigation theory, a high
cathodic over-potential usually caused by high current density speetiie nucleation
process and results in fine grained deposits. However, most reseatithfocusing on

the adjustment or development of the electrolyte.
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2.7 Bonding Technologies and Wafer-Bumping Methods

The basic methods of first-level flip-chip interconnect, where buamgslirectly attached
to the chip, consist of adhesive, micro weld or solder processes. ethisnsexamines
the advantages and disadvantages of each, and explains the mdde dwotading
methods for specific applications.

Wafer bumping is typically accomplished by plating with gold, gl bumps
or solder. Each of these methods requires an entirely differentsproaguipment and
parameters; the costs for each vary considerably, as well, degardthe product being
manufactured. The method selected depends on the materials usbd &mgeratures
these materials can tolerate, the pitch needed for the applidhgotype of pressure the
material can withstand, and the application in which it will be us&though solder is
the most widely used attachment method for wafer bumping, micrdingels often

preferred because of its finer-pitch capabilities and interconnect parce.

Attach Methods
First-level interconnect is the process of connecting a micrachibe outside world
through its package, whether the microchip is made of silicona ocompound
semiconductor material. As a form of first-level interconnecbstflip-chip attach
methods require a bump between the die pad and the substrate paddthe active
die surface.

A comparison of the methods for flip chip interconnect (see table 2.10) shows that
there are variations in temperature, pitch, centering capahilpessure and several

other factors that will indicate which method is preferableafgrarticular application.
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Solder is the predominant method of die attach for flip-chip applicatisimgy bumping

technology when the parameters for an application fall withemgérature range of 183

to 240°C.
Table 2.10Comparison of First-Level Chip Attach Methods.
Process Solder Adhesive Micro Weld
183°-240° 150°-320°
Temp (°C) 100°-150°
260 Pb ThermoSonic, ThermoComp.
400 Typ 150 Area 150 Typ
Pitch (um)
160 LE 60 Perimeter 60 LE
Self Center Yes No No
Pressure Low Moderate High
Batch ICA-Batch/Under Pb
Misc. Reflow | ACA-InSitu (Force) InSitu
Underfill NCA-InSitu Metallurgical Bond

For solder bumped dies the pitch is typically high, and only a low ymeess
required, with surface tension of the molten solder self-centdragolder bump to pad.
However, when the pitch becomes very small, typically in the 150nailer micron
range, it becomes necessary to use an adhesive or mictcatt@th method. This is
especially true in the case of wafer-level packaging and flip-chip applisa

Micro weld usually employs gold as the attachment materialitasdenerally a
gold-to-gold or gold-to-aluminum connection. Using a thermo-sonic attaehmicro-

welding process only requires a temperature of 150°C. When thermo-ssiopre
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bonding is used to attach the gold to the substrate, the processatemgean be as high
as 320°C, requiring that components be able to withstand those temperatures.
Micro welding uses high placement pressure without the besfesilf centering
and consequently placement accuracy is critical. In additiots t@bility to achieve low
pitch, there are some advantages to micro welding. One keyithisrtéft it is a clean,
lead-free process. Another is that it provides a high currenyimgyrhigh thermal
transfer electrical connection that is beneficial for high fraquedevices. The micro
weld connection is made with a plated bump or a gold ball bump. Bumpsettdrather
than wire bonds, for example) because this shorter interconnedatesnsito a lower

inductance through the connection path, reducing signal loss.

Gold Ball (Stud) Bumping

The gold ball bump process is a simple one- or two-step processb&lotdimps can be
fabricated with some of the commercially available ball wienders. Figure 2.31
illustrates a typical wire connection between an IC and a stéasimethis process, a gold
ball is forced down and thermo-sonically bonded to a die bond pad to forfirsthe

connection in a wire bond.

Figure 2.31: A typical wire connection.
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With the ball connected, the wire is then fed out and attached tmadssurface
to complete the connection. The ball bumping process is a variattars afire bonding
operation. In the ball bumping process, the wire is snapped off aftéathis initially
connected to the die. The dashed line in Figure 2.31 indicates therlosaere the wire

process would be terminated to make a ball.

Figure 2.32: Gold (stud) bumps attached to a die.

The resulting gold bump (also known as a stud), is firmly connectéte tbrst
surface. Figure 2.32 shows a die that has been bumped. If suligeetesideways shear
force, these 4-mil diameter bumps can typically withstand 50-60groé before the
bond fails. Because of the maturity of the wire bonding processeliadility of these
bump connections is well established and documented.

The shape of the bump is an important process characteristicl ibulbabing,
since it helps define the area of the gold ball that will corteetsecond surface, and
thus, the conduction path. Methods of attach include thermo-compression and-ther
sonic bonding. Gold stud bumping equipment is available that can creatiedined
shape in one step as the ball is being made. The typical bump shlape tail is the
common shape produced by many gold wire bumping machines. For thagsrates

coining machine and additional step to flatten the bump may be required.
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To achieve the best interconnect across the entire arragntdats on a chip,
bump height co-planarity is essential. The term "co-plananitsed in flip-chip bonding,
refers to the height consistency that exists across the talp lmimps. Height variations
can lead to uneven distribution of forces, die fractures, and opemtx Current
requirements for co-planarity call for less than 5 microns aftian in bump height
across the entire die.

Gold's conductivity offers perhaps its strongest advantage over stider.
comparison of the properties of the two materials, lead (andlaisahas an electrical
resistivity of 22 micro ohm-cm while gold is 2.19 micro ohm-cnmc8iconductivity is
the reciprocal of resistivity, gold offers an order of magnitudétebeelectrical

conductivity than lead.

Electroplated Bumps
Metal plating is a wafer or batch-level processing methodtiglg@ated bumps are made
by passing current through a full, thin metal layer on the wafech acts as the seed
layer for the electro-deposition. The shape of the metal stasctardetermined by the
resist mold, which has to be uniform over the entire wafer. Plaanghave any desired
shape, although most plated bumps are rectangular.

Liquid film resists and dry film resists are the two basmtaerials employed as
photoresists. Liquid film resists are spin-coated onto the waferachieve very thick
layers, some resists have to be coated in multiple stepsfiliryesists are laminated

onto the wafer. Some devices, however, cannot tolerate plating and cleaningathemic
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Figure 2.33: Wire-bonded gold ball bumps with a 20um tall ball bump and 72um
diameter.

Plating can produce footprints of various dimensions and can be ang, shap
compared to ball bumps that have a diameter of 30-100um and are abwags The
height of the metal plate-up can be ten times thinner than ball bWkipe 40um is
typically the lower limit of ball-oump height (however, leadirge ball bumps of 20um
are being produced, as shown in Figure 2.33), plating can be 2um with a very flat top.

Plated and ball bumps vary primarily in material and geometaye®bumps can
be solder, nickel, gold or other materials, while ball bumps areaptjrgold. Plating
allows for finer pitch and shorter bump height, while ball bumpirgnalitaller bumps of
varying top profiles, but at a larger pitch and with a round footpriateBlbumps require
under bump metallization (UBM), while ball bumping requires no additiovedier
processing.

In comparing costs of plating and gold bumping, an interesting phemrme
occurs. One would think that a batch process, such as plating, wouldsbeostly.
However, that is not always the case. The cost of bumping a wafed 0,000 bumps
can be 32x less using ball bumping. The cost comparison depends largetyramtber
of bumps per wafer, because the metal plating cost is based onmrttieer of wafers

being bumped, no matter how many bumps are on a wafer. In gold bydlrigy the cost
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is based on the number of bumps fabricated. Ball bumping costs incheléotioad the
wafer, put the bump down and remove the wafer. Figure 2.35 comparetathes cost
of gold ball bumping vs. plating. The cost benefit is dependent on how Iouamys are
on each wafer. Based on a 150mm wafer using electroless nickeh@edsion gold, the

current cost is between $40 and $75 to plate a wafer [96].
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Figure 2.34: Costs of gold ball bumping vs. plating [96].

Solder deposition costs between $75 and $120, and electroplated gold between
$80 and $120. When using wire to make gold ball bumps, you only pay for the mfmber
bumps placed. If an application requires less than 140,000 bumps, it'srctoepfaee
bumps with a gold ball bumper.

In an effort to meet the demands of technologies requiring ag@itth0 microns
and smaller, accommodate high frequencies, and achieve thédresaltand electrical
attach, micro welding has gained popularity as a method of Wwafeping. When the
choice is between gold ball bumps and plating, gold bumping offdesaa, simple, one-
step process that can be done in a captive or contract manufacturing fabiligyplating

requires many complicated process steps.
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Gold bumping provides flexibility in shape and substrate interconnedtsodse
and conductivity benefits derived from the gold-to-gold connection aedgsltr of the
weld. Plating is preferred if a flat bump or a rectangulapshs desired. However, new
flat top ball bumps have given designers another choice not previotmhalde. In
determining which method is more economical, when applications calkg$srthan

250,000 bumps a wafer, gold ball bumping is typically a more cost-effective choice.

Surface Activated Bonding
Surface Activated Bonding (SAB) is a method for joining dissimifeaterials at room
temperature. Developed over the past 10 years by Suga et al [&/pased on the
reactivity of atomically clean surfaces of solids and the &tion of chemical bonds in
contact between the clean and activated surfaces. The bonding cohsigtgning the
surfaces by ion or radical beam irradiation and contact in arhigltravacuum or in an
inert gas, depending on the materials combination and the chatastegguired by the
bonding. The key items are the surface-activating process andlifmment and
manipulation of the chip. So far, several surface-activated paoequipment have been
developed, including a cold-rolling machine for manufacturing metalni@es and a
bonding machine for wafers up to 200 mm [97].

SAB represents a new type of interconnection technologyrdaghes into the
area of design rules and on-chip interconnects. It is performed at room temgeeasus
the higher temperatures of traditional bonding methods. Al-Alrates fabricated by

SAB have been put into practical applications for a part of tretysaént for the Li-ion
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battery. SAB addresses the challenges to establish a methethdor disassembly of

electronic products by using reverse engineering.

SAB high-precision flip-chip bonder
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Figure 2.35: A SAB high-precision flip-chip bonder.

Copper-Copper Bonding

A group at MIT has explored the 3-D integration approach by low tetperdirect Cu-
to-Cu wafer bonding. The group has demonstrated and characterizedooadéng by
Cu thermo-compression on blank Si wafers. A pair of 100 mm Si wedated with 50
nm of Ta (diffusion barrier layer) and 300 nm of Cu films were assgftl bonded when
wafer contact occurred at 400 C with a down force of 4000 mbar fari@0followed by
post-bonding anneal at 400 C for 30 min in ineptddnbient. A post-bonding anneal is
required for successful bonding. A final post-bonding annealing step allters
diffusion at the Cu-Cu interface and promotes grain growth. The inngelksending

property using Cu thermo-compression hold tremendous promise for 3iidelgation
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and has the potential to find its way through in large scale assembly of coppukechiase

to-package interconnections [98].

0.5 um

(a) (b) (©)
Figure 2.36: XTEM images of the Cu-Cu bonded layer and the major diffraction pattern

of single grains for selective area: (a) before bonding (b) after 30 min bondatefc30
min bonding and annealing [98].

Anisotropic Conductive Adhesives

Flip chip assembly using Anisotropic Conductive Adhesives (ACASs)ble@n gaining
attention for its simple and lead-free processing, in addition togbeicost-effective
packaging method. The ACAs do not need additional underfill and can plyeh&a
processed much faster than the conventional solder/underfill method. feheyresady
being successfully implemented as package methods for chip-aj-ghag-on-film for

flat panel displays, and chip-on-board for mobile electronics [99-102].

ACF is an adhesive film consisting of dispersed, microscopic,triekaty
conductive particles 3-15 um in diameter and an insulating adhesiv&3435 um thick.
Various kinds of conductive particles, such as carbon fiber, metasgher), and metal
(Ni/Au)-coated plastic balls, and types of adhesive matergish as thermoplastic

(SBR: styrene butadiene rubber, polyvinyl butylene), thermoseitempxy resin,
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polyurethane, acrylic resin), and mixed thermoplastic and thernmgsetaterials, have
been proposed. Thermosetting adhesive film with metal-coated ppasticles is the
most popular type. In general, the normal bonding conditions, as weil adhesive
temperature of about 180 C, a bonding time of about 20 seconds, and a boedswger

of about 20 kg/crhare recommended [103]. The latter three key parameters depend on

the type of ACF, the capability of the process equipment, and the required pimeess

The anisotropic electrical conductivity of these materials cdnoes the trapped
conductive particles between conductive bumps on the flip chip IC amdttesponding
pads on the substrate, and from conductive particles not connectirically between
pads. In general, these materials are poor thermal conductors daoeirtéhermally

insulated polymer matrix and low content of conductive filler.

The continuous downscaling of structural profiles and increase itanteection
density in flip chip packaging using ACAs has given rise to amgbtheblem: as the
bump size is reduced, the current density through bump increasesséuc@arent
density causes new failure mechanisms such as interfacadddgn, due to inter-
metallic compound (IMC) formation and adhesive swelling caused Oy burrent
stressing. This is a particular issue in the high currentiogrijgint of ACA flip chip
assembly where high junction temperature enhances such faggirensms. Therefore,
it is necessary for the ACA to be a thermally conductive medhath allows effective
heat dissipation from the ACA flip chip joint through adhesive resitmeosubstrate for

the flip chip package. This will improve the lifetime of the ACHp fchip joint by
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reducing the interface and adhesive degradation caused by hight clensity and heat

accumulation.

AuSn Alloy as a Bonding Interface

Numerous attempts have been made in the packaging industry tdummeicbonding
media features in order to meet the new requirements. Thisekassitated the use of
more delicate processes for depositing and placing solders betwe&atssbasnd dies.
AuSn eutectic solder has excellent mechanical and thermal pespedmpared with
traditional PbSn solders. Eutectic AuSn solder has long been reabgszeffering
superior high temperature performance, excellent electrivdlthermal conductivity,
high mechanical strength, and fluxless soldering.

AuSn offers several advantages when creating solder joints ancgpag
elements at wafer scale. Among them are a high liquidus onséheathility to create a
hermetic joint between metallized surfaces without recourdaxoAuSn also possesses
a low inter-metallic growth rate when used in conjunction withTd, Ti, Pd or Pt PVD
base metallization. The drawback is that maintaining the desitedtie composition
requires extreme accuracy and close control.

The gold-tin binary phase diagram has two eutectic melting points, one at 80% Au
(278°C) and one at 10% Au (23Q) [Fig. 2.37]. The latter is not of much interest because
it forms brittle phases that are deleterious to packagingcapiplns. It is the 80% gold
alloy that is used for fluxless soldering. The 80:20 AuSn euteotisists of AuSn and
AusSn inter-metallic phases. The eutectic alloy consists of 64.3%BrmMAand 35.7%
AuSn by mass. The soft ABn phase bears most of the plastic deformation applied to the

solder, whereas the hard AuSn phase gives strength to the stricudree tin exists in
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the true eutectic. Tin is found as the mixture of the two intdaliicecompounds. This
zone of the phase diagram is defined by very steep liquidus lines lorsides of the
eutectic melting point, indicating that enriching the compositiomity percent of gold
leads to an approximate ®Dincrease in melting temperature [104]. For this reason, the
creation of AuSn solder forms requires accurate control of soloeypasition and
bonding temperature. The other eutectic alloy, 10:90 AuSn, will not prodiliedle

solder joints due to the formation of a brittle AuSn4 inter-metallic within the sioher
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Figure 2.37: AuSn phase diagram, showing the eutectic point at 280°C, ditt $eSn
and 80 weight % Au [105].
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The AuSn alloy is commonly deposited using electroplating techniques
Alternating layers of pure gold and tin are selectively deposdesffectively create a
patterned Au-Sn preformm situ. It is also possible to deposit an AuSn metal stack using
PVD evaporation or sputtering, but vacuum processes are genearatgdlto depositing
extremely thin AuSn coatings, due to the slow deposition rate andthesgondingly
long processing times required. Evaporated Au-Sn layers dsabi6000 A have been
successfully deposited via PVD, but greater thicknesses areocdgionally seen. For
those circumstances where it is not possible to fabricateeform that will meet
assembly requirements, an in spueform can be created using a combination of
photolithography and electroplating. The patterned wafer surfaegdaed sequentially
with gold and tin to create an 80Au-20Sn solder alloy pattern. Folipywlating the
photoresist is stripped from the wafers; the parts are cleatigded and reflowed to
create the hermetic joint. AuSn alloy reflow takes placa iprecisely controlled low
oxygen- neutral or reducing soldering atmosphere. AuSn reflow doesquoter the use
of flux, which eliminates any requirement for post reflow cleaning.

Conventional electroplating of AuSn solder moves the substrates adlyeat
between two separate Au and Sn plating baths, to deposit suedagsrs of Au and Sn.
The gold plating baths may contain hazardous materials sucjaasle, and may also
require special additives to control stress in the depositedslajee baths may attack
conventional photoresist, limiting both geometric accuracy and deplusitness.
Moreover, depositions are controlled by process variables suotheagemperature, and
agitation, to obtain Au and Sn layers in the proper ratio so that pmstgsing by

annealing or by reflow will yield the eutectic proportions of the AuSn an@@Aalloys.
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Among the different electroplating processes, Micralyne Inc. hawustrated
pulse-alternating co-plating of AuSn alloys on substrates wittséed layers using a
slightly acidic, chloride based solution. Alloys with Sn concemnatiof ~10wt% and
~38 wt% have been shown to be reproducibly deposited at differeintulensities.
These concentrations correspond to;%w (10 wt% Sn) and AuSn (38 wt% Sn) inter-
metallic phases. By alternatively electroplating the two phas®g,Sn concentration
between 10 and 38 wt% can be deposited by adjusting the electropiietenépt both
phases. For example, Au-Sn solder films up to 40um in thickness hawwesbecessfully
plated by depositing alternating &n and AuSn layers, from a single solution, to obtain
the eutectic composition (20 wt%Sn). After reflow at 280°C fooapte of seconds, a
typical eutectic microstructure is formed. This example dematestithat Au-Sn alloys
with different melting points, including the eutectic temperatureO@8 can be
fabricated for specific applications without changing the edptating bath. Figure 2.38

shows a cross-section of alternated AuSn arngbAlayers.

Figure 2.38: Multiple layers of electroplated AuSn and$xu
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Unlike conventional electroplating, co-deposited alloy electroplatihgAuSn
solder directly deposits the desired gold-tin alloys, AuSn angS®uin the proper
proportions, rather than depositing their Au and Sn precursors. The atlyeposited
in a single step, in a single, composite plating bath. The ratio tf gold, and therefore
the composition of the deposit, may be continuously varied during the deposition over the
range from 10 to 40 weight-percent Sn, by controlling the platingrudensity. This
automatic composition control makes it easy to deposit multilayfesslder. The hard
AuSn alloy adds strength. The softers8n alloy bears most of the plastic deformation
applied to the solder.

AusSn co-deposition also permits better stress matching, and providesamxida
protection. If the plating seed layer is gold, the first depositget s AuSn, for lattice
congruity, to minimize stress at the interface without chemachlitives. AuSn and
AusSn layers then alternate to the desired thickness, which mag lbeueh as 60
microns. The final layer is again A%n, to minimize surface roughness, and to protect
against tin oxidation in the exposed layer.

Eutectic Au—-Sn ~80 wt% Au, 20 wt% Sn solder deposited directly on the
backside of die or on substrate is increasingly being usedi@n tw improve the bonding
stability and reliability. On the other hand, flip chip bonding with solienps is being
used for reducing adjustment effort by self-alignment effett® hard solder gold-tin
overcomes the disadvantages of soft solders tin-lead, indium, sudiorg thermal
fatigue and creep rupture by remaining in elastic deformatiten londing. The main
difficulty in using this solder, however, is caused by steep liquithes laround the

Au80Sn20 eutectic composition. Therefore, special means are necéssachieve
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eutectic melting. This comprises layered Au-Sn deposition togettter sufficiently

inert barrier metallization [106—109]. The self-alignment of flypcbonding with Pb—Sn
solder bumps [110] or In—-Sn solder bumps [111] is well proven and used for
optoelectronic assembly. A first step towards Au—-Sn bumps is als® [mompplying
two-layer bumps as used for inner lead bonding applications to fhaligakd bonding

of opto-chips [112].

High power electronic and optical devices require better heasférato the
substrate, but smaller, high-density flip chip bumps make heafdramere difficult.
High-power LEDs operate at temperatures beyond that of euteciead, requiring
better electrical and thermal conductivity. Precision opticgnalients can be distorted
by high-temperature ‘creep’ of lead-tin solders. MEMS devicesirgplerant of fluxes
and their residues. Biomedical devices require corrosion resstaoag with good

electrical, thermal, and mechanical properties.

92



CHAPTER 3
MODELING AND DESIGN OF NANO-STRUCTURED

INTERCONNECTIONS

This chapter describes the modeling and design of nano-structured
interconnections at two interconnect pitches. The first section decaa the Finite
Element Modeling of nano-nickel interconnections with various interection bonding
schemes. The second section focuses on the modeling of elegtnaaltics for nano-
structured interconnects at various pitches. The third section pravidiescription of the
design of the test vehicles. Three different bonding interfacerialatevere considered
for the reliability assessment of nano-crystalline nickel aaenections. These bonding
materials and techniques were chosen after careful consiseddtvarious criteria such
as bonding strength, minimal stresses and process compatitigy-HM results will be

compared with the experimental results in the final chapter.

3.1 Finite Element Modeling of Nano-structured Interconnects

This section presents the finite element modeling using variomsp@nents that
constitute the nano-structured interconnect assembly. The impacttrahss at
interconnect joints on reliability is explained in the beginningthef section. Finite
Element Models were developed to study the effect of substmdt&a@nding interfaces

on the failure mechanisms. This section contains information on theeg@orand
material models used, applied boundary conditions and loads, and the parameter

extracted in post-processing.
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Two FE models, formed to evaluate reliability using diffeddntds of bonding
interfaces are explained. These include Model 1 for showingfftbet ef substrate and
interconnect reliability of 200um flip-chip using a solder based boniitegface, and
Model 2 for evaluating interconnect reliability using polymer dasending interface.
FEM results revealing the effect of substrate CTE on interabmabability is presented

in both the models.

3.1.1 Effect of Substrate CTE and Modulus on Interconnect Joint &tis and
Interconnect Fatigue Life
Electronic packages undergo thermo-mechanical loading by repeatezting up and
powering down of the devices [113-114]. To assess the effect ah#émso-mechanical
loading within a feasible time-frame, packages are subjectemtdelerated thermal
cycling, which usually includes exposing it to two extreme peratures repeatedly
within a short cycle time. Due to the difference in CTEs oiows materials constituting
an electronic package, they expand differently while being haagkdontract differently
while cooling. This differential expansion and contraction causes ptdokage to
experience thermo-mechanical strains, which depend on both the ghobkical CTE
mismatch [115]. These strains (deformations) lead to induction essss in different
constituents of a package depending upon their geometry, strength and njadiGhus
117]. The following section describes the effect of substrate @Tthe stresses, strains
and deformations experienced by various entities constituting a package.

When the solder joints deform due to cyclic loading, changes in despéats
both in-plane and out-of plane from the center of the assembly, introdaoesl and

shear strains in the solder joints. This accumulated strain f@argeycle weakens the
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solder joints and eventually leads to fatigue failure. The dyivailure parameter used
for fatigue life and hence reliability prediction of solder jdisblder bonding interface)
can be based on the solder strain range and the strain eeeigity parameters. These
failure parameters can be seen as failure indicators tioragsg the solder joint fatigue
life.

The strain range approach directly relates the normal or stne&r @omponents
induced in one thermal cycle to the fatigue life of the solder.j@im¢ multi-axial stress
and strain state accumulated can be represented by the equitt@entand equivalent
strain components, which can be presented as equivalent elastic, ghascreep strain
components. The elastic part is very small compared to the tinedadder strains. In
FEM, the equivalent total strain, plastic and creep strain compoaentsomputed and
used as failure parameter or indicators for fatigue anakfysrsexample, Doet al.[118]
used total strain range, while Freztral.[119] and Gektiret al. [120] used total shear
strain range as failure parameters. In other reports [12Hti@khear strain range was
used to compute fatigue lives. The creep strain range peg 12P] offers another
failure parameter. The strain energy density has also beemysede researchers [123-
124]. The dissipated strain energy density per cycle may bedeshas a failure
parameter for predicting fatigue damage. The relations repantditerature may use
different parameters for failure criteria but all of themgeneral, follow that lower the

solder-joint strains, higher is the reliability and longer is the fatigae lif

3.1.2Material Properties used in FEM and Model Geometry
The nano-interconnect assembly consist of silicon, substrate, nane+o@m-nickel

which represents the primary interconnect, and solder/bonding interface utedtdtze
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interconnect onto the substrate. Direction, temperature, time depgeratehttime
independent material constitutive properties will be incorporated inntbdel as
appropriate.

In this analysis, the thermally induced stresses due to nusmiatCTE for
different substrate materials in the assembly with peripreraly connections were
modeled using finite element analysis. The CTE and modulus of the substrateussde
in this study are 3 ppm/ C — 400 GPa, 10ppm/ C — 40 GPa, and 18 pp2d GRa.
The main objectives of this analysis are to study the effdmbafd CTE mismatch on the
interconnect stresses and compare with nanointerconnect prop&hedEA (Finite
Element Analysis) also indicates the critical site at Wwhice package will fail. The
geometry of the nano-interconnect assembly is shown in Figure 3.thanuaterial
properties used to construct the model are listed thereafter.

To observe the effect of substrate CTE and modulus on interconragéaes s& 2D
half-symmetry FE model was constructed using ABAG[I®5]. The parameters used

for modeling are listed below:

1. Substrate width (for half symmetry) 7. Bonding thickness

2. Substrate thickness 8. Interconnect Height

3. Copper pad bottom width (where it 9. Distance from neutral-axis
is in contact with dielectric) 10. Die width (for half symmetry)

4. Copper pad thickness 11.Die thickness

5. Copper pad top width (where itis in
contact with solder ball)

6. Interconnect Diameter
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Figure 3.1: Schematic of a package showing AA' section used for FEM.

As the flip-chip being modeled has a peripheral row of interconfiéigfsre 3.1),
when a 2D symmetric cross-section is taken, only a singlecamteect needs to be
incorporated into the model. Half-symmetry was applied along tagodal so as to
capture the interconnect furthest from the center of the package as shown in Figure 3.1.

Two different geometries were made based on the above consideratierfast
is a 2D-Plane Stress Finite-Element Model for Half of Naneraannect Package with a
Solder bonding interface, and the second is for the nano-interconnect bentting
polymer adhesive (ACF/NCF) bonding. The FE models, as shown in fig2rare the

representations of these two cross-sections of the package taken at AAirm Fig

Since the areas near the interconnect are finely meshed bélcasseare most
critical [126-128] from the reliability point of view. Although the aseaway from the
interconnect are meshed coarsely, the aspect ratio of aletherds is maintained below

1:10 to facilitate better interpolation of results within an element.
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Figure 3.2: 2D-Plane Stress Finite-Element Models for HalfNaho-interconnect
Package with (a) Solder bonding and (b) ACF or NCF bonding.

The dimensions of different components of the package as used in FEngodeli
are listed in Table 3.1. The 2D plane-strain finite element hiwesymmetry boundary

conditions applied along the left edge of the model. The left bottomeicarode is
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additionally constrained in the vertical direction to prevent rigid bodyion. Table 3.2

lists the material models that were employed for FE simulations.

Table 3.1: Dimensions used for parametric FEM.

Component Dimension
Substrate Thickness 1 mm
Copper Pad Thickness 5um
Interconnect Pitch 200um
Interconnect Diameter 90um
Interconnect Height 70 um
Bonding Thickness 20 um
Die Thickness 0.5 mm
Die Size 5mm x 5mm

Table 3.2: Material Models used for FEM [129-137].

Material Model

C-SiC Linear Elastic with Orthotropic CTE

FR-4 Linear Elastic Orthotropic

Copper Pad Bilinear Elastic-Plastic

Solder, NCF, ACF Temperature Dependent Multi-Linear Elastic Plastic
AuSn Temperature Dependent Elastic

Die Linear Elastic
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The silicon die is modeled as isotropic, linear-elastic, and tetyserdependent.
Table 3.3 provides the temperature dependent CTE, Poisson’s ratio, atic fatzdulus

for silicon die that were used in this study.

Table 3.3: Material Properties for Silicon Die.

Material Silicon
Elastic modulus (GPa) 1153 ((1222(5;))
2.39 (25C
CTE (ppm/C) 3.06 ((1280))
s-e curve i
(MPa)
Poisson’s ratio 0.276
(-25°C~125C)

Three substrates with different CTE were used in this studyntierstand the
behavior of nano-structured interconnects with low, medium and high Ci$rsies.
The three substrate materials focused here are high CTE HRadhi Chemical’'s low
CTE MCL-E-679F (referred to as “Hitachi”), and low CTE C-SiC composite.

Table 3.4 displays the material properties of the three primaogtrates being
used. Also modeled were a few other substrate materials to thiiaffect across a full
spectrum of substrate CTE from 2.5 ppm/ C to 16 ppm/ C. The maf@ogkrties for

these core materials are shown in table 3.5.
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Table 3.4: Material Properties of various substrates modeled.

Materials C-SiC Hitachi FR-4
Elastic modulus 350 28 27.9-3.710°T (x &)
(GPa) (-25°C~125C) | (-25°C~125C) 12.2-1.6210°%T (2)
2.5 9.5 16 (X &Y)
CTE (ppm/C)
(-25°C~125C) | (-25°C~12%C) 84 (2)
5.5-7.310° T (xz & yz)
Shear modulus (GPa) - -
12.6-1.62 102 T (xy)
0.33 0.33 0.39 (xz & yz)
Poisson’s ratio
(-25°C~125C) | (-25°C~125C) 0.11 (xy)

Table 3.5: Material Properties of various substrates modeled but not fabricated.

Materials Kyocera Coors Rogers
Elastic modulus 320 54 27
(GPa) (-25°C~125C) (-25°C~125C) (-25°C~125C)
4.5 7.5 12.5
CTE (ppmfC)
(-25°C~125C) (-25°C~125C) (-25°C~125C)
0.33 0.33 0.33
Poisson’s ratio
(-25°C~125C) (-25°C~125C) (-25°C~125C)

The primary interconnect material in this study has been asistoni®e of Nano-

nickel. Since the temperature dependent material propertiesafar-mckel are not
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currently known, temperature-dependent material properties of bkl m@re used in

the models.

Table 3.6: Material properties for Nano-Nickel used in this analysis.

Material Ni
207 (-25C)
Elastic modulus (GPa)
199 (125C)
12.5 (-25C)
CTE (ppm/C)
13.8 (125C)
0.287 (-25C)
Poisson’s ratio
0.284 (128C)

Table 3.7: Material Properties of Solder used as the bonding interface.

Material 62Sn-36Pb-2Ag
44.0 (-55C)
Elastic modulus (GPa)
35.1 (128C)
23. 3 (-55C)
CTE (ppm{C)
24.8 (128C)

$=106.6%"11°

s-e curve (-55°C)
(MPa) $=26.1%>1%7
(125°C)
0.38 (-55C)

Poisson’s ratio

0.40 (125C)
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To ultimately assemble the nano-structured interconnects onto bstrade,
various bonding methods were evaluated. These were SnCu solder, AuSmataizal,
ACF (Anisotropic Conductive Film), and NCF (Non Conductive Film). perature

dependent properties of 62Sn-36Pb-2Ag solder have been used in place of SnCu solder.

Table 3.8: Material Properties of other bonding materials used.

Materials Au-Sn ACF NCF
Elastic modulus 59 3.496 (<126C) 2.2 (<118C)
(GPa) (-25°C~125C) 0.015 (>126C) 0.1 (>115C)
16.6 95 (<126C) 63 (<115C)
CTE (ppm/C)
(-25°C~125C) 186.5 (>126C) 195 (<118C)
Yield strength 275
(MPa) (-25°C~125C)
0.3 0.33 0.33
Poisson’s ratio
(-25°C~125C) (-25°C~125C) (-25°C~125C)

Copper is used as the bond pads on the substrate as well as thiésdia gze die
side. These copper pads are modeled as bilinear elastic-pastithese properties used
in the models are listed in table 3.9.
Two-dimensional 4-noded plane stress elements were used in botrodetsm
The finite element models consisted of 1369~1713 nodes and 1250~1584 elements

depending on bonding methods of nano-interconnects. The mesh was higidy ref
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the nano-interconnects and bonding area so that their deformation couldchbedes

accurately.

Table 3.9: Material Properties of Copper.

Material Copper
129 (-25C)
Elastic modulus (GPa)
120 (125C)
16.1 (-25C)
CTE (ppm/C)
17.3 (125C)
Yield strength -
Shear modulus (GPa) -
0.335
Poisson’s ratio
(-25°C~125C)

The FEA models were assumed to be in a stress-free s@28Caand to have a
uniform temperature throughout the analysis. Thermal shock simulatidlone 10
minute high and low temperature dwells, and 5 minute transition tilgereF3.3 shows
the simulated thermal cycles. The high dwell temperature is 126f€C the low
temperature dwell is -25°C. The three thermal shock cyclesimmdased to obtain
stabilized values for the interconnect joint strain. A strip afnelats is selected towards
the substrate-side (because maximum strains were observed bontliag interface),
and equivalent plastic strain is calculated as the area-weightzage of strains for these
elements. Simulation results were compared for assembly wit#h, Hitachi and C-SiC

as substrate materials.
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Figure 3.3: Simulated thermal cycle for calculating solder-jointrstrai

Bonding with SnCu solder:Dissolution of metals such as Au, Ag, Ni, and Cu in the
solder change the phase evolution of both lead-free and tin-lead sokleonmiects.
They are present in small amounts as additives to the soldee arsed as protective
coatings (surface finish) on metallizations (pads). These naitalse so rapidly during
reflow and thermal cycling that they are available in sudfiti quantity at the
solder/metallization interface or within the solder to fad#itathe formation of
intermetallics. This phenomenon has a great impact on thermomeadhegliability
[138] especially in case of lead-free solders but for the sakenglicity, it is not taken
into account for modeling done in this work. Figure 3.4 shows the FEMgexdtained

as equivalent plastic strain accumulated in stabilized (thirdmiddecycle for base

substrate boards with different CTEs.
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It is evident from figure 3.4 that plastic strain increasesha CTE of the base
substrate deviates from that of Si. In the investigated set oflfjoBR-4 showed the
highest plastic strain range (~0.39) while a base substrate upaof C-SiC showed the
least strain (~0.004) due to a Si-matched CTE, indicating that bHoesds are ideal for

having a high solder-joint reliability.
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Figure 3.4: Thermal cyclic plastic strain vs. CTE of substrate for SnCu Solder.
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For the sake of comparison, fatigue life of the solder-joints wasingat by
plugging the plastic strains obtained for different base substratethe Coffin-Manson
relation [139] shown as equation 3.1. Table 3.10 compares the fatigue flip-chip
solder-joints obtained for assemblies without underfill on substtzdgsg different
CTEs. Assemblies on FR-4, as expected, showed least fatiguehlie C-SiC boards
show extremely long fatigue life again emphasizing the high fatigustaace and hence,

high reliability for flip-chip assemblies without underfill.
N, = 196De, ) *° [3.1]

whereN; is fatigue life and j is accumulated plastic strain.

Table 3.10: Number of Cycles to Failure for three different boards.

No. of Cycles to
Board CTE D
Failure (Ny)
2.5 (C-SiC) 0.004 98224
9.5 (Hitachi) 0.078 291
16 (FR-4) 0.389 12.47

Bonding with Au-Sn:To see the effect of the bonding interface, the solder material in the
previous case was replaced with AuSn braze material. AuSn isyastveng material
with yield strength of 275 MPa as compared to 30-40 MPa fordljead free solders.
Total von Mises stresses in the joints were computed for asgesmioth AuSn braze on
various substrates, and the maximum von mises stresses in tlterinest joints are

plotted for each of the substrates as shown in Figure 3.6. Allttesssvalues are
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calculated by integration different points in an element, and ircasg, four integration
points meaning four stress values in each element. The plotted maxmmumises
stresses are the average stresses in the element that has the maximusescirdss.
Figure 3.7 shows the distribution of stresses in boards of diffefdat Since the
yield strength of AuSn is very high, the interconnect joints orchife side experience as
much stresses as the substrate side. This behavior is dystiffgttent from the case in
which SnCu solder was used as the bonding interface, whereinshigfinesses were
concentrated in the solder joint, or the substrate side. It carebdreen the schematics
that interconnect bonded on to a FR-4 substrate experience twicrichs stresses

compared to the ones assembled on C-SiC substrate.
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Figure 3.6: Thermal cyclic plastic stress vs. CTE of substrate for AuSnrSolde
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Figure 3.7: Von Mises Stresses in interconnect joints at thentwaconnect joints with
different boards using AuSn braze.
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Bonding with ACF adhesive:ln the next model, the solder bonding interface was
replaced with a polymeric adhesive material. In this case, irntexconnects are
surrounded with a polymer material that helps in distributing thess#s along the
polymer layer. There is a small layer (3 um) of ACF betwte interconnect and the
substrate bonding pad that make the electrical connection betweenoth@&he filler
loading of these metal particles in the polymer materia¢ss than 1% and hence the
material properties of the ACF material is assumed to bsdaime as the polymer used to
make the ACF. Total von mises stresses in the joints werputeohfor assemblies with
this adhesive bonding on various substrates, and the maximum von masssssin the
interconnect joints are plotted for each of the substrates as shown in Figure 3.8.
Figure 3.9 shows the schematics with the distribution of stressbeards of
different CTE. Since there is no rigid joint between the interatnaed the substrate
pads and also the polymer material serves as a stress lyffeyar, the von mises
stresses in this case are much lower as compared to thebagading approaches

discussed earlier.
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Figure 3.8: Thermal cyclic plastic stress vs. CTE of substrate for ACF.
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Figure 3.9: Von Mises Stresses in interconnect joints at thenggp@itom interconnect
joints with different boards using ACF Bonding.
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Bonding with NCF: In the fourth and final model, a Non-Conductive Film (NCF) was
used as the bonding layer. This is different from the ACF inthlieinterconnect is in
direct contact with the substrate pads, without using any interteedetal particles. The
material properties of the NCF polymer are very similah®o ACF polymer, and hence
the thermo-mechanical stresses are similar to those pebdact&CF. Total von mises
stresses in the joints using different board materials is shown in Figure 3.10.

Figure 3.11 shows the schematics with the distribution of stresdasards of
different CTE. Again, since there is no rigid joint between theraonnect and the
substrate pads and also the polymer material serves assalatfesing layer, the von
mises stresses in this case are much lower as compaireal rigitl bonding approaches

discussed earlier.
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Figure 3.10: Thermal cyclic plastic stress vs. CTE of substrate for NCF.
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Figure 3.11: Von Mises Stresses in interconnect joints at thént@rconnect joints with
different boards using NCF Bonding.
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Four different FEM models were analyzed in this section witterdiht bonding
interfaces. It was seen that the highest strains are erped by the Sn-Cu solder
interface, since it undergoes the highest plastic deformationntg&alifatigue and final
failure. The joint between the die and interconnect is not expecttdl io this case.
However, in the case of AuSn solder, the AuSn and nano-nickelilarie ghe elastic
region after three cyclic thermal-loadings. Although these matgeare still in the elastic
region, the von-mises stress on the interconnect joints is considdrighl, which is
expected to shift the failure mode from the interconnect to the UBM assemblies are
most likely to fail at the interconnect-UBM interface on the sige. Therefore, the
modeling strongly suggests that the UBM-interconnect interfaaes to be very robust
in order to get reliable assemblies using nano-structured interconnects.

Similar effects were found using the polymeric ACF and NCEenas, in which
the maximum von-mises stresses are again high. A large pgag ofaximum von-mises
stresses shown in the model come from the stress singulamig#sg from a two-
dimensional model. The actual maximum stresses will be much kharrpredicted by

the model.

3.2 Electrical Modeling of Nano Interconnects

Interconnects have parasitic inductance, resistance and capaesanceated with them.
Future ICs operating at high frequencies of 30-60 GHz, sigmalviadths of tbps and
lower supply voltages require minimal R, L and C for the interconn€&gtscally, small
length of interconnects is desired for faster signal propagatidnow losses particularly

at higher frequencies. Parasitics increase RC delaysdndes the speed of operation of
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the circuits. The fine pitch of interconnects increases crdsskatween adjacent
connections which could result in signal distortion and spurious data transfer.
Current fine pitch WLP approaches such as compliant interconnectetaaeet
the R, L, C requirements of future. The mechanical requirementheomther hand
dictate a lengthier interconnect design which comes at a @ribegher inductance and
resistance. Therefore electrical modeling of interconnectnismportant step in the
design and analysis of interconnect performance. The equivalenit dioc nano-

interconnects can be approximated as shown in Figure 3.12.

® o

Zﬁ c=:|/2

Figure 3.12: Suggesterequivalent circuit for fine pitch nano-structured interconnects.

Nano-interconnects can be modeled using inductance, resistancepaniacee
parameters for a transmission line, since the current flow thrthey interconnects is
similar to a transmission line. The per unit capacitance bativee interconnects can be
calculated as [140]:

CapacitanceC = Ld[F / m] [3.2]
cosh*

2a
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wherea is the radius of the interconnedtis the center to center distance (pitch) between
two adjacent interconnects, andis the permittivity of the material surrounding the
interconnects. The total capacitance of the interconnect is 2 thie per unit length

inductance can be determined as:

Ef

= [H /m [3.3]

Inductance,L =

Where,c, is the free space light velocity ands the relative dielectric constant of
the medium surrounding the interconnect (air or underfill). The tadge of the
interconnects id..| wherel is the length of the interconnect. Using1 for air, and
=3.1 for underfill, the inductance of the interconnects can be calculated.
The resistance of the interconnect is the static resistartbe ofterconnect and can be

calculated as:

Resistance,R=r ,I 2[V\:] [3.4]
p-a

Where,r is the resistivity of the interconnect material.

The values of different parameters used in this analysis &®&.85 x 10* F/m;
co=3.0x 16 m/sec; ¢, =1.67x1F -m; =6.93x1F -m.

Tables 3.11 and 3.12 show the R, L and C values of Nano-structured
interconnects when copper and nickel are used as the interconnetalmadte both the
cases, parasitics have been calculated for different pitches,ithnaing without underfill

(ACF/NCF) material.
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Table 3.11: Electrical Parasitics for Copper Interconnects.

50 um pitch 200 pm Pitch | 50 pum pitch 200 pm Pitch
[=25 pym; r=12.5 | I=100 um;r= | =25 pum;r = =100 pm;
pm 50 pm 12.5 pm r=>50 pum
(Underfill) (Underfill)
R[m ] 0.85 0.21 0.85 0.21
C [fF] 1.06 4.24 3.28 13.14
L [pH] 59 236 59 236
Table 3.12: Electrical Parasitics for Nickel Interconnects.
50 um pitch 200 pm Pitch 50 um pitch 200 pm Pitch
=25 pm; r=12.5 | 1=100 pm; r = [=25 pm; =100 pm;
pm 50 um r=12.5um r=50 um
(Underfill) (Underfill)
R[m ] 3.53 0.87 3.53 0.87
C [fF] 1.06 4.24 3.28 13.14
L [pH] 59 236 59 236

In this modeling, the inductance does not depend on the material sungpmeli

interconnect but depends on the distance between adjacent intercoSmeitsly, the

capacitance is not dependent on the interconnect material, but omndtesial

surrounding the interconnects. However, the resistance values alg gependent on
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the interconnect material being used. 3D simulations such aS H&%& been shown to

be as accurate as these models [141].

L]

Figure 3.13: Electrical parasitics of nano-interconnects compartdd cenventional
interconnect schemes.

The simulation results obtained from the above model suggest thdl forcEon
pitch interconnects, resistance is 0.85 mohm, capacitance is 1.06 fF and a totahoeluct
(self inductance + mutual inductance) is 59 pH. The value of inductamoeah lower
than those of G-Helix (self-inductance 70 pH) [142], flip chip (110 @H4B] and micro
BGA (70 pH) [142]. Thus the modeled nano interconnects have less inductanc
compared with the existing interconnection techniques. This differerpagasitic values
for nano interconnects is compared to other popular interconnection mathfigisre
3.24. Due to a lower inductance value, it is projected to retainr beltetrical

performance even for high frequency applications.
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3.3 200pum Pitch Chip and Board Layout

Chip Layout

Nano-structured interconnects have been fabricated onto a 4” wiaéee each die pad
footprint matches the substrate for subsequent assembly. Eachhasifa total of fifty-

two 5 x 5 mm dies and each die consists of a one-row periphenabéirderconnects at

a pitch of 200m. Table 3.13 tabulates the ground rules for designing the chip at 200
micron pitch.

Table 3.13: Ground Rules for Chip Design at 200 micron pitch.

Interconnect Pitch 200 microns
No. of I/Os 88
Die Size Smm X Smm
Interconnect Height 80-100 microns
Distance from Die Edge 0.25 mm
Passivation Opening 90 microns
Pad Impression on Chip 110 microns

Each individual die on the wafer has been designed to assess therhamnitac
reliability of the interconnects. To monitor the thermo-mechameaformance, daisy
chains have been incorporated on three sides of the die. The dadisydekign on the
fourth edge of the die was modified and selective bumps shorted intordetract the
electrical parasitics of the interconnects. Figure 3.14 dispeeysnask used to fabricate

the first layer of interconnect structures.
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Figure 3.14: Wafer fabricated with the first layer of interconnect sirest

Figure 3.15 illustrates the design daisy chain on the chip sidelsmdlastrates

the dimensions of die pads, interconnect pitch and the passivation openings.

585 5858858808080 80808888808

90pm 200pm 110pm

° ®)
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6060608 s0 s s0SLIOELEESETS

Figure 3.15: Die pad layout and dimensional illustration of die patls péssivation

openings.

The definition and fabrication of the nano-structured interconnects canmisa

two mask process. The first mask layer defines the die padfhesdcond mask defines
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the chip passivation openings as well as the openings for plating¢hsonnects. CAM-
350® was used to construct the geometry for each mask step. Figurdispbys the

chip layout of the 200m pitch chip design.
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Figure 3.16: Chip layout for the 200 micron pitch testbed.

Alignment marks were designed on the corners of each die to e alignment
of the next mask process and also to align the die with the sebdtnang assembly. A
layer of Polyimide covers the daisy chain and only the copper padsxaosed for

subsequent fabrication of the interconnects. Figure 3.17 displayso®esection of the

wafer.
TiCu @ 2400 A
Tiand 2400 A Cu
CrCu @ 300 A Cr | «20 HM,
200 hm__ and 1.8um Cu ! !
| | I I
: ' L
|
| |
4 ¢ . —. . — Polyimide
00 Silicon

Figure 3.17: Cross-section of the wafer showing dimensions of degral passivation
openings.
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To fabricate the nano interconnect structures on the silicon wgéss masks
which are transparent to UV light were used. The glass masgrsa®s of an absorber
pattern metal (~800 A thick chromium) layer that defines thifes of the interconnect
structures. The mask is placed in direct contact with the photecesited surface and
subsequently exposed to UV light. The chromium pattern on the photon@skgise to
UV light, whereas the glass is transparent to UV light whidbsequently photopatterns

the photoresist.

Board Layout

After the wafer is singulated into individual 5 mm x 5 mm peripkanay 200 m pitch
nano-structured interconnects, they are ready to be assembled PWB.a-igure 3.18
displays an image of the design of the test board to assessttical and thermo-

mechanical reliability of nano-structured interconnects.
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Figure 3.18: Test board design layout at 200 um pitch.
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The board is designed for manually probing the reliability ofitiberconnects.
The daisy chain can be segmented to probe each side individually husiogrher pads.
Further, each side can be subdivided three individual channels and proivetually to
monitor failure locations and failure statistics of the die nam®urately. Probe pads are
included around the peripheral of die in order to narrow down the ddibwation. In
addition, Co-Planar Waveguides (CPW) lines are included in thendesigs to quantify
the electrical parasitics of the interconnects and the perfaerairthe interconnect when

a high frequency signal is propagated through the system.

3.4. 50um Pitch Chip and Board Layout

Chip Layout

Nano-structured interconnects were also fabricated at 50um pitéhwafers. Being a
much larger die (20mm x 20 mm) as compared to the earlierelesie, each wafer has

a total of five usable dies and each die consists of an argashirderconnects at a pitch

of 50 m. Table 3.14 tabulates the ground rules for designing the chip at 50 micron pitch.

Table 3.14: Ground Rules for Chip Design at 50 micron pitch.

Interconnect Pitch 50 microns
No. of I/Os 129,600
Die Size 20mm x 20mm
Interconnect Height 20-25 microns
Distance from Die Edge 1 mm
Passivation Opening 25 microns
Pad Impression on Chip 35 microns
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Each individual die was designed to assess the thermo-mechatighaility of
the interconnects. To monitor the thermo-mechanical performance, lenlgutermost
row of daisy chain was routed on the substrate. This was done foe&sons, (a) The
substrate technology is not yet mature enough to reliably roate sslarge number of
area array interconnect pads on an organic substrate, (b) Itllikivesvn that the
outermost row of interconnections fail first. Therefore, routhmg outermost row serves
our need to probe the failure in the assembly during thermo-mechesliadllity tests.
No provisions were made in this test bed for making high frequehegtrical

measurements, in order to keep the simplicity of the designrec@i9 displays the

mask used to fabricate the first layer of interconnect structures.

Figure 3.19: Wafer fabricated with the first layer of interconnect sirest

Figure 3.20 illustrates the daisy chain design on the chip sidelhas illustrates

the dimensions of die pads; interconnect pitch and the passivation openings.
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Figurg 3.20: Die pad layout and dimensional illustration of diepads passivation
openings.

Like the previous test bed, the definition and fabrication of the 50 mptoh
nano-structured interconnections also comprises of a two mask probessfore, there
are two different mask layers to produce two different patt@imes first layer defines the
die pads, and the second mask defines the chip passivation openingd as thel
openings for plating the interconnects. CAM-350® is used to consteicfetbmetry for

each mask step. Figure 3.21 displays the chip layout of tha plch chip design.
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Figure 3.21: Chip layout for the 50 micron pitch testbed.
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Similar alignment marks were designed on the corners of eado die in the
alignment of the next mask process and also to align the die vateubstrate during
assembly. A layer of Polyimide covers the daisy chain and d@ycopper pads are
exposed for subsequent fabrication of the interconnects. Figure 3@@aydi the cross-

section of the wafer.

TiCu @ 2400 A
Ti and 2400 A Cu

CrCu @ 300 ACr |«
«—0um___, and 1.8um Cu

3um Polyimide

500 pum Silicon

Figur_e 3.22: Cross-section of the wafer showing dimensions ofadie gnd passivation
openings.
Board Layout
After the 20mm x 20mm peripheral-array 59 pitch dies with nano-structured
interconnects have been fabricated and singulated, they aretoelaglyassembled onto a
PWB. Figure 3.23 displays an image of the design of the test board to assesstticalel
and thermo-mechanical reliability of nano-structured interconnects.

The board is designed for manually probing the reliability ofitiberconnects.
The four primary daisy chains designed onto the four chip sides@reseladivided into
twenty-five channels on the PWB side to monitor the reliabditythe interconnects
around the die. The chains are broken up so that observations can be readk oow
and sub-sections of the die exclusively. Probe pads are included @neuperipheral of

die so when a failure is observed, the location of the failure can be narrowed down.
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Figure 3.23: Test board design layout at 50 pum pitch.

It is should be noted here that no solder mask was designed in baésttheds

in order to preserve the simplicity of the test vehicles. Ryt solder mask on the
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substrate leads to increased reliability issues. Moreover, ibéas known that solder
mask cracking during thermo-mechanical cycling leads to efltdilures. The primary
function of the solder mask is to prevent electrical shorts betagjeming solder balls.
In our testbeds, the amount of solders used to bond the interconngactallisthereby
minimizing the possibility of solder flowing to adjoining pads andstoag shorts. Such

kind of maskless processes have previously been demonstrated to be very successful.

Pad Dimensions on the Substrate based on CTE Mismatch between Board and Die
The combination of fine pitch and large die presents a unique agsehdilenge in
aligning the interconnects on the chip to the corresponding pads. Whasstmably is
heated up, the organic substrate will expand at a fasterareaced to the silicon die.
Therefore, the corresponding copper pads that are supposed to bewitHieach other
will be offset due to the thermal expansion. To compensate for gamson, the pads on
the PWB were designed large enough to minimize the offsetrd=i§,24 provides the
dimensions of the silicon die used for the analysis.

The maximum Distance from Neutral Point (DN is from the center to the
outermost interconnect located at one of the four corners of th&ldise distances are
estimated as 3.5 mm and 14 mm in the two cases. Assuming eemifierCTE of
8ppm/°C between the chip and the board, and af 225°C which is the difference from
reflow (250°C) to room temperature (25°C), the maximum free-airatispient of the
corner interconnect relative to the corresponding pad on the sulestnabe calculated as
follows:

Dy« = DNR,

Max

*Dag; g, * DT,

Re flow- RoomTemp

[3.5]

Max
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From Equation 3.1, the total differential free-expansion along the ciagbthe
assembly for the given temperature change is calculatedappoeximately 6 and 2%5n
respectively for dies of 5mm and 20 mm. Thus, it can be seen thiie apitch
requirements set forth in this work, this will result in a sigaifit mismatch between the
corresponding bonding pads on silicon to the PWB, potentially reducinglihiility of

the interconnection.

5mm 20mm

A
v
A
v

smm |- 20mm
\ 4 v
DNR,,, =V 25°+25° = 353 DNR,,, =vV10? +10? =14.14
() (b)

Figure 3.24: Die Dimensions with Distance from Neutral Pointhaps with sizes of (a)
5mm x 5 mm, and (b) 20 mm x 20 mm.

To accommodate for a portion of the expansion, the size of the pads on the
organic board were designed and kept as large as permissiblet seethapper pad on
the PWB will partially align with the corresponding interconnactthe chip at 250°C.

Therefore, this will limit the resultant misalignment to within a fewenons.
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CHAPTER 4
EXPERIMENTAL PROCEDURES - ADVANCED FABRICATION

AND PROCESSING TECHNIQUES

This chapter describes the advanced material and processimigtees that were
used to fabricate the nano-structured interconnect test vehiclexh@pter starts with
the description of photolithographic processes developed for fabriéatargonnects at
two different interconnect pitches. Fabrication at 200 micron pgdione using nano-
nickel interconnects; while nano-copper is used for interconniegt&ion at 50 micron
pitch. This is followed by a discussion on various plating bath conposiused to
deposit the nano-structured metals for interconnect formation, follow#tekechniques
used to deposit bonding interfaces. The chapter concludes with &aptiescof
fabrication processes used for making the matching boards for thandmsler to

assemble the test vehicles for mechanical and electrical charatboeriz

4.1 Fabrication of Chip at 200 micron pitch

Photolithography is the most widely used form of lithography wheaterns are
transferred from masks onto thin films. The fabrication of 200 migsiich nano-
interconnects utilizes photo-lithography to build specific strustwéh pre-designed
dimensions. The design of the 200 micron pitch test vehicles wasghidesin detail in
chapter 3. In this section, the micro-fabrication details are miex$en detail. Various
materials used, their properties, and processing conditions sxebee thoroughly. The

fabrication results obtained from these processing techniques vatidven in chapter 5
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followed by appropriate discussions including electrical and mecdani
characterizations.

The interconnects are fabricated on 4” silicon wafers whete diagad footprint
matches the organic substrate to which each singulated diesuwbkequently be
assembled onto. Figure 4.1 displays the wafers used to fabricatentdrconnect

structures.

e TiCu @ 2400 A
bl Ti and 2400 A Cu
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Figure 4.1: Cross-sectional View of Silicon Wafer used to ¢abei the nano-
interconnects at 200 um pitch.
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The baseline process for fabrication is shown in figure 4.2. Thec#&ton
process consists of various processes that include wafer oxiddte pads deposition,
passivation, photoresist lamination, lithography, and electrolytianglabllowed by

photoresist stripping process. All these steps are outlined in detail as follows.
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nterconnects at 200 micron Pitch

Wafer-level Fabrication of Nano-structured Nickel |

Sputter Ti/Cu

Spin photoresist;
photolithography and develop

DO e e e e Eqoh Ti/Cu to form die pads
and remove photoresist

e, Apply Pl 2771 passivation;

S e | photolithography; develop;
= cure
P e e e e e e e e L L L o D DD DD D DD D DT D DT DT Snytter TifCu Seed Layer

Laminate photoresist

Photoresist lithography;
develop

Nano-Nickel Electrolytic
Plating

Solder Electroplating

Photoresist removal
and seed layer etch

Figure 4.2: Baseline Process for Fabrication of 200 micron Pitch Inter¢ennec
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4.1.1Wafer Oxidation

In the beginning, the silicon wafer is first cleaned with @eet methanol, iso-propanol,
and deionized (DI) water (in this order) to remove any contamirthatsnay be present
on the surface of the wafer. The wafer is subsequently exposed/gen plasma for a
few minutes to get rid of any organic traces left from ¢thean process. Following
cleaning, a thin layer (approximately 1um) of PECVD oxideeposited on the wafer in
order to passivate the silicon surface. The conditions used to déppo$liECVD oxide
are listed in Table 4.1. It takes approximately 25 minutes to depagim film of silicon
oxide.

Table 4.1: PECVD Conditions for Oxide Deposition.

Temperature 100 - 350 °C
Gases SiH4 (2% in N2) - 400 sccm
N20 900 sccm
Pressure 900 mTorr
Power 25W
Deposition Rate 400 A/min

4.1.2Die Pad Deposition

Post oxidation, the wafer is thoroughly washed and dried using mtrdd¢® gas and
placed into a 95°C oven for 10 minutes to fully dehydrate the wafer. Thereafter, aflayer
Titanium (Ti) and Copper (Cu) is deposited on the wafer using a@@erer. Here, Ti

serves as an adhesion layer between silicon oxide and ther dappethat forms the
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conducting traces on the die side. Copper in itself does not have goayadhesion
with silicon/silicon oxide and hence such an adhesion layer iscrgigal. Thickness of

the two metals deposited using sputtering are Ti: 300 A and Cu: 1.8 pm.

Table 4.2: Photoresist processing conditions for die pads masking.

Spin Coating| 4000 RPM/500RPM Ramp Rate/40 Seconds

Soft Bake 107 C

Exposure 405 nm wavelength; 8 seconds at an intensity of 5.1 miW/cm

Developer MF-319 for 1 minute, agitation

Rinse Rinse in water for 2 minutes

The die side metallization was patterned with an etch-back prosasg a thin layer of
SC1813 photoresist (Shipley Chemicals). SC1813 is a positive tone Sisitared it
replicates the mask design on to the wafer i.e. the dark ésasimilar to the ones on
mask are transferred on to the wafer. Therefore, the photosetstively protects the
copper film on the wafer. The processing conditions used for thihawen is Table 4.2.
Thereatfter, the copper and titanium films are selectivelyeetasing Cu and Ti metal
etchants. The composition of the etchants and the etching time is bletawin Table
4.3.

Table 4.3: Metal Etchant Compositions and etch times.

Etchant Composition Etch Time

Copper Etchant 1:1:10 ,B804:H,0,:H,0 40 seconds

Titanium Etchant 1:10 HF4® 5 seconds
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Once the copper and titanium layers are selectively etched, the photmiesiss

removed by dissolving in acetone, and the wafer is cleaned thoroughly using DI wate

4.1.3Pad Passivation

A passivation layer is generally applied on the chip to isolatantieeconnect pads,
prevent them from oxidation, and for also increasing the reliabililgterconnections. In
this case, a polyimide layer was used as a passivation Riggi71 (HD Microsystems)
is a commercially available photo-definable polyimide. This polgerlayer works as a
stress buffer and also provides protection from moisture, corrosiortransport, and
mechanical damage during packaging steps. In general, devicelvatamsswith
polyimide have demonstrated lower leakage currents, better ligliand have shown
superior protection from damage due to scratching and compression ednipar

conventional inorganic passivation [144-149].

Table 4.4: Processing Conditions for Polymer Passivation Deposition.

Spin Coating 1000 RPM/ 100 RPM Ramp/10 Seconds

4500 RPM/500 RPM Ramp/60 Seconds

Soft Bake 90 C/90 Seconds

Exposure 365 nm wavelength; 40 seconds at an intensity of 4.9 MW/cm

Post Exposure Bake 120 C/30 Seconds

Developer MF-319 for 2 minutes

Rinse In DI water for 2 minutes
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P12771 is applied on the wafer by spin coating to provide approximétglm
cured thickness of passivation layer. The presence of high quantuinUpgelphoto-
sensitizers limits the amount of incident radiation required teqaPI| 2771, resulting in
little scatter and high resolution. In our application, the coatiqtterned in a contact
mode using a 365nm radiation. Pl 2771 is converted by a bake cycleltp ianfdized

polyimide siloxane. The curing profile for polyimide post developing is in Figure 4.3.

Temperature (C)

0 200 400 600 800 1000

Time (Minutes

Figure 4.3: Curing Profile for Polyimide P12771 used for Passivation.

The curing temperature is 375 C with a dwell time of 1 hour, andNitragen
atmosphere using a lindberg tube furnace. The ramp rate is il @hd the cooling is
done by natural convection with an approximate cooling rate of about ihCirhe
Nitrogen flow is set at about 5 sccm, and care is take to thoroflgkly the tube with
nitrogen for a few minutes before starting the curing prosss to prevent oxidation

of exposed copper pads on the wafer.
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The objectives of a proper cure schedule are to: (1) completanttzation
process and remove cross-links, (2) remove the photoinitiator packagem@®)e any
residual solvents, and (4) complete the adhesion process. During cure, a nessHmsmne
of about 40-50 percent will occur. The decrease in coating thickveaght loss does not

significantly affect the pattern performance or resolution.

4.1.4Electroplating Seed Layer Deposition

Once the passivation process is complete, the wafer was regutigth a layer of
Ti/Cu/Ti that serves as a seed layer for the electroglagiep. Before sputtering, the
wafer was dipped in a 10%,80, solution to remove any copper oxide formed on the
surface during the polyimide curing process. This step is egtyeanitical in order to
maintain a clean conducting path for interconnects, and thus the wafst be
transferred to the sputterer as soon as the oxide cleaningsstigfisihed in order to
minimize the copper oxidation from air. The sputtered seed layeprisea of 2400A
titanium, 250A copper and 600A titanium. An additional layer of titaniuspigtered on
the top to prevent the underlying copper which is attacked by théogeng agent used

for the plating photoresist. This will be explained in more detail in later pimcesteps.

4.1.5Photoresist Lamination

A negative working, polymer dry film photoresist, WBRT50 (DuPonécEonic
Materials) is used as the electroplating mold in our appticalihis photoresist has been
developed by DuPont for in-via and mushroom electroplating bumping applicaimhs
is also suitable for photo stenciling applications. The photoresistahsisong heat
resistance and a high resolution capability with wide procgskatitude. Besides,

WBRT™ photoresist is compatible with a variety of surfaces, inefudilicon, silicon
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nitride, sputtered copper, sputtered gold, and sputtered titanium. The ssickhéhe

polymer dry film is 50 microns and since our application require®lactroplating

thickness of 100 micron, two 50 micron films are stacked togethgattihe required 100
micron photoresist thickness.

To ensure a good adhesion between the seed layer and the photoresistatiee
must be free of any kind of organic contamination and metal oxides frrevious
processes. It is recommended, whenever possible, to clean thee switiladight acid
solution (2-3% sulfuric acid solution) followed by D.l. water ringed arying with
nitrogen gas. Cleaning immediately prior to lamination is helpfulemoving surface
particles and avoiding recontamination.

Once the wafer is clean, the photoresist was laminated on tcafee Whe main
objective of the lamination step is to provide intimate contact legtwiee polymer and
the substrate, eliminating any air entrapment, ensuring the polfloves into the
substrate cavities encountered on the surface roughness, magintng polymer

adhesion.

Figure 4.4: Drawer vacuum laminator used for photoresist lamination process.
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Two photoresist films are laminated on the silicon wafer usidgaer vacuum
laminator (E & H Laminator, Inc.). The vacuum laminator usedHr process is shown

in the Figure 4.4.

7 /////////////////
Laminator Drawer
L Silicone Pad
with PR

%,

Figure 4.5: Cross-sectional view of the laminator and sample setup.

The temperatures of the top and bottom heating plates in the lamiet®both
kept at 200 F with the vacuum and pressure dwells of 60 secondsRemtHamination
bake (PLB) is then done to enhance the film adhesion to the wafacesuThe post
lamination temperature is 65°C with a dwell time of 20 minuteswugh time was

allowed for the wafers to cool down to room temperature prior to exposure.

4.1.6Photoresist Exposure

WBRT photoresist has peak absorption at 365 nm, and therefore xposuze lamps

are used for photo-imaging this resist. To maximize the resolwidm@rd contact and
high intensity light source was used. An i-line long pass filtas wsed between the
photoresist and the exposure lamp. The i-line long pass fiketves monochromatic
wavelengths reaching the photo-mask substrate so that optimumicesd@wdchievable.

The PL-360LP long pass filter (Omega Opticals) was usetfiteeatly transmit the five
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lines of the fine structure of the Mercury i-line. The use of filier provides improved
exposures and sharper, straighter feature walls of the phototesisb prevents over
exposure of the top portion of the photoresist which would cause exaggeegtsi/e
sidewall profiles (also known as T-topping). The filter provides a naimcut-on
wavelength of 360 nm, blocking shorter wavelengths and transmittinglotiger
wavelengths including the useful 365 nm mercury line. It is 9@¥sparent to visible
light (or provides 90% transmission), allowing for proper visualization of maghraént
through the filter glass.

The intensity of the exposure lamp measured with and without thealofiltier
were 3.5 mW/crhand 4.9 mW/crrespectively. For our photoresist thickness of 100
microns, the exposure time was 60 seconds at a lamp intensity o &mnwith an
optical filter.

Once the photoresist is exposed, the resist development is done in a 0.75%
Potassium Carbonate {80s) solution. The resist is developed with agitation in a puddle
for 4 minutes, followed by development in an ultrasonicator for 2 nsn@ace, the
photoresist thickness is very high in this case, ultrasonication Hetpsleveloper to
access the bottom of the trenches, which is difficult to achiemenmal agitation. This
process leads to very clean openings with little photoresgtue at the bottom of the
trench. The wafer is then thoroughly rinsed with DI water for a few minutes

Even though the wafer is washed thoroughly after developing, theseme
organic residue left at the resist/Ti interface in the phagirepening that will prevent

the electroplating through the opening. It is important to removedhkidue, and this is
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done using a plasma assisted descum process. The plasma conditiofts tisedare

shown in Table 4.5.

Table 4.5: Dry Plasma conditions for Organic Descum Process.

RF Power 250W
Chamber Pressure 300mTorr
O2Flow Rate 50 SCCM
CHRsFlow Rate 7 SCCM
Descum Time 1 minute

Next, the top Ti seed layer has to be etched away. This is Iipaioae using a
mild HF solution or Buffered Oxide Etch (BOE), 6:1 HF:. N However, in our
application, the trenches were deep and a wet process did fbtggied results in
etching the Ti inside the resist opening. Therefore, a dry plasotgss was used to etch
the top Ti layer. The benefits of using this process was that the plaspmused did not
have any affect on the photoresist as well as the copperdager the Ti layer. The etch
rate is relatively slow (~40A/sec) and the etching is cotapidien a light brown color of

copper appears. The recipe for dry plasma etching of Ti is shown in Table 4.6.
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Table 4.6: Plasma Conditions for Etching the Titanium film.

Temperature 25 °C
CHFs Flow 45 sccm
O, Flow 5 sccm
Pressure 80 mTorr
Power 200 W
Etch Time 15 minutes

Once the Ti etching is complete, the wafer is thoroughly rimgddDI water for
two minutes. Carefully monitoring the dry-etching will minimizeteng of the Ti that is
under the photoresist, typically referred to as “undercutting”. Thcess is also

illustrated in Figure 4.6. The figure shows the photoresist openigseéd layer before

and after Ti etching.

BN Plasma

i

Legend
E Silicon
l:l Copper
D Titanium
- Photoresist EE.'.'

Figure 4.6: Schematic showing the Photoresist opening before and after tiedaining.

4.1.7Nano-Structured Nickel Electroplating
Once the photoresist process is complete, the next step in thesgriboe is to
electroplate the nano-structured nickel interconnects. The detatlse aélectroplating

bath will be discussed in the later sections of this chapter.
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Prior to placing the wafer in the electroplating bath, it is digpeti0% sulfuric
acid for 30 seconds and rinsed with DI water for one minute. Ifshiet done, the thin
copper oxide layer will provide poor adhesion, or possibly no electroplagitvgeen the
interconnects and the copper pads. The total plating area on theisvafgroximately
15 cm. A plating current of 200mA is used which translates to a currenitylesfs
13.5mA/cm. The plating time to deposit about 70 microns of nano-nickel is about 3
hours with an approximate deposition rate of 0.3 pm/min. To avoid oa#@ngl the

wafer is taken out and inspected periodically with a profilometer and microscope

4.1.8Solder Plating

Once the Nickel is deposited, the next step is to deposit enough yuEnét solder
material that ultimately serves as the bonding interfacedset the interconnects and the
HDI board. Two different solder materials were deposited omragp wafers using
electrolytic plating. The solder compositions deposited were 80Au-20SiS@Gd -.
The actual processes used to deposit these solder compositions aadnpgusitional
analysis will be described in later sections. Approximately 2@k%ons of solder was
deposited in both the cases. In one of the wafers, no solder was el@postop of the

nickel interconnect, to be used for bonding with an Anisotropic Conductive Film (ACF).
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Figure 4.7: Cross-sectional view of a part of the wafer with completed ptiépg.

4.1.9Photoresist Release
Once all the electrolytic plating is done, the photoresistrigpgtd in a TMAH (Tetra-
Methyl-Ammonium Hydroxide) based solution. TMAH solution slowly dissslike
cured WBRT film, and it typically takes a few hours to lift tfé photoresist mold. The
TMAH solution does not attack the surface of the photoresist, ahdrrattacks the
vertical walls of the photoresist openings to lift-off the resi$terefore, it is important
not to over plate or mushroom-plate through the photoresist, as in thisthemse
photoresist removal becomes problematic.

Next, the seed layers were removed where the titanium seed layepisetewith
a mild HF solution. HF solutions typically tend to attack the undeglgopper layer. It is
therefore important to use a very mild etchant to remove the itdgyd@r. The copper
seed layer is then selectively etched and again followed byatiem Ti layer. Once the
etching process is complete, the wafer is thoroughly washbedivater to remove any
acidic residues. The wafer is subsequently singulated into indivdtesato be assembled

on to the HDI boards.
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4.2 Fabrication of Chips at 50 micron pitch
The fabrication of 50 micron pitch nano-interconnects utilizeslaimhoto-lithographic
steps as the 200 micron pitch die to build specific structures prghdesigned
dimensions. The design of the 50 micron pitch test vehicles wadhdesan detail in
chapter 3. In this section, the micro-fabrication details are mpie$en detail. Various
materials used, their properties, and processing conditions argbddsthoroughly.
However, the processing steps that are similar to the 200 npadndie will only be
touched upon briefly. The fabrication results obtained from thesegsiagetechniques
will be shown in chapter 5 followed by appropriate discussions on assembly and test.
The interconnects are fabricated on 4” silicon wafers wheltte diagoad footprint
matches the organic substrate to which each singulated diesuwbdequently be

assembled onto. Figure 4.8 displays the wafers used to fabria@tentdrconnect

structures.

TiCu @ 2400 A
Tiand 2400 A Cu

CrCu @ 300 A Cr | <22 MM,
«— 0um___, and 1.8um Cu

3 um Polyimide

500 pum Silicon

Figure 4.8: Cross-sectional View of Silicon Wafer used to ¢akei the nano-
interconnects at 50 um pitch.

The baseline process for fabrication is shown in figure 4.9. Thac#&ion
process consists of various processes that include wafer oxiddie pads deposition,

passivation, photoresist spin-coating, lithography, and electrolytitinglabarrier
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Photoresist Spin coat;
Nano-Copper Electrolytic
Barrier Metallurgy and
Solder Electroplating
Photoresist removal

and seed layer etch

photolithography and develop
lithography; develop

photolithography; develop;
Sputter Ti/Cu Seed Layer

Etch Ti/Cu to form die pads
Apply PI 2771 passivation;
cure

and remove photoresist

Sputter Ti/Cu
Spin photoresist;

148

4olid UoJOIW QG e s1oauuodiaiu | Jaddo) painionis-ouep Jo uoneslqe [9As|-1afep

metallurgy deposition, solder plating followed by photoresist strippingess. All these

steps are outlined in detail as follows.

Figure 4.9: Baseline Process for Fabrication of 50 micron Pitch Intercennect



4.2.1Wafer Oxidation

In the beginning, the silicon wafer is first cleaned usingstaps mentioned earlier in the
previous section. Following cleaning, a thin layer (approximately)IpfRECVD oxide
is deposited on the wafer in order to passivate the silicon suffaeeconditions used to
deposit the PECVD oxide are listed in Table 4.7. It takes appadeiyn25 minutes to

deposit a 1um film of silicon oxide.

Table 4.7: PECVD Conditions for Oxide Deposition.

Temperature 100 - 350 °C
Gases SiH4 (2% in N2) - 400 sccm
N20 900 sccm
Pressure 900 mTorr
Power 25W
Deposition Rate 400 A/min

4.2.2Die Pad Deposition

Post oxidation, the wafer is thoroughly washed and dried using mtrdd¢® gas and
placed into a 95°C oven for 10 minutes to fully dehydrate the wafer. Thereafter, aflayer
Titanium (Ti) and Copper (Cu) is deposited on the wafer using afgd@erer. Thickness

of the two metals deposited using sputtering are Ti: 300 A and.€wm. Once the two
metals are sputtered, the wafer is coated with a thin lay@€aB13 photoresist (Shipley

Chemicals). The processing conditions used for this are shown is Table 4.8.
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Table 4.8: Photoresist Processing Conditions for Die Pads Masking.

Spin Coatingl 4000 RPM/500 RPM Ramp/40 Seconds

Soft Bake 107 C

Exposure 405 nm wavelength; 8 seconds at an intensity of 5.1 miW/cm

Developer MF-319 for 1 minute, agitation

Rinse Rinse in water for 2 minutes

Thereatfter, the copper and titanium films are selectivelyeetasing Cu and Ti metal
etchants. Once the copper and titanium layers are seleateblyd, the photoresist mask

is removed by dissolving in acetone, and the wafer is cleaned thoroughly using DI wate

4.2.3Pad Passivation
The passivation layer used in this case is also made of PI2771.veloviRd2771 is
applied to the wafer by spin coating to provide approximate 3 um ¢hielhess of
passivation layer. The modified spin coating conditions to achievélthighickness are
shown in Table 4.9.

Being a fine pitch area array interconnect design, the progessP12771 in this
case requires a much more process control as compared to the @60 piich die.
Since the photoresist openings are very closely spaced at mcdista25 microns from

each other, the Pl developing step has to be done very carefully.
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Table 4.9: Processing Conditions for Polymer Passivation Deposition.

Spin Coating 1000 RPM/ 100 RPM Ramp/10 Seconds

5500 RPM/500 RPM Ramp/60 Seconds

Soft Bake 90 C/90 Seconds

Exposure 365 nm wavelength; 35 seconds (Karl-Suss MA6 Mask

Aligner) at an intensity of 4.9 mW/cm

Post Exposure Bake 120 C/30 Seconds

Developer MF-319 for 30 seconds

Rinse In DI water for 2 minutes

The developing time was optimized carefully, often by checkindg’thegpenings
under an optical microscope in between the development times. Ang-dsdgopment
of the photo-polymer will leave a residue on the copper pads, rendensgléss for
further processing, while even a little over-developed film {ggld to undercutting and
eventual delamination from the silicon wafer. Therefore, the ldgreent times were
optimized accordingly. Pl 2771 is then converted by a bake cyclefutlyamidized

polyimide siloxane by using the curing profile described earlier.

4.2.4Electroplating Seed Layer Deposition

Once the passivation process is complete, the wafer is sputtgghea layer of Ti and Cu
that serves as a seed layer for the electroplating stdpreBgputtering, the wafer is
dipped in a 10% 5O, solution to remove any copper oxide formed on the surface
during the polyimide curing process. This step is extremelyakiitn order to maintain a

clean conducting path for interconnects, and thus the wafer musarisdetred to the
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sputterer as soon as the oxide cleaning step is finished in ordenitoize the copper
oxidation in air. The sputtered seed layer comprises of 2400 Aiutitaand 250 A
copper. There was no need to put an additional layer of titanium on tmppér, since
the photoresist used here has an excellent adhesion with copper, atind gdlotoresist

stripping agent does not have any adverse reactions with the copper film.

4.2.5Photoresist Processing

A negative working, poly-hydroxy-styrene based aqueous procesgpbtephotoresist,
NR4-8000P (Futurrex Inc.) is used as the electroplating mold inapBcation. This
photoresist has been developed by Futurrex for various electro@giphigations, and is
compatible with most of the acidic plating baths. This photoresstahatrong heat
resistance and an excellent resolution capability, facilitatiogure down-scaling
requirements. The resist requires short bakes and shortdessbpment time, which in
conjunction with short exposures boosts throughput of lithographic processedisie r
also has a superior film thickness uniformity and exhibits veaigtt sidewalls when
used with suitable exposure tools and fixtures. It has a very goodi@alteiring nickel,
gold and copper plating. Very little or no bubbling is observed imptworesist films
which is very typical of liquid photo-resists.

To ensure a good adhesion between the seed layer and the photoresistatiee
must be free of any kind of organic contamination and metal oxides frrevious
processes. It is recommended, whenever possible, to clean thae smitta 10% sulfuric
acid solution followed by DI water rinse and drying with nitrogeas.gCleaning

immediately prior to spin coating is helpful in removing surfacdigd@s and avoiding
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recontamination. To apply a 25 micron thick coating of the photor¢sestfollowing

conditions were used.

Table 4.10: Photoresist Processing Conditions for Electroplating Mold.

Spin Coat | 1550 RPM/1550 Ramp/5 Seconds

Delay 5 minutes [Allows the resist to level]

Soft Bake 1. 88 C for 5 minutes

2. 162 C for 7 minutes 30 Seconds

Exposure | 300 seconds; Intensity of 3.5 mW/ditine] using Karl

Suss MA6 mask aligner (additional optical filter used)

PEB 88 C for 10 minutes

Carrier Store for 15 minutes

Develop RD-6 for 4 minutes

During the initial soft baking at 162°C the solvent within the photdresis
evaporates out of the film, to improve the coating fidelity, redecege beads, adhesion
to substrate, and bubbles within the film. The PEB is performedléxtively cross-link
the exposed portions of the film. Precise control of PEB is akitit determining the
subsequent development time. Another reason that PEB is desiteztasse the
reactions initiated during exposure might not have run to completion. Adjudte
amount of exposure and PEB process conditions can control the amount of cross linking.
The NR4-8000P resist is very sensitive to soft bake and post expokae ba

temperatures/time, and care has to be taken to maintain thea@ccaf these
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temperatures. A high thermal gradient across the thicknebe phbtoresist often leads
to a crack in the film. Therefore, a two step soft bak&lmofis done in order to prevent
cracks in the resist film.

To maximize the resolution, a hard contact and high intensity Iminice was
used. An i-line long pass filter was used between the photoeegisthe exposure lamp
for reasons discussed earlier. For a photoresist thickness of Zlsjittte exposure time
was 300 seconds at a lamp intensity of 365nm wavelength was 3.5 mWiitman
optical filter.

Once the photoresist is exposed, the resist development is donghesiR-6
developer (Futurrex, Inc.). The resist is developed with agitatioa puddle for 4
minutes. Any over development of the resist will lead to delammaf the photoresist
film. This process leads to very clean openings with little pleist residue at the
bottom of the trench. The wafer is then thoroughly rinsed with DI watea few

minutes.

Table 4.11: Dry Plasma Conditions for Organic Descum Process.

RF Power 250W
Chamber Pressure 300mTorr
O2Flow Rate 50 SCCM

CHRsFlow Rate 7 SCCM
Descum Time 30 seconds
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After the wafer is washed thoroughly after developing, thersomme organic
residue left at the resist/Cu interface in the photoresistioge that will prevent the
electroplating through the opening. It is important to removerdéisisiue, and this is done
using a plasma assisted descum process. The plasma conditions used forhbisramne s

Table 4.11.

4.2.6Nano-Structured Copper Electroplating

Once the photoresist process is complete, the next step in thesgribow is to
electroplate the nano-structured copper interconnects. The ddtdiile electroplating
bath will be discussed in the later sections of this chapter.

Prior to placing the wafer in the electroplating bath, it is digpet0% sulfuric
acid for 30 seconds and rinsed with DI water for one minute. Ifshiet done, the thin
copper oxide layer will provide poor adhesion, or possibly no electroplagitvgeen the
interconnect and the copper pad. The total plating area on tee walpproximately 30
cnr. A plating current of 100mA is used which translates to a currensitgleof
3.3mA/cm. The plating time to deposit about 20 microns of nano-copper was about 4
hours with a deposition rate of approximately 5um/hour. To avoid ovenglatie wafer

is taken out and inspected periodically with a profilometer and microscope.

4.2.7Barrier Metallurgy and Solder Plating

Once the copper is deposited, the next step is to deposit a bagtadrthat serves as the
Under Bump Metallurgy (UBM) or the diffusion barrier betweba solder cap and the
copper interconnect. Absence of such a barrier layer can lealdtt@fasolder diffusion
in copper, leading to very brittle intermetallics compounds, and caa petential

location of failure during thermo-mechanical cycling tests. Thegefabout 3-4 microns
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of nickel is deposited on top of copper which serves as the barrigturggy. Thereafter,

a bonding interface of SnCu solder is deposited on top of nickel, thaatdty serves as
the bonding interface between the interconnects and the HDI board. older s
composition deposited was Sryzu The actual process used to deposit this solder
composition will be described later. A cross-sectional view ofwihéer after all these

processes is shown in Figure 4.10.
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Figure 4.10: Cross-sectional view of a part of the wafer with completed ptitipg.

When the nano-structured interconnects are fabricated without amopleted
solder cap, it is expected that during assembly the top part antdreonnect will be
embedded into solder that is either screen-printed or electropatedde board side.
Therefore, the top portion of the interconnect still needs a béajer to prevent solder
from diffusing into interconnect. In such a case, a very thirrlafygold can be deposit
on top of nickel to prevent nickel oxidation. The gold can be deposited aghey

electroplating or immersion plating processes.
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4.2.8Photoresist Release

Once all the electrolytic plating is done, the photoresistigpstd using the RR-4 resist
remover (Futurrex Inc.). It is a fairly easy stripping solutiomise and the whole process
does not take more than a few minutes. Next, the seed layersnaoged where mild
copper etchant is used to first remove the copper seed layeropber enterconnections
should not be exposed to the seed layer etchant for a longer perio .ol he scale of
the seed layer thickness and the diameter of copper intercomliféetsy a couple of
orders of magnitudes. Hence, negligible amount of copper is etched tliem
interconnections in this process. Next, the titanium seed layemisved with a mild HF
solution. Once the etching process is complete, the wafer is tindyowngshed with DI
water to remove any acidic residues. The wafer is subseqserglylated into individual

dies to be assembled on to the HDI boards.

4.3 Electrolytic Plating of Nano-structured Nickel

Many different metal films can be deposited on the substvatbsan electrical power
source and a chemical reaction in the electrolyte, and this methaepositing metals
using an electrical source is called electrolytic platiéigctroplating metal on a substrate
is performed by immersing a metal source plate (anode) and aiatimed surface
(cathode) in an aqueous-metal solution, which contains ions of thetmé&ldeposited.
The electrical power is connected to the anode and cathode, anedtrea! current
path is formed in the aqueous-metal solution. This electrical padhtl@e electro-

chemical reaction in the solution causes metal deposits to form on the cathode surfac
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In the case of Nickel deposition, Rlions are supplied by the bath and these ions
are driven toward the cathode where the electric current sugpkeglectrons. The
reaction can be shown using equation 4.1.

Ni**+2e Ni [4.1]

A typical set-up of a Nickel Sulfamate Electrolytic plating bath is showfigure 4.11.
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Figure 4.11: Nickel Electrolytic Plating Setup.
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Nickel HT-2 is a nickel sulfamate electroplating chemigirgchnic Inc.) that was
used for plating the nano-nickel interconnects. This chemistry prodiicedine grained

low-stress deposits of nickel. The make-up chemistry for thisrepating bath is given

in Table 4.12.
Table 4.12: Nickel Plating Bath Make-up Chemistry.
Make-up Quantity
Chemical
(by volume)
Techni Nickel HT-2 Additive 55.0%
Techni Nickel HT-2 Make-Up 16.8 %
Boric Acid 34 gm/i
Techni Nickel HT-2 Stress Reducer 0.7 %
HN-5 Wetter 0.375 %
DI Water
to volume

Prior to make-up of the Techni Nickel HT-2 plating bath, a completnmng of
the tank and auxiliary equipment must be completed. Techni Nicke? Hiake-up
solution is then added to the clean plating tank, followed by the addition of Techmei Nick
HT-2 Additive. The tank is then heated to 100 F and boric acid is ad#de plating
bath and mixed thoroughly until dissolved. The solution should be mixed with good
amount of agitation and the mixing should continue at the higher temefat at least
2 hours. Finally, the Techni Nickel HT-2 stress reducer is addeédhe bath brought to

final volume using DI water.
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The entire nickel content of the Nickel HT-2 additive solutiomighie form of
nickel sulfamate. In a properly operated sulfamate nickel solutiokel concentration is
lowered only through drag-out, as nickel anode corrosion maintains thel nicke
concentration during plating. When necessary, the nickel metal caaterte raised by
the addition of HT-2 additive. Operation at low nickel concentrationsaase burning
at normal current densities as well as a decrease in solutr@uctivity and cathode
efficiency. Higher metal content permits operation at higher currentt@snsi

Boric acid is used to buffer the pH of sulfamate nickel solutidawalg use of
higher current densities without burning and minimizing pitting. Ojmeradt low boric
acid concentration may cause pitting of the deposit, so the badic@atent should be

increased with an increase in the temperature.

Table 4.13: Operating Parameters for Nickel Plating.

Anode Nickel plate
Temperature 49 -55C
Current Density 5.0 — 10.0 A/dm
Anode to Cathode Distance 25 cm
pH 3.0-4.0
Agitation Mild but uniform

HN-5 wetter is a wetting agent with low foaming charactiesshat enables it to
function equally well in air-agitated or mechanically agitasedutions. The superior

wetting action of HN-5 wetter significantly lowers surfaeadion, allowing the plating
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solution to spread uniformly over, and intimately contact the metéhee of the part
being plated. As a result, deposit pitting caused by interferehagtrogen bubbles
and/or organic contamination is greatly reduced, or eliminated.

In addition to its effective wetting action, the HN-5 Wetter additive providesr
operational benefits. It does not co-deposit with the metal pladethus do not affect

deposit characteristics, such as stress.

4.4 Electrolytic Plating of Nano-structured Copper
In a copper plating solution, the copper ions from the solution are tegbasito the
surface of the wafer. Two main components of a copper plating t&attopper sulfate
and sulfuric acid. At the anode side, oxidation of the copper metatages&opper ions
which are transferred through the bath onto the wafer. To agitasystem, a stirrer or
pump that provides ample flow through the system is used to provide goodmityifor
through the system. Conductivity of the solution is controlled by lygfraons that are
provided by water and sulfuric acid. The high conductivity of the n@asolution is
critical in achieving a uniform film thickness on the cathode tsates Electrical contact
is made to the seed layer, and current is passed such thaadtienr€€d™ + 26 Cu
occurs at the cathode surface. In case of copper plating, abrfSuemoved from the
solution at the cathode are replaced by dissolution of a solid cappee.arhe set-up for
a copper sulfate electrolytic plating bath is shown in Figure 4.12.

In the absence of a secondary reaction, the current delivered dodactive
surface during electroplating is directly proportional to the qtyaofi metal deposited
(Faraday’'s law of electrolysis). Using this relationship, thass deposited on the

substrate can be readily controlled through variations of plating currentrand t
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In electroplating, the composition of plating solution plays aoméctor in

ion

t

ifica

, mod

1| N

high-quality plated structures. With specialized platoigt

ining

obta

of other operating conditions (temperature, plating current densjycat improve the

electroplating results.
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Copper Gleam 125-EX is a high acid copper electroplating chen(igtdtym and
Haas Electronic Chemicals) that was used for plating the stanctured copper
interconnects. This chemistry produces ultra-fine grained equiaxeditdepbsopper.

Typical characteristics of a copper deposit obtained from this dra shown in Table

4.14.
Table 4.14: Electrodeposited Copper Properties.
Density 8.9 g/cc
Conductivity 0.59 micromho/cm
Elongation 20 — 30%
Tensile Strength 280 — 350 N/Mif#0 — 50 KPSI)
Table 4.15: Copper Plating Bath Make-up Chemistry.
Chemical Make-up Quantity [Total 6000ml]
DI Water 4866 ml
Sulfuric Acid (50 %) 599 ml
Copper Sulfate 443 gms
Copper Gleam 125 EX Carrier 61 ml
Copper Gleam 125 EX Additive 31 ml

To make-up the plating bath, the polypropylene tank is first cleanedutjidsy
using DI water. The tank is then filled to approximately®¢8 the final bath volume

with de-ionized water, and the copper sulfate is added to the \Batléuric acid is then
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slowly added to the solution with thorough mixing. A dilute form wfwsic acid (50%)
was used to minimize the heat build-up in the tank. The bath agit&tiprsiiould be
turned on and the tank should be allowed to cool down to 38 C (100 F) or.bEhmwv
125-EX carrier is then added and dummy plating is done at 0.50%A&m® hours
followed by dummy plating at 1.0 A/dnfor another 2 hours. Thereafter, copper gleam
125-EX additive is added to the bath followed by another dummy platatfleast 3

hours at 1.0 A/dfto 1.5 A/dnf anode current density.

Table 4.16: Operating Parameters for Copper Plating.

Anode Copper Bar
Temperature 21-29C
Current Density 0.75 — 3.0 A/ldm
Anode to Cathode Distance 20 cm

The copper gleam 125-EX additive contains the active grain refinlbescopper
gleam 125-EX carrier contains surface active agents thalsoaeferred to as “wetters”
or “suppressors”. Ultrasonic agitation of copper plating bath is doneetlucing the
porosity in the electroplating cell and for the impacting oftetdyte jets on the surface
of the wafer for deposition. It can result in the limiting currdensity, the current
efficiency, and a decrease in the concentration of polarization in acid sdfatens.

Current density during electroplating has a large impact on the ilepaste.

Insufficient current will result in poor coverage of recessesias and a low general
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plating rate, while the presence of excessive current does nassaabe result in

increased plating rate and is likely to create dull, burnt plating with inmgsiri

4.5 Electrolytic Plating of Tin

Stannous sulfate baths are typically considered the best faioplating of tin. Stannous
fluoride, perchlorate, fluorosilicate and fluoroborate can be usdddtra@ytic baths, but
these salts are difficult to prepare compared to sulfates, arideaefore more expensive.
Stannous chloride baths, although the least expensive, cannot be uskttfoplating
as they yield only loose deposits of crystalline tin. The expmeriat setup for a stannous
sulfate plating bath for electrolytic plating of tin is shown in Figure 4.13.

A commercially availablesulfate-based pure tin electroplating chemistry,
Ronastan EC (Rohm and Haas Electronic Materials) is used ieximeriment. This
plating chemistry produces smooth, fine-grained, satin deposits over a widg age.
Tin deposited using this chemistry has an excellent solderadidyfusibility, which is
also maintained after extended storage and the plating bath dlgmtsean excellent

throwing power. The bath make-up chemistry is shown in Table 4.17.
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Figure 4.13: Tin Electrolytic Plating Setup.

166



Table 4.17: Stannous Sulfate Tin Plating Bath Make-up Chemistry.

Chemical Make-up Quantity
Stannous Sulfate 40 gms/I
Sulfuric Acid (Specific Gravity = 1.84) 100 mi/l
Ronastan EC Part A 30 mi/l
Ronastan EC Part B 50 ml/l

Table 4.18: Operating Conditions for Tin Bath.

Anode Tin Plate
Temperature 18-25C
Current Cathode Density| 0.5 -2 A/im
Agitation Mild using Nitrogen
Deposition Rate 1 micron in 1.5 min at 1.5 Afdmn

To make up the electroplating bath, a polypropylene tank is filidd deionized
water, followed by slowly adding the sulfuric acid (S.G. = 1.84) and mixedubbty by
agitating with nitrogen. This reaction between acid and watexathermic and hence a
lot of heat is generated. Then stannous sulfate is added and moredgthly until
completely dissolved. The bath is then allowed to cool down to 25°C (77°F).tRwonas
EC Part B and Ronastan EC Part A are then added and again huraaghly. The bath

is then adjusted to final volume with deionized water.
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4.6 Electrolytic Plating of Gold

It was recognized at an early stage that using a gold &yarating bath did not meet our
requirements. A negative photoresist would easily crack in a piyi{K{Au(CN)2})

bath. The resist is attacked at even very low current densitesude of free CN
production [150] during reduction of the gold cyanide complex. Moreover, using a
K{Au(CN) 2} plating bath is neither environment nor operator friendly. In order tdlfulf
our requirements a gold sulfite plating solution: TSG-250 (Transen@&uonwas used
because it is based upon the more “friendly” {AugBE complex.

Gold (I)-sulfite complex has been in use for many years asdimee of gold in
commercial non-cyanide, electrolytic gold plating baths. Becaudbeofow stability
constant, All ions are formed more readily from the sulfite complex than froen t
cyanide complex, and these ions undergo the disproportionation reaction, 2Au(0)

+ Au®*, forming a precipitate of metallic gold. To suppress this reaciibopmmercially
available sulfite baths contain proprietary stabilizing additivelse Rddition of a
polyamine such as ethylenediamine is known to stabilize theesblth through the
formation of a mixed ligand gold complej51-152] which also makes it possible to
operate the bath in a lower pH range of 5 to 8, rather than >8 ftwathecontaining no
amine. The ability of the bath to function in the low pH rangeagsificant because it
enhances the compatibility with photoresists.

This reaction taking place at the cathode surface is shown in equation [4.2] below:

2[AU(S05)2)%  (AU2S203)ads + 3505 [4.2]
(AUS,03) ads+ 26 * 2AU + SO [4.3]
[Au(S;05)]% + € » Au + 2S04 [4.4]
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Reaction [4.2] is followed by the electrochemical reduction [4.3A06$:03)ads
to deposit gold with the overall reaction given by [4.4].

According to this mechanism, the formation of the adsorbed speciesabtyon
[4.2], and hence the sulfur inclusion, should be more favorable at loveerSita”
concentrations. At very high,&s> concentrations the gold deposition is believed to take
place directly from the bulk species, [Au(%).]*, via reaction [4.4] without going

through the formation of the adsorbed intermediate.
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Figure 4.14: Gold Electrolytic Plating Setup.
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It has been demonstrated that this highly stable bath is suftabfabricating
microbumps through a patterned photoresist without any degradationpdfdteeesist or
any extraneous deposition of gold. The experimental setup for a gdide s
electroplating setup is shown in Figure 4.14. The main differen¢Risnexperimental
setup as compared to the ones shown eatrlier is the presenbeatfrey source in order
to carry out the plating operation at elevated temperatures.

TSG-250 (Transene Company) is a ready-to-use; cyanide tabdized gold
sulfite electroplating solution which deposits soft satin-brigtdctebdeposits. The
solution exhibits a slightly acid or neutral pH for applicationsere high pH is
undesirable. TSG-250 meets Type Il of Mil-G-45204 C requiremel@&-250 is ideal
for applications where high pH plating solutions react with expossadrials or if a non-
cyanide bath is desired. One troy ounce of gold is plated everyafoprhours. The
specific gravity of the bath rises with use. The operating tiondifor this plating bath

are shown in Table 4.19.

Table 4.19: Operating Conditions for Gold Plating Bath.

{Au(S0s);} [Au™]=10 g/l
pH 6.0-7.0
Temperature 40 C
Current density 0.10-0.8 A/dm?
Agitation Nitrogen [100% efficiency-vigorous]
Anode to Cathode Ratio 1:1 minimum
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A platinized titanium anode was used and the anode area was myehthan
the cathode area. The cathode area was determined by photortsisirga The anode
area spans the entire 4-inch wafer area. Plating control pamsnaet plating current
density, time, temperature and bath agitation.

The best plating results are obtained at low currents (40-80 ra&24r.4 A/dm2)
and at vigorous bath agitation. Assuming that the gold compleree@h the sample by
forced convection, which increases with the agitation, and diffusionchwlairgely
depends on the current density, it is observed that the optimal ptatmlitions can be

found in the region where the diffusion mechanism dominates.

4.7 Deposition of Bonding Interfaces

To accommodate fine pitch wafer-level flip chip interconnections, ingliss responding
by moving from thick solder paste printing to electroplating ofder alloys.

Electroplating, in principle, can be downscaled to micro/nano sizendiores. However,
electroplating of ternary lead-free solder alloys has not edely successful so far,
leading to compromised mechanical fatigue and creep propentesusceptibility to

intermetallics. Incorporating additives that can improve the nmechlaproperties of
soldering alloys is very tricky with the emerging electatiplg technology while solder
paste route cannot be scaled down to fine pitch of 10-50 microns. Tleerddere is a
need for novel solder synthesis routes that can be scaled titiotewhile having

flexibility in the composition. Hence, the focus of this section is movel processing
routes for depositing various alloy systems to function as bondiaegaoé for chip-to-

package interconnects.
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4.7.1 Sol-gel Synthesis of Lead-Free Alloys

Sol-gel route was used for the very first time to synthesiad-lfree materials. Sol-gel
was selected because of its inherent ability to introduce &hreents with required
stoichiometry into the alloy system. It offers distinct advgesasuch as better control
over stoichiometry and chemical homogeneity. Further, this approaclciti@veanano-
grained films with easy incorporation of suitable additives in orgertailor the
mechanical properties. Purity of Solution-Sol-Gel (SSG) derivedemais can be
controlled by the purity of the starting chemicals, while homogeran be controlled
by precisely controlling the hydrolysis, condensation and polymenzagactions. The
starting precursors in the SSG process can be metal-oanmounds, inorganic-metal
salts etc. The key, however, is to achieve ultra homogeneousgmaxirmtomic to
molecular level. Synthesis of high purity ceramic powders viaS86& process has
previously been reported [153-154]. To the best of our knowledge, there are no reports on
the synthesis of lead-free solders by solution-sol-gel (S@@gessing. Thus, the
objective of the present study is to apply the strategy of attomnolecular level mixing
of the precursors and synthesize nano lead-free solder materials by sohgeldgy.

The experimental procedure adopted for the synthesissgA&I¥Cuy 5 by sol-gel
process is  depicted in Figure  4.15. Tin (I 2-ethylhexanoate
[CH3(CH,)3CH(C,H5)CO,].Sn (Aldrich), Copper (1) ethoxide Cu(QBs), (Alfa Aesar)
and Silver Nitrate (AgNg) (Alfa Aesar) were used in this process. Initially, a
stoichiometric amount of Tin (ll) 2-ethylhexanoate was dissolue®d-methoxyethanol
(2-MOE) as solvent in a flask and refluxed at 125°C for 5 hourgrogein atmosphere.

Subsequently, copper (Il) ethoxide was dissolved in 2-MOE in a sep#aak and
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refluxed in nitrogen atmosphere at 125°C for 5 hours. Both the Sn and Cusprecur
solutions were then cooled to room temperature.

Finally, silver nitrate was dissolved in 2-MOE in a separaskfland refluxed at
125°C for 5 hours. This silver precursor solution was cooled to room tenomeeeand
then added to the Sn-Cu solution and refluxed at 125°C for 5 hours to oblear &n-

Ag-Cu precursor solution. A similar procedure was adopted for Sn-Cu.

Tin (I1) 2-ethylhexonate + Copper (Il) ethoxide + Silver Nitrate+
2-Methoxyethanol 2-Methoxy ethanol 2-Methoxyethanol
Reflux in nitrogen at Reflux in nitrogen at Reflux in nitrogen at
125 C for 5 hrs 125C for 5 hrs 125C for 5 hrs

A 4

[ Sn-Cu-Ag precursor soﬂ

&
<

Reflux in nitrogen at
125 C for 5 hrs and cool
down to room temperature

A 4
[ Sn-Cu-Ag complex sol ]

Figure 4.15: Flowchart for the synthesis of SnAgCu lead free solder by sol-gel
technology.

Silicon wafers were then spin coated at 1000 RPM for 15 seconds heith t
precursor solution to form a thin organo-metallic film. The spirednd spin time can

be varied to achieve different levels of film thickness. The spated wafers were then
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reduced in the forming gas (3 %/N,) environment at 400°C in a tube furnace. The
reduction time for these wafers was about 5 hours. Considerable aofiquretautions
were taken here to isolate the tube gases from outside atmo$pghsealing the tube
tightly and bleeding the tube with forming gas for about 30 minutes twireduction

treatment.

4.7.2 Electroless Plating of Lead-free Alloys

Electroless plating of lead free alloys was also done tongparative study with the sol-

gel processes. Electroless plating can selectively depositltns of metals and alloys at

< 5(°C temperature without external power source and is hence amtiitaetive cost-
effective processing route for thin film solder based inte$a However, the control of

final alloy composition and incorporation of additives requires carafuakrol of the

plating bath, selection of reducing agents and control of processiwjtions. This
approach uses soluble salts in an aqueous solution and the metal ions are reduced to metal
using reducing agents. Suitable catalytic surface treatmesiets to selectively deposit

the alloy films on the metallic pads.

Metal nanoparticles are often formed directly in solution by réoluaif metal
salts. This is accomplished by using strong reducing agecisas alkali metals, alkali
metal borohydrides, etc. For example, silver salts (e.g., AgN@CI) or gold salts (e.g.,
HAuCl,) can be reduced by sodium borohydride to form silver or gold nanopartiabr
some metals such as Ag, Au, Pt, etc. weaker reducing agents (sJdONMi*, ethylene
glycol, citric acid, etc.) can be used for synthesizing the nandjeattiwhich is a big
advantage from the safety viewpoint . Unlike metal-organic precutsad in the sol-gel

approach, this approach uses soluble salts in which the metal ions beortdduced to
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the metal using reducing agents. The driving force for the netuof metal ions and
their deposition is supplied by the chemical reducing agent ini@aoluthis driving
potential is essentially constant at all points of the samypface, provided the agitation
is sufficient, to ensure a uniform concentration of metal ions addciey agents.
Electroless deposits are therefore very uniform in thicknésser the part's shape and
size.

The substrate to be deposited with electroless plated alloyirsagreated in a
commercial Pre-catalyst Pre-dip Solution Cataprep 404 (18 0ttesater; 9.5 |b 404
Salts) [Shipley Company, Inc.]. This is a Sodium Hydrogen Suitfased salt that helps
in anchoring the catalyst on the wafer surface. A commepa#hdium-tin catalyst
solution Cataposit 44 [Shipley Company, Inc.] was used at a compasitibwol.% of
the full strength with 97 vol.% of Cataprep 404. After the catafgsttinent process, all
unbound catalyst and the acidic salt solution that make up the lathased by rinsing
the substrate in deionized water. Electroless plating was then conducted olittica ©f
a laboratory formulated bath consisting of Stannous Chloride, Silveat®\itThiourea,
Sulfuric Acid (conc.) and water. The salt concentration for Stannblei@e and Silver
Nitrate can be tailored according to the required alloy compositionsur case, the
targeted alloy composition was SnAg

The different process conditions in this electroless platinggss are succinctly

shown in Table 4.20.The catalyzed wafers are immersed in thegobatth with thorough
agitation so as to cause a continuous catalytic reaction on tlee suaface. The plating

reaction is carried on for about 5 minutes at 46°C-50°C. Following thi&glaaction,

175



the wafers are rinsed thoroughly with deionised water to reni@vexcess bath and kept

in an oxygen free environment until further characterization.

Table 4.20: Process Conditions for Electroless Plating of Lead-free Solder.

Pre-catalyst Predip Room Temperature 1 minute
Catalyst 46°C/115°F 5 minutes
Rinse Room Temperature Spray and rinse thoroughly
Electroless lead-free solder plating 46°C - 50°C Plate to the desired
thickness

4.7.3 Formation of SnCu Solder using Electrolytic Plating
The most important gauge for comparison between the solder pagiegoand solder
plating is the minimum bump pitch achievable. Therefore, it is nqgtrisurg that
electroplated solder bumps have become the primary choice when cdmyjitirsolder
paste printing. For solder paste printing, the limitation is ab@Qtmicrons, whereas for
electroplating, fine pitch as low as 50 microns has been demeuisii&i5-156]. This,
coupled with facts such as fewer process steps, equivalent gildetter bump quality
(less voiding), higher temperature resistance and higher cuwaenting capabilities,
have made electroplated solder bumps a cost-effective solutioméopitch bumping
applications.

Lead-free soldering materials like SnAg and SnCu are diffiultontrol in
composition since plating solutions are not stable enough and giviegraomposition

of plated alloy deposits. Therefore, in this experiment, atteng® mvade to deposit
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SnCuy 7 soldering alloy using sequential plating of Cu and Sn on top ahteeconnect
post, followed by a reflow process to dissolve the Cu in tin, thei@inying the SnCu
alloy. Reflow of solder is done around 240 C in a nitrogen reflow oven.der do plate
the SnCu cap, the amount of Cu and Sn that has to be deposited wkserhlo get the
caps of required shape and composition. To optimize the solder cap vohene, t
minimum amount of eutectic solder cap to compensate for the vearad) surface
roughness across the die was calculated. This process of deposi@ananid Sn and

consequent reflow leading to the solder cap is shown in Figure 4.16.

Cu/Sn plated on top of Photoresist Strip and SnCu solder formed
interconnect post Seed layer Etch after reflow

Figure 4.16: Plating Steps and reflow process for formation of SnCu solder cap.

The plating parameters used for this process are shown in Table 4.21.

Table 4.21: Plating parameters for a 25 micron SnCu solder cap.

Plating Step| Current Densityl Temperature Plating Time | Thickness
(mA/cn?) (C) (minutes) (Lm)
Cu flash 8 23 1 0.2
Sn 10 23 75 25
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Bump height uniformity using this electroplating process is in the rainge jom,
which means a significantly better uniformity than achievabléh wgtiencil printing
because of variations in stencil material thickness and accuracy ro¢ldiseg, as well as
minor solder paste residues that remain in stencil openings. kaigaltvariations are in
the range of 7 um. Yield losses of electroplating are in tme @mge or even less,
which is much better than achieved by stencil printing, depending hmefairiteria
definition such as bump height uniformity. Consequently, for high-values-Erg ICs,

electroplating might be the "low cost" technology.

4.7.4 Formation of AuSn Solder using Electrolytic Plating

A high reliable and fluxless contact can be achieved usingteu#uSn solder with a
melting temperature of 278°C. The surface of the AuSn bumps consiatewukctic
composition 80Au20Sn, which is used for creating a solder joint to the NiAding
pads on the substrate. The metallurgy of the AuSn system has baesedsin detail in
chapter 2. AuSn bump is regarded as difficult to deposit as aybméoy by
electroplating or thin film deposition and photolithographic processaferént
technologies currently used to deposit this material have previbesly discussed in
chapter 2.

For our applications, the creation of eutectic Au/Sn 80/20 solder iss@gen
order to provide a reliable bonding interface between the intercoanédhe substrate.
This can be done by electroplating of Au and Sn in successive psiepssollowed by
a reflow step during which the eutectic solder cap is formedrdftav leads to an even

bump surface and prevents the bumps surface from oxidizing.
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Au/Sn/Au plated on top Photoresist Strip and Eutectic AuSn formed
of interconnect post Seed layer Etch after reflow

Figure 4.17: Plating Steps and reflow process for formation of AuSn solder cap.

In order to plate the AuSn cap, the amount of Au and Sn that has tpdmstee
was calculated to get the caps of required shape and composition. Tzeptiensolder
cap volume, the minimum amount of eutectic solder cap to compenséte fibsence of
co-planarity across the die is calculated. A ratio of 1.5 volume&uofo consume 1
volume of Sn was used to form the eutectic Au/Sn 80/20 (wt %) sdlder process of
deposition of Au and Sn and consequent reflow leading to the solder shpws in

Figure 4.17.

Table 4.22: Plating parameters for a 25 micron AuSn solder cap.

Plating Step| Current Density Temperature Plating Time | Thickness
(mA/cn?) (C) (minutes) (Lm)
Au (plate) 6 40 25 15
Sn 10 23 30 10
Au (flash) 8 40 0.2 -

The bump height was calculated using the volume equation of cut sphée

cap height slightly increases with the bump diameter fordaheesSn thickness. Eutectic
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cap heights larger than half of bump diameter were not considsréte solder would
not stay on top of the Au during reflow but would wet the side wddllthe Au. The
plating parameters used for this process are shown in Table 4.22.

The micrographs of these solder caps before and after reflovbevhown in
chapter 5 along with a discussion on the minimum amount of soldereaedaicollapse

the connections.

4.8 Substrate Fabrication
The substrates for the 50 and 200um pitch test vehicles were fabiricaing three
different CTE laminate materials. The high CTE control sulestrased a highyTFR-4
laminate core (16-18ppm/°C). Medium CTE substrates (8-11ppm/°C) axhsisPTFE
dielectrics reinforced with Cu-Invar-Cu cores and MCL-E-679Fimates from Hitachi
Chemical. High modulus substrates with CTE match to Si have bedrnmmhwith thin
film polyimide build-up dielectrics to demonstrate reliable chip attachowitunderfill.
Design of 200 micron pitch test vehicle substrates involved a sinetal layer
structure with bonding pads of 110um diameter and 100um lines for escdpg the
daisy chain test structures. The design of 50 micron pitclvébstle had bonding pads
of 35 um diameter and 25 um lines for escape routing the daisy tesdi structures.
These designs have been discussed in detail in chapter 3. Solder asasktwised in
both the test vehicles to avoid fabrication complexity and possible reliabslitgsdater.
The baseline process for board fabrication on organic laminatsksoisn in
Figure 4.18. The metal trace definition for the organic substiatessed thinning down
the copper clad on the organic substrates from 20 microns to 4 +dnhsjitllowed by

depositing a photoresist mask on the substrates. High resolution liquid gdisttor
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(Shipley Eagle NT-90) and dry film Riston photoresist was usedhi@rlithography.
Thereafter a subtractive process was used to selective etahethEon the substrates,
followed by removal of photoresist mask in an organic solvent. Thetratdss were

finished using electroless nickel and immersion gold surface finish.

Copper clad organic laminates

. B
Thinning of copper film using
an acidic etchant

. B
Photoresist deposition and
photolithography

. B
Selective etching to produce
copper patterns

i B
Photoresist Stripping

. B

Immersion Ni/Au on copper

Figure 4.18: Baseline Process for board fabrication on organic laminates.

In case of the board fabrication on C-SiC substrate, two 25 mid¢nos dif a high
temperature polyimide film were first laminated on each sidbe@board, thus giving a
dielectric thickness of 50 microns on each side of the substt@nation was done on

both the sides of the board to balance the thermo-mechanical loasblclorside and
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potentially minimizing the board warpage. Two 20 micron coppes fogre similarly

laminated onto the polyimide dielectric followed by thinning to 4 — 5 microns.

Bare C-SiC Substrate

Polyimide dielectric lamination

Copper Foil Lamination

Thinning of copper film using
an acidic etchant

Photoresist deposition and
photolithography

Selective etching to produce
copper patterns

Photoresist Stripping

Immersion Ni/Au on copper

Figure 4.19: Baseline Process for board fabrication on C-SiC compositeasegst
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The hot pressing conditions for low temperature polyimide laminatiod40d-,
4.5 tons on a 5 inch square board, which approximately is 400 psi. For the high
temperature polyimide, same pressure was used but at a tengerhtGi5 F.The
polyimide does not flow into the surface pits on the substrate and ipEsdne pits,
resulting in trapped voids under the polymer film. However, the mhteas good
adhesion and strong enough to sustain subsequent process steps atity rielsdinig.
After planarization, fine line wiring can be successfully fadted on these C-SiC boards
inspite of the hidden porosity/pits. A similar photolithographic preces the organic
boards was used to form the metallic traces on the dieledmi@lectroless nickel and
immersion gold finish was then provided on the boards. This fabricatioegzdar the
C-SiC substrates is shown in Figure 4.19.

A new generation of liquid photoresists and dielectric matenease used to
achieve very small feature sizes down to 20pum on the substragesedistration of very
small features is a significant challenge in the fabricabio®0 micron pitch substrates.
Additional challenges were also faced in depositing electrdlegsel/Immersion Gold
finish on the bond pads due to the very small pad sizes and small spatigen high

density structures.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter discusses the results based on the synthesis methtets aalicle
fabrication described in chapter 4. The first two sections desthie characterization
results for nano-grained copper and nickel deposits obtained usinglgteciplating.
The third section describes in detail the various bonding methods devetpelid-
package interconnections and their compatibility with the fabricattd/ehicles. This is
followed by the results for die fabrication at 200 and 50 micron pitaftbsand without
bonding interfaces, along with the fabrication results for boardctaisn at the two
interconnect pitches. Thereafter, the assembly methodologies andasueiated
challenges are described for test vehicles at both the ontezct pitches. The final
section discusses the reliability and electrical performanée nano-structured

interconnections.

5.1 Electroplated Nano-structured Copper

Nano-crystalline copper deposits were produced by direct currentglB&jo-deposition
process with a copper sulfate electrolytic plating bath, dethilhich were presented in
chapter 4. Chemical composition of the electrolyte and the pomdsg deposition
parameters were also shown earlier. The anode used was pure, edgpbrhelped to
maintain the copper ion concentration in the electrolyte. Aftertreleleposition, the
copper deposits were rinsed in de-ionized water and dried immedi@tedydeposits

were lightly etched using dilute,BOy, solution before doing the morphological tests. The
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thickness of the deposits was about 2B, measured using a surface profilometer, as
well as microscopic observation of cross-section.

High current densities redistribute a high density of metal iodseéectrons over
the plating surface depending on the magnitude of their repulsive fdreallows the
discharge sites to be more uniformly distributed [157]. As a trethe surface is
smoother. The distribution of current densities over the cathode suefads to surface
roughness in electrodeposited films.

Nano-structured materials can be characterized by XRD, TENBENE STM
and AFM. The transmission electron microscope is a powerful toalnfallyzing a nano-
scale structure. However, the TEM sample preparation (thinnmgglifficult and
laborious, and there is a risk that the nano-structure of the sahwtges during the
thinning process due to localized heating at the polishing surfacegralmesize of the
nano-crystalline deposit was determined using both the x-rapdtifin peak broadening
analysis and high resolution FESEM. X-ray diffraction analysis earied out using a
Philips Power Diffractometer with a Cu tube. The wavelengtiCofK radiation is
1.5418 A. Each diffraction peak profile was obtained at a slowrstarof 0002 s'. The
as-deposited coatings were lightly etched before all measatente minimize the
influence from surface oxides.

The accuracy of XRD analysis is influenced by many posdddtors such as
grain size, residual strain or lattice distortion. Figure 5.1 shaws-ray diffraction
pattern of a DC-plated nano-crystalline copper deposit comparedcto-anystalline
copper. Theoretically, each x-ray diffraction peak profile obtainediffractometer could

be broadened by instrumental and physical factors. The instrurbemdéalening must be
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subtracted first, so that the additional broadening of each Be#lggtion peak caused by

small grain size or micro-strain could be obtained.
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Figure 5.1: XRD of Nano-crystalline copper compared to Micro-crystatibpper.

The grain sizes of nano-crystalline Cu deposits were estintgteapplying the
well known Scherrer formula [158] for the (111) peak as following.afAnealed pure
copper sample was used as a reference sample to get ridio$ttinenental broadening
and to determine the broadening caused by nano-crystallization,

0.9/

D=——— [5.1]
d(2g)cosg

whereD is the mean dimension of the crystallites and the x-ray wavelength. The

instrumental broadening-corrected pure line profile brea@h is given by

b2
d2g)=8 1- [b.2
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B andb are the full widths at half maximum (FWHM) of thanse Bragg peak
from the experimental and reference samples, r&spB; obtained after Cuk2

stripping and CuK1 fitting. Their separation was carried out by tKBD analysis

software.
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Figure 5.2: XRD of Nano-crystalline copper.

The (111) and (200) peak profiles for nano-crystalicopper are magnified and
shown in figure 5.2The grain size calculated using (111) diffractioasvd8 nm. It does
not take into account the additional line broadgndue to micro-strain, which is
acceptable if the broadening caused by reductiagrah size is large. In order to verify
the XRD result, the grain size of the nano-crystalldeposit was also directly examined
using FESEM. Figur&.3 (a)shows a FESEM image of a Cu deposit produced by DC

electro-deposition.
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The XRD peak broadening method for calculating rgaze using the Scherrer
formula is acceptable for nano-crystalline materiaith grain size smaller than 100 nm
[159]. It is well known that over potential increaslinearly with logarithmic current
following the Tafel relation [160],

h =a+blogi [5.3]

wherea andb are constants ands the current density.
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(a) (b)
Figure 5.3: (a) FESEM of electrodeposited nanotetlyse copper before thermal
annealing, (b) FESEM of electrodeposited copper diftermal annealing.

The larger the current density, the higher is thergotential. According to
electro-crystallization theory [160], the high aadic over-potential decreases the
activation energy of nucleation, resulting in aereased nucleation rate. On the other
hand, when the nucleation dominates the deposgirooess, the growth of nuclei and
crystallites is strongly impeded because of thgdarmumber of nuclei generated on the
substrate. As a result, the electro-depositionasiorcrystalline deposits could be realized
by the use of high current densities. However,high deposition rate greatly decreases

the ion concentration near the cathode which camebgfied by monitoring the bath
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agitation. It was also observed that the surfacgphmogy of the copper electrodeposits
was very rough at low current densities becauskeohon-uniform current distribution.

It is important to know the thermal stability ofnacrystalline copper at higher
temperatures during various packaging operatioherefore, samples of electroplated
nano-copper were annealed at 120 C for 1 hourniiragen atmosphere. Thereafter, the
samples were etched in a dilute sulfuric acid smtubefore observing the microstructure
using FESEM. It was observed as seen in Figuré.that the grain growth in copper
lead to an average of 1 um grain size of coppedices after heat treatment. Bennema
[161-162] has also reported that the average demoétCu crystallites increases with the
experimental temperature and the rate of crystalvtyr is exponentially related to
temperature.

In summary, the formation of nano-crystalline de{soxan be achieved if
abundant nuclei are generated at a high rate orsubstrate and the grain growth is
effectively impeded. Generally, nano-crystallingasts can be realized by controlling
the current density. A nano-crystalline deposit higber hardness as described earlier in
chapter 2. According to the Hall-Petch relatiorr, fimany microcrystalline metals and
alloys, the hardness increases inversely with tipeare root of the average grain
diameter. The key mechanism for grain refinememgnsgtthening is that dislocations are
blocked by grain boundaries and thus enhancesésistance to plastic deformation.
However, as the grain size is refined and smather,strengthening effect decreases and
eventually become negative when the grain sizeeisw 10 nm, i.e. the inverse Hall-

Petch relation occurs [163]. In this case, a lamg®wunt of grain boundary sliding/creep
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in nano-crystalline deposits could be responsititetfe less efficient strengthening effect
as well as the inverse Hall-Petch relation [164].

The experimental results indicate that electroplat@no-copper is not stable even
with mild heat treatment at 120 C. Incorporatidrsoitable grain pinning agents may be

required to retain the nano-structure during therajing conditions.

5.2 Electroplated Nano-structured Nickel

The morphology of electrodeposited nickel, and ketite mechanical properties are
influenced by the operating variables - pH, tempugea and cathode current density. The
constituents of the solution, if their concentraicare not kept within specified limits
may also affect the morphology and therefore thehaeical properties. The properties
are interrelated and steps taken to decrease the gize increase the hardness of the
deposit, increase its strength and lower its dtictiThe refinement of crystal structure,
for example by the use of organic addition agastaccompanied by increased hardness
and tensile strength, and reduced ductility. Tablé shows how the operational
parameters and composition of the bath affect tlmgsipal properties of the

electrodeposits.
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Table 5.1: Variables that Affect the Physical Prtipe of Nickel Sulfamate Deposits

=)

[165-168].
Property Operational Solution Composition
Decreases with increasing temperature
to 49C (12C0F) then increases slowly
- Decreases slightly wit
Tensile with further temperature increase
increasing nickel content
Strength Increases with increasing pH
Decreases with increasing current
density
Decreases as the temperature vari€es in
- Increases  slightly  with
either direction from 43C (110°F)
Elongati increasing nickel content
Decreases with increasing pH
on - Increases  slightly  witk
Increases moderately with increasing
increasing chloride content
current density
- Decreases slightly  wit
Increases with increasing temperature
increasing nicke
within specified operating range
concentration
Hardnesg - Increases with increasing solution pH
- Decreases  slightly  wit
Reaches a minimum at about 1300
increasing chloride
Alm? (120 A/ff)
concentration

-

=)
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Table 5.1 (Continued).

- Decreases with increasing solutipn Relatively independent of
temperature nickel concentration within
Internal
- Reaches a minimum at pH 4.0to0 4.2 specified operating range
Stress

- Increases with increasing current Increases significantly wit

=)

density increasing chloride content

Deposits from these types of nickel baths are tdtedifferently by the same
variables. For example, in the Watts bath, solutitensile strength is relatively
independent of plating solution temperature, pH eaitiode current density; it increases
with increasing nickel and chloride in solution.the sulfamate solution, tensile strength
decreases with increasing temperature t6C50increases with increasing pH, and
decreases with increasing cathode current derisitgcreases slightly with increasing
nickel and chloride in solution. The operating wbtes, as well as the specific
constituents, affect the properties of electrodepdsickel.

In addition, the mechanical properties, especidilg percent elongation or
ductility, are affected by the thickness of thectladeposited nickel used in determining
the properties. The ductility increases with imsiag nickel thickness up to about 250
pum after which it becomes relatively constant. TWes shown in the classic work by
Zentner, Brenner and Jennings [165] for deposits f'Watts solutions and is also true for
nickel deposits from sulfamate solutions.

The properties of nickel electrodeposited fromamlate solutions can be affected

by uncontrolled anode behavior, which results i@ tixidation of the sulfamate anion.
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The oxidation products can lower the internal str@sd increase the sulfur content of the
deposits. The extent to which these changes imaltstress and sulfur content affect the
ultimate tensile strength and percent elongatiosulfamate nickel electrodeposits has
been studied [166].

It has been suggested that the brightness of asdapantimately related to the
grain size, i.e., the smaller the grain size thghter the deposit. In the case of nickel it
has been established that there is no correlateiwden grain size and brightness.
Brightness is a surface effect and not a bulk ptgpaf the deposit. Studies with the
electron microscope reveal that for brightnessdt@pe and packing of grains is more
important than the absolute size.

Nano-crystalline nickel deposits were produced bgatl current (DC) electro-
deposition process with a nickel sulfamate elegtioblating bath, details of which were
presented in chapter 4. The grain size was calilasing the Scherrer’'s formula as 16
nm. Details about computing the grain size wereulised in section 5.1. The x-ray
diffraction pattern for electro-deposited nano-tailgie nickel compared to a typical
micro-crystalline nickel film is shown in Figureds(a). The (111) and (200) peak profiles

for nano-crystalline Nickel are magnified and shawffigure 5.4 (b).
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Figure 5.4: XRD of Microcrystalline and Nanocry$ita Nickel.
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Figure 5.5: FESEM of electrodeposited Nano-cryistalNickel.

In order to verify the XRD result, the grain sizetlee nano-crystalline deposit
was also directly examined using FESEM. Fighre shows a FESEM image of a Ni
deposit produced by DC electro-deposition.

To study the thermal stability of nano-crystallimekel deposits, films obtained
by the above method were annealed at 100 C and=3@&0d no change in their grain size
was observed. A similar behavior of nano-crystallimckel at higher temperatures was
also reported by Wang [167] and Klement [168]. Ef@me, nano-crystalline nickel
becomes a very obvious choice as a high strentghconnection material that retains its
characteristic mechanical properties even after etrgming the rigorous thermal

exposures during the package reflow operations.
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5.3 Bonding Interfaces

This section discusses the results for variousesuwised for depositing the lead-free
bonding interfaces. The first two sub-sections ulscthe synthesis of various lead free
solder compositions using the sol-gel process é&udreless plating. Sol-gel method was
used for the very first time to synthesize thedeyal A co-sputtering technique is also
described for depositing thin films of solderingpgs. However, these synthesis methods
were purely exploratory and were not used in thalftest vehicles. The other two sub-
sections discuss the formation of bonding intedacsing electrolytic plating of a
combination of more than one metal, and have baecessfully used in the fabrication

of our test vehicles.

5.3.1Deposition of Lead Free Solders using Sol-Gel Process

The synthesis of lead free solder precursors wasritbed in chapter 4. The sol-gel
precursors were characterized with thermal gratrimanalysis (TGA) [Perkin Elmer
TGA 7 HT] before further processing. In additidhe precursors were analyzed at
different stages using gas adsorption (Micrometimssrument Corporation) to estimate
the gel surface area and pore size, Infrared (IBBctsoscopy [Digilab FTS 40A
Spectrometer] to determine the amount of —OH cdrdsrwell as the SnO bonds in the
precursors. IR spectroscopy is a useful techniqure characterizing materials and
providing information on the molecular structuregndmics, and environment of a
compound. Many functional groups vibrate at ne#tl same frequencies independent
of their molecular environment [169]. IR spectmsg is particularly useful for
determing functional groups present in a moleciilee final alloy composition was

determined by XPS [PHI 5600ci].
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The sol for synthesizing lead-free alloys was cti@rezed with Thermal
Gravimetric Analysis (TGA) in nitrogen before fuethprocessing. The TGA in figure 5.6
shows a sharp decrease in weight till 125°C coarding to solvent evaporation. It is
clear that for this set of precursors, the pyralytiecomposition of the precursor
completes at around 450°C even in the nitrogen sgimere and can be lowered to 400°C

by increasing the pyrolysis time.

Solvent evaporation

— Pyrolytic
decomposition

4

0 T T T T T
0 100 200 300 400 500 600 7700 800

Temperature (C)

Figure 5.6: Thermal Gravimetric Analysis (TGA) for Sn-Ag-Cu tkaree solder
precursor.

Silicon wafers were spin coated with precursor tohs, and then spin dried at

room temperature before being reduced in the fagrgas (3 % KN,) environment in a
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tube furnace. The reduction time for these wafesis about 5 hours. To further reduce
the processing time, Rapid Thermal Processing (RUd®) also evaluated as a technique
to get faster reduction of precursors into metdllios. In this case the RTP processing
time was 5 minutes in a forming gas flow of 5 I/main600°C. X-Ray spectra using CuK
radiation were measured on reduced alloy films. ifiit&al set of results showed that tin
oxide cannot be reduced to metallic tin even allsB@ C with the conventional sol-gel
route. In order to make the process compatible Wattk-end wafer-level processes, the
process temperature has to be atleast less th&C 4000 strategies were explored to

lower the processing temperature for this gas preshgction.

Strategies for lowering the precursor reduction temperature
(a) Precursor gel control

One approach that can be used to get faster reducfi these oxides is lowering the
precursor particle size by changing solvent, premyrand controlling the hydrolysis and

gelling by minimizing contact with moisture. The dmglysis reactions are typically

written as:
2Sn-OR+HO Sn-O-Sn + 2 R-OH [5.4]
Sn-0O-Sn Sn (Higher reduction temperature) [5.5]
Sn-OR Sn (lower formation temperature) [5.6]

Controlling hydrolysis can reduce the formationS#-O-Sn gel and lower the
reduction temperature. Although it is possibld&wye non-hydrolytic condensation, Sn-

O-Sn formation is going to be promoted much morenvimoisture is available. Gelling
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of the sol might take place due to the exposureootentrated sol with moisture in the
ambient atmosphere prior, during, and after tha spating. The thin film is presumably
more susceptible to rapid hydrolysis than a bullutsm. The amount of Sn-O-Sn
condensation can be quantified by FTIR studies h&f precursors under different
conditions. Minimal Sn-O-Sn peaks in the gel cqoesl to lowered reduction

temperature and easier solder alloy formation.

The precursors were analyzed at different stagieg Uisfrared (IR) spectroscopy
to qualitatively determine the amount of —OH cohtas well as the SnO bonds in the
precursors. The band at approximately 3560 @rdue to the stretching vibration of -OH
groups and in well agreement with reported valu€&®]. Many subtle structural details
can be gleaned from frequency shifts and inter@ignges arising from the coupling of
vibrations of different chemical bonds and funcéibgroups as indicated in the figures
5.7 and 5.8. From figure 5.7, it is evident tha 8nO peaks are stronger in precursors
exposed to air as opposed to the ones that wezd dria nitrogen atmosphere. Further,
figure 5.7 explains the increased SnO vibratiomsé&mples pyrolysed in air as compared
to the ones pyrolysed in forming gas. Thereforghtér control over exposure of
precursors to air is required in order to prevesrimiation of more SnO groups and
hydrolysis of the precursor. Sn-Ag-Cu is a thremponent system with some
segregation effects from preferential hydrolysis ohe or more components.
Hydrolysis/condensation from moisture contaminaticem be prevented by careful

control of the processing atmosphere and the pH.
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Figure 5.7: IR Spectra for the viscous gel dried H2-140°C for 4 hours in air and dry

nitrogen.
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Figure 5.9: Gel pore size and surface area analy#is the nitrogen adsorption
technique.

The surface area of the gel was analyzed with adasrption technique. Figure
5.9 compares the nitrogen adsorption isothermshi®mprecursor gel pyrolzed in (A) air
and (B) nitrogen. The adsorption isotherm for thengle A showed type | behavior
(typically a monolayer adsorption) and was fit withe Langmuir model with a
correlation coefficient of 0.9998. Sample B showgak Il behavior (multilayer physical
adsorption) and fit well with the BET model withsamilar correlation coefficient of
0.9998. The surface area for the gel pyrolyzedriwas higher (124.3 ffg) compared to
that in nitrogen (47 ffg). The corresponding pore diameters were 1.5 nth4al nm
respectively. The measurements indicate that psi®lin air leads to finer Sn-O-Sn

particles. The reduction kinetics are faster withaller precursor particles. In spite of
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this, the gel that is directly heated in the redgatmosphere without any pyrolysis step

in air may undergo easier reduction according aatiens (5.5 - 5.6).

(b) Alloying with elements of lower reduction pdiah

Sn-Cu gel could not be easily reduced to the allelow 500 C. On the other hand,
alloying with Ag lowered the reduction temperatafeésn from 500 C to 400 C Sn peaks
were observed at 400°C with the Sn-Ag-Cu precuis@an be seen from the Ellingham
diagram (Figure 5.10) that Ag and Cu will be eas#guced as compared to tin. The
presence of Ag and Cu also enabled easy reductitn oxide to tin at 400°C that was
not possible with Sn-Cu precursor. The lowered nfoglynamic activity of Sn in
presence of Ag and Cu could possibly destabilizetith oxide in Sn-Ag-Cu and enabled

the reduction at lower temperatures.
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Figure 5.10: Thermodynamic Stability of various alét oxides for interconnect
applications [170].
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Figure 5.11: X-Ray Spectra of SnAgCu and SnCu léa@ solders at different
temperatures.

Sol-gel process results

Tin oxide is more stable compared to silver andpeomxides and therefore, is not easy
to reduce by sol-gel process unless sol preparatias done with tight control of

atmospheric conditions. For Sn-Cu precursor, n@p&iks were evident at 400°C even
after the reduction was carried for 7 hrs in forgnigas. The XRD peaks mostly

correspond to crystalline SpOwith an amorphous background. After minimizing
hydrolysis of the sol, both Sngsiand SesAgs sCly s were synthesized from reduction in
forming gas. Sn-Ag-Cu solders were formed at 400Vdle Sn-Cu precursor was

reduced at only a temperature of 500°C. Figuré& Summarizes the Sn-Ag-Cu and Sn-
Cu films reduced at different temperatures. Furtieeiuction in processing temperature
can be achieved by controlling the atmosphere dwspin coating and pyrolysis. Figure

5.12 (a) shows the Field Emission Scanning Eleckarograph of Sn-Ag-Cu formed
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on a silicon wafer. Figure 5.12 (b) shows a micaph of two Cr-Au coated silicon
wafers bonded with Sn-Ag-Cu thin interface. Theekhess of the bonding interface is

200 nm. As seen in the picture, the grain sizd te@order of 10 nm.

Figure 5.12: (a) Field Emission Scanning Electraorbgraph of reduced Sn-Ag-Cu lead
free solder on a silicon substrate. Molten soldeesdnot wet silicon and forms the
droplets, (b) Field Emission SEM of a 200 nm nagadifree solder interface bonding
two silicon wafers.

The sol-gel Sn-Ag-Cu film reduction was demonsttate occur at 400°C.
However, in order to be compatible with low lossypeers, stress buffer polymers such
as BCB, silicones etc. the interconnections neethetdormed at lower temperatures
(<300 C). This is a significant challenge for adead wafer-level interconnections that
various groups are exploring (ex. Sintered copp&d], carbon nanotubes [172-173]).
For the sol-gel process, the strategies outlinethism work can bring in considerable
reduction in the process temperatures and leaetmarty alloy films that cannot be easily
plated. Further, incorporation of dopants to prévgrain coarsening, strengthening
agents in the solder can be better accomplishddtive sol-gel route. On the other hand,

the process temperature is much lower with elez$soplating, which is discussed in the

following section.
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5.3.2 Electroless Plating of Lead Free Solders

Sn and Pb-Sn electroless finish on copper padswelbestablished versatile industry
process. On the other hand, electroless platingeatl-free alloys has not been
demonstrated before. Electroless plating has sewst@antages over electroplating
because it can be selectively done only on metals paithout the need of any
photolithography steps. The plating rates are ixat low but for depositing thin

reworkable bonding layers (~1 micron), the procesdime is adequate. The alloy
composition, as determined from XPS elemental amalyas S 1Ag49 by wt % and is

shown in Figure 5.13.
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Figure 5.13: XPS elemental analysis of electroleasl-free solder films. Quantitative
analysis estimates 4.9 wt.% Ag in Sn.

Because the coating is deposited chemically as aoedpto electrolytic plating,
the problems normally associated with electroptptitke edge build-up, uneven

thickness, no plating in corners and recesses ate. generally not observed with
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electroless plating. As can be seen from the SEBtagraph (Figure 5.14), nano-grained
films were achieved with relative ease with conémlcompositions. This technique can

be extended to ternary systems by manipulatindp#tie composition.

Figure 5.14: High Resolution SEM micrograph of Sg-#in film obtained on copper
pads using electroless plating.

The bonding capability of the thin lead free alfdsns obtained by the electroless
plating technique was evaluated in this part of wwek. Lead-free solder films were
electroless plated on an organic laminate (FR-#gs€ thin bonding films can provide
the mechanical and electrical interface betweenirttegconnections and metal pads on
the substrate. A thin coating of flux (9171, AlfeeMlIs) was deposited by spin coating on
the lead free alloy film on metal pads before bagdiBonding is achieved by applying
pressure to the chip for less than 10 secondsgewthé reflow temperature was kept at
250°C. Such a bond can possibly allow subsequerdval of the chip by locally heating
the bonding interface. Figure 5.15 shows the aw@nections bonded on to an organic

substrate using the electroless deposited leadsbleler bonding interface.
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Figure 5.15:SEM of a 10 micron diameter interconnect bonded twld pad using thin
electroless plated lead free solder film.

This demonstrates a 10 micron interconnection batwle chip and an organic
substrate with a 1-2 micron bonding interface. &arminimal thickness of the bonding
interface can enable reworkability by removing thép. The coplanarity of the package
and the uniformity in the interconnection heightaass the whole die are critical for
ensuring the yield of such short interconnectiornth whin bonding layers. Electroless
plating has unique advantages compared to eletitrgdlating because of its selective
pad deposition that can eliminate the lithograptgps. With proper bath formulation,

this process can be extended to ternary alloysaladmodified chemistry.

5.3.3Co-Sputtering of Reworkable Solder Interfaces

Previous sections discussed solution-derived appesa like sol-gel and electroless
plating for forming thin liquid bonding interfaceSol-gel has limitations in terms of
processing temperatures and wafer  compatibility levhi conventional
electroless/electroplating cannot control the cositimn accurately. Hioni®!, in

partnership with Thin Film Engineeriflj has developed a sputtering system: “Bumper
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200/300” for wafer level packaging. Bumper is cdpabf depositing multiple layer
stacks of metals at fast rates. A thin film of Sm-léad free solder was deposited in
Bumper’s sputtering chamber that holds multipleessfon the carousel that rotates. The
chamber holds 3 targets that sputter down on towhéers rotating below. In this
experiment Sn and Cu targets were used to defasiilin. Metal layers were deposited
in alternate layers of Sn and Cu. The DC power wsethe Sn target is 1200W for 5
minutes and the power used on the Cu target is 1RV25 secs. 10 alternate layers
were deposited to make a film of approximately hmigrons. Table 5.2 elaborates the

parameters for sputtering.

Table 5.2: Co-Sputtering Parameters for sputtesirtgn-Cu lead free solder.

Each |10 Layer| Weight
Metal | Power | A/min
layer [Thicknesy Fraction

Sn 1200 300 1500 15000 0.991736

Cu 120 30 12.5 125 0.008264

The composition of the film deposited was analyasdSnCu (Figure 5.16).
However, the thickness of the metals depositedyuesity sputtering system is limited to a
few thousand angstroms or a few microns. It isdiff to deposit thicker bonding films
needed for reliable bonding interfaces betweencthip and the package. Moreover,
being a blanket coating technology, it is requitkedt the sputtered film be selectively
etched after deposition, and as the thicknesseofilim increases, it is more difficult to

etch the film while keeping the geometry of thetfiees intact.
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Figure_5.16: Elemental analysis of the lead-fre@esointerfaces deposited by co-
sputtering.

5.3.4Formation of SnCu Solder Using Electrolytic Plating

The plated stack of Cu and Sn described in chapteas subjected to a thermal reflow
treatment at 250 C to allow the Cu and Sn stackmter-diffuse and form a eutectic

SnCu composition. The energy dispersive X-ray aslyEDX) was used to obtain

spatial concentration maps of the elements Cu and'8e local density of dots in these
maps is proportional to the concentration of thegbd element. These advanced EDX
images (X-ray dot maps) from the surface scan eflbnding interface (Figs. 5.17)

shows that there was a strong inter-diffusion betw€u and Sn. The EDX results were
analyzed to determine the composition of the bandinrface and are shown in Table

5.3.
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Figure 5.17: Elemental analysis of the SnCu intarfdeposited by Electrolytic Plating.

Figure 5.18: SEM image of the bonding surface tdrzonnect used for EDX Analysis.
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Table 5.3: EDX Elemental Analysis of SnCu Alloy.

Element | Line | Intensity | Error | Conc. | Units
(cls) 2-sig
Cu Ka | 1.11 0.211 0.631 wt.%
Sn La 227.56 3.017 99.369 wt.%
100.000 wt.% | Total

5.3.5Formation of AuSn Solder using Electrolytic Plating

The plated structures of Au and Sn stack were stdigjeto a thermal reflow treatment at
300 C to allow the Au and Sn stacks to inter-difuand form a eutectic AuSn
composition. The energy dispersive X-ray analy&®X) capability of a scanning
electron microscope (SEM) was used to obtain dpairecentration maps of the elements
Au and Sn. The local density of dots in these msypsoportional to the concentration of
the sought element. These EDX images from the cairégan of the bonding interface
(Figure 5.19) shows that there was a strong inféusion between Au and Sn. However,
it is expected that there is no exact homogeneousentration from Au and Sn in the
bonding layerOn the substrate side the concentration of tingkdr than on the nickel
side of the interface; on the nickel side, the gmdcentration is expected to be slightly
higher.

Formation of phases with different compositions himt the bump is not
unexpected. The maximum reflow temperature usdtisnwork, 300 C, is substantially
lower than 419 C, the temperature that would leadhbmogeneous AuSn phase

formation. However, due to constraints imposedhanthermal budget by other materials
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in the assembly structure, we were not able totttha samples at this higher
temperature. Such experiments are a possibilitya ifuture work. Nonetheless, the
observed reflow behavior of the overall AuSn stuetdemonstrated a near-eutectic

thermal behavior.

Figure 5.19: Elemental analysis of the AuSn intefdeposited by Electrolytic Plating.
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Figure 5.20: SEM image of the Au-Sn bonding surfate@anonickel interconnect used
for EDX Analysis.

The EDX results were analyzed to determine the cmitipn of the bonding

surface and are shown in Table 5.4.

Table 5.4: EDX Elemental Analysis of AuSn Alloy.

Element | Line | Intensity | Error | Conc. | Units

(cls) 2-sig
Sn La | 0.80 0.566 19.327 wt.%
Au La | 52.25 4572 80.673 wt.%

100.000 wt.% | Total
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5.4 Nano-structured Nickel Interconnects at 200 micron Pitch

Nano-structured nickel interconnects were fabriatas# 200 micron pitch using the
WBRT series dry film photoresist. The fabricatiorogess was discussed in detail in
chapter 4. Figure 5.21 shows the step-obtained &@urface profilometer on the edge of
the wafer that shows the thickness of the laminagdfilm. It can be seen that the

thickness of the dry film photoresist is approxietatLl05 pum.

Figure 5.21: Surface profile of the photoresistifzated on to the wafer.

The development step of the photoresist is extreroetical in order to ensure
proper dimensions of plated structure. While anropprly or incompletely developed
resist opening might lead to no plating through ghetoresist opening, over developing
the photoresist can cause de-lamination of theqguésist film from the silicon substrate.
Figure 5.22 (a) shows the case where the resistompletely developed, leading to the
resist residue at the bottom of the opening. Wisgreggure 5.22 (b) shows a very clean

photoresist opening obtained with an ideal develgiycle.
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(@) (b)

Figure 5.22: (a) An incompletely developed photistespening, (b) A clear opening in
the photoresist obtained by a proper developmeriecy

Once the photoresist development is complete, m&ie! is plated through the
photoresist openings to a thickness of 80 um. Eitme the photoresist is stripped off,
followed by the seed layer removal. The electrapiat conditions and the
characterization of the plated metal has been ileeaections. Figure 5.23 shows the

SEM micrographs for nano-crystalline nickel internections fabricated at 200 micron

pitch.

Figure 5.23: Nano-grained Nickel interconnectsitaied at 200 micron pitch.
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Besides fabricating nickel interconnections, expents were performed to
fabricate nickel interconnections with a SnCu bagdinterface. The plating steps and
the formation of SnCu solder have already beenritest Once the plating is complete,
the wafer is reflowed at 250 C to allow inter-dgfan of Sn and Cu stacks, forming the
SnCu solder. Figure 5.24 (a) and (b) show the SERragraphs for nano-crystalline

nickel interconnections with SnCu bonding interfaeéore and after the reflow.

(@)

(b)

Figure 5.24: (a) Nano-nickel interconnections wélectroplated SnCu interface, (b)
Nano-nickel interconnections with electroplated 8ni@erface after reflow.
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Nickel interconnections were also fabricated witheatectic AuSn bonding
interface. The plating steps and the formation afSA solder have already been
described. Once the plating is complete, the wafeeflowed at 300 C to allow inter-
diffusion of Sn and Au stacks, forming the AuSndsol Figure 5.25 (a) and (b) show the
SEM micrographs for nano-crystalline nickel internections with AuSn bonding

interface before and after the reflow.

(@)

(b)

Figure 5.25: (a) Nano-nickel interconnections wélectroplated AuSn interface, (b)
Nano-nickel interconnections with electroplated Auerface after reflow.
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The assembly of nano-nickel interconnections utiiege bonding interfaces, and

subsequent reliability evaluation will be discussetater sections.

5.5 Nano-structured Copper Interconnects at 50 micron Pitch

Nano-crystalline copper interconnections were faidd at 50 micron pitch using the
aqueous NR4-8000 photoresist. The fabrication stegre described in detail in chapter
4. Like any other electroplating photoresist maden in this case the develop cycle is
extremely critical. Since these interconnectiores fabricated in an area array, and at a
very fine pitch, even a little overdeveloping oktresist leads to the undercutting and
film delamination, while enough development hadéoallowed in order to have clean

resist opening. Figure 5.26 shows these scenanmsuatered in various cases.

(@) (b) (c)
Figure 5.26: (a) Electroplated structures through mold, (b) Non-uniform developing

across the wafer leading to partial openings anglatng, (c) Copper electroplating
through the Futurrex mold.

Nano-grained copper was then electroplated thr@aughoperly processed NR4-
8000 mold to yield copper interconnects. The ptatdetails and characterization of
deposits obtained from plating have been discusadir. The interconnections obtained

after plating, photoresist stripping and seed lagaroval are shown in Figure 5.27.
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Figure 5.27:Nano-Structured Copper Interconnects 26 wide and 20 m tall with a
pitch of 50 m.

Once the copper interconnect is plated, a barrietahwith adequate thickness
should be deposited that functions as a diffusiamiér between the copper interconnect
and the solder bonding interface. Nickel was usetha barrier metallurgy between the
nano-copper interconnects and the lead free sottlface to prevent diffusion of lead
free solder into the copper interconnect. About 4 of nickel is electrodeposited on
top of the copper as the barrier metal. Once thkehibarrier is deposited, it is followed
by deposition of another 6-7 um of SnCu solder. édectrolytic plating process was
therefore used to deposit a SpGlead free solder on top of the nanointerconnddis
involves a very simple sequential plating procefisr ahe copper plating process to
deposit the lead free interface selectively onititerconnects. The photoresist mold is
then removed, followed by seed layer etching tddyepper interconnections at 50 um
pitch with a barrier metallurgy and SnCu bondinggiface. Interconencts fabricated

using the abve described processes are shownuneFag28.
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Figure 5.28:Nano-grained copper interconnects with barrier thetyy and reworkable
solder interface.

Interconnects with 25 microns diameter and heigit &0 micron pitch were
fabricated as shown above. The fabricated chipsamsembled on to the various

substrates, and these assembly experiments wdiisbassed in detail in later sections.

5.6 Fabrication of Boards at 200 micron Pitch

The fabrication of the boards at 200 micron pitels hlready been described. The boards
were fabricated using three different CTE lamimaggerials. The control substrates used
a high Tg FR-4 laminate core (16-18ppm/°C. MediufECsubstrates (8-11ppm/°C)
consisted of PTFE dielectrics reinforced with CuanrCu cores and MCL-E-679F
laminates from Hitachi Chemical. High modulus stdists with CTE match to Si were
combined with thin film polyimide build-up dieleats to fabricate boards with minimum

amount of pits and the best achievable co-planarity
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(a) (b) (c)
Figure 5.29: High Density Boards fabricated on masi substrate materials: (a) FR-4,
(b) Hitachi, and (c) C-SiC.
The three fabricated boards are shown in Figur@, 3vRile the substrate pads and
routing lines etched on all three of the substratesshown in Figure 5.30. The substrate

pads are 110 microns in diameter and the routmeslare about 100 microns in width.

Figure 5.30: Substrate Pads and routing lines®0rricron pitch Substrates.

The copper traces etched on the substrate were dbmicrons thick after the
etching process. These copper traces were theidpba Ni-Au surface finish deposited

by an electroless Ni and immersion Au depositioscpsses. This step leads to a further
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3-4 microns increase in thickness of the traceslitey to about 8 micron thick lines. The
thickness of the metal traces measured using acgrofilometer is shown in Figure
5.31. Solder mask was not deposited on the suesttatminimize complexities resulting

from reliability evaluation of these test vehicles.

Figure 5.31: Thickness of metal traces on the satest after surface finish.

5.7 Fabrication of Boards at 50 micron Pitch
The substrates for the 50 pitch test vehicles vadse fabricated using three different
CTE laminate materials. The control substrates asbjh Tg FR-4 laminate core (16-
18ppm/°C. Medium CTE substrates (8-11ppm/°C) coedisof PTFE dielectrics
reinforced with Cu-Invar-Cu cores and MCL-E-679Fiaates from Hitachi Chemical.
High modulus substrates with CTE match to Si hagenbcombined with thin film
polyimide build-up dielectrics.

The design of 50 um pitch test vehicle substrateslves a single metal layer

structure with bonding pads of 35 um diameter abduéh lines for escape routing the
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daisy chain test structures. Images of the 50 |tah gubstrates are shown in Figure 5.32

and a close-up view of the bonding pad and roudegjgn is shown in Figure 5.33.

(@) (b) (©)

Figure 5.32: High Density Boards fabricated on masi substrate materials: (a) FR-4,
(b) Hitachi, and (c) C-SiC.

Figure 5.33: 50 Micron Pitch Bonding pads and magiti

The substrates were finished using electrolessehiemikd immersion gold surface
finish. A new generation of liquid photo-imagealpleotoresist and dielectric materials

were used to achieve very small feature sizes dowr25 pum on the substrates.
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Additional challenges were faced in depositing tetdess Nickel/Immersion Gold finish

on the bond pads due to the small pad size used.

5.8 Assembly of Nano-structured Nickel Interconnects at 200 micron Piic
Nano-structured nickel interconnects at 200 micpiich have been assembled on to
various carrier substrates using Anisotropic Cotidad-ilms (ACF) as well as AuSn and
SnCu solder materials. The assembly processesarditions for each of the bonding

interfaces are described as follows.

5.8.1ACF Bonding

Anisotropic conductive film, commonly known as ACHs a lead-free and
environmentally-friendly epoxy system that has besad for almost 30 years in the flat
panel display industry to make the electrical argtihanical connections from the device

electronics to the glass substrates of the displays

Figure 5.34: Bonding mechanism between intercomsreatl substrate using ACF.

ACF works by trapping conductive particles betwetre corresponding
conductive pads on the IC and the substrate. AGKists of a very stable matrix of 3-
5um polymer spheres, each nickel-gold plated aed ttoated with a final insulating

layer that protects them against shorting througftarct with a neighboring particle. The
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insulated particles are distributed in such a viray their incidental contacts in the X and
Y axes are low.

During the bonding process, the insulation layethm Z-axis where the balls are
trapped is pushed away, allowing the Ni-Au layertloa particle to form an electrically
conductive path between the IC and the substratde wot shorting in the X and Y
directions. The epoxy cures, locking the partictethis compressed state. The elasticity
of the compressed trapped particles causes thecortstantly press outward on both
contact points, helping to maintain electrical ceections through a wide range of

environmental conditions.

Table 5.5: Steps for ACF Assembly Process.

Step 1: Prepare the substrate. The materials are FR4chiita
and C-SiC with polyimide buildup. The only requirents are

that it be gold plated and clean.

Step 2: Laminate the ACF to the substrate. This is done by
cutting a length of ACF from a reel of ACF pre-did the
required width. The ACF is laid in place over thentling areg

and 2-3 Kg/crhof force is applied for 3-5 seconds at 80°C.

Step 3:ACF has a release liner on its rear surface tognmtethe
bond head from adhering to ACF during the lamimatio
procedure. This must be removed without damagiegAGF

layer or causing any delamination within the bogdanea.

Table 5.5 (Continued).
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Table 5.5 (Continued).

Step 4: The IC is then aligned to the substrate and hghtl
tacked in place. Alignment is done through the AfyHooking
at the reflective gold beneath it, and the tacksxdone either
with low heat (50°C) or no heat. Very light press(t Kg/cm2)

is used.

Step 5: The final process subjects the ACF to high tentpesa
and pressure, permanently curing the epoxy andhatig the
IC to the substrate. The bonding profile used i8°C8and a

load of approximately 100 grams/bump for 5 minutes.

Once the bonding process is complete using theeab@ps, the continuity of the
daisy chains are verified using a multi-meter, #mresistances of various daisy chains
are measured. If the flip chip assembly has sutdgsbonded the resistance measured
must be a few ohms. If resistance measurementgis o resistance is increasing it
means that the epoxy has not already set i.e.,ibgmsl not complete. In such a case, the
final curing step is repeated for a few more miautalowed by electrical continuity
verification with the multimeter. The three substgawere assembled using the ACF

material, and the bonded substrates are showgunefi5.35.

226



(@) (b) ©)

Figure 5.35: Nano-nickel with ACF bonding interfaessembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.

Figure 5.36: X-Ray images showing the alignmenntdrconnects with landing pads.

A cross section of the assembled chip on an orgaubestrate is shown in Figure
5.37. Here, the interconnect height is approxinyatd pm, and bonded with an
approximately same ACF thickness. The small gapvéen the interconnect and the
landing pad in the SEM micrograph is occupied byalsrmetal coated polymeric

particles, and cannot be seen in the picture.
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Figure 5.37: Cross-section of Nano-Nickel Interaactions bonded to the substrate using
Anisotropic Conductive Film (ACF).

5.8.2AuSn Bonding

AuSn solder has been used for die attach in opitveld@c packages over the last decade.
80Au20Sn is a good choice for bonding interfaceabse of its favorable mechanical
properties as was shown in previous chapters. & segen earlier that a reflow process
was performed for nickel interconnects with Au &mdstack to form the AuSn eutectic.
Once this is done, the chip and substrate areadidny using a flip-chip bonder, which
aligns precisely the substrate to the chip andeglaihe bump accurately onto the
corresponding contact pads. Because the solderirgptad/er is very thin, it is expected
that there is no self-alignment effect, and theeef very precise alignment between the
two is needed. The alignment was checked with aayxnspection system, and Figure

5.38 shows the alignment pictures obtained frorayximaging.
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Figure 5.38: X-Ray images showing the alignmenhtd@rconnect with landing pads after
assembly.

The bonding process for AuSn solder does not nesdflax and hence the
assembly was performed in a fluxless environmehe feflow profile for this assembly
process using AuSn bonding interface is shown gufé 5.39 and is performed in a
Nitrogen atmosphere. The melting point of 80/2Ceetit AuSn solder is 278°C, and it
consists of two phases: 64.3% s&nm and 35.7% AuSn. When the molten 80/20 AuSn
solder contacts the gold layer on the substrateglueflow, the pure gold reacts with the
solder constituent to form the Asn phase. As a result, the Au5Sn phase content is
increased and the AuSn phase content is decre@sedsolder becomes more gold rich
resulting in a higher melting temperature. The 82@%n eutectic solder is characterized
by steep liquid lines on both sides of the euteclite consequence of this is that a
deviation of 1 wt% Au from the eutectic compositiovards the Au-rich side will result
in an approximate 30°C increase in the temperatiitkee liquid. Thus, careful attention

should be paid to control the composition of tHeyahs well as the reflow temperature.
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Figure 5.39: Reflow Profile for Nano-nickel Interoeects with an AuSn Interface.

The chips were assembled on the three differenstmatbs using the AuSn

bonding interface, and the bonded substrates axersim figure 5.40.

(@) (b) (€)

Figure 5.40: Nano-nickel with AuSn bonding intedaassembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.
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Because of the high surface tension and zero wedingles Au-Sn does not flow
easily on a horizontal surface, although it hasbent wettability. A cross section of the

assembled chip on an organic substrate is showmgures 5.41 (a) and (b).

(a) (b)
Figure 5.41: (a) Cross-section of Nano-Nickel lotemections bonded to the substrate

using an AuSn Bonding Interface, (b) Cross-secttdbrAuSn interface between the
Nickel interconnect and substrate metal pad.

5.8.3SnCu Bonding

It was shown earlier that a reflow process wasgoeréd for nickel interconnects with Cu

and Sn stack to form the SnCu eutectic. Once thidone, the chip and substrate are
aligned by using a flip-chip bonder, which alignegsely the substrate to the chip and
places the bump accurately onto the correspondomgact pads. Because the solder
bonding layer is very thin, it is expected thatréhés no self-alignment effect, and

therefore a very precise alignment between the isvmeeded. The alignment was

checked with an x-ray inspection system, and Figu4@ shows the alignment pictures

obtained from x-ray imaging.
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Figure 5.42: X-Ray images showing the alignmenintérconnects with landing pads
after assembly.

The bonding process for SnCu solder requires adhokhence the assembly was
performed by using a no-clean NR2000 flux (Alphat&l®. The reflow profile for this
assembly process using SnCu bonding interfaceoirsin Figure 5.43 and is performed
in a Nitrogen atmosphere. The melting point of etiteSnCu solder is 225°C, but the
maximum reflow temperature employed is 250°C. Itswabserved from multiple
experiments that the lack of board co-planaritydéeéo a minimum amount of solder
required to collapse the connection between thestgatke landing pad and the nickel
interconnect. Assembly was attempted with 15 andh&0ons of solder interface with a
poor resultant yield. However, 100% assembly yeddld be obtained by using a 25

micron solder as the bonding interface.
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Figure 5.43: Reflow Profile for Nano-nickel Interoeects with a SnCu Interface.

(@) (b) (€)

Figure 5.44: Nano-nickel with AuSn bonding intedaassembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.

The chips were assembled on the three differenstmatbs using the AuSn

bonding interface, and the bonded substrates axersim figure 5.44.
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Because of a low surface tension and a high weétimgie SnCu flows easily on a
horizontal surface, and hence it can be seen fr&fMl &icrograph, that some solder
flows and wets the daisy chain pads on the substrét cross section of the assembled
chip on an organic substrate is shown in Figurd$ %a) and (b). Careful control on
reflow temperature is required to minimize thiseetf While a higher reflow temperature
can lead to increased wetting of solder on the jpattsver temperature can be the reason

for incomplete bond formation or non-collapsingsofder-joint.

Figure 5.45: Cross-section of Nano-Nickel Interaactions bonded to the substrate using
a SnCu Bonding Interface.

Whenever there is a solder joint formed with SnGldexr between copper, nickel
or gold surfaces, an inter-metallic compound ismfed. This consists of tin-gold, tin-
nickel or tin-copper depending upon the actual rfate. These always form in
conventional reflow environments. Practice has shdhat the formation of inter-
metallic compounds is acceptable within the stashdeflow guidelines. Literature shows
that staying below 250°C peak temperature for Se@der reflow and limiting the time
over liquidus to be 30 to 90 seconds, the levelinbér-metallic formation is not

detrimental to shear strength of the solder joietwleen the package and the board.
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Excessive amounts of IMC will result in brittle pos that are likely to fail even during

package handling.

5.9 Assembly of Nano-Copper Interconnects at 50 micron Pitch

As this nano wafer level package has an extremeigllspitch (50 microns), the
challenge of handling this wafer level package trelability to make contacts on the
boards are among the principal challenges facing tdchnology. The assembly and
testing process flow can be adopted from existiagkpging technologies. The smaller
the package, the finer the pitch; the smaller giskand the less forgiving the equipment
can be.

Optimum thermo-mechanical design with or withoutdeuill processing and
low-intermediate (3-10 ppm/ C) CTE substrate maleselection are critical to ensure
the reliability of these ultra-fine pitch intercagttions. Assembly was done with three
different substrates with CTEs of 3, 10 and 18 p@milrhe co-planarity of organic build-
up substrates was found to be very high and therefm not yield 50 micron pitch IC
assembly. The measured warpages using shadow-taohrique for the three different
substrates and silicon die is shown in Figure 5.7i6e warpages of FR-4 and polyimide
laminated C-SiC was found to be more than a milipen while that on silicon is only
few microns/inch. For FR4, warpage occurred becaisthe one-sided patterning of
copper pads and wiring while that on C-SiC was bseaf laminating the planarization
and insulation layer. Since the bonding interfacenly a few microns thick, the C-SiC,

Hitachi and FR4 substrates did not give any assgmeéld.
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Figure 5.46 (Continued).
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Figure 5.46 (Continued).

(d)

Figure 5.46:Warpage measurements on different substrates W&h50 micron pitch
routing (a) Hitachi; (b) C-SiC; (c) FR4, and (d)i&n substrate.

The parts were oriented such that the letteringhenboards was towards the
bottom (C & B) of each measurement image. The dis @riented such that the chip in it
was towards the bottom as well. The diagonal laB&B” and “CD” denote the

following diagonals on the measurement image shovwigure 5.47.

Figure 5.47: Orientation of parts and measuremeaslin the Moire setup.
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Table 5.6: Configuration for Moire Measurements

Starting/Room Temperature for Initial 26°C

Measurements

Ending Temperature for Final Measurements 26°C

Thermocouples Omega 0.005 in. diam. Insulated i€ typ

Adhesive Kapton hi-temperature tape

Sample Support Samples were supported by metal rail
underneath.

Grating Density 100 lines/inch

Resolution 10 mils/fringe

Phase Stepping Sensitivity 0.1 mils

Si substrate showed the required coplanarity feembly at 50 micron pitch with
thin interfaces. Subsequent assembly and yielddcoanly be demonstrated with those
substrates. Assembly of Nano Interconnects at-fitieapitch was accomplished with the
lead-free solder interface on a silicon substrédBending was achieved by aligning the
interconnects on the chip with the substrate pagplication of a no-clean flux (Flux
9171, Alfa Metals), followed by chip placement amdeflow operation carried out at
250°C. Figures 5.48 and 5.49 show an optical and Biage of a 50 micron pitch die

assembled on a substrate The assembly yield fon Si was found to be more than 75%.
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Figure 5.482 cm x 2 cm die with nano interconnections at 56ram pitch assembled on
Si substrate.

Figure 5.49: Cross-section of Nano-copper interections bonded to a silicon substrate.
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5.10 Thermo-mechanical Reliability of Nano-structured Nickel Interonnects at 200
micron Pitch

Package qualification strategies require aggresstability tests to ensure that the
package exceeds minimum thermo-mechanical testrezgents. Therefore, choosing a
correct qualification test is necessary. Tempeeatycling (TC) and thermal shock (TS)
are the two main tests conducted to evaluate tbamirmechanical performance of a
package. A net time saving is gained using TSen bf both TS and TC to qualify an
interconnect technology. The cumulative time speaar 125°C during TC better
simulates the growth of IMCs, while TS better eats sudden changes in thermo-
mechanical behavior due to coefficients of thermgbansion of various constitutive
elements in an electronic assembly. Evaluatiorvi§® formation in solder alloy systems
requires a detailed analysis and is not the foouthis work. Therefore, TS tests have
been adopted since the aim of the work is to uhaietdsa qualitative thermo-mechanical
behavior rather than the material intensive meamasiarising from IMC during TC.

The mechanical properties of interconnect joines strongly dependent on the
bonding interface being used. Following the assgmbing various bonding interfaces,
the samples were electrically tested for theiiahitontact resistance and integrity of the
daisy chained contacts. Subsequently, they wereael to an air-to-air thermal shock
testing (-25 C — 125 C with 10 minutes dwell). Bdsan the results obtained, additional
electrical continuity tests were performed after 500, 500 and 1500 thermal shocks.
The thermal shock test profile is shown in Figurg05and the failure analysis of various

failed components is presented in the followingises.
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Figure 5.50: Thermal Profile used for Thermal Shoekts.

5.10.1Failure Analysis of Nano-Nickel bonded with ACF

Failure analysis of Nickel interconnects bondechv&CF on the Hitachi MCL-E-679F
substrates that failed at 700 cycles are presdmszin. The change in DC resistance of
daisy chains for ACF bonded samples with numbehefmal shock cycles is shown in
Figures 5.51 and 5.52. The cross-sections of teenalsly are shown in Figure 5.53, and

it was observed that there is no significant paekagrpage and no apparent fracture in

the bulk of the metal interconnects or the UBM.
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Figure 5.51: Change in DC resistance during thershaick tests for ACF bonded
samples.
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Figure 5.52: Change in DC resistance during thershaick tests for ACF bonded
samples.
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The primary failure mode observed here is crackinthe ACF epoxy material
between the interconnect and the substrate pagdtseen in the FE models in chapter 3
that the maximum von mises stresses are concemhiabdag the interconnect surface on
the substrate side, and is potentially the faikite as is confirmed by the thermal shock
tests. It is expected that the crack initiated e tpoxy towards the edge of the
interconnect and slowly propagated under the buipgignificant increase in the DC

chain resistance for samples bonded on Hitachi NEGB79F substrate can be explained

on this basis.

Figure 5.53: Failure Mode in Nano interconnectsdashwith ACF on Hitachi substrate
after 700 cycles.
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5.10.2Failure Analysis of Nano-Nickel bonded with SnCu solder

Failure analysis of Nickel interconnects bondedtloa various boards using a SnCu
bonding interface is presented here. The changednresistance of daisy chains for

SnCu bonded samples with number of thermal shoclesys shown in Figure 5.54. The

cross-sections of the assembly on various substeate shown in Figure 5.55, 5.56 and
5.57. The samples assembled on FR-4 and Hitaclstratbs failed after 25 and 50

cycles, respectively, while the samples assembie@-&iC substrates failed only after

400 cycles. It is to be noted that no underfill waed in any of the above test vehicles. It
is expected that using an underfill will signifitgnimprove the thermal shock life of the

test vehicles.
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Figure 5.54: Change in DC resistance during thersmalck tests for SnCu bonded
samples.

It was observed that there is no significant paekagrpage and no apparent

fracture in the nano-nickel metal interconnectse phmary failure mode observed in test
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vehicles bonded on FR-4 substrate is solder fatigading to cracking in the SnCu
interface. It was seen in the FE models in chaptidrat the maximum von mises strains
are in the SnCu bonding interface, and is potdnptthk failure site as is also confirmed
by the thermal shock tests. The crack in good pidiba occurred along the inter-

metallic layer between the substrate pad and tlieismterface.

Figure 5.55: Failure Mode in Nano interconnects damhwith SnCu solder on FR-4
substrate after 25 cycles.

It is expected that the SnCu solder experienceadhifgignt initial plastic
deformation during thermal cycling, before fatigiracks. The test vehicles bonded with
SnCu solder on Hitachi substrates showed threerdiit failure modes: (1) Fatigue
failure in SnCu solder along the intermetallicselajpetween the solder and the Nickel
interface; (2) Fatigue failure in SnCu solder aldhg intermetallics layer between the
solder and the substrate pad interface; and (&ndehtion of the UBM on the die side.

These failure modes are shown in Figure 5.56.
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(c)
Figure 5.56: Failure Mode in Nano interconnectsdsshwith SnCu solder on Hitachi

substrate after 50 cycles: (a) Failure in soldeinderconnect side, (b) Failure in solder
on substrate side, (c) Failure in UBM.
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It is difficult to predict which of these failurexcurred first. It was also observed
that significant warpage of the package due tohigh lead-free reflow temperature
caused the solder interfaces to elongate. This mo&ye bad though, since the standoff
height of the solder interfaces is now taller ahdstthe solder-joint thermal fatigue
reliability should be better. It is expected thaedo a high reflow temperature for SnCu
solder, the package might warp severely duringpvefleading to the anomalous-shape

solder joints near the corner and fatter than nbsimape solder joints near the middle.

Figure 5.57: Failure Mode in Nano interconnectsdashwith SnCu solder on C-SiC
substrate after 400 cycles.
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In the case of bonding using SnCu on the C-SiCteaties, the failure occurred
on the UBM with the interconnects delaminating loa dlie side. This is shown in Figure
5.57. It is expected that the local CTE mismatctwben the die and the interconnect
lead to the increased stresses leading to failthough a similar symmetry exists on
the die side with a high CTE solder bonded to a @UE substrate, the high stiffness of

nano-nickel compared to solder leads to the faitur¢he die side.

5.10.3Failure Analysis of Nano-Nickel bonded with AuSn solder

Failure analysis was done on Nickel interconnectsdied with AuSn interface on the
three different substrates. The test vehicles bobmeFR-4 and Hitachi substrates failed
during cooling from the reflow temperature. It igected that due to the extremely high
reflow temperature, the residual stresses in tkerably after reflow are tremendously
high and lead to the failure. However, the testicleh bonded on the C-SiC substrate
failed after 100 thermal shock cycles. The chamg®C resistance of daisy chains for
AuSn bonded samples on C-SiC with number of theshatk cycles is shown in Figure

5.58. The cross-sections of the assemblies arershofsigures 5.59, 5.60 and 5.61.
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Figure 5.58: Change in DC resistance during thersmalck tests for AuSn bonded
samples.

It is expected that due to a very high reflow terapge for AuSn solder, the
package might warp severely during reflow, leadiogthe anomalous-shaped solder
joints near the corner and fatter than normal sisabaer joints near the middle. In case
of test vehicles on FR-4 substrate, the failurensthe UBM side with interconnects
delaminating from the die and this could be dueth® stresses arising from global
thermal expansion mismatch between the silicon emg the substrate, and the local
thermal expansion mismatch between the silicon,¢hip nickel interconnect, the solder

and the substrate.
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Figure 5.59: Failure Mode in Nano interconnects damhwith AuSn solder on FR-4
substrate after reflow.

In the case of Hitachi MCL-E-679F test vehicles dech with AuSn, the failure
was found to occur in the solder interface as aslthe die UBM. While the first failure

mode is due to the global CTE mismatch betweendibeand the substrate, the UBM
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failure is expected due to the local CTE mismatetwien the nano-nickel interconnect
and the silicon die. These compare very well wité finite element analysis results in
chapter 3, where it was shown that the stresselsotin the substrate and die side are

similar in magnitude.

(@)

(b)

Figure 5.60: Failure Modes in Nano interconnectsdea with AuSn solder on Hitachi
substrate after reflow: (a) Failure in Solder, Eb)lure in UBM.

For the test vehicles assembled on C-SiC substusieg the AuSn interface, a

similar failure mode was found as in the case oaf®wn C-SiC substrates. The local
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CTE mismatch between the die and the nickel intareot lead to the failure in the UBM

causing the interconnect to delaminate from theadies shown in Figure 5.61.

Figure 5.61: Failure Mode in Nano interconnectsdamhwith AuSn solder on C-SiC
substrate after 100 cycles.

Experimental results of thermal shock tests onouaritest vehicles described
above are summarized fable 5.7. The table shows that the test-vehiclgls AuSn
bonding interface assembled on Hitachi MCL-E-679#d &R-4 substrates failed after
cooling from assembly reflow. The test vehicles dexh with SnCu solder on FR-4 and
Hitachi MCL-E-679F substrates failed within thestib0 cycles of thermal shock testing
which was also predicted by FE models in Chaptétdvever, dies bonded with an ACF

interface exhibited excellent reliability after bgisubjected to TS tests.
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Table 5.7: Experimental Results for Thermal Shoekts.

(Ciéb;;ﬁsgc, I?}?;?gég C:]};?lllfrseto Primary Failure Mode

Modulus GPa)
(1':7'?'240) 1 UBM delamination
(ngazg) AuSn 1 UBM delamination/solder crackin
(2?5_’%%0) 100 UBM delamination
(1':7'?'240) 25 Solder cracking
(Hllct)a(;g') SnCu 50 Solder cracking
(2?5_’%%0) 400 UBM delamination
( 1':7'?';'0) >1500 No Failure
(Hl'(t)a%g) ACF 700 Epoxy Cracking
(2?5"8;%0) >1500 No Failure

It can be seen from the above table that the then@chanical reliability of
interconnects has a large dependence on the bomdatgrial as well as the carrier
substrate. It was also observed that the high weigsembly temperatures affect the
solder joint reliability due to the residual stresgleveloped during the assembly at high
temperature excursions. Reflowed eutectic SnCuesahderface typically has a very fine
structure composed of fine grains of practicallygptin and copper at room temperature.

At higher temperatures the initial microstructu@arsens to form energetically more
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favorable structure. When the solder is subjeabeldigh temperatures and stresses, such
as thermal cycling, the micro-structural evolutisnaccelerated. Moreover, interfacial
reactions between the interconnect, solder andtrstidametallization continue at high
temperatures. The coarse microstructure of eut8ct{eu solder may be a problem where
the stresses directed to the solder are large Hgeinarious cases described above with
silicon chips mounted on Hitachi MCL-E-679F and HBb&rds. Due to the coarsening of
the microstructure, here the failure mode undesthéesting conditiong&25 C - 125 C)

is solder fatigue. No failures in the nano-nickgkerconnections were found in any of the
cases shown above unlike solder joints that arevkrto fail across the bump in the bulk
of the solder under fatigue loading. The resultssitate the reliability benefits from the

superior thermo-mechanical properties of hano-ca@nections.
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CHAPTER 6
CONCLUSIONS AND OPPORTUNITIES FOR FUTURE

INNOVATIONS

This chapter is divided into two sections. Firsttea summarizes the work done
and contains conclusions that can be drawn fro®etond section explores the scope of

future work in order to explore this work further.

6.1 Conclusions

Short and reliable interconnections are becomimmy eedtical both for conventional IC
assembly and also the emerging need of thin mixgdak modules for wireless
applications. Ultra thin and small RF modules wathbedded actives drive the need for
less than 20 micron pitch interconnections in thextnfew years. Semiconductor
companies are addressing this need with 3D silimmhnologies (silicon on silicon
carrier). Using lead free solders, 50 micron phels been demonstrated recently by IBM.
On the other hand, for high end microprocessorsnpamies such as Intel have
announced copper bump technologies combined wiltles®o to address the electro-
migration and reliability issues at fine pitch. Whthere is a general opinion that lead-
free solders may not withstand the high stressdsstiains at fine pitch, there is no ideal
replacement for fine pitch interconnections that address bonding and assembly at low
temperatures and low cost while providing the resplireliability. This problem is
further complicated because of the difficulty inderfilling at fine pitches for larger die

size.

255



This work has shown the thermo-mechanical religbiiata from advanced
interconnect materials that can potentially replaaaditional solder bumps at fine
interconnect pitches. While the interconnect fadiran was done at very fine pitches
with both nano-structured copper and nickel, them@ry interconnection material
evaluated for thermo-mechanical reliability was awatructured nickel because of its
thermal stability and a higher tensile strength &atdjue resistance compared to nano-
copper. Assembly of nano-structured nickel intermms was accomplished with novel
and traditional bonding materials. Different CTEbsuates — FR4 with 18 ppm/C,
advanced boards with 10 ppm/C, novel low CTE (3np@) substrates based on
Carbon-Silicon carbide (C-SiC) were evaluated dsssate materials for assembly of
nano-structured interconnects. The bonding optewveluated for test vehicles were -
conventional lead-free solder (SnCu), advancedessldith higher strength (AuSn); and
polymer based anisotropic conducting films (ACFp dhderfill was used in all the test
vehicles evaluated in this study. The substratethaddie form a daisy chain that was
tested every 50 cycles (-25 C to 125 C) to evaluhtethermo-mechanical reliability of
the interconnections and corroborate with the Eikiement Models.

FEM models and failure indicated that the sold#eté under the nickel bump
undergo severe strains because of their relatleghystiffness compared to nickel. On the
other hand, high stiffness and high strength of Al®nding layer imparts excessive
stresses on the die side UBM. Test vehicles witlseonnection showed the lowest
reliability from the die side stresses as predidteth the modeling. Based on all the test
vehicles, it was found that nano-structured nidk&inps bonded with ACF showed the

highest reliability.
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For all the assemblies with AuSn and SnCu joiriits,failure locations are in the
solder joint or the die UBM. This is due to the lgab thermal expansion mismatch
between the die and the substrate, and the loeahti expansion mismatch between the
silicon chip and the interconnect. In nearly altlése cases where the failure occurred in
the solder, the failure locations in the soldenjaire near the interface between the
substrate and the solder joint. The failure modékely to be crack initiation at the
interface and crack propagation inward. The faillm@ations and failure modes of the
interconnect joints compare well with the finitemlent analysis results.

It was shown that a certain minimum quantity ofdeolis required to obtain a
good assembly yield and that a stiffer solder vafiult in less damage in the solder layer
by shifting the failure location to the UBM. Similg optimum thermo-mechanical
design of interconnections (interconnect heighgthyi fillet geometry) with or without
underfill processing and low-intermediate (3-10 pBIMCTE substrate material selection
are imperative to ensure the reliability of thesgeliconnects when using a metallic
bonding interface.

Nano-structured nickel interconnects bonded witHymperic films showed
excellent thermo-mechanical reliability on low-casgjanic substrates. The low modulus
polymer redistributes the stresses in the intereotions and enhances the reliability of
the assembly. Polymer matrix nano-interconnectibased on anisotropic conducting
adhesives having conducting nano-particles (<2@48) can potentially be scaled down
to pitches close to 1 micron and thinned to subomialimensions. Though conductive
adhesives have several promising characteristegerl electrical conductivity and poor

current carrying capability due to the restricteditact area and poor interfacial bonding
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of the ACAs and metal bond pads compared to thallaggical joint of the metal solders
are some of the issues that can limit their useo Tecent advances in conductive nano-
adhesives — SAM coating for better contact restsaand partially fused nano-metallic
particles to overcome the contact resistance —nctigate these problems. Combined
with the advances in nanotechnology, polymer baseuw-adhesives together with high
strength nano-interconnections can potentially jpi®the most reliable interconnection
solution at fine pitch.

It can be concluded that novel nanostructured d¢otarection materials and
processes can meet the packaging requirements tofefunanoscale devices. This
technology can be used for pushing the limits ofremt interconnect/assembly
technologies in terms of pitch, number of 1/Os, esigr combination of electrical and

mechanical properties as well as reworkability.

6.2 Recommendations for Future work

While this work has evaluated the thermo-mechamalability of nano-structured nickel

interconnects, many challenges still exist in catgdl/ realizing the nano-interconnect

concept to present a more complete picture in a@enake it more readily acceptable

for use by microelectronics industry. The differatitections that can be taken to

establish nano-structured interconnects as a vidbfepackage interconnection solution

are as follows:

(1) Copper being a much better conductor than nickelould be beneficial to use

nano-copper as the interconnect material. Thera reeed to develop plating
processes that can deposit nano-structured coppbr depants in order to

prevent grain growth at assembly temperatures.odfdepants is expected to pin
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the grain boundaries and prevent grain boundafysiin which is the primary
mechanism for grain growth.

(2) If nano-structured copper is used as the interactnmaterial, optimum barrier
metallurgy needs to be evaluated to ensure ratialof the interconnects by
limiting inter-metallic growth and lowering the bding interface to a minimal
thickness.

(3) It was seen that the failure location shifts to thBM when using stronger
bonding interfaces. Therefore, much stronger UBMish as electroless Ni/Au,
Cu/Ta/Cu, and Ti/ Ni(V)/Cu/Au can be employed issteof the Ti/Cu/Ti UBM
used in this work. It would be beneficial to inugate under bump metallurgy
(UBM) characterization with low-k dielectric matariused in damascene Cu-
integrated circuits.

(4) An investigation into alternative materials andqasses required to improve the
much needed low stress interconnections duringaisembly process. This has
to be done while maintaining a short stand-off hegp as not to compromise the
electrical performance.

(5) Metal-metal diffusion bonding is very critical inrder to benefit from nano-
interconnections. There are at present technoldgasaddress this issue, but use
high temperature and pressure which might not denveampatible.

(6) The high frequency performance of the nano-intemeghassembly with various
bonding interfaces needs to be accurately modeled.

(7) Much work needs to be done in order to develop diganic substrates with

extremely high co-planarity to develop low-costlgges with ultra-fine pitches.
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(8) Qualification tests that simulate real-world comadis such as repeat baking,
burn-in, and multiple reflow and the impact of IM§gowth can project the
impact on intermediate and long-term reliabilityn@no-structured interconnects.
Mechanical shock and vibration testing data of raterconnect assemblies
might be useful for portable electronics industry.

(9) From a manufacturing perspective, it is also dguaiportant to know how to
test these fine pitch interconnects. As such, ehgks in wafer-level and micro-
systems testing promises to be an intriguing aodfdit area of research in the
future.

(10) Cost analysis to quantitatively measure the coitipstess of nano-structured

interconnects to conventional solder bump technoligh underfill.
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CHAPTER 7

SCIENTIFIC AND TECHNOLOGICAL CONTRIBUTIONS

This work has demonstrated the design, modelingyidation and test of chip-
package nano-structured interconnections. As ferstientific contributions, the work
explores different material processing and synthesiutes for depositing the lead free
bonding interfaces. The most significant scientiiohievements are:

(1) Fine pitch lithography with advanced photoresists thick and thin film
geometries.

(2) Studied chemical compatibility of photoresists witarious acidic and alkaline
plating compositions.

(3) Using electrolytic plating processes to depositoastnuctured copper and nickel
as a back-end wafer compatible process.

(4) Synthesis of lead free solders using sol-gel swmshevith molecular scale
solutions was demonstrated for the very first timgh controlled hydrolysis and
gel particle size to lower the processing tempeestu

(5) Formation of solder alloys using stack plating aeffiow of various metals and

the alloy characterization.

Technological significance of this work can be disd in terms of providing a
new paradigm for reliable chip-package interconpestat very fine pitch. The benefits
of such a paradigm are well known — better perforeea miniaturization, improved

reliability and reduced manufacturing costs. Theknaescribed herein goes beyond any
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requirement projected by the roadmaps and has dsrated for the very first time, the
fabrication and test of nano-structured metalshag-package interconnections. The key
technological contributions can be summarized hovis:

(1) This work shifts packaging to the nano-scale fa fihst time by taking benefit
from the advances in nanotechnology in terms ofesap interconnection
materials with better strength, fatigue resistaamoe low cost processing.

(2) The research presented here is the first effont knewn to cover the full range
of design, modeling, fabrication and reliabilitysassment of interconnects using
nano-materials for the emerging high density paiticageeds.

(3) Evaluation of the electrical performance of naniconnect geometries with
respect to existing interconnection technologies.

(4) Development of a new set of nano-materials comjgatibth wafer fabrication
and IC assembly processes that can meet the intexction requirements of next
generation wafer level packaging.

(5) Developed and evaluated various synthesis routes Honding nano-
interconnections to the substrate.

(6) Complete thermal cycling evaluation tests and faillassessment of nano-

interconnects with various bonding methods andnieemechanical loads.

Demonstration of high thermo-mechanical reliabiliof nano-structured nickel
interconnects with polymeric bonding interfaces wging that the innovative chip-
package nano-interconnection technology has supéhermo-mechanical reliability

compared to existing interconnection techniques.
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