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SUMMARY

With the semiconductor industry racing toward a historic transition, nano chips
with less than 45 nm features demand I/Os in excess of 20,000 that support computing
speed in terabits per second, with multi-core processors aggregately providing highest
bandwidth at lowest power. On the other hand, emerging mixed signal systems are
driving the need for 3D packaging with embedded active components and ultra-short
interconnections. Decreasing I/O pitch together with low cost, high electrical
performance and high reliability are the key technological challenges identified by the
2005 International Technology Roadmap for Semiconductors (ITRS). Being able to
provide several fold increase in the chip-to-package vertical interconnect density is
essential for garnering the true benefits of nanotechnology that will utilize nano-scale
devices. Electrical interconnections are multi-functional materials that must also be able
to withstand complex, sustained and cyclic thermo-mechanical loads. In addition, the
materials must be environmentally-friendly, corrosion resistant, thermally stable over a
long time, and resistant to electro-migration. A major challenge is also to develop
economic processes that can be integrated into back end of the wafer foundry, i.e. with
wafer level packaging.
Device- to- system board interconnections are typically accomplished today with
either wire bonding or solders. Both of these are incremental and run into either electrical
or mechanical barriers as they are extended to higher density of interconnections.
Downscaling traditional solder bump interconnect will not satisfy the thermo-mechanical
reliability requirements at very fine pitches of the order of 30 microns and less. Alternate
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interconnection approaches such as compliant interconnects typically require lengthy
connections and are therefore limited in terms of electrical properties, although expected
to meet the mechanical requirements.
A novel chip-package interconnection technology is developed to address the IC
packaging requirements beyond the ITRS projections and to introduce innovative design
and fabrication concepts that will further advance the performance of the chip, the
package, and the system board. The nano-structured interconnect technology
simultaneously packages all the ICs intact in wafer form with quantum jump in the
number of interconnections with the lowest electrical parasitics. The intrinsic properties
of nano materials also enable several orders of magnitude higher interconnect densities
with the best mechanical properties for the highest reliability and yet provide higher
current and heat transfer densities. Nano-structured interconnects provides the ability to
assemble the packaged parts on the system board without the use of underfill materials
and to enable advanced analog/digital testing, reliability testing, and burn-in at wafer
level.
This thesis investigates the electrical and mechanical performance of nanostructured interconnections through modeling and test vehicle fabrication. The analytical
models

evaluate

the

performance

improvements

over

solder

and

compliant

interconnections. Test vehicles with nano-interconnections were fabricated using low cost
electro-deposition techniques and assembled with various bonding interfaces.
Interconnections were fabricated at 200 micron pitch to compare with the existing solder
joints and at 50 micron pitch to demonstrate fabrication processes at fine pitches.
Experimental and modeling results show that the proposed nano-interconnections could
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enhance the reliability and potentially meet all the system performance requirements for
the emerging micro/nano-systems.
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CHAPTER 1
INTRODUCTION

This chapter begins with a brief introduction of the current trend towards
convergent and multi-functional mixed signal micro-systems with integrated functions.
Various challenges associated with providing fine pitch and short interconnections that
can support high bandwidth with miniaturization and integration, are identified and the
current approaches to address these issues are presented. Need for advances in
interconnections, assembly, test, and module reliability technology in future high-speed
multifunctional systems are presented in detail. Novel approaches focusing on new
interconnection materials, processes and bonding interfaces to address the fine pitch/high
I/O requirements of future are then presented as the objectives of the current study.
1.1 Evolution of Convergent Multifunctional Microsystems
Microelectronic products in the past have been discrete systems with computers
providing digital computing, telecommunication systems providing voice-based
communication functions and a multitude of consumer products each providing a single
function like video, audio etc. Recently, there is a new and emerging trend towards
convergent micro-systems that bring together existing digital and RF technologies as well
as newer technologies like optoelectronics, Micro-Electro Mechanical Systems and biosensors. Examples of next-generation convergent systems include personal digital
assistants with cell phone, GPS, sensors, web-mail access and smart medical implants.
In the past, driven by Moore’s law, the integration efforts were focused
predominantly on silicon using CMOS technology. While silicon is best suited for
integration of transistors, it does not lend itself to integration of RF and optoelectronic
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circuits in a cost-effective manner. The latest IC technologies also allow integration of
incredibly complex circuits on a single die, resulting in integration of multiple functions.
Within the IC technologies, there is a growing divergence between different types of
technologies. Mainstream high density logic CMOS is combined with specific
technologies for memory, analog, high-voltage, RF, MEMS (micro-electromechanical
systems) and electro-optical circuits.
The System-on-Chip (SoC) concept seeks to integrate numerous system functions
on one silicon platform horizontally, namely the chip. If this chip can be designed and
fabricated cost effectively with computing, communication and consumer functions such
as processor, memory, graphics, antennas, filters, switches, fibers or waveguides and
other components required to form a complete end-product system, then all that is
necessary to package such a system is to power and cool.

It is highly unlikely that all

these functions can be integrated in a cost-effective way in a single SoC. Hence, the
System-on-Chip (SoC) approach of integrating functionalities on a single chip is beset
with several fundamental and practical barriers like high cost, several photolithography
steps, low yield and licensing and Intellectual Property (IP) issues [1]. Most systems
consist of many non-silicon components, such as passive components, sensors, antennas,
connectors, etc. that have limited performance when integrated on silicon. A new
paradigm that overcomes the shortcomings of both SoC and traditional packaging,
therefore, is necessary.
To overcome the limitations of SoC approach, System-on-Package (SoP)
approach was proposed by Prof. Rao Tummala at the Packaging Research Center in
1994. SoP enables heterogeneous integration of RF/digital/opto/bio-sensing functions by
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system-centric IC-package co-design and functional optimization with 3D integration of
thin film components on the package. Most system companies are pursuing SoP to
answer the market demand for highly-miniaturized, high-performance, low-cost systems
for the era of ambient intelligence characterized by smart electronic portable devices. A
schematic SoP cross-section is shown in Figure 1.1. The underlying benefit of Systemon-Package (SoP) technology is its ability to support highly integrated systems or
subsystems with optimized cost, size, and performance while simultaneously reducing the
time to market. With this fundamentally new paradigm, the SoP methodology overcomes
the barriers of SoC leading to cheaper and faster convergent Microsystems [2].

Fig. 1.1: Georgia Tech – Packaging Research Center’s Chip-last Embedded Active and
Passives on a SoP Module.
Currently, System-in-Package (SiP) approach of vertical stacking of bare and
packaged ICs is also pursued by several packaging companies for integration of functions
at module and subsystem levels. SiP extends silicon integration to 3D but is still limited
by CMOS capabilities [3]. The leading commercial applications for stacked-die chipscale packages (CSPs) are those requiring increased memory densities in a small form
factor. The driving force behind the emergence of stacked CSPs has been the handset
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market because of the design push for reduced dimensions combined with the
proliferation of memory-hungry functions (messaging, color displays, interactive games,
and other performance differentiators). While the trend towards convergent
multifunctional systems continues with the package level integration, several 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 package integration,
in contrast to SiP, a module concept. The SoP, a System-centric technology, is based on
embedded thin film components in organic boards or packages, and together with SiP
modules, SoC devices, battery and user interface, leads to multi-functional systems in the
short term and mega–function systems in the long run. It seeks to integrate disparate
technologies to achieve multiple system functions into a single package, while providing
ultra-small form factor.
Along with mixed signal electronic systems, SoP is also becoming critical for
neuroscience applications such as wireless implantable micro-systems. Neural implants
have a 3-D array of electrodes that interface with the tissue, thus creating the much
significant neuro-electronic interfaces. These micro-systems support electronics for
signal processing and for wireless communication with the outside world. [4]. The most
significant challenges in packaging these arrays are keeping the 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 packaging for system
integration. This thesis focuses on high density systems packaging. Three enabling
technologies of SoP permit applications such as a single-chip module interconnection or
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multi-chip integration of heterogeneous semiconductor chips to provide a system on a
package.
1.2.1 High Density Chip-Package Interconnections
With the semiconductor industry racing towards a historic transition - nano chips with
less than 45 nm features demand I/Os in excess of 20,000 and chip-package interconnects
that support computing speed in terabits per second. A reduction in the power dissipation
and increase in the total bandwidth is achievable using the multi core approach. The
multi-core approach would need an extremely high number of I/O’s and interconnects to
support bandwidths of the order of 1 terabyte/second for communications between IC’s.
The escalating I/O densities are therefore driven by the need for computer and
communication technology for highest system performance, not by the operating
frequency of a single processor but by multi-core processors, aggregately providing
highest data rates at lowest power.
The IC packaging that is used to provide I/O connections from the chip to the rest
of the system is typically bulky, costly, and limits both the performance and the reliability
of the IC it packages. Systems packaging involving interconnection of components on a
system level board are similarly bulky and costly, with poor electrical and mechanical
performance. For multi-chip modules, high-I/O interconnections of multiple closely
spaced chips allows power/ground and signals to be transferred in and out of the SoP
module. In this scheme, each chip itself may contain a vastly greater number of I/O and
power/ground connections. Hence, combining SoP with high-density interconnection and
packaging techniques enables highly miniaturized SoPs, the system integration approach
of the future.
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1.2.2 High Substrate Wiring Densities
The second is fine-pitch wiring on a high density substrate, which, when combined with
fine-pitch interconnects, provide the high degree of interconnection that can support high
bandwidth integration for SoP products. IC interconnection and packaging technologies
have not kept pace with the continuing scaling of IC technology. This gave rise to the
“interconnect technology gap” between advanced IC technologies and state-of-the-art
PCB (printed circuit board) technologies, increasing with each new technology

Size Scaling

generation.

PCB

Advanced PCB
Lithography based
interconnect technology

IC Scaling

Reduced Gap

Time
Figure 1.2: The Interconnect Gap: Requires new High Density Interconnect Technologies

For the past four decades, board technology has been the major interconnect
technology, based on the lamination of a stack of multiple interconnect circuit layers.
Evolution towards smaller feature sizes has been rather slow compared to the scaling
frenzy in IC technology. The coarse contact pitches of even the most advanced PCB
interconnection technologies are still around 250µm width. This is in huge contrast with
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the IC I/O pad pitches which are as small as 40µm for state-of-the-art technologies and
are expected to reduce to 20-30µm in future. It is clear that a large interconnect gap exists
between the on-chip interconnect technologies and the most advanced PCB technologies
and is illustrated in Figure 1.2.
1.2.3 Embedded Actives
Embedded Actives have been proposed and realized, to some exent, as a promising
package technology to achieve ultra miniaturized form factor as well as better electrical
performance. It accomplishes these by burying active chip components directly into a
HDI (High Density Interconnect) substrate. While embedded active approaches with
chip-first technology can give many advantages such as small form factor and better
electrical performance, they have also many other concerns such as: (1) Serial chip-tobuild-up processes accumulate yield losses associated with each process, leading to lower
yield and higher cost. (2) Defective chips cannot be reworked in an embedded package
structure. This needs 100% KGDs (Known Good Die). (3) The interconnections in chipfirst approach which are direct metallurgical contacts can fatigue due to thermal stress.
(4) Thermal manangement issues are also evident since the chip is totally embedded
within polymer materials of substrate or build-up layers.
It is expected that the chip-last approach has many advantages and a few
disadvantages, compared to chip-first or chip-middle technologies from the viewpoints of
process, yield, reworkable interconnections and thermal management.
1. Process and yield: Lower loss accumulation and higher process yield are expected
for mutichip applications, since all the processes for substrate, build-up layers,
cavity and embedding the chip are carried out in two parallel operations—
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substrate and chip. In addition, no complex processes are needed after the chip is
embedded, which could otherwise damage the chip.
2. Reworkability: Defective chips can be replaced by the use of reworkable
interconnects and appropriate selection

and processing of underfill and

encapsulation materials after electrical testing.
3. Interconnections: Short interconnections can give rise to electrical performance as
good as direct metallurgical contacts of chip-first embedding active technology.
Nano-structured materials with not only high electrical conductivity but also
excellent mechanical strength, toughness and fatigue resistance can provide
mechanically reliable interconnects even with low profile.
4. Thermal management: Since the backside of embedded chip is directly exposed to
air or bonded to a layer of heatsink with highest thermal conductivity, thermal
management becomes easier and many possible solutions for cooling can be
applied.
1.3 Device to Package Interconnects as a Key Cornerstone for SoP
The continuing increase of operational frequency, the escalating circuit complexity and
the boosting of the number of I/O’s because of multi-core architectures, results in a need
for inventive interconnect and packaging technologies that enable the geometric
translation from the (sub)-µm scale on the chip to the µm or mm scale at the system level
while maintaining system performance (Figure 1.3). Consequently, a high performance
bridging technology between the very high-density IC technology and the coarse standard
substrate technology becomes a necessity.
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Electrical interconnections rely heavily on multi-functional materials that must
serve as electrical conductors and be able to withstand complex, sustained and cyclic
thermo-mechanical loads. In addition, the materials must be environmentally-friendly,
corrosion resistant, thermally stable over a long time, and resistant to electro-migration.
A major challenge is also to develop economic processes that can be integrated into back
end of the wafer foundry, i.e. with wafer level packaging.
Wire Bonding
Pitch: 60 µm – 40 µm

Embedded Active
IC
Peripheral and
Area Array
High Speed
Cu/low-k

Die Thickness:

System-on-a Package

10 µm – 50 µm

Thin-film Interconnect

Flip Chip
Peripheral: 40 µm

Embedded Passives
Organic substrates

Area: 250 µm

Wafer Level CSP
Area Array Redistribution
Pitch: 300 µm

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

Device- to- system board interconnections today are typically accomplished with
either wire-bonding or solders. Both of these are incremental and run into either electrical
or mechanical barriers as they are extended to higher density of interconnections.
Downscaling traditional solder bump interconnect will not satisfy the thermo-mechanical
reliability requirements at very fine pitches even of the order of 30 microns and less.
Alternate interconnection approaches such as compliant interconnects typically require
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lengthy connections and are therefore limited in terms of electrical properties, although
expected to meet the mechanical requirements.
Decreasing I/O pitch together with low cost, high electrical performance, high
reliability and poor mechanical properties are the key technological barriers identified by
the 2005 International Technology Roadmap for Semiconductors (ITRS) [5]. Being able
to provide several fold increase in the chip-to-package vertical interconnect density is
essential for garnering the true benefits of nanotechnology that will utilize nano-scale
devices. Major interconnection and their enabling technologies along with the current
roadblocks are outlined below.

Ultra-fine pitch wire bonding
Today, one of the most widely-used interconnect technology is thermo-sonic Au wire
bonding. Using this low-cost method, pitches of 40µm can currently be achieved. This
technology however results in long interconnect wires, fanning out from the small onchip I/O pitch to a coarse package level pitch of typically 200 µm or more. Besides the
difficult manufacturability and the reliability issues associated with these long and
narrow pitched wires, electrical parasitic effects become important. 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 bonding is the use of flip-chip
bumping technology. This technology is especially suitable for high speed, high
frequency or high I/O count applications. However, downscaling traditional solder bump
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interconnects to very fine pitches of the order of 50 microns or less is not expected to
satisfy the thermo-mechanical reliability requirements. A brief discussion on various
solutions offered in response to the above needs is as follows.

Underfills
Underfills are typically used to increase the reliability of flip-chip packages. Although
with a decreasing pitch and consequently a decreasing ball size, the joint gap between the
substrate and the die decreases to the point that it may become very difficult to flow
underfill completely under the die. At 100 µm pitch, the gap between the die and
substrate could be significantly less than 25 µm, the limit of underfill flow. For these very
fine-pitch applications, an alternative underfill technique will need to be developed or
flow under the chip will not be possible. One alternative would be to deposit the underfill
material on the wafer immediately after flip-chip solder bumping. Achieving high filler
loading with no-flow underfills is critical to achieve the optimum CTE and modulus.
New nanocomposite underfill materials and processes are being developed to implement
this process. Use of underfill can also exert significant peeling stresses on the die, bump
and package substrate. These peeling stresses are a concern for chips using low-k
dielectrics. In general, low-k dielectrics are softer and have weaker adhesion properties
than oxide, so they are more prone to delamination.

Low CTE Substrates
Using a substrate that is CTE-matched to silicon would address the thermo-mechanical
reliability problem, whether it eliminates the need for an underfill or not. The C-SiC
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material developed by Georgia Tech and Starfire Systems offers better thermomechanical properties than traditional organic substrates. However, this technology is
still in a nascent stage having issues like board porosity and prohibitive large scale
manufacturing costs.
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Figure 1.4: Comparison of today's asymmetric and tomorrow's convergent highperformance Microsystems; The use of a high-stiffness, low-CTE ceramic as a package
substrate material can allow the interconnects to be placed entirely within a BCB build
up. Lines and spaces could be <10 µm in such a scheme. (Source: Georgia Tech).
Recently, thin core or coreless substrate technology is emerging as the choice for
the most demanding system applications for thinner profile and superior electrical
performance. Though packaging materials industry is responding to this demand with
advanced substrate materials such as low loss and toughened epoxies (3M) and epoxy
based laminates reinforced with PTFE (Gore), the stiffness requirements are still major
impediments for this coreless technology unless rigid temporary carriers and stiffeners
(NEC) are used. High stiffness dielectrics need an inorganic reinforcement which makes
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thinning and laser drilling difficult. To address these barriers and needs in a cost-effective
manner, there is a need for newer thin core, low CTE, high stiffness substrate
technologies.

Compliant Interconnects
Compliant Wafer Level Packages have offered a solution to the shortcomings of underfill
and flip chip technologies. They do a better job than most technologies at satisfying the
mechanical requirements of high performance micron sized interconnects. However, this
mechanical reliability comes at the cost of electrical performance 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 concern for high-density flipchip packages. Interfacial delamination is commonly observed in low-k or ultra low-k
interconnects after assembly due to large deformation and stresses generated by the
thermal mismatch between the silicon die and the substrate. In the wafer back-end
process, the crack driving force results from the thin film residual stresses within each
layer and the thermal mismatch stresses within the low-k stacks. During the packaging
process, in addition to the residual stresses and thermal mismatch stresses within the Culow-k stack, the global thermal mismatch between the package and IC exerts
considerable external loads on the Cu-low-k structures. Compared with the oxide, the
low-k dielectric is softer, expands more and adheres weakly to other materials. Since the
adhesion strength for passivation/low-k dielectric interface is low, it is prone to
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delamination. While this indicates that interfacial delamination is not a critical issue for a
standalone die, the problem is commonly observed in Cu-low-k interconnects after
assembling the die into a flip-chip package as reported by Mercado et al. [6] and Du et al.
[7]. The ITRS 2005 [5] has identified the UBM integrity and package compatibility as the
key areas of challenge in the Cu-low-k IC assembly and packaging. Eliminating the
global CTE mismatch between the package and the IC can minimize the Cu-low-k
reliability problem by significantly reducing the interfacial stresses in the Cu-low-k stack
[6-8].
New package reliability issues arise in the assembly and package of Cu-low-k
dielectric devices and other new materials and structures. With the introduction of these
and other new package and device types there is much research needed in the reliability
physics, related materials science and the physical environments where these products are
being used. These technologies will be required if we are to meet the demand for
increased reliability. Therefore, an interconnection technology is needed that can satisfy
the fine-pitch reliability requirements as well as addresses the challenges 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 SMT and flip chip
interconnections in spite of its poor mechanical properties and electrical performancemechanical performance trade-offs and process constraints. The fatigue life of a flip chip
solder interconnection is proportional to the vertical stand-off height (interconnection
height) between the chip and the substrate. Compliant leads made of solder or other
materials solve the mechanical reliability but with higher parasitics. With the trend
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towards shorter interconnections, fine pitch and higher I/O density, there is a need for
more innovative interconnect solutions to overcome the limitations of solder bumps. This
gap between future requirements and current technologies is succinctly illustrated in
Figure 1.5.
Today
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• High Reliability

• Wire Bond/Compliant Interconnects

• Low Cost
• Reworkability (MCMs)

Figure 1.5: Current area-array interconnect technologies and future requirements.

In order to address these issues with chip-first and chip-last, GT-PRC has
proposed a chip-last embedded active approach [9]. Here the chips are embedded after all
the build-up layer processes are finished. For the interconnections, reworkable metal
based nano-structured interconnect are used to enable shortest interconnect with the best
electrical and thermo-mechanical properties. To minimize the processability and
reliability problems associated with solder based flip chip assembly, nano-structured
interconnections have the potential as a candidate for replacement of solder. 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 that helps
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 barriers: 1) I/O pitch 2)
Electrical performance 3) Reliability and 4) Cost. The new approach involves the use of
nano-copper and nano-nickel based interconnections for high fatigue resistance, ultrahigh
current carrying capabilities and lowest electrical parasitics.
The I/O pitch challenge is proposed to be accomplished by fabricating these
interconnects at a pitch of 50 microns. The high electrical performance is obtained from
the lowest capacitance, resistance and inductance of the interconnections that can be
shortened as required. It also comes from the ultrahigh current density capability of nanograined metals. The high reliability comes about by ultra low stress on the
interconnections enabled by low TCE package. It also comes about from ultra superior
fatigue resistance and strength of nano-grained metals. Low cost comes from wafer level
packaging—a process by which the entire wafer is deposited with nano interconnections
with a few lithographic steps.
Nano-grained copper and nickel have been shown to possess tremendous
resistance to deformation and potentially high resistance to fatigue and fracture with low
electrical resistance and high current carrying capability. This is because nano materials
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seem to have outstanding mechanical properties, order of magnitude better than their
microcrystalline counter-parts. Taking advantage of these intrinsic properties, we propose
to explore novel manufacturing and assembly processes and tools to provide reliable
wafer level packages with higher interconnect densities. Nano-interconnections hold the
potential to provide quantum jump in the number of interconnections and yet provide the
best electrical and mechanical properties. This thesis systematically investigates the
reliability benefit provided by nano-structured materials and their suitability 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 challenges described above is
to explore the potential on providing a large number of interconnections between ICs in a
system by means of fine-pitch nano-structured metal interconnections. The final goal of
this research is to have nano-metal interconnects integrated with the back-end wafer
fabrication technology and tested and burn-in at the wafer level and at high speed. In this
approach, the best electrical properties come from the small interconnects enabling ultrahigh speed signal transmission. The mechanical integrity and reliability come from the
improved mechanical properties of materials at nano-scale. Nano wafer level packaging
of ICs is expected to be cost effective since nano-scale connections 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 and Nickel can retain
their superior electrical properties and also to use them in nano-crystalline form at around
20-50 nm to achieve the combinations of strength, fatigue resistance, and toughness
needed to serve the mechanical functions for 50 µm pitch interconnects.
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Electro-

chemical plating is the preferred method to produce nano-structured metals for nanograined copper and nickel interconnects. Various low cost material synthesis routes were
demonstrated to yield the bonding interfaces for IC-substrate bonding.
The research presented in this thesis has evaluated nano-structured interconnects
using both Finite Element Analysis (FEA) and experimental analysis for high density and
high reliability packaging. This includes formation of two-dimensional (2D) FE models
of appropriate structures followed by application of corresponding processing conditions
and/or thermal cycling. Experimental analysis includes the fabrication of test vehicles
followed by reliability testing and measurements. Experimental results are then correlated
with FEM results in order to analyze the suitability of nano-structured interconnects for
future fin-pitch interconnection requirements.
Chapter 2 provides a discussion on various issues mentioned in literature with
regards to the work described in this thesis. This starts with the challenges associated
with next-generation-chip to package interconnections; discussed both in terms of
materials and process challenges. This is followed by a review of various rigid and
compliant interconnection technologies suggested by various research groups. The
chapter concludes with a discussion on various bonding methodologies and the properties
of nano-structured materials.
Chapter 3 deals with design and FE modeling of nano-structured interconnects
assembled on various substrates using a number of bonding approaches. It begins with a
discussion on the design of chip and substrate test vehicles at two interconnect pitches for
electrical and thermo-mechanical characterization. This is followed by an illustration of
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the geometry modeled and a description of the material properties used in modeling. This
is followed by interconnect reliability modeling at 200µm pitch.
Chapter 4 describes the various chemical synthesis processes and fabrication
techniques used to deposit nano-structured copper and nickel interconnects at two
interconnect pitches. This includes a thorough discussion on various electrolytic plating
baths used and their composition and parameters in which they are operated. Detailed
experimental techniques are described for the deposition of various thin and thick-film
bonding interfaces.
Chapter 5 covers the results and discussion based on the experimental techniques
discussed in chapter 4. It shows the fabrication results for chips and substrates at the two
interconnect pitches and the synthesis results for deposition of bonding interfaces using
various routes. This is followed by the assembly and thermo-mechanical reliability of
nano-structured interconnects and correlation with FE modeling. Appropriate discussion,
based on results, is presented at various stages in this chapter in order to reach
conclusions which form the Chapter 6.
Chapter 6 also suggests the areas in which future work can be carried out in order
to further explore the concept in order to examine the viability of nano-structured
interconnections for next generation micro-systems packaging.
Promising and robust processing approaches have been developed as part of this
work to fabricate and assemble high density, and reliable chip- to- board interconnections
that are also able to conduct high currents and high amounts of heat efficiently. In a
nutshell, nano interconnects hold the promise of meeting the challenges of next
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generation packages, that can be produced as scalable, low cost and high volume
packages with high yields and high performance.
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CHAPTER 2
LITERATURE REVIEW

The introductory chapter described how emerging technologies and applications
are driving the requirements and innovation for next generation systems packaging and
assembly. In connection to this changed and extended view, a new emphasis on
fundamental approaches is needed to meet and complement the emerging multi-scale
systems. The design processes and needed tools have to successively cope with this
tremendous increase in complexity. The understanding and utilization of material
properties, material interaction, and advanced material processing is critical for
developing new technologies in a long-term perspective. [10]
This chapter discusses the material and process challenges as we move towards
finer pitch interconnect. In addition, a number of wafer level packaging technologies
have been analyzed distinctly in terms of various technical issues. Both compliant and
rigid type of interconnects are discussed in detail, as well as the benefits and trade-offs of
each kind of technology. The discussion will reveal the state of these technologies as of
today. The properties of nano materials and their potential application in chip to package
interconnects are also discussed in detail. Various deposition methods are discussed along
with the properties exhibited by these materials. The chapter concludes with a thorough
discussion on traditional and leading edge bonding materials and technologies used 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 projects the need for several
technology generations. The package must be capable of meeting these projections if it is
to be successful. In this section are discussed the different challenges that will be faced
by any new WLP (Wafer Level Package) technology in terms of meeting the
requirements of the International Technology Roadmap for Semiconductors (ITRS) [5]
Different technology markets will have varying needs in terms of these issues. Starting
from the I/O count, high performance applications have the highest I/O requirement of all
the markets. The size of the die is assumed to be the size of WLPs. Minimum pitches are
used to calculate the number of I/Os supported by a particular WLP technology. The
predictions of ITRS roadmap in terms of interconnect pitch for three main
interconnection technologies in use today are tabulated in table 2.1.
Table 2.1: 2005 ITRS Roadmap for Interconnect Pitch (µm).
Year

2007

2009

2010

2015

2020

Wire bond

30

25

25

20

20

120

100

90

80

70

30

25

20

20

20

Area Array Flip
Chip
Peripheral Flip
Chip

The wafer level packages are projected to use interconnect pitches of 20 microns
in future. Using these numbers, the total I/Os supported by each technology is calculated.
It is important to note here that these are I/Os that can be placed on the package and do
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not necessarily suggest that they will be routed on the substrate. The wafer level approach
using nano-interconnects at a pitch of 50 microns exceeds the ITRS projections for all
generations. The comments about packaging challenges arising from these requirements
beyond around 2010 are neither comprehensive, nor particularly detailed in the roadmap,
and do not therefore give much of specific guidance. For example, the ITRS 2005
Assembly and Packaging roadmap summarizes their picture of challenges and issues in
table 2.2.

Table 2.2: Assembly and packaging difficult challenges beyond 2010 (re-written table
92b from ITRS 2005 Assembly and Packaging roadmap) [5].
Difficult challenges beyond 2010

Summary of Issues

Package cost does not follow the die cost

Margin in packaging inadequate to support

reduction curve

investment required to reduce cost

Small die with high pad count, High power

Current density, operating temperature, etc

density, and/or high frequency

for these devices exceed the capabilities of
current assembly and packaging technology

High frequency die

Substrate wiring density to support >20
lines/mm; Lower loss dielectrics—skin
effect above 10 GHz;

Close gaps between substrate technology

Silicon I/O density increasing faster than

and the chip

the

package

substrate

technology.

Production techniques will require siliconlike production and process technologies.
Table 2.2 (Continued).
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Table 2.2 (Continued).
System-level design capability to

Partitioning

integrated chips, passives, and substrates

manufacturing across numerous companies
will

make

of

system

required

performance,

designs

and

optimization

reliability,

and

for

cost

of

complex systems very difficult. Embedded
passives may be integrated into the
“bumps” as well as the substrates.
New device types (organic, nanostructures,

Organic device packaging requirements not

biological) that require new packaging

yet defined; Biological interfaces will

technologies

require new interface types; Bumpless area
array technologies will be needed during
this period. Face to face packages and other
3D

packages

are

examples.

High

frequency, low power and low profile are
driving forces.

The referred challenges beyond 2010 are not very different from their short and
medium term roadmaps. They mostly stress issues already being addressed by different
segments of the research and development community. The tables comment that:
“Production techniques will require silicon-like production and process technologies after
2005”. A challenge and an opportunity exist here to find ways around this bottleneck,
avoiding involving the more expensive silicon-like production and process technologies.
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Table 2.3 summarizes the key IC technology drivers and their impact on the emerging
packaging technologies.

Table 2.3: Impact of IC Technology on Packaging Technology
IC Technology Drives

IC Technology

Impact for Packaging

Consequences

Technology

• Larger yielded die • More transistors per die
size
• Shorter gate lengths

• Shorter gate delay

• Higher I/O count required
• Signal

integrity

features

required

• Higher clock frequency

power • Interconnect delays to be

• Higher

minimized

dissipation

• More

efficient

thermal

management required

An obvious challenge is that new device types (organic, nanostructures,
biological) put different requirements on packaging technologies and especially on the
temperature and chemical environment excursions during processing. Especially
biological, but also organic materials with interesting properties cannot be involved in
many of today’s processes. Process-design and process compatibility will therefore be
much more important in the future. New processes need to avoid high temperatures and
probably often exclude also vacuum steps for both compatibility and cost reasons.
Organic materials that are specifically designed to avoid out-gassing 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, can be described as 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 wired (with solder or
gold wires) to a dielectric substrate that is encapsulated to seal the device from the
environment. The electronic package must serve four functions: provide electrical (or
photonic) contact to and from the chip; act as an electrical space transformer to take
electronic functionality from the dense surface of the chip to the coarser pitched outside
world; provide environmental isolation to the semiconductor; and provide an avenue for
heat conduction away from the device.
Electronic packaging, and to a greater degree area-array packaging, is arguably
one of the most materials-intensive applications today. The families of materials included
in a package include semiconductors, ceramics, glasses, polymers, and metals. A list of
the type of materials used in electronic packages is shown in Table 2.4. The processes
that are required to assemble a package are equally varied - welding, soldering, curing,
cold and hot working, sintering, adhesive bonding, laser drilling, and etching.
The important issues in advanced area-array electronic packaging for
semiconductor devices are materials driven. Some of the processing-driven materials
issues include the effect of introducing a silicon device interface with copper pads and a
low-K dielectric, the effect of decreasing pitch and feature size on the package
interconnects, the development and implementation of organic substrates, and advanced
underfills for fine-pitch flip-chip applications. From a materials reliability aspect,
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important materials issues include enhanced solder interconnect reliability and
complexities evolving from the introduction of lead-free solder alloys [12, 13].

Table 2.4: Materials Used in Electronic Packaging
Material

Application

Semiconductors

Si, GaAs
Solders for interconnects (Sn-Pb, Sn-Ag; gold wirebonds; copper
lead frames (Kovar, CuBe, Alloy 42); copper traces in substrates;

Metals

tungsten, molybdenum traces in co-fired ceramics; Ag, Au, Pd for
thin/thick films on ceramics; and nickel diffusion barrier
metallizations.

Ceramics

Al2O3 substrates modified with BaO, SiO2, CuO,etc.; SiN dielectrics;
diamond heat sinks.
Epoxies

(overmold);

filled

epoxies

(overmold);

silica-filled

anhydride resin (underfills); conductive adhesives (die bonding,
Polymers

interconnects);

laminated

epoxy/glass

substrates;

polyimide

dielectric; benzoyclobutene; silicones; and photosensitive polymers
for photomasks.
SiO2 fibers for optoelectronics; silicate glasses for sealing;
Glasses

borosilicate glass substrates; and glass fibers for epoxy/glass
substrates (FR-4).
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In the past, advances in silicon semiconductors had little or no effect on the
electronic-package design or process. New advances in silicon devices have driven
increases in chip speed, device density (e.g., the number of transistors/mm2), and power
dissipation. These changes, and those planned in the future, require larger numbers of
interconnects to and from the devices, improved electrical performance, more effective
thermal management, software systems to design and model the assembly, and different
sets of materials to make these changes happen. Furthermore, the package is shrinking to
a minimalist version of the products that traditionally have been called packaging. The
chip and board have become a conjugate packaging system that must provide the
traditional levels of electrical, mechanical, thermal interfaces, and environmental
protection, with the additional challenge of increased performance. In addition, the
boundary between where the device ends and where the package begins has become
blurred with passive devices (e.g., resistors, capacitors, etc.) in the package and
redistribution layers that act as space transformers on the chip. Electronic packaging is
becoming one of the greatest challenges in manufacturability, performance, and
reliability in advanced electronics applications.
Some of the needs for improved performance can be met with some version of the
packaging solutions that have been developed over the last 5-10 years. These solutions
have typically focused on peripheral packages with wirebond chip-to-package
interconnects. A schematic illustration of one such package is shown in Figure 2.1. The
devices on the silicon die are routed from the center location on the chip to the wirebond
pads on the periphery. The chip is mechanically bonded to a substrate and is goldwirebonded to electrically connect the chip to the leadframe. The leadframe fans
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interconnects through a dielectric (ceramic or organic) into a peripheral pattern, where it
can be soldered to a printed wiring board. As the number of leads increases, this type of
package becomes problematic.

Figure 2.1: An isometric-section schematic that illustrates a peripheral package showing a
dual-in-line-package (DiP) that is wire bonded.
An alternative to peripheral interconnect packaging is to access the unused area
under the chip and package for interconnects in an area-array solution. A schematic
example of an area-array package is shown in Figure 2.2. In area-array packaging, the
surface of the chip has an array of solder interconnects (solder bumps) that are joined to a
substrate when the chip is flipped over (flip-chip packaging). The interconnects can then
be fanned-out through the package to another area-array geometry on the bottom of the
package called a ball-grid array (BGA). An organic underfill fills the gap between the
silicon die and substrate to enhance mechanical adhesion. The pitch of the solder bumps
is much coarser than for wire bonding - 200 µm to 250 µm.
One of the great advantages of the area-array package is an increase in the number
of available input/output (I/O) leads over peripheral designs. For example, at a 70 µm
pitch, the maximum number of wire bonds on a 10 mm chip is less than 600. For an area-
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array package on the same 10 mm chip, even at the coarser bump pitch of 250 µm, the
number of available I/O interconnects increases up to 1,600. Furthermore, it is difficult to
design the sweep of wires from the chip to the lead frame in peripheral packaging to
eliminate shorts and minimize inductance between adjacent wires. These issues are not
present in the much coarser pitched area-array package. In a flip-chip package, the solder
interconnects can also act as heat sinks because they are attached to the active surface of
the silicon and are massive enough to draw heat away from the silicon.

Figure 2.2: A schematic of an area-array package with a flip-chip device interconnect
and a ball-grid array package.
Also, the cost of current peripheral array solutions has generally exceeded
customer targets while falling short of advanced requirements in performance and
reliability. Additional development is needed to meet the target of reduced cost with
increasing functionality and performance. The number of I/O interconnects must increase
dramatically with functionality while the cost per I/O must decrease at a rate comparable
to that of the silicon device.
The requirements for improvements in the functionality of electronic devices will
also drive the area-array package solutions. High-performance applications have an I/O
range of 1,000-2,000 with a voltage drop power requirement and ground availability in
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the middle of the chip, rather than at the edges, which results in a drive toward a flip-chip
area-array solution. Hand-held (e.g., cellphones) and cost-performance (e.g., desktop and
portable computers) applications have a lower I/O requirement, with a form factor that
requires a tighter density of I/Os provided by an area-array package. Even with the
advantages created by area-array packaging, performance, reliability, and cost
requirements are challenging currently available area-array electronic package design.
The majority of these challenges are materials driven [14].

Figure 2.3: A cross-sectional schematic of a UBM and solder bump for a flip-chip
interconnect.
Deposition of metal on the aluminum or copper pads on the silicon device is used
to provide a solder wettable surface for the flip-chip solder interconnects and a diffusion
barrier to the silicon (Figure 2.3). The metals are deposited in an area array at the wafer
level and can be plated or deposited by physical means (evaporating or sputtering). The
metal stack, or Under Bump Metallurgy (UBM), typically consists of an adhesion layer to
the pad (chromium, titanium, or zincated aluminum), a diffusion barrier (chromium or

31

nickel), and a solder wettable layer (nickel, copper, or gold). These layers are typically a
few thousand angstroms thick and are patterned on the wafer by photolithography. Solder
is deposited on the UBM by evaporation (high-lead-content solders), plating, or solder
paste.
The flip-chip solder interconnects are typically a high-lead-content solder alloy
(e.g., Pb-5Sn or Sn-3.5Pb, in wt. %) that has a melting point in excess of 300°C. This
high-melting-temperature solder alloy does not reflow during subsequent soldering
processes (e.g., substrate to board reflow). The solder is reflowed to form solder balls,
and the wafer is then diced. For assembly into a package, the silicon die is soldered to a
ceramic, or an organic substrate. A silica-filled anhydride resin underfill is then flowed
and cured under the die to enhance mechanical adhesion. The substrate is patterned to
mirror the configuration of the solder balls on the die. The substrate pads are metallized
to be wettable by the solder. The substrate acts to redistribute the leads to a coarser pitch
on the package side.
To form the BGA interconnects, solder balls are mechanically placed on the
substrate lands using mechanical fixtures. The solder alloy for the BGA interconnects is
typically a near eutectic Sn-Pb alloy that melts at 183°C. The balls are fluxed and
reflowed to join to the substrate. Welding, or brazing, or glass sealing a lid on the die or
by flowing and curing an organic encapsulant (glob top) over the die completes the
package. The package is then ready for assembly to a printed wiring board.
The environment for electronic packages can be quite severe, depending upon the
application, and the package must perform reliably in the required environment. The
package can be exposed to ambient thermal cycles that can range from a few degrees for
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a desk-top computer to almost 200°C for automobiles or avionics applications. The
device itself can create thermal cycles through joule heating (turning the device on and
off). These temperature fluctuations result in thermo-mechanical cycles because the
materials joined in an electronic package have a wide range of linear coefficients of
thermal expansion. The package can be exposed for long periods of time at elevated
temperatures due to a combination of high-temperature ambient conditions (e.g., under
the hood of an automobile) and joule heating. These temperatures (~125°C to 150°C) can
be well in excess of 90 percent of the melting point of the solders used in the package.
The package can also be exposed to mechanical strains due to vibration or shock (e.g.,
dropping the device). These environmental requirements are complicated in an area-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-array applications have been
optimized according to various requirements and, although challenging, result in
manufacturable and reliable assemblies. However, there are a number of requirements on
the horizon that relate to device performance, size, number of I/Os, cost, 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 silicon devices to improve
performance, while simultaneously increasing electro-migration resistance. Plated-copper
metallization offers the lowest cost with greater electrical conductivity than sputterdeposited aluminum metallization. Additionally, low-permittivity insulators (low-
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dielectrics with < 3 provide a reduced capacitance and cross-talk between conductors.
The low-k material is used as a dielectric insulator in the inter-level dielectric (wiring the
silicon out to the first package interconnect) with a matrix of copper or aluminum
interlaced, typically using a dual damascene process [15-17]. An example of a low-k
material used for semiconductor devices is the photosensitive benzo-cyclo-butenes
(photo-BCB) polymer that has a k = 2.65. The damascene process and resultant one-layer
metal structure is shown in Figure 2.4.

Figure 2.4: Process steps to fabricate a dual damascene structure with copper and a low-k
dielectric [17].
The devices for which copper and low-k dielectric are the most suitable also
require area-array packaging, involving flip-chip interconnects, in order to accommodate
the large number of I/Os expected with these devices. The flip-chip array also reduces
cross talk that could occur in wire bonded packages, because the long wires can act as
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antennas and create an inductive current in nearby conductors. The move toward the use
of copper and low-k on the die could potentially affect the manufacturability and
reliability of the packaged devices. The significant issues involved in packaging copper
and low-k involve bonding with the copper and structural stability of the dielectric during
processing and in service.
Many of the currently used low-k materials have properties that degrade at
processing temperatures in excess of 250°C due to extensive cross-linking in the
polymer. Therefore, the solders that must be used to interconnect with the copper/low-k
silicon device must have a suitable process temperature. The solder alloy widely used for
this application is the near eutectic Sn-Pb alloy that melts at 183°C. Cu-low k is known to
have a fracture toughness of 1 J/m2 compared to oxides and oxy-nitrides (8-16 J/m2) and
Cu-epoxy (25 J/m2).

Since the adhesion strength for passivation/low-k dielectric

interface is low, it is prone to delamination. While this indicates that interfacial
delamination is not a critical issue for a stand-alone die, the problem is commonly
observed in Cu-low-k interconnects after the die assembly [18].
There are a number of challenges associated with this change to copper low-k.
The UBM must be redeveloped in changing from a high-lead solder to the eutectic solder
alloy. The greater amount of tin (~63 wt.%) in the eutectic solder alloy results in a much
faster reaction with the wettable UBM metallization and could result in de-wetting if the
appropriate metal types and thicknesses are not present. The UBM metals are deposited
in what could be highly stressed conditions that could affect the performance and
reliability of the bumps.
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These UBM structures have earlier been optimized for aluminum pad
metallization and may require changes for adhesion to copper pads. One metallization
that has seen a great deal of development over the last few years and has shown a great
deal of promise is electroless Ni-P. Electroless Ni-P has the advantage that it only plates
over metal and, so, is a selective-metal-deposition technique as opposed to evaporation or
sputtering, which requires patterning and etching process steps. Electroless nickel has
potential as a low-cost UBM and has a very slow reaction rate with tin. However,
implementation of the electroless nickel as a UBM is not widespread because processing
and reliability require further characterization efforts, but there are significant research
efforts underway. Furthermore, electroless nickel is typically preceded by zincation on
aluminum pads, which can not be performed on copper. A new process will need to be
developed.

(b) Fine-Pitch Packaging
The trend in flip-chip interconnect pitch, as represented in Table 2.1, indicates that the
current 150 µm pitch will shrink to 90 µm by 2010. The driving force for this pitch shrink
is to satisfy the requirements for high-performance silicon devices. These requirements
include a dramatic increase in the number of I/Os due to increase in the number of signal
lines and power requirements. Higher power devices require more signal and ground
lines and, to limit point sources of heat, the power and ground interconnects should be
spread evenly across the area array.
There are a number of materials and processing challenges associated with finer
pitches. As the pitch shrinks, the methods to deposit the solder become more limited.
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Solder paste is very difficult to deposit using a silk-screen method at pitches below 150
µm due to rheological limitations of forcing a semi-solid (paste) into small holes (silk
screen). Evaporation is difficult because developing a metal screen mask with the
required tolerances is prohibitively expensive. Solder plating is still a good option, but
the solder must be very uniform across each die and current electroplating chemistries for
binary and ternary solder alloys do not provide a tight control on plated alloy
compositions. Solder ball uniformity is also critical because large variations between die
could result in electrical opens for small balls and shorts for large balls (Figure 2.5).

Figure 2.5: The uniformity of ball size on the flip chip is important. (a) If the ball is
undersized, electrical opens occur. (b) If the ball is oversized, electrical shorting is
possible.
An additional issue with a decrease in ball size is the stand-off height between the
substrate and the die decreases to the point that it may become very difficult to flow
underfill completely under the die. At 100 µm pitch, the gap between the die and
substrate could be significantly less than 45 µm, limiting the flow of underfill. For these
very fine-pitch applications, an alternative underfill technique will need to be developed
or flow under the chip will not be possible. One alternative would be to deposit the
underfill material on the wafer immediately after flip-chip solder 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 by replacing ceramic
substrates with organic substrates, reason being that, in volume production, organic
materials are less expensive than ceramics. The organic substrate also offers a lower
dielectric constant of 3.5 for organic vs. 5 for ceramics (therefore, less capacitance and
better speed).
The board interconnect density for flip-chip substrates must accommodate the
increasing density of off-chip interconnect, and cost-effective substrate capability that
combines the necessary fine line and micro-via features must be developed. Micro-vias
are the metal-filled holes that provide a conduction path between copper lines in the
multiple layers of an organic substrate. Micro-via capability must also scale with line
width/spacing in order to provide the "via in-line" structures necessary to support bumppitch densification. At current 250 µm pitches, micro-vias can be created using a
photolithographic process. At finer pitches, laser-drilling techniques must be developed
to create the required small via size [19].
Advanced substrates for flip chips must also provide increased wireability while
delivering improved electrical performance with reliability levels at least equivalent to
current surface-mount applications. New materials with dielectric constants approaching
2.0 and with coefficients of thermal expansion approaching 6.0 ppm/°C will be necessary
to meet fine-pitch requirements. Furthermore, uniformity and flatness are critical for
organic substrates to ensure uniform joint size and bonding across each die as the
interconnect pitch decreases [20].
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(d) Underfill
Flip-chip technology demands that the space between the chip and the substrate be filled
with a dielectric organic material to help mechanically interlock the chip to the substrate.
The underfill material is a silica-filled anhydride resin polymer. The filler provides the
strength in the composite polymer, and the resin bonds with the die and substrate. A
scanning electron miscroscopy (SEM) micrograph cross section of a eutectic solder flipchip joint on an organic substrate with silica-filled underfill is shown in Figure 2.6.
Without this underfill material the difference in the coefficient of thermal
expansion between the chip (3 x 10-6 mm/mm°C) and the substrate (~17 x 10-6
mm/mm°C) would quickly result in fracture of the solder interconnects when variations
in temperature occurred. New underfills are being developed to accommodate increased
bump density and shrinking bump height.

Figure 2.6: A micrograph of a flip-chip solder bump with silica-filled underfill [21].

As bump density increases and pitch decreases, the underfill must flow into
smaller and smaller spaces. The applications at 250 µm pitch require an underfill with a
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thickness of 110 µm. At a 150 µm pitch, the distance between the chip and substrate will
be less than 50 µm but must result in 100 percent fill for required levels of reliability.
Traditional flow dispensing and cure may not be suitable in these thin spaces due to a
lack of capillary driving force. For very thin fill spaces, wafer-level deposition of the
underfill will need to be developed. This wafer-level deposition would involve spin-on of
an uncured polymer to a uniform thickness slightly less than the bump height. The wafer
would then be diced and die-mounted on substrates. Reflow would form the solder joints
and cure the underfill simultaneously. Materials development is required to create a filled
polymer that can be spun to a uniform thickness of 25 µm or less, bonds well with silicon
and substrate materials, and are compliant.

(e) Solder Reliability
For surface-mount and area-array applications, the role of solder in the package is
increased. In these advanced designs, the solder is an electrical interconnect and a
mechanical bond, and must also serve as a thermal conduit to remove heat from the
joined device. The interconnects become more critical as chip size, chip carrier size, and
the number of I/Os increase, while the solder joint size and cost decrease. Furthermore,
some of the use environments are becoming increasingly severe. For example, some
automotive electronics are being relocated under the hood with temperature extremes that
could range from -55° to 180°C. Portable devices, such as cellular telephones, are
expected to withstand severe shock environments caused by dropping a phone.
Under thermal cycling conditions, the solder interconnects undergo microstructural evolution through heterogeneous coarsening and failure that results in electrical
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opens. This situation is alleviated, although not eliminated, through the use of the
underfill for the flip-chip interconnects. Currently, BGA interconnects are not underfilled
because they are much more massive and typically join materials with more closely
matched coefficients of thermal expansion. As the pitch shrinks and the die size
increases, the amount of strain imposed upon the solder interconnects also increases. The
strain imposed on the solder joints follows the relation
∆γ = ∆α .∆Ta / h

[2.1]

where ∆γ is the shear strain imposed, ∆α is the difference in coefficient of expansion
between the joined materials, ∆T is the temperature change, a is the distance from the
neutral expansion point of the joined materials, and h is the thickness of the interconnect.
An example of the change in strain follows: For the 250 µm pitch, a die of 17.3
mm2 has a = 8.65 mm and h = 110 µm; for 100 µm pitch, the die is 22.8 mm2 with a =
11.4 mm and h = 25 µm [22]. The temperature excursion is 100°C and the die is Si (6 x
10-6/°C) with an FR-4 substrate (17 x 10-6/°C). The resultant shear strains in the
outermost solder interconnects at 250 µm and 100 µm pitches are eight percent and 50
percent, respectively. The larger strains result in more rapid fatigue failures in both the
solder and potential fractures in the silicon if the underfill transfers the strain to the more
brittle component.
This issue may need to be addressed with more compliant interconnects and
underfill with more fatigue-resistant interconnects. Another potential solution is to use
greater standoff solder interconnects with an aspect ratio much greater than one. This
solution has been incorporated with great success on BGA interconnects using 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 potential exposure scenarios
that could result in the ingestion of lead by humans and wildlife has prompted a
concerted effort to limit the use of lead in manufactured products (notably gasoline,
plumbing solders, and paint). The driving forces of this effort are many and include the
U.S. federal government, the U.S. Environmental Protection Agency, state and municipal
governments, activist groups, and concerned citizens. Japan and Europe have initiated
similar efforts in the elimination of lead from the environment. It has been construed by
the electronics industry that the use of lead-bearing solders would not be immune from
the consequences of these debates and legislative efforts. Furthermore, a lead-free solder
alloy would limit the problems created by α-particle-induced soft errors. Therefore,
efforts have commenced to develop lead-free solder alloys for area-array interconnects.
A number of tin-based solder alloys have been proposed as lead-free substitutes
for packaging applications. There is no single candidate alloy to replace eutectic Sn-Pb
solder, but there are three alloys that stand out as strong possibilities for implementation
as lead-free alternatives. These lead-free alloys, their melting behavior and a brief
discussion of their microstructure are given in Table 2.5.
The intermetallics that form upon the reaction of these solders with typical
metallizations are the same as are found with eutectic Sn-Pb. On copper, a compound
layer of Cu3Sn/Cu6Sn forms, while with nickel, a Ni3Sn4 layer forms. The kinetics of
inter-metallic growth is also similar to eutectic Sn-Pb. One potential problem with these
solders is the higher melting temperature of these solder alloys might make them
unsuitable for certain applications. However, the ability to solder at a higher temperature
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also makes them good candidates for hierarchical soldering. One possible problem with
these alloys is that they do not wet copper or nickel metallizations as well as eutectic SnPb. The presence of lead in solders improves wetting behavior by lowering the liquid
surface tension [23]. Also, higher reflow temperatures lead to higher stresses and
warpage in the assembly.

Table 2.5: Candidate Lead-Free Solder Alloys.
Alloy

Liquidus/Solidus

Processing

Temp. (°C)

Temp. (°C)

221 (eutectic)

260

Microstructure
Tin matrix with precipitates of

Sn-3.5Ag

Ag3Sn
Tin-rich dendrites with lamellar
CuSbAgSn
211 (eutectic)

240

Sn-Ag-Sb-Cu

interdendritic

(Castin)
regions
Tin-matrix surrounded by tinrich and bismuth-rich lamella
Sn-3.4Ag-4.8Bi

201 (eutectic)

230
with

Ag3Sn

inter-metallic

precipitates

From a mechanical properties perspective, these lead-free alloys exhibit higher
yield strength and slower creep deformation than eutectic Sn-Pb. However, the alloys are
susceptible to interfacial delamination at the inter-metallic/solder interface under tensile
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loading conditions [24]. These lead-free alloys also have better fatigue performance than
eutectic Sn-Pb, with the Castin alloy having the longest thermo-mechanical fatigue life.
2.4 Current WLPs with Compliant Interconnects
The benefits in using compliant interconnects can be seen by evaluating the effects of a
structure that simplifies interconnects through a continuous, compliant layer. The
compliant layer concept can be analyzed by considering a beam made of three different
materials as shown in Figure 2.7.

Figure 2.7: Compliant Tri-Layer Beam.

Shear and peel stresses are developed when the beam is cooled down by a certain
temperature gradient from its stress-free temperature. It is seen that there is a reduction of
shear stress with an increase of thickness in the middle layer, or a decrease of its shear
modulus. It is desirable to keep the thickness of the packaging layer as small as possible,
because the shorter the interconnect, the higher the frequencies that can be supported by
the package. Therefore, improving the compliance of the packaging layer appears to be a
very logical way to avoid mechanical failure by absorbing differential strain energy.
However, even if using compliant interconnects can solve the problem of CTE mismatch,
the electrical performance of these interconnects must be investigated further. The choice
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of compliant interconnects makes sense only if their performance satisfies the future
requirements for microelectronics and if they can withstand other failure mechanisms.
The design of compliant interconnects is of critical importance in optimizing their
electrical and mechanical characteristics. These characteristics are intrinsically linked and
they both depend on the geometry of the structure and the properties of the materials
used. A requirement that flexible interconnects have to satisfy is the three dimensional
mechanical compliance. The structure must exhibit flexibility in the plane of the chip to
compensate for CTE mismatch between the die and the substrate, but also vertically to
accommodate substrate non-uniformity and to allow test and burn-in on the wafer level
package.
Also, the best electrical performance of a device is obtained by reducing the
package parasitics in order to decrease line delays and minimizing the electrical
connection length in order to increase the system working frequency. Moreover, the
packaging layer must appropriately remove the heat produced by the chip for applications
requiring no use of heat sinks (for size or costs limitations). Finally, great care has to be
taken so that the effects of all chemical, physical and thermo-mechanical failure
mechanisms on the designed packaging layer are considered.
These issues are to be answered by determining the appropriate geometry for the
interconnects and choosing the materials exhibiting suitable electrical and thermomechanical properties for the packaging layer. A judicious choice of material could
avoid a complicated structure shape and still provide a reliable connection, as is the case
for compliant solder (a solder ball can then act as a compliant interconnect). The
possibilities are numerous, but each combination that exhibits a particular electrical and
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thermo mechanical behavior might only be suitable for one particular application. Most
compliant interconnect solutions that have been developed consist of flexible metal
connections embedded in a low modulus overcoat. These compliant packaging layers
provide a linkage between the bond pads on the chip and solder balls that make contact
on the substrate pads. Hence, as no stress is applied on solder joints, the reliability of the
system is greatly improved.
Compliant Wafer Level Packages have offered a solution to the shortcomings of
underfill and flip chip technologies. They do a better job than most technologies at
satisfying the mechanical requirements of high performance micron sized interconnects.
The development of compliant interconnects is in a fairly developed stage of research.
There are already several promising designs. Some of them are shown below.

Figure 2.8: Current Compliant Research.

Some of the current research includes a packaging technology from Tessera Inc.
in San Jose, California called Wide Area Vertical Expansion, or WAVE. Other projects
are from Georgia Institute of Technology. These technologies includes a high I/O density
interconnect called Sea of Leads and G-helix interconnects. The WAVE technology from
Tessera Inc. addresses the needs of advanced electronic packaging including high pin
count, high speed, high thermal dissipation, and high environmental reliability. The basic
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concept behind their compliant interconnect is the placement of a low modulus
encapsulant between a silicon die and its package substrate [25].

Figure 2.9: Schematic of WAVE package.

The fabrication process for the Tesserra WAVE package starts with creating the
copper lead on a sacrificial polyimide layer and the solder balls on the die. The polyimide
layer is selectively weakened so that the copper lead will easily separate from the
polyimide during the injection of the encapsulant material. The die is then flipped over
and soldered to the copper leads. The entire panel is then placed in an injection fixture
that injects the encapsulant material between the die and substrate. During the injection,
the encapsulant fills and expands the gap between the die and substrate to an extent
controlled by the injection fixture. The encapsulant and flexible copper leads enable the
relative movement of the die and package terminals in the x, y, and z directions. A cross
section of the final device illustrating the flexible link and encapsulant layer is shown in
Figure 2.10.
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Figure 2.10: Tessera’s Compliant Interconnect Structure.

A joint development effort between TI Japan and Fujikura has resulted in a
unique technology referred to as Cu Plated Resin Core WLP [26]. Figure 2.11 highlights
the use of Encapsulated Cu Post technology in watch applications where increased
functionality and miniaturization are driving the packaging requirements. It shows how a
resin post is formed to provide a compliant, solder wettable, copper metallized standoff.
An encapsulant is molded over the structure to provide a protective dielectric layer.
Electrically, this packaging technology has been proven to be stable. The wafer bumping
process uses an under-bump-metallurgy (UBM) technique to form the solder bumps.
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Figure 2.11: Fujikura’s Compliant Bump WLCSP.

An optimum thickness of the compliant polymer has to be determined in order to
ensure mechanical stability. Increasing the thickness would decrease the stress on the
BGA solder ball, but it would increase the stress on the copper lead. The space between
the die bond pad and the copper lead pad also has to be optimized because the fatigue
stress on the copper lead would increase with increasing bump height.
FormFactor’s Wire on Wafer or WOW™ Encapsulated Wire Bond Technology is
a noteworthy technology within this class of WLPs described in the literature [27]. The
wire bond micro-spring technology on which this WLP technology is based was
originally developed for use as a highly compliant contactor for fine pitch probe cards at
Form Factor. A typical thin film redistribution layer technology is used to distribute the
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chip’s I/O out to a 0.5mm or greater pitch. Using a modified gold ball bonder, a precisely
shaped gold ball bumped micro-spring structure is formed on the redistributed I/O pad
(figure 2.12). This relatively soft bond wire serves as a skeleton for the fabrication of the
micro-spring. The micro-spring is ruggedized while maintaining its compliancy by
overcoating the wire with electroless Ni/Au. Form Factor has been successful in
promoting the use of this technology particularly for memory applications.

Figure 2.12: Micro- 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 Factor for their 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 (SoL) project focuses on the
development of ultra high I/O density interconnects. SoL uses thin film MEMS type
build-up processes as opposed to the thick film technologies of the WAVE process. In a
prototype SoL package shown in Figure 2.14, 12,000 leads were fabricated in a 1cm2
area. These leads have x-y-z three directional compliance. The length of the leads is a
function of the required in-plane mechanical compliance, which increases linearly from
the center of the packaging area to the edge. In addition, the leads are oriented along the
die’s local direction of expansion in order to provide a higher degree of compliance. To
improve the compliance in the Z-direction, an air-gap, contained in a low modulus
composite, is formed underneath the compliant leads, which also lowers the dielectric
constant [28].

Figure 2.14: Sea of Leads Electrical Interconnections.

Another group at Georgia Institute of Technology is working on a second
compliant interconnect design, called the G-helix interconnect [29]. In this work from
Georgia Tech, the fabrication and the reliability of 100pm pitch compliant off-chip GHelix interconnects are demonstrated. A three-mask process is used to successfully
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fabricate the free-standing compliant interconnect at a pitch of 100pm. The G-Helix
interconnect consists of an arcuate beam and two end posts. The arcuate beam is
incorporated into the design to accommodate the differential displacement 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 the long-term reliability of
the structure. The two end posts connect the arcuate beam to the die and to the substrate.
The total height of the two posts determines most of the standoff height between the die
and the substrate.

Figure 2.15: Compliant G-helix interconnects.

One of the salient features of the compliant wafer level packages is that the cost is
independent of the I/O count because all I/Os are monolithically fabricated in one step, as
is typical of most of the wafer level packages which leverage the cost advantage due to
most of the packaging done at the wafer scale.
The majority of wafer level packages are accomplished simply by adding few
fabrication steps to the existing wafer. A compliant metal lead is fabricated and the vias
are filled with polymer. The end of the metal lead is exposed and solder bumps are placed
for attachment to the printed wiring board. Dicing of the wafer yields packages ready for
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system assembly without undergoing any tests. This advantage of pushing the dicing 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 increased I/O counts and
closer spacing of bumps on packaging of microelectronics, it is important to know what
lies beyond achievement of finer pitch. Reviewed are some examples where novel highdensity packaging and interconnection of IC’s are achieved through controlled design and
manipulation of flip-chip solder bumps and IC orientations.
Solder interconnects have been supplied for a number of years by captive
manufacturers for PC’s and for automotive applications. Contract wafer bump bonding
manufacturers provide reliable standard pitch interconnects at low cost. Microelectronics
materials suppliers continue to make leaping advances in the materials for these
interconnect technologies. Advances in commercially available specialty materials for
microelectronics have resulted in denser solder interconnects and more robust processes.
Yet demanding applications such as high performance imaging arrays, requiring thinned
wafers, may push the fine-pitch interconnect supply chain out of the processing comfort
zone. Various research groups are addressing these demanding requirements through the
deployment of materials and novel designs to meet tomorrow’s fine pitch interconnection
needs. This section reviews some novel fine pitch solder interconnect solutions that have
resulted from the simultaneous deployment of these advanced materials, unique
interconnect designs and assembly techniques.
Photolithography processes and photo-resist materials improvements have gone a
long way to solving some of the limitations to achieving ultra fine pitches for
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interconnection. Well-established processes exist, especially when vias are to be
fabricated. Certain steps during processing are advantageous to attain smooth sloping
walls to ensure integrity of the conductive traces. Materials such as benzocyclobutene
(BCB) provide a gentle, controlled and specific slope on which the metal traces are
formed. The smooth slope is desirable for maintaining integrity at the base of the bump
[30]. Further up the bump stack, where columns of solder are to be plated, it is desirable
to use a plating stencil (Figure 2.16), that has a vertical sidewall angle so that the top and
base are practically the same size. This ensures that interconnections placed close to each
other (fine pitch) do not encroach and short near the top due to a sloping sidewall. Such
materials are constantly evaluated and potential impact on pitch size is considered.

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 Height solder bump was
offered as a packaging solution to a unique challenge. For a particular application the
peripheral pads on a particular optoelectronic device were 10 microns offset vertically
from the central array of flip chip bonding pads, per the device design. In order to ensure
consistent and reliable flip-chip joining, the matching peripheral bumps were required to
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be fabricated approximately 10 microns taller than the central array of bumps. As figure
2.17 below illustrates, this was consistently achieved and resulted in a successful
demonstration of a high data rate optical package.

Figure 2.17: Photo of the Controlled Variable Height solder bumps, for successful
packaging of a high-data rate optical system.

Requirement for submerged solder bumps for minimum standoff gap
Another challenging application used fabrication of solder bumps that were buried in a
silicon “well” (figure 2.18). To function according to the system design, the assembly of
chip and substrate must have a controlled 4-micron standoff gap. This close gap of the
pads-on-chip relative to pads-on-substrate was required to achieve capacitive coupling
[31].

Figure 2.18: Illustration of x-section of a chip/substrate assembly with buried bumps.
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One difficulty in the fabrication lies in photolithography and patterning of reliable
conductive traces in the well. It is well know that if improperly fabricated, conductor
trace opens result due to discontinuous coverage on the rim of the well. In order to
overcome this, one approach is the use of multi-layering of polymers to form the well. It
is expected that this will yield smoother sidewalls that will allow consistent coating of the
sidewalls and rim of the well, thereby mitigating opens in conductor traces. The multilayering of polymer dielectric also offers an additional advantage, giving control of
individual layer thicknesses between the metal layers, which the circuit design engineers
can exploit for this capacitive coupling application. Once the well is fabricated the
bumped IC can be aligned and joined to the substrate such that the bumps are recessed,
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 edge of the IC to achieve 3-D
on-edge joining of chips as shown below. After precise fabrication of the bumps on the
IC’s and substrates, the chips were precision-aligned with custom prototyping chip
placement equipment. Final joining resulted during reflow of the mated solder bumps as
depicted in figure 2.19. The curved columnar joints resulted from the known high surface
tension of molten solder. The novel 3-D interconnect concept is finding application 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) has developed a fine-pitch
Sn/Pb solder bumping process that is capable of reliably fabricating 25µm bumps on
50µm pitch, as well as flip-chip assembly methods that allow the construction of multichip modules of sensor – readout circuit pairs [33]. Their process relies on an
electroplating method to form the solder bumps, which gives tremendous flexibility in
processing conditions and excellent wafer-level uniformity (Figure 2.20). The very nature
of fine pitch flip chip assembly creates several issues associated with flux residue
removal after reflow. This problem was completely eliminated here by the use of Plasma
Assisted Dry Soldering (PADS) process during assembly. PADS is a plasma treatment
process that reacts with the Sn oxides on the surface of Sn-bearing solders. The Sn oxides
are converted into a compound that breaks up as the solder melts during reflow, exposing
unoxidized solder to the bond pad, allowing full solder wetting to occur. Reflow is done
in a conventional nitrogen-inerted belt furnace that prevents the re-oxidation of the solder
during the bonding process.
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Figure 2.20: Cross-Section of Joined 25µm Bumps.

Bumpless Build-up Layer Packaging
Bumpless Build-Up Layer (BBUL) is a chip-first package, originally developed by GE to
meet future packaging technology requirements. The BBUL package provides the
advantages of small electrical loop inductance and reduced thermo-mechanical stresses
on low dielectric constant (low-k) die materials. Furthermore, it allows for high lead
count, ready integration of multiple electronic and optical components [such as logic,
memory, radio frequency, micro-electro-mechanical systems (MEMS), among others],
and inherent scalability.

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 consists of a die or
dice embedded in a substrate, such as bismaleimide triazine (BT) laminate or a copper
heat spreader, which then has one or more build-up layers formed on top. A standard
microvia formation process, such as laser drilling, makes the connections between the
build-up layers and the die bond pads. This is analogous to a wafer level CSP (WLCSP)
with the die embedded in the panel to increase the area. The embedding of the die or dice
in the panel may be done with molding or dispensed encapsulation material. As with
certain other CSP technologies, the build-up layers are made with a standard high-density
integration (HDI) patterning technology [34].

Chip in Polymer Build-up
Fraunhofer IZM and TU Berlin have together introduced the Chip in Polymer (CIP)
technology. Its special feature is the use of ultra thin chips. They are embedded into
build-up layers of PCBs. The chips are mounted on the substrate by normal die bonding
followed by an embedding in a dielectric layer. On top of them, metal lines are created,
connecting the chips and the substrate electrically. The embedding of semiconductor
chips into build-up layers requires a thinning of wafers down to 50 µm or less. The thin
chips in the CIP are integrated into the PCB by either lamination or 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 been developed by ASET to
realize a high-density and high-performance System-in-Package (SiP). A 20-pm-pitch
low impedance vertical interconnection through Cu through-via (TV) within thin chips
plays the following roles: the wide signal bus and very short electrical path for highfrequency signal transmission, the strong power supplies and stable ground lines. The
vertical interconnection is fabricated by Inter Chip Connection (ICC) process, which
includes Copper Bump Bonding (CBB) utilizing Cu-Sn diffusion for connecting Cu TVs
without the formation of bumps on the chip back surface and encapsulating micro thin
gap between chips.

Figure 2.23: 20 µm-pitch vertical interconnection is formed in through chips.
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The temperature cycling test (TCT) was on Chip on Chip (CoC) and 3D chip
stacking structure fabricated by ICC process, and over 1,000 cycles reliability was
demonstrated. The vertical interconnection with Cu TV and ICC demonstrated the
excellent capability of high performance interconnection on 3D chip stacking package.
The vertical interconnection that was established by TVs and inter-chip connection (ICC)
is able to realize high-speed data transmission between devices to prevent signal delay.
As shown in the figure, the 20-pm-pitch vertical interconnection is formed in through
chips, which is fabricated by the Cu TV fabrication in chip and the inter chip connection
(ICC) process [36].

Polymer Collar Ultra CSP
Flip Chip Technologies has developed a unique reinforcing polymer structure that
surrounds the solder ball neck at the die surface, called Polymer Collar. Their intent was
to improve the board level reliability by reinforcing the interface between the solder ball
and UBM surface. This technology is believed to be highly compatible with high volume
manufacturing with a minimal cost adder. Due to this significant improvement in board
level reliability, the Ultra CSP™ Polymer Collar™ enhancement is expected to become a
standard part of FCT’s RDL and Bump technology. Figure 2.24 provides a visual
comparison between FCT’s standard Ultra CSP™ bump and a bump with Polymer Collar
[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 interconnections. However,
some novel advances presented here offer unique solutions to the IC interconnect
challenges. Newly available commercial materials offer the required processing
advantages to solve a host of limitations for fine pitch interconnections. The materials of
thick photo-resists improve efficiency for solder bumping and wafer thinning by
accomplishing the required thickness with only one coat. Together these improvements
translate to fine pitch interconnections at lower process costs. An approach to achieving
the bumping of wafers thinned to 100 microns has also been shown. Design ideas for
controlled variable height solder bumps, buried bumps and on-edge 3D chip assembly
have resulted in some unique solutions to advanced packaging interconnect challenges.

Micro C-4 Interconnections
An increase in the area array density of interconnections demands has driven a constant
decrease in the pitch/diameter of the solder bumps. IBM had recently demonstrated
semiconductor test chips and silicon carrier test vehicles with 50 µm µ-C4 diameters on a
100 µm pitch and 25 µm micro-bump diameters on a 50 µm pitch compared with typical
industry standards of 100 µm solder bumps on 200 µm or 225 µm pitches. This advance
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using µ-C4 interconnection represents a 16 times improvement in I/O area density over a
standard flip-chip array with 200 µm pitch. A range of solder and various ball-limiting
metallurgies (BLMs) were explored, including high melt solder, PbSn (97/3), eutectic
PbSn (37/63), Pb-free solder (Sn/Ag/Cu family of solders), and gold–tin [AuSn (80/20)].
Ball-limiting metallurgies included compositions such as TiW/CrCu/Cu/Ni/Au,
Cr/CrCu/Cu/Au, Ti/Cu/Ni/Au, Ti/Ni/Au, Ti/Cu, Cr/Cu/Cu/Ni/Au, and others considered
to be dependent on the solder interconnection [38].

Figure 2.25: (a) Examples of microsolder bumps in which microbumps are approximately
25 µm in diameter on a 50µm pitch, (b) Cross sections of silicon on silicon at 50µm pitch
with multiple solder connections (left) and one 25 µm wide solder connection.

3D Embedded Components in Organic Packages
Shinko has shown embedding of ultra-thin silicon components into the organic substrates
using a “chip-middle” approach. Their embedded package uses low cost manufacturing
process with the conventional build-up substrate process and materials [Figure 2.26].
They have demonstrated two kinds of chip mounting processes (face-up mounting, flipchip mounting) in the substrate, and have studied the key technologies (simulation of
stress, wafer thinning, interconnection of embedded chip) for the manufacturing of such
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packages. They showed that thinner and smaller chip is suitable for embedding the chips
in organic substrates, since the thin chip becomes flexible, and the stress in the
interconnect joints is relaxed [39].

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

Ultra-thin Soldered Flip Chip Interconnections on Flexible Substrates
Flip chip assembly of silicon IC´s on flexible substrates has gained more interest in the
last years. Fraunhoffer recently demonstrated an immersion soldering process (a cost
effective maskless bumping process) for thin solder layers on flip chips with assembly on
thin flexible substrates [Figure 2.27]. Test chips were bumped using immersion solder
bumping technology to create thin solder caps down to 40 µm pitch. Thermode bonding
was shown as a promising fast flip chip technology for thin soldered contacts on flexible
substrates. They studied two different solder materials in combination with no-flow
underfill materials for flip chip contacts of less than 10 µm height. Since the reliability of
thin solder joints is a key issue, the failure mechanisms and the ageing behavior were
described. They showed that the inter-metallic phase formation has a large influence on
joint reliability because the intermetallics consume the majority of the solder alloy [40].
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Figure 2.27: SEM picture of SnCu soldered interconnections 60 µm test 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 package and the thermomechanical
reliability depends strongly on the interconnect material used. Materials with lowest
resistivity that are processable and manufacturable, and yet maintain superior mechanical
properties at assembly and operating temperatures become a logical choice for the
interconnect system.
2.6.1 Solder Based Interconnections
The stress-strain behavior of solders is compared with micro and nano-copper in figure
2.28. Solders are weaker materials with much lower yield stress, leading to much higher
plastic strains for the same stress. The strength of solders is ~40 MPa compared to micro
and nano-copper which are 4-10 times stronger.
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Figure 2.28: Stress-strain curves for solders, copper and Au-Sn braze [42].

Figure 2.29: Mean fatigue life vs. plastic strain range for solders and copper. The strain
values are chosen from literature sources for solders and are rough estimates for copper.
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The inferior mechanical properties of solders are also compared with copper
through the dynamic fatigue or crack growth rate behavior. Coffin-Manson-type
equation, derived using experimental data for electroplated copper [41] and eutectic
solders are summarized in table 2.6. The plot for fatigue life vs. plastic strain range using
literature data (except for nano-copper) is shown in figure 2.29. The strain range for nano
and microcopper is expected to be lower because of its higher yield stress compared to
solder, leading to improved fatigue life as seen from the figure.

Table 2.6: Coffin-Manson fatigue models for plated copper, eutectic (Pb-Sn) and leadfree solders.
Nf: Mean cycles to failure
Copper

Nf-0.6 X Ef0.75 =

∆Ep: Plastic strain range

∆Ep

Εf: Fatigue ductility coefficient
The fatigue ductility coefficient for copper was reported to
vary from 0.15 to 0.3 [43].

Eutectic

Nf = 0.146 ∆E

solder

∆Ε: Plastic strain range [44]

SnAgCu
solder

Nf Mean fatigue life;

-1.94

Nfm X ∆ Ep = C

Data obtained from Pang et al. [45]

Poor mechanical properties of solders have always been a concern at fine pitch.
Recently, development of new solder materials has been reported by micro-alloying of
grain refining elements into Sn-Ag and Sn-Cu-Ag systems to achieve better mechanical
properties. Presence of certain elements can lead to precipitation strengthening in the
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solder [46]. Introduction of additives might also prevent grain boundary sliding during
steady-state creep and hence increase its creep strength although it might be at the
expense of creep ductility. Inert, hybrid inorganic/organic, nano structured chemicals,
were incorporated into low melting metallic materials, such as lead-free electronic solders
were evaluated to achieve improved mechanical performance at elevated temperatures
and service reliability of lead-free electronic solders. Organic derived nano
reinforcements with appropriate functional groups to promote bonding with the metallic
matrix efficiently pinned the grain boundary of solder alloys leading to the improvement
in properties [47].
2.6.2 Nano Materials Based Interconnections
Advantage of copper as a good electrical conductor is undisputed. Conductivity of pure
copper is 5.96 x 107 Ohm-1 m-1 as compared to a conductivity of 6.9 x106 Ohm-1.m-1 for
Pb-Sn eutectic solders. In addition, copper has good electro-migration stability that
renders high current carrying capability to the interconnects. Nano-structured copper
shows significant improvements in fracture strength and toughness that can address the
reliability concerns with fine-pitch interconnects.
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Figure 2.30: Stress-strain curves for (a) nano-copper and (b) micro-crystalline copper for
tensile tests [48].
Bansal et al. have used a variety of characterization techniques such as nanoindentation, x-ray, and electron microscopy, tensile, fracture and fatigue testing to
characterize the mechanical properties of the materials at Georgia Tech [48]. Metals such
as Ni and Cu when produced in nano-crystalline grain sizes (10 –50 nm) were shown to
possess significantly enhanced resistance to deformation and potentially high resistance
to fatigue and fracture without large increases in electrical resistance. Figure 2.30 shows
the stress-strain plots for nano-crystalline Cu and for micro-crystalline Cu.
The tensile strength of nano-crystalline Cu was 456 MPa and that of Ni was 897
MPa with the yield strength being just a bit smaller than the tensile strengths. This
represents a 5 to 6 times increase in strength of these materials compared to conventional
forms. The ductility of both nano-crystalline materials is high, but strain hardening is
virtually non-existent in both. Thus, such materials are ideally suited for high density
interconnects that are needed for nano-wafer level packaging.
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The mechanical properties of nano-crystalline copper and nickel are compared in
Table 2.7. The strength of these materials is much higher (5-6 times) than the coarse
grained counterparts. On the basis of the stress-strain curve in the plastic deformation
range, depressed strain-hardening effect with respect to that in the conventional
polycrystalline Cu and Ni can be noticed. The fracture toughness values are also quite
high for these strength levels and are well suited for applications being discussed here
[48].

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

Grain Size (nm)
Vickers Hardness

Nano-Copper

Nano-Nickel

59.13

56.5

130

240

1.9

3

100

206

104

208

0.259

0.262

454

898

437

867

21.66

12.13

Nanoindentation
Hardness (GPa)
Modulus (GPa)
Modulus

from

Nanoindentation (GPa)
Poisson’s Ratio
Ultimate

Tensile

Strength (MPa)
Yield Strength (MPa)
JIC (KJ/m2)
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It can be clearly noted from above that nano-crystalline copper and nickel have
superior mechanical and electrical properties and are potential candidate materials for
off-chip interconnections. However, some issues remain unresolved such as microstructural stability and low cycle fatigue life of these materials. It has been reported in the
literature that the low cycle fatigue life of ultra-fine grained (UFG) materials deteriorates
but no literature exists on the low cycle fatigue life of nano-crystalline metals. The
electrical properties of nano-crystalline copper as reported in literature 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 with Bulk Copper and
Solder.
Electrical

Copper

Copper

Copper

Sn-Ag

(55 nm)

(100 nm)

(~10 nm)

solder

~ 20 [50]

~ 100

2 - 2.5 [51]

~ 13

Bulk Copper
Resistivity
(10-6 ohm-cm)

1.7 [49]

Because of their special microstructure, nano-crystalline (nc) metals, with grain
size typically smaller than 100 nm, possess some distinguished properties compared to
their micro-crystalline (mc) counterparts with grain size typically larger than 1 µm, such
as an increase in hardness and strength, improved wear resistance and so on [52-62]. As
far as the preparations of nc metals and alloys are concerned, electro-deposition
technique is so attractive because it is able to produce relatively larger quantities of fully
dense nc metals with a fairly narrow grain size distribution. So some electrodeposited 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 deformation mechanism of nc
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metals. Numerous experiments have shown that the electrodeposited nc Ni exhibits very
high strength compared with its conventional mc counterparts [43-60], but has usually
low tensile ductility, typically smaller than 3% at room temperature [63-65]. Therefore, it
is imperative to improve the tensile ductility of nc materials for their structural
applications which often require both high strength and good ductility [66-67]. Wang et
al. [68] has described a thermo-mechanical treatment that can result in an ultra-fine grain
(ufg) Cu with a bimodal grain size distribution with micrometer-sized grains embedded
inside a matrix of nano-crystalline and ultra-fine grains. This inhomogeneous
microstructure can lead to a 30% uniform elongation and a 65% elongation to failure.
Recently, Li et al. [53] has reported the tensile data of an electrodeposited nc Ni with a
grain size of 44 nm. This nc Ni has a 8-9% elongation to failure and 7.2% uniform
elongation, but relatively low yield and ultimate tensile strengths. The improved tensile
ductility of this nc Ni was simply attributed to its high deposition quality and less defects,
but detailed microstructure examinations was not provided in that paper [53]. In a
different paper [69], a fully dense nc Ni was obtained by using a direct-current electrodeposition method.
Electro-deposition of copper is one of the methods most generally employed to
obtain metallic films of adequate thickness, porosity-free structure and good adhesion
[70–72]. Electrodeposited copper films have been widely investigated with respect to
their morphological characteristics, electrical properties and corrosion resistance [73, 74].
By controlling variables such as current density, applied current signal, temperature, bath
composition, etc., a variety of films with different characteristics can be achieved, thus
allowing to tailor the mechanical characteristics of the films for specific applications. It is
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well known that one of the ways to control the structure of the electrodeposits is to adjust
the current density during dc plating or to apply a periodically changing current signal. In
the first case, films of different grain sizes can be achieved, even in the nanometer range
if sufficiently high current densities are applied. In the case of a periodically changing
current, i.e., periodic electrolysis, different morphologies can be obtained. It has been
established that this kind of electro-deposition technique leads to beneficial
morphological effects such as smoother, more uniform and more compact deposits [75–
77]. This being the case, if different structures showing suitable morphologies can be
formed, different and maybe better mechanical properties can be tailored.
A number of investigators have measured the strength and elastic properties of
electroplated nickel microstructures. The available data are presented in Table 2.9 and are
seen to vary significantly. Mazza et al. [78] performed tensile tests on nickel structures in
a direction perpendicular to the growth direction. The modulus was estimated to be
approximately equal to that of bulk nickel. Christenson et al. [79] performed tensile tests
on a number of nickel specimens, plated under varying conditions. The load was applied
perpendicular to the direction of the growth during electroplating (same as Mazza). The
yield strength of the nickel structures decreased as the current density increased and the
elastic modulus measured was less than bulk nickel at all current densities (around 160
GPa). The columnar growth, with [100] oriented grains on the lapped surface, was
postulated as the reason the modulus was low. Buchheit et al. [80] provides results from
tensile tests on sulfamate nickel specimens perpendicular to the direction of growth, and
compression tests along the direction of growth. Both as-deposited and annealed
specimens were tested. Interestingly, the annealed modulus of the tensile specimens was
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extremely low (92 GPa), somewhat in agreement with the results obtained for the
sulfamate posts in the paper by Stephens et al [81]. While annealing is expected to
produce larger grain size and lower strength, the reason the modulus was so dramatically
reduced is not known.
Table 2.9: Electroplated Nickel Mechanical Properties.
Ultimate
Crrent

Elastic

Yield

Grain
Reference

Bath

Density
2

Tensile
Modulus

Strength

Size (µm)

(ma/cm )

Strength
(GPa)

(MPa)
(MPa)

Mazza [78]

Sulf.

10

40-100

202

405

782

Sharpe[39,40]

Sulf.

-

-

176

323

555

Buchheit [80]

Sulf.

20 and 50

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

Greek et al. [82] used tensile tests perpendicular to the direction of growth to
provide strength and modulus of nickel structures that are the highest of those reported
(yield strength 1550 MPa, elastic modulus 231GPa). The details of the bath were not
provided. Sharpe et al. [83], [84] provide yet more tensile data on electroplated nickel
specimens (bath unspecified) loaded perpendicular to the growth direction. The average
modulus of the specimens tested was 176 GPa, and the yield strength was 405 MPa. The
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studies also made note of the anisotropy of grain orientation in the specimens tested and
suggested that this anisotropy might be the reason for the lower-than-expected elastic
modulus. It should be noted that in most cases, investigators applied loads to
electroplated structures such that the nonzero principal stress is perpendicular to the
direction of growth during the electroplating process, while in the work by Stephens et al,
the nonzero principal stress is parallel to the growth direction.
Recently, the synthesis of nano-crystalline nickel by electro-deposition has
attracted much attention. Erb et al. [85–90] have produced nano-crystalline nickel with
grain sizes in the range of 6–100 nm by adding saccharin to a Watts-type bath in pulse
electro-deposition at the on-time of 2.5 ms and the off-time of 45 ms. On the other hand,
Natter et al. [91–93] have achieved the same material by pulse electro-deposition at the
on-time of 1– 5 ms and the off-time of 50–100 ms in an electrolyte containing NiSO3,
Na–K tartarate, H3PO4 , NH4Cl and Na saccharin. Direct current electro-deposition has
also been demonstrated to be able to produce nano-crystalline materials. Ebrahimi et al.
[94] have synthesized the material with the grain sizes ranging from 35 to 97 nm by
adding sulphamate-nickel-anti-pit into a nickel sulphamate bath, and Bakonyi et al. [95]
have produced the nano-material from the electrolyte containing NiSO4, Na2SO4and
HCOOH by using direct current. According to the electro-crystallization theory, a high
cathodic over-potential usually caused by high current density speeds up the nucleation
process and results in fine grained deposits. However, most research is still focusing 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 bumps are directly attached
to the chip, consist of adhesive, micro weld or solder processes. This section examines
the advantages and disadvantages of each, and explains the most suitable bonding
methods for specific applications.
Wafer bumping is typically accomplished by plating with gold, gold-ball bumps
or solder. Each of these methods requires an entirely different process, equipment and
parameters; the costs for each vary considerably, as well, depending on the product being
manufactured. The method selected depends on the materials used and the temperatures
these materials can tolerate, the pitch needed for the application, the type of pressure the
material can withstand, and the application in which it will be used. Although solder is
the most widely used attachment method for wafer bumping, micro welding is often
preferred because of its finer-pitch capabilities and interconnect performance.

Attach Methods
First-level interconnect is the process of connecting a microchip to the outside world
through its package, whether the microchip is made of silicon or a compound
semiconductor material. As a form of first-level interconnect, most flip-chip attach
methods require a bump between the die pad and the substrate pad to protect the 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 capabilities, pressure and several
other factors that will indicate which method is preferable for a particular application.
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Solder is the predominant method of die attach for flip-chip applications using bumping
technology when the parameters for an application fall within a temperature range of 183
to 240°C.
Table 2.10: Comparison of First-Level Chip Attach Methods.
Process

Solder

Adhesive

183°-240°
Temp (°C)

Micro Weld
150°-320°

100°-150°
260 Pb

ThermoSonic,ThermoComp.

400 Typ

150 Area

150 Typ

160 LE

60 Perimeter

60 LE

Self Center

Yes

No

No

Pressure

Low

Moderate

High

Batch

ICA-Batch/Under

Pb

Reflow

ACA-InSitu (Force)

InSitu

Underfill

NCA-InSitu

Metallurgical Bond

Pitch (µm)

Misc.

For solder bumped dies the pitch is typically high, and only a low pressure is
required, with surface tension of the molten solder self-centering the solder bump to pad.
However, when the pitch becomes very small, typically in the 150 or smaller micron
range, it becomes necessary to use an adhesive or micro-weld attach method. This is
especially true in the case of wafer-level packaging and flip-chip applications.
Micro weld usually employs gold as the attachment material, and it is generally a
gold-to-gold or gold-to-aluminum connection. Using a thermo-sonic attach, the microwelding process only requires a temperature of 150°C. When thermo-compression
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bonding is used to attach the gold to the substrate, the process temperature can be as high
as 320°C, requiring that components be able to withstand those temperatures.
Micro welding uses high placement pressure without the benefit of self centering
and consequently placement accuracy is critical. In addition to its ability to achieve low
pitch, there are some advantages to micro welding. One key benefit is that it is a clean,
lead-free process. Another is that it provides a high current carrying, high thermal
transfer electrical connection that is beneficial for high frequency devices. The micro
weld connection is made with a plated bump or a gold ball bump. Bumps are used (rather
than wire bonds, for example) because this shorter interconnect translates into 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 process. Gold ball bumps can be
fabricated with some of the commercially available ball wire bonders. Figure 2.31
illustrates a typical wire connection between an IC and a substrate. In this process, a gold
ball is forced down and thermo-sonically bonded to a die bond pad to form the first
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 to a second surface
to complete the connection. The ball bumping process is a variation of this wire bonding
operation. In the ball bumping process, the wire is snapped off after the ball is initially
connected to the die. The dashed line in Figure 2.31 indicates the location where 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 connected to the first
surface. Figure 2.32 shows a die that has been bumped. If subjected to a sideways shear
force, these 4-mil diameter bumps can typically withstand 50-60g of force before the
bond fails. Because of the maturity of the wire bonding process, the reliability of these
bump connections is well established and documented.
The shape of the bump is an important process characteristic in ball bumping,
since it helps define the area of the gold ball that will contact the second surface, and
thus, the conduction path. Methods of attach include thermo-compression and thermosonic bonding. Gold stud bumping equipment is available that can create the desired
shape in one step as the ball is being made. The typical bump shape with a tail is the
common shape produced by many gold wire bumping machines. For those, a separate
coining machine and additional step to flatten the bump may be required.

79

To achieve the best interconnect across the entire array of contacts on a chip,
bump height co-planarity is essential. The term "co-planarity," used in flip-chip bonding,
refers to the height consistency that exists across the top of all bumps. Height variations
can lead to uneven distribution of forces, die fractures, and open circuits. Current
requirements for co-planarity call for less than 5 microns of variation in bump height
across the entire die.
Gold's conductivity offers perhaps its strongest advantage over solder. In a
comparison of the properties of the two materials, lead (and its alloys) has an electrical
resistivity of 22 micro ohm-cm while gold is 2.19 micro ohm-cm. Since conductivity is
the reciprocal of resistivity, gold offers an order of magnitude better electrical
conductivity than lead.

Electroplated Bumps
Metal plating is a wafer or batch-level processing method. Electroplated bumps are made
by passing current through a full, thin metal layer on the wafer which acts as the seed
layer for the electro-deposition. The shape of the metal structures is determined by the
resist mold, which has to be uniform over the entire wafer. Plating can have any desired
shape, although most plated bumps are rectangular.
Liquid film resists and dry film resists are the two basic materials employed as
photoresists. Liquid film resists are spin-coated onto the wafers. To achieve very thick
layers, some resists have to be coated in multiple steps. Dry film resists are laminated
onto the wafer. Some devices, however, cannot tolerate plating and cleaning chemicals.
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Figure 2.33: Wire-bonded gold ball bumps with a 20µm tall ball bump and 72µm
diameter.
Plating can produce footprints of various dimensions and can be any shape,
compared to ball bumps that have a diameter of 30-100µm and are always round. The
height of the metal plate-up can be ten times thinner than ball bumps. While 40µm is
typically the lower limit of ball-bump height (however, leading edge ball bumps of 20µm
are being produced, as shown in Figure 2.33), plating can be 2µm with a very flat top.
Plated and ball bumps vary primarily in material and geometry. Plated bumps can
be solder, nickel, gold or other materials, while ball bumps are primarily gold. Plating
allows for finer pitch and shorter bump height, while ball bumping allows taller bumps of
varying top profiles, but at a larger pitch and with a round footprint. Plated bumps require
under bump metallization (UBM), while ball bumping requires no additional wafer
processing.
In comparing costs of plating and gold bumping, an interesting phenomenon
occurs. One would think that a batch process, such as plating, would be less costly.
However, that is not always the case. The cost of bumping a wafer with 10,000 bumps
can be 32x less using ball bumping. The cost comparison depends largely on the number
of bumps per wafer, because the metal plating cost is based on the number of wafers
being bumped, no matter how many bumps are on a wafer. In gold ball bumping, the cost
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is based on the number of bumps fabricated. Ball bumping costs include time to load the
wafer, put the bump down and remove the wafer. Figure 2.35 compares the relative cost
of gold ball bumping vs. plating. The cost benefit is dependent on how many bumps are
on each wafer. Based on a 150mm wafer using electroless nickel and immersion gold, the
current cost is between $40 and $75 to plate a wafer [96].

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 number of
bumps placed. If an application requires less than 140,000 bumps, it's cheaper to place
bumps with a gold ball bumper.
In an effort to meet the demands of technologies requiring a pitch of 150 microns
and smaller, accommodate high frequencies, and achieve the best thermal and electrical
attach, micro welding has gained popularity as a method of wafer bumping. When the
choice is between gold ball bumps and plating, gold bumping offers a clean, simple, onestep process that can be done in a captive or contract manufacturing facility, while plating
requires many complicated process steps.
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Gold bumping provides flexibility in shape and substrate interconnects methods
and conductivity benefits derived from the gold-to-gold connection and strength of the
weld. Plating is preferred if a flat bump or a rectangular shape is desired. However, new
flat top ball bumps have given designers another choice not previously available. In
determining which method is more economical, when applications call for less than
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 dissimilar materials at room
temperature. Developed over the past 10 years by Suga et al [97], it is based on the
reactivity of atomically clean surfaces of solids and the formation of chemical bonds in
contact between the clean and activated surfaces. The bonding consists of cleaning the
surfaces by ion or radical beam irradiation and contact in an ultrahigh vacuum or in an
inert gas, depending on the materials combination and the characteristics required by the
bonding.

The key items are the surface-activating process and the alignment and

manipulation of the chip. So far, several surface-activated pieces of equipment have been
developed, including a cold-rolling machine for manufacturing metal laminates and a
bonding machine for wafers up to 200 mm [97].
SAB represents a new type of interconnection technology that reaches into the
area of design rules and on-chip interconnects. It is performed at room temperature versus
the higher temperatures of traditional bonding methods. Al-Al laminates fabricated by
SAB have been put into practical applications for a part of the safety vent for the Li-ion
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battery. SAB addresses the challenges to establish a method for smart disassembly of
electronic products by using reverse engineering.

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 temperature direct Cuto-Cu wafer bonding. The group has demonstrated and characterized wafer bonding by
Cu thermo-compression on blank Si wafers. A pair of 100 mm Si wafers coated with 50
nm of Ta (diffusion barrier layer) and 300 nm of Cu films were successful bonded when
wafer contact occurred at 400˚C with a down force of 4000 mbar for 30 min, followed by
post-bonding anneal at 400˚C for 30 min in inert N2 ambient. A post-bonding anneal is
required for successful bonding. A final post-bonding annealing step allows interdiffusion at the Cu-Cu interface and promotes grain growth. The impressive bonding
property using Cu thermo-compression hold tremendous promise for 3-D IC integration
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and has the potential to find its way through in large scale assembly of copper based chipto-package interconnections [98].

(a)

(b)

(c)

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 bonding (c) after 30
min bonding and annealing [98].

Anisotropic Conductive Adhesives
Flip chip assembly using Anisotropic Conductive Adhesives (ACAs) has been gaining
attention for its simple and lead-free processing, in addition to being a cost-effective
packaging method. The ACAs do not need additional underfill and can potentially be
processed much faster than the conventional solder/underfill method. They are already
being successfully implemented as package methods for chip-on-glass, chip-on-film for
flat panel displays, and chip-on-board for mobile electronics [99-102].
ACF is an adhesive film consisting of dispersed, microscopic, electrically
conductive particles 3-15 µm in diameter and an insulating adhesive film 15-35 µm thick.
Various kinds of conductive particles, such as carbon fiber, metal (Ni, solder), and metal
(Ni/Au)-coated plastic balls, and types of adhesive materials, such as thermoplastic
(SBR: styrene butadiene rubber, polyvinyl butylene), thermosetting (epoxy resin,
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polyurethane, acrylic resin), and mixed thermoplastic and thermosetting materials, have
been proposed. Thermosetting adhesive film with metal-coated plastic particles is the
most popular type. In general, the normal bonding conditions, as well as an adhesive
temperature of about 180˚C, a bonding time of about 20 seconds, and a bonding pressure
of about 20 kg/cm2 are recommended [103]. The latter three key parameters depend on
the type of ACF, the capability of the process equipment, and the required process time.
The anisotropic electrical conductivity of these materials comes from the trapped
conductive particles between conductive bumps on the flip chip IC and the corresponding
pads on the substrate, and from conductive particles not connecting electrically between
pads. In general, these materials are poor thermal conductors due to their thermally
insulated polymer matrix and low content of conductive filler.
The continuous downscaling of structural profiles and increase in interconnection
density in flip chip packaging using ACAs has given rise to another problem: as the
bump size is reduced, the current density through bump increases. Increased current
density causes new failure mechanisms such as interface degradation, due to intermetallic compound (IMC) formation and adhesive swelling caused by high current
stressing. This is a particular issue in the high current carrying joint of ACA flip chip
assembly where high junction temperature enhances such failure mechanisms. Therefore,
it is necessary for the ACA to be a thermally conductive medium that allows effective
heat dissipation from the ACA flip chip joint through adhesive resin to the substrate for
the flip chip package. This will improve the lifetime of the ACA flip chip joint by
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reducing the interface and adhesive degradation caused by high current density and heat
accumulation.

AuSn Alloy as a Bonding Interface
Numerous attempts have been made in the packaging industry to miniaturize bonding
media features in order to meet the new requirements. This has necessitated the use of
more delicate processes for depositing and placing solders between substrates and dies.
AuSn eutectic solder has excellent mechanical and thermal properties compared with
traditional PbSn solders. Eutectic AuSn solder has long been recognized as offering
superior high temperature performance, excellent electrical and thermal conductivity,
high mechanical strength, and fluxless soldering.
AuSn offers several advantages when creating solder joints and packaging
elements at wafer scale. Among them are a high liquidus onset and the ability to create a
hermetic joint between metallized surfaces without recourse to flux. AuSn also possesses
a low inter-metallic growth rate when used in conjunction with Ni, Ta, Ti, Pd or Pt PVD
base metallization. The drawback is that maintaining the desired eutectic composition
requires extreme accuracy and close control.
The gold-tin binary phase diagram has two eutectic melting points, one at 80% Au
(278oC) and one at 10% Au (217oC) [Fig. 2.37]. The latter is not of much interest because
it forms brittle phases that are deleterious to packaging applications. It is the 80% gold
alloy that is used for fluxless soldering. The 80:20 AuSn eutectic consists of AuSn and
Au5Sn inter-metallic phases. The eutectic alloy consists of 64.3% Au5Sn and 35.7%
AuSn by mass. The soft Au5Sn phase bears most of the plastic deformation applied to the
solder, whereas the hard AuSn phase gives strength to the structure. No free tin exists in
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the true eutectic. Tin is found as the mixture of the two inter-metallic compounds. This
zone of the phase diagram is defined by very steep liquidus lines on both sides of the
eutectic melting point, indicating that enriching the composition by one percent of gold
leads to an approximate 30oC increase in melting temperature [104]. For this reason, the
creation of AuSn solder forms requires accurate control of solder composition and
bonding temperature. The other eutectic alloy, 10:90 AuSn, will not produce reliable
solder joints due to the formation of a brittle AuSn4 inter-metallic within the solder joint.

Figure 2.37: AuSn phase diagram, showing the eutectic point at 280°C, 20 weight % Sn
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 deposited to effectively create a
patterned Au-Sn preform in situ. It is also possible to deposit an AuSn metal stack using
PVD evaporation or sputtering, but vacuum processes are generally limited to depositing
extremely thin AuSn coatings, due to the slow deposition rate and the correspondingly
long processing times required. Evaporated Au-Sn layers as thick as 5000 Å have been
successfully deposited via PVD, but greater thicknesses are only occasionally seen. For
those circumstances where it is not possible to fabricate a preform that will meet
assembly requirements, an in situ preform can be created using a combination of
photolithography and electroplating. The patterned wafer surfaces are plated sequentially
with gold and tin to create an 80Au-20Sn solder alloy pattern. Following plating the
photoresist is stripped from the wafers; the parts are cleaned, aligned and reflowed to
create the hermetic joint. AuSn alloy reflow takes place in a precisely controlled low
oxygen- neutral or reducing soldering atmosphere. AuSn reflow does not require the use
of flux, which eliminates any requirement for post reflow cleaning.
Conventional electroplating of AuSn solder moves the substrates repeatedly
between two separate Au and Sn plating baths, to deposit successive layers of Au and Sn.
The gold plating baths may contain hazardous materials such as cyanide, and may also
require special additives to control stress in the deposited layers. The baths may attack
conventional photoresist, limiting both geometric accuracy and deposit thickness.
Moreover, depositions are controlled by process variables such as time, temperature, and
agitation, to obtain Au and Sn layers in the proper ratio so that post-processing by
annealing or by reflow will yield the eutectic proportions of the AuSn and Au5Sn alloys.
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Among the different electroplating processes, Micralyne Inc. has demonstrated
pulse-alternating co-plating of AuSn alloys on substrates with Au seed layers using a
slightly acidic, chloride based solution. Alloys with Sn concentrations of ~10wt% and
~38 wt% have been shown to be reproducibly deposited at different current densities.
These concentrations correspond to Au5Sn (10 wt% Sn) and AuSn (38 wt% Sn) intermetallic phases. By alternatively electroplating the two phases, any Sn concentration
between 10 and 38 wt% can be deposited by adjusting the electroplating time for both
phases. For example, Au-Sn solder films up to 40µm in thickness have been successfully
plated by depositing alternating Au5Sn and AuSn layers, from a single solution, to obtain
the eutectic composition (20 wt%Sn). After reflow at 280°C for a couple of seconds, a
typical eutectic microstructure is formed. This example demonstrates that Au-Sn alloys
with different melting points, including the eutectic temperature (280°C), can be
fabricated for specific applications without changing the electroplating bath. Figure 2.38
shows a cross-section of alternated AuSn and Au5Sn layers.

Figure 2.38: Multiple layers of electroplated AuSn and Au5Sn.
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Unlike conventional electroplating, co-deposited alloy electroplating of AuSn
solder directly deposits the desired gold-tin alloys, AuSn and Au5Sn, in the proper
proportions, rather than depositing their Au and Sn precursors. The alloys are deposited
in a single step, in a single, composite plating bath. The ratio of tin to 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 plating current density. This
automatic composition control makes it easy to deposit multilayers of solder. The hard
AuSn alloy adds strength. The softer Au5Sn alloy bears most of the plastic deformation
applied to the solder.
Au5Sn co-deposition also permits better stress matching, and provides oxidation
protection. If the plating seed layer is gold, the first deposited layer is Au5Sn, for lattice
congruity, to minimize stress at the interface without chemical additives. AuSn and
Au5Sn layers then alternate to the desired thickness, which may be as much as 60
microns. The final layer is again Au5Sn, 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 used in order to improve the bonding
stability and reliability. On the other hand, flip chip bonding with solder bumps is being
used for reducing adjustment effort by self-alignment effects. The hard solder gold-tin
overcomes the disadvantages of soft solders tin-lead, indium, such as strong thermal
fatigue and creep rupture by remaining in elastic deformation after bonding. The main
difficulty in using this solder, however, is caused by steep liquidus lines around the
Au80Sn20 eutectic composition. Therefore, special means are necessary to achieve
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eutectic melting. This comprises layered Au–Sn deposition together with sufficiently
inert barrier metallization [106–109]. The self-alignment of flip-chip bonding 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 also done by applying
two-layer bumps as used for inner lead bonding applications to the self-aligned bonding
of opto-chips [112].
High power electronic and optical devices require better heat transfer to the
substrate, but smaller, high-density flip chip bumps make heat transfer more difficult.
High-power LEDs operate at temperatures beyond that of eutectic tin-lead, requiring
better electrical and thermal conductivity. Precision optical alignments can be distorted
by high-temperature ‘creep’ of lead-tin solders. MEMS devices are intolerant of fluxes
and their residues. Biomedical devices require corrosion resistance along with good
electrical, thermal, and mechanical properties.
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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 focuses on the Finite
Element Modeling of nano-nickel interconnections with various interconnection bonding
schemes. The second section focuses on the modeling of electrical parasitics for nanostructured interconnects at various pitches. The third section provides a description of the
design of the test vehicles. Three different bonding interface materials were considered
for the reliability assessment of nano-crystalline nickel interconnections. These bonding
materials and techniques were chosen after careful consideration of various criteria such
as bonding strength, minimal stresses and process compatibility. The FEM 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 various components that
constitute the nano-structured interconnect assembly. The impact of strains at
interconnect joints on reliability is explained in the beginning of the section. Finite
Element Models were developed to study the effect of substrate and bonding interfaces
on the failure mechanisms. This section contains information on the geometric and
material models used, applied boundary conditions and loads, and the parameters
extracted in post-processing.
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Two FE models, formed to evaluate reliability using different kinds of bonding
interfaces are explained. These include Model 1 for showing the effect of substrate and
interconnect reliability of 200µm flip-chip using a solder based bonding interface, and
Model 2 for evaluating interconnect reliability using polymer based bonding interface.
FEM results revealing the effect of substrate CTE on interconnect reliability is presented
in both the models.
3.1.1 Effect of Substrate CTE and Modulus on Interconnect Joint Strains and
Interconnect Fatigue Life
Electronic packages undergo thermo-mechanical loading by repeated powering up and
powering down of the devices [113-114]. To assess the effect of this thermo-mechanical
loading within a feasible time-frame, packages are subjected to accelerated thermal
cycling, which usually includes exposing it to two extreme temperatures repeatedly
within a short cycle time. Due to the difference in CTEs of various materials constituting
an electronic package, they expand differently while being heated and contract differently
while cooling. This differential expansion and contraction causes the package to
experience thermo-mechanical strains, which depend on both the global and local CTE
mismatch [115]. These strains (deformations) lead to induction of stresses in different
constituents of a package depending upon their geometry, strength and modulus [116117]. The following section describes the effect of substrate CTE on the stresses, strains
and deformations experienced by various entities constituting a package.
When the solder joints deform due to cyclic loading, changes in displacements
both in-plane and out-of plane from the center of the assembly, introduces normal and
shear strains in the solder joints. This accumulated strain range per cycle weakens the
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solder joints and eventually leads to fatigue failure. The driving failure parameter used
for fatigue life and hence reliability prediction of solder joint (solder bonding interface)
can be based on the solder strain range and the strain energy density parameters. These
failure parameters can be seen as failure indicators for estimating the solder joint fatigue
life.
The strain range approach directly relates the normal or shear strain components
induced in one thermal cycle to the fatigue life of the solder joint. The multi-axial stress
and strain state accumulated can be represented by the equivalent stress and equivalent
strain components, which can be presented as equivalent elastic, plastic and creep strain
components. The elastic part is very small compared to the inelastic solder strains. In
FEM, the equivalent total strain, plastic and creep strain components are computed and
used as failure parameter or indicators for fatigue analysis. For example, Doi et al. [118]
used total strain range, while Frear et al. [119] and Gektin et al. [120] used total shear
strain range as failure parameters. In other reports [121], plastic shear strain range was
used to compute fatigue lives. The creep strain range per cycle [122] offers another
failure parameter. The strain energy density has also been used by some researchers [123124]. The dissipated strain energy density per cycle may be regarded as a failure
parameter for predicting fatigue damage. The relations reported in literature may use
different parameters for failure criteria but all of them, in general, follow that lower the
solder-joint strains, higher is the reliability and longer is the fatigue life.
3.1.2 Material Properties used in FEM and Model Geometry
The nano-interconnect assembly consist of silicon, substrate, nano-copper/nano-nickel
which represents the primary interconnect, and solder/bonding interface used to attach the
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interconnect onto the substrate. Direction, temperature, time dependent, and time
independent material constitutive properties will be incorporated in the model as
appropriate.
In this analysis, the thermally induced stresses due to mismatch in CTE for
different substrate materials in the assembly with peripheral array connections were
modeled using finite element analysis. The CTE and modulus of the substrate values used
in this study are 3 ppm/˚C – 400 GPa, 10ppm/˚C – 40 GPa, and 18 ppm/˚C -20 GPa.
The main objectives of this analysis are to study the effect of board CTE mismatch on the
interconnect stresses and compare with nanointerconnect properties. The FEA (Finite
Element Analysis) also indicates the critical site at which the package will fail. The
geometry of the nano-interconnect assembly is shown in Figure 3.1 and the material
properties used to construct the model are listed thereafter.
To observe the effect of substrate CTE and modulus on interconnect strains, a 2D
half-symmetry FE model was constructed using ABAQUS® [125]. 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 it is in
contact with solder ball)
6. Interconnect Diameter
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5mm

5mm

A

A’

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

As the flip-chip being modeled has a peripheral row of interconnects (Figure 3.1),
when a 2D symmetric cross-section is taken, only a single interconnect needs to be
incorporated into the model. Half-symmetry was applied along the diagonal 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 considerations. The first
is a 2D-Plane Stress Finite-Element Model for Half of Nano-interconnect Package with a
Solder bonding interface, and the second is for the nano-interconnect bonding with a
polymer adhesive (ACF/NCF) bonding. The FE models, as shown in figure 3.2, are the
representations of these two cross-sections of the package taken at AA’ in Figure 3.1.
Since the areas near the interconnect are finely meshed because these are most
critical [126-128] from the reliability point of view. Although the areas away from the
interconnect are meshed coarsely, the aspect ratio of all the elements 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 Half of Nano-interconnect
Package with (a) Solder bonding and (b) ACF or NCF bonding.

The dimensions of different components of the package as used in FE modeling
are listed in Table 3.1. The 2D plane-strain finite element model has symmetry boundary
conditions applied along the left edge of the model. The left bottom corner node is
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additionally constrained in the vertical direction to prevent rigid body motion. 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

5µm

Interconnect Pitch

200µm

Interconnect Diameter

90µm

Interconnect Height

70 µm

Bonding Thickness

20 µm

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 temperature dependent.
Table 3.3 provides the temperature dependent CTE, Poisson’s ratio, and Elastic modulus
for silicon die that were used in this study.

Table 3.3: Material Properties for Silicon Die.
Material

Silicon

Elastic modulus (GPa)
CTE (ppm/oC)

131 (-25oC)
129 (125oC)
2.39 (25oC)
3.06 (125oC)

σ−ε curve
(MPa)

-

Poisson’s ratio

0.276
(-25 C~125oC)
o

Three substrates with different CTE were used in this study to understand the
behavior of nano-structured interconnects with low, medium and high CTE substrates.
The three substrate materials focused here are high CTE FR-4, Hitachi 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 primary substrates being
used. Also modeled were a few other substrate materials to study the effect across a full
spectrum of substrate CTE from 2.5 ppm/˚C to 16 ppm/˚C. The material properties 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

27.9-3.7×10-2 T (x & y)

(GPa)

(-25oC~125oC)

(-25oC~125oC)

12.2-1.62×10-2 T (z)

2.5

9.5

16 (x & y)

(-25oC~125oC)

(-25oC~125oC)

84 (z)

o

CTE (ppm/ C)

5.5-7.3×10-3 T (xz & yz)
Shear modulus (GPa)

Poisson’s ratio

-

-

0.33

0.33

0.39 (xz & yz)

(-25oC~125oC)

(-25oC~125oC)

0.11 (xy)

12.6-1.62×10-2 T (xy)

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

Kyocera

Coors

Rogers

Elastic modulus

320

54

27

(GPa)

(-25oC~125oC)

(-25oC~125oC)

(-25oC~125oC)

4.5

7.5

12.5

(-25oC~125oC)

(-25oC~125oC)

(-25oC~125oC)

0.33

0.33

0.33

(-25oC~125oC)

(-25oC~125oC)

(-25oC~125oC)

CTE (ppm/oC)

Poisson’s ratio

The primary interconnect material in this study has been assumed to be of Nanonickel. Since the temperature dependent material properties for nano-nickel are not
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currently known, temperature-dependent material properties of bulk nickel were used in
the models.
Table 3.6: Material properties for Nano-Nickel used in this analysis.
Material

Ni
207 (-25oC)

Elastic modulus (GPa)

199 (125oC)
12.5 (-25oC)

o

CTE (ppm/ C)

13.8 (125oC)
0.287 (-25oC)

Poisson’s ratio

0.284 (125oC)

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

62Sn-36Pb-2Ag
44.0 (-55oC)

Elastic modulus (GPa)

35.1 (125oC)
23. 3 (-55oC)

CTE (ppm/oC)

24.8 (125oC)
σ=106.6*ε0.116

σ−ε curve

(-55oC)

(MPa)

σ=26.1*ε0.107
(125oC)
0.38 (-55oC)

Poisson’s ratio

0.40 (125oC)
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To ultimately assemble the nano-structured interconnects onto the substrate,
various bonding methods were evaluated. These were SnCu solder, AuSn braze material,
ACF (Anisotropic Conductive Film), and NCF (Non Conductive Film). Temperature
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 (<120oC)

2.2 (<115oC)

(GPa)

(-25oC~125oC)

0.015 (>120oC)

0.1 (>115oC)

16.6

95 (<120oC)

63 (<115oC)

(-25oC~125oC)

186.5 (>120oC)

195 (<115oC)

-

-

0.3

0.33

0.33

(-25oC~125oC)

(-25oC~125oC)

(-25oC~125oC)

CTE (ppm/oC)
Yield strength

275

(MPa)

(-25oC~125oC)

Poisson’s ratio

Copper is used as the bond pads on the substrate as well as the die pads on the die
side. These copper pads are modeled as bilinear elastic-plastic, and these properties used
in the models are listed in table 3.9.
Two-dimensional 4-noded plane stress elements were used in both the models.
The finite element models consisted of 1369~1713 nodes and 1250~1584 elements
depending on bonding methods of nano-interconnects. The mesh was highly refined in
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the nano-interconnects and bonding area so that their deformation could be described
accurately.
Table 3.9: Material Properties of Copper.
Material

Copper
129 (-25oC)

Elastic modulus (GPa)

120 (125oC)
16.1 (-25oC)

o

CTE (ppm/ C)

17.3 (125oC)

Yield strength

-

Shear modulus (GPa)

0.335

Poisson’s ratio

(-25oC~125oC)

The FEA models were assumed to be in a stress-free state at 25oC and to have a
uniform temperature throughout the analysis. Thermal shock simulation is done 10
minute high and low temperature dwells, and 5 minute transition time. Figure 3.3 shows
the simulated thermal cycles. The high dwell temperature is 125°C and the low
temperature dwell is -25°C. The three thermal shock cycles are simulated to obtain
stabilized values for the interconnect joint strain. A strip of elements is selected towards
the substrate-side (because maximum strains were observed on the bonding interface),
and equivalent plastic strain is calculated as the area-weighted average of strains for these
elements. Simulation results were compared for assembly with FR-4, Hitachi and C-SiC
as substrate materials.
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Figure 3.3: Simulated thermal cycle for calculating solder-joint strain.

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 solder interconnects.
They are present in small amounts as additives to the solder or are used as protective
coatings (surface finish) on metallizations (pads). These metals diffuse so rapidly during
reflow and thermal cycling that they are available in sufficient quantity at the
solder/metallization interface or within the solder to facilitate the formation of
intermetallics. This phenomenon has a great impact on thermomechanical reliability
[138] especially in case of lead-free solders but for the sake of simplicity, it is not taken
into account for modeling done in this work. Figure 3.4 shows the FEM results obtained
as equivalent plastic strain accumulated in stabilized (third) thermal cycle for base
substrate boards with different CTEs.
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It is evident from figure 3.4 that plastic strain increases as the CTE of the base
substrate deviates from that of Si. In the investigated set of boards, FR-4 showed the
highest plastic strain range (~0.39) while a base substrate made up of C-SiC showed the
least strain (~0.004) due to a Si-matched CTE, indicating that these boards are ideal for
having a high solder-joint reliability.

0.40
FR-4

0.35
0.30

∆εp

0.25
Rogers 4003
(Roers Corp)

0.20
0.15
0.10

AlN AN215
(Kyocera)

0.05
0.00
-0.05

MCL-E-679LD
(Hitachi)
Al2O3 ADS 995
(Coors Tek)

C-SiC (Starfire)

2

4

6

8

10

12

14

16

o

CTE [ppm/C]
Figure 3.4: Thermal cyclic plastic strain vs. CTE of substrate for SnCu Solder.
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Figure 3.5: Equivalent Plastic Strains in interconnect joints and thermal hysteresis of
plastic strain at solder with different boards.
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For the sake of comparison, fatigue life of the solder-joints was obtained by
plugging the plastic strains obtained for different base substrates into the Coffin-Manson
relation [139] shown as equation 3.1. Table 3.10 compares the fatigue life of flip-chip
solder-joints obtained for assemblies without underfill on substrates having different
CTEs. Assemblies on FR-4, as expected, showed least fatigue life while C-SiC boards
show extremely long fatigue life again emphasizing the high fatigue resistance and hence,
high reliability for flip-chip assemblies without underfill.

N f = 1.96(∆ε p )

−1.96

[3.1]

where Nf is fatigue life and ∆εp is accumulated plastic strain.

Table 3.10: Number of Cycles to Failure for three different boards.
No. of Cycles to

Board CTE

∆εp

2.5 (C-SiC)

0.004

98224

9.5 (Hitachi)

0.078

291

16 (FR-4)

0.389

12.47

Failure (Nf)

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 is a very strong material
with yield strength of 275 MPa as compared to 30-40 MPa for typical lead free solders.
Total von Mises stresses in the joints were computed for assemblies with AuSn braze on
various substrates, and the maximum von mises stresses in the interconnect joints are
plotted for each of the substrates as shown in Figure 3.6. All the stress values are
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calculated by integration different points in an element, and in our case, four integration
points meaning four stress values in each element. The plotted maximum von mises
stresses are the average stresses in the element that has the maximum von Mises stress.
Figure 3.7 shows the distribution of stresses in boards of different CTE. Since the
yield strength of AuSn is very high, the interconnect joints on the chip side experience as
much stresses as the substrate side. This behavior is distinctly different from the case in
which SnCu solder was used as the bonding interface, wherein highest stresses were
concentrated in the solder joint, or the substrate side. It can be seen from the schematics
that interconnect bonded on to a FR-4 substrate experience twice as much stresses
compared to the ones assembled on C-SiC substrate.

Maximum von Mises Stress

500
Chip pads
Substrate pads

450
400

MCL-E-679LD
(Hitachi)

350
AlN AN215
(Kyocera)

300

FR-4
Rogers 4003
(Rogers Corp)

250
Al2O3 ADS 995
(Coors Tek)

200
150
100

C-SiC
(Starfire)

2

4

6

8

10

12

14

16

o

CTE [ppm/C]
Figure 3.6: Thermal cyclic plastic stress vs. CTE of substrate for AuSn Solder.
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(a) C-SiC

(b) Hitachi

(c) FR-4
Figure 3.7: Von Mises Stresses in interconnect joints at the two interconnect joints with
different boards using AuSn braze.
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Bonding with ACF adhesive: In the next model, the solder bonding interface was
replaced with a polymeric adhesive material. In this case, the interconnects are
surrounded with a polymer material that helps in distributing the stresses along the
polymer layer. There is a small layer (3 µm) of ACF between the interconnect and the
substrate bonding pad that make the electrical connection between the two. The filler
loading of these metal particles in the polymer material is less than 1% and hence the
material properties of the ACF material is assumed to be the same as the polymer used to
make the ACF. Total von mises stresses in the joints were computed for assemblies with
this adhesive bonding on various substrates, and the maximum von mises stresses in 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 stresses in boards of
different CTE. Since there is no rigid joint between the interconnect and the substrate
pads and also the polymer material serves as a stress buffering layer, the von mises
stresses in this case are much lower as compared to the rigid bonding approaches
discussed earlier.
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Figure 3.8: Thermal cyclic plastic stress vs. CTE of substrate for ACF.
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(a) C-SiC

(b) Hitachi

(c) FR-4
Figure 3.9: Von Mises Stresses in interconnect joints at the top and bottom 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 in that the interconnect is in
direct contact with the substrate pads, without using any intermediate metal particles. The
material properties of the NCF polymer are very similar to the ACF polymer, and hence
the thermo-mechanical stresses are similar to those predicted for ACF. 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 stresses in boards of
different CTE. Again, since there is no rigid joint between the interconnect and the
substrate pads and also the polymer material serves as a stress buffering layer, the von
mises stresses in this case are much lower as compared to the rigid 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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(a) C-SiC

(b) Hitachi

(c) FR-4
Figure 3.11: Von Mises Stresses in interconnect joints at the two interconnect joints with
different boards using NCF Bonding.
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Four different FEM models were analyzed in this section with different bonding
interfaces. It was seen that the highest strains are experienced by the Sn-Cu solder
interface, since it undergoes the highest plastic deformation, leading to fatigue and final
failure. The joint between the die and interconnect is not expected to fail in this case.
However, in the case of AuSn solder, the AuSn and nano-nickel are still in the elastic
region after three cyclic thermal-loadings. Although these materials are still in the elastic
region, the von-mises stress on the interconnect joints is considerably high, which is
expected to shift the failure mode from the interconnect to the UBM. The assemblies are
most likely to fail at the interconnect-UBM interface on the die side. Therefore, the
modeling strongly suggests that the UBM-interconnect interfaces have to be very robust
in order to get reliable assemblies using nano-structured interconnects.
Similar effects were found using the polymeric ACF and NCF materials, in which
the maximum von-mises stresses are again high. A large part of the maximum von-mises
stresses shown in the model come from the stress singularities arising from a twodimensional model. The actual maximum stresses will be much lower than predicted by
the model.
3.2 Electrical Modeling of Nano Interconnects
Interconnects have parasitic inductance, resistance and capacitance associated with them.
Future ICs operating at high frequencies of 30-60 GHz, signal bandwidths of tbps and
lower supply voltages require minimal R, L and C for the interconnects. Typically, small
length of interconnects is desired for faster signal propagation and low losses particularly
at higher frequencies. Parasitics increase RC delays and reduces the speed of operation of
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the circuits. The fine pitch of interconnects increases cross-talk between adjacent
connections which could result in signal distortion and spurious data transfer.
Current fine pitch WLP approaches such as compliant interconnects cannot meet
the R, L, C requirements of future. The mechanical requirements on the other hand
dictate a lengthier interconnect design which comes at a price of higher inductance and
resistance. Therefore electrical modeling of interconnects is an important step in the
design and analysis of interconnect performance. The equivalent circuit for nanointerconnects can be approximated as shown in Figure 3.12.

C/2
R

R

L

C/2

L

Figure 3.12: Suggested π equivalent circuit for fine pitch nano-structured interconnects.

Nano-interconnects can be modeled using inductance, resistance and capacitance
parameters for a transmission line, since the current flow through the interconnects is
similar to a transmission line. The per unit capacitance between two interconnects can be
calculated as [140]:
Capacitance, C =

πε
 d 
cosh  
 2a 
−1
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[F / m]

[3.2]

where a is the radius of the interconnect, d is the center to center distance (pitch) between
two adjacent interconnects, and ε is the permittivity of the material surrounding the
interconnects. The total capacitance of the interconnect is 2C. Then the per unit length
inductance can be determined as:
Inductance, L =

εr
2C.co2

[H / m]

[3.3]

Where, co is the free space light velocity and εr is the relative dielectric constant of
the medium surrounding the interconnect (air or underfill). The inductance of the
interconnects is L.l where l is the length of the interconnect. Using εr=1 for air, and
εr=3.1 for underfill, the inductance of the interconnects can be calculated.
The resistance of the interconnect is the static resistance of the interconnect and can be
calculated as:
Resistance, R = ρ

l
[Ω]
π × a2

[3.4]

Where, ρ is the resistivity of the interconnect material.
The values of different parameters used in this analysis are: εo= 8.85 x 10-12 F/m;
c0= 3.0 x 108 m/sec; ρCu =1.67 x 10-8 Ω-m ; ρNi = 6.93 x 10-8 Ω-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 interconnect materials. In both the
cases, parasitics have been calculated for different pitches, and with and without underfill
(ACF/NCF) material.
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Table 3.11: Electrical Parasitics for Copper Interconnects.
50 µm pitch

200 µm Pitch

50 µm pitch

200 µm Pitch

l=25 µm; r = 12.5

l=100 µm; r =

l=25 µm; r =

l=100 µm;

µm

50 µm

12.5 µm

r = 50 µm

(Underfill)

(Underfill)

R [mΩ]

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 µm pitch

200 µm Pitch

50 µm pitch

200 µm Pitch

l=25 µm; r = 12.5

l=100 µm; r =

l=25 µm;

l=100 µm;

µm

50 µm

r = 12.5 µm

r = 50 µm

(Underfill)

(Underfill)

R [mΩ]

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 surrounding the
interconnect but depends on the distance between adjacent interconnects. Similarly, the
capacitance is not dependent on the interconnect material, but on the material
surrounding the interconnects. However, the resistance values are purely dependent on
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the interconnect material being used. 3D simulations such as HFSS have been shown to
be as accurate as these models [141].

Chip First

Interconnect Height (µ
µm)
Figure 3.13: Electrical parasitics of nano-interconnects compared with conventional
interconnect schemes.

The simulation results obtained from the above model suggest that for 50 micron
pitch interconnects, resistance is 0.85 mohm, capacitance is 1.06 fF and a total inductance
(self inductance + mutual inductance) is 59 pH. The value of inductance is much lower
than those of G-Helix (self-inductance 70 pH) [142], flip chip (110 pH) [143] and micro
BGA (70 pH) [142]. Thus the modeled nano interconnects have less inductance
compared with the existing interconnection techniques. This difference in parasitic values
for nano interconnects is compared to other popular interconnection methods in figure
3.24.

Due to a lower inductance value, it is projected to retain better electrical

performance even for high frequency applications.
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3.3 200µm Pitch Chip and Board Layout
Chip Layout
Nano-structured interconnects have been fabricated onto a 4” wafer where each die pad
footprint matches the substrate for subsequent assembly. Each wafer has a total of fiftytwo 5 x 5 mm dies and each die consists of a one-row peripheral array of interconnects at
a pitch of 200µm. 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

5mm x 5mm

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 thermo-mechanical
reliability of the interconnects. To monitor the thermo-mechanical performance, daisy
chains have been incorporated on three sides of the die. The daisy chain design on the
fourth edge of the die was modified and selective bumps shorted in order to extract the
electrical parasitics of the interconnects. Figure 3.14 displays the mask used to fabricate
the first layer of interconnect structures.
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Figure 3.14: Wafer fabricated with the first layer of interconnect structures.

Figure 3.15 illustrates the design daisy chain on the chip side and also illustrates
the dimensions of die pads, interconnect pitch and the passivation openings.

90µm

200µm

110µm

Figure 3.15: Die pad layout and dimensional illustration of die pads with passivation
openings.

The definition and fabrication of the nano-structured interconnects comprises of a
two mask process. The first mask layer defines the die pads, and the second mask defines
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the chip passivation openings as well as the openings for plating the interconnects. CAM350® was used to construct the geometry for each mask step. Figure 3.16 displays the
chip layout of the 200 µm pitch chip design.

DIE

Figure 3.16: Chip layout for the 200 micron pitch testbed.

Alignment marks were designed on the corners of each die to aid in the alignment
of the next mask process and also to align the die with the substrate during assembly. A
layer of Polyimide covers the daisy chain and only the copper pads are exposed for
subsequent fabrication of the interconnects. Figure 3.17 displays the cross-section of the
wafer.
TiCu @ 2400 Å
Ti and 2400 Å Cu
200 µm

CrCu @ 300 Å Cr
and 1.8µm Cu

4 µm

90 µm

Polyimide
Silicon

500 µm

Figure 3.17: Cross-section of the wafer showing dimensions of die pads and passivation
openings.
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To fabricate the nano interconnect structures on the silicon wafer, glass masks
which are transparent to UV light were used. The glass mask comprises of an absorber
pattern metal (~800 Å thick chromium) layer that defines the features of the interconnect
structures. The mask is placed in direct contact with the photoresist-coated surface and
subsequently exposed to UV light. The chromium pattern on the photomask is opaque to
UV light, whereas the glass is transparent to UV light which subsequently photopatterns
the photoresist.

Board Layout
After the wafer is singulated into individual 5 mm x 5 mm peripheral-array 200 µm pitch
nano-structured interconnects, they are ready to be assembled onto a PWB. Figure 3.18
displays an image of the design of the test board to assess the electrical and thermomechanical reliability of nano-structured interconnects.

Figure 3.18: Test board design layout at 200 µm pitch.
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The board is designed for manually probing the reliability of the interconnects.
The daisy chain can be segmented to probe each side individually using the corner pads.
Further, each side can be subdivided three individual channels and probed individually to
monitor failure locations and failure statistics of the die more accurately. Probe pads are
included around the peripheral of die in order to narrow down the failure location. In
addition, Co-Planar Waveguides (CPW) lines are included in the design so as to quantify
the electrical parasitics of the interconnects and the performance of the interconnect when
a high frequency signal is propagated through the system.
3.4. 50µm Pitch Chip and Board Layout
Chip Layout
Nano-structured interconnects were also fabricated at 50µm pitch on 4” wafers. Being a
much larger die (20mm x 20 mm) as compared to the earlier test vehicle, each wafer has
a total of five usable dies and each die consists of an area-array of interconnects at a pitch
of 50 µm. 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-mechanical reliability of
the interconnects. To monitor the thermo-mechanical performance, only the outermost
row of daisy chain was routed on the substrate. This was done for two reasons, (a) The
substrate technology is not yet mature enough to reliably route such a large number of
area array interconnect pads on an organic substrate, (b) It is well known that the
outermost row of interconnections fail first. Therefore, routing the outermost row serves
our need to probe the failure in the assembly during thermo-mechanical reliability tests.
No provisions were made in this test bed for making high frequency electrical
measurements, in order to keep the simplicity of the design. Figure 3.19 displays the
mask used to fabricate the first layer of interconnect structures.

Figure 3.19: Wafer fabricated with the first layer of interconnect structures.

Figure 3.20 illustrates the daisy chain design on the chip side as well as illustrates
the dimensions of die pads; interconnect pitch and the passivation openings.
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25µm

50µm

35µm

Figure 3.20: Die pad layout and dimensional illustration of diepads with passivation
openings.
Like the previous test bed, the definition and fabrication of the 50 micron pitch
nano-structured interconnections also comprises of a two mask process. Therefore, there
are two different mask layers to produce two different patterns. The first layer defines the
die pads, and the second mask defines the chip passivation openings as well as the
openings for plating the interconnects. CAM-350® is used to construct the geometry for
each mask step. Figure 3.21 displays the chip layout of the 50µm pitch chip design.

Figure 3.21: Chip layout for the 50 micron pitch testbed.

127

Similar alignment marks were designed on the corners of each die to aid in the
alignment of the next mask process and also to align the die with the substrate during
assembly. A layer of Polyimide covers the daisy chain and only the copper pads are
exposed for subsequent fabrication of the interconnects. Figure 3.22 displays the crosssection of the wafer.
TiCu @ 2400 Å
Ti and 2400 Å Cu
50 µm

CrCu @ 300 Å Cr
and 1.8µm Cu

25 µm

3 µm

Polyimide
Silicon

500 µm

Figure 3.22: Cross-section of the wafer showing dimensions of die pads and passivation
openings.

Board Layout
After the 20mm x 20mm peripheral-array 50µm pitch dies with nano-structured
interconnects have been fabricated and singulated, they are ready to be assembled onto a
PWB. Figure 3.23 displays an image of the design of the test board to assess the electrical
and thermo-mechanical reliability of nano-structured interconnects.
The board is designed for manually probing the reliability of the interconnects.
The four primary daisy chains designed onto the four chip sides are each subdivided into
twenty-five channels on the PWB side to monitor the reliability of the interconnects
around the die. The chains are broken up so that observations can be made on each row
and sub-sections of the die exclusively. Probe pads are included around the peripheral 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 µm pitch.

It is should be noted here that no solder mask was designed in both the test beds
in order to preserve the simplicity of the test vehicles. Putting a solder mask on the
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substrate leads to increased reliability issues. Moreover, it has been known that solder
mask cracking during thermo-mechanical cycling leads to a lot of failures. The primary
function of the solder mask is to prevent electrical shorts between adjoining solder balls.
In our testbeds, the amount of solders used to bond the interconnects is small, thereby
minimizing the possibility of solder flowing to adjoining pads and causing 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 assembly challenge in
aligning the interconnects on the chip to the corresponding pads. When the assembly is
heated up, the organic substrate will expand at a faster rate compared to the silicon die.
Therefore, the corresponding copper pads that are supposed to be in line with each other
will be offset due to the thermal expansion. To compensate for the expansion, the pads on
the PWB were designed large enough to minimize the offset. Figure 3.24 provides the
dimensions of the silicon die used for the analysis.
The maximum Distance from Neutral Point (DNPMax) is from the center to the
outermost interconnect located at one of the four corners of the die. These distances are
estimated as 3.5 mm and 14 mm in the two cases. Assuming a differential CTE of
8ppm/°C between the chip and the board, and a ∆T of 225°C which is the difference from
reflow (250°C) to room temperature (25°C), the maximum free-air displacement of the
corner interconnect relative to the corresponding pad on the substrate can be calculated as
follows:
∆ Max = DNPMax ∗ ∆α Si − FR 4 ∗ ∆TRe flow − RoomTemp
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[3.5]

From Equation 3.1, the total differential free-expansion along the diagonal of the
assembly for the given temperature change is calculated to be approximately 6 and 25µm
respectively for dies of 5mm and 20 mm. Thus, it can be seen that at the pitch
requirements set forth in this work, this will result in a significant mismatch between the
corresponding bonding pads on silicon to the PWB, potentially reducing the reliability of
the interconnection.

20mm

5mm

5mm

20mm

DNP

DNP

DNPMax = 10 2 + 10 2 = 14.14

DNPMax = 2.52 + 2.52 = 3.53

(b)

(a)

Figure 3.24: Die Dimensions with Distance from Neutral Point for chips 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 permissible, so that the copper pad on
the PWB will partially align with the corresponding interconnect on the chip at 250°C.
Therefore, this will limit the resultant misalignment to within a few microns.
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CHAPTER 4
EXPERIMENTAL PROCEDURES - ADVANCED FABRICATION
AND PROCESSING TECHNIQUES

This chapter describes the advanced material and processing techniques that were
used to fabricate the nano-structured interconnect test vehicles. The chapter starts with
the description of photolithographic processes developed for fabricating interconnects at
two different interconnect pitches. Fabrication at 200 micron pitch is done using nanonickel interconnects; while nano-copper is used for interconnect fabrication at 50 micron
pitch. This is followed by a discussion on various plating bath compositions used to
deposit the nano-structured metals for interconnect formation, followed by the techniques
used to deposit bonding interfaces. The chapter concludes with a description of
fabrication processes used for making the matching boards for the dies in order to
assemble the test vehicles for mechanical and electrical characterization.
4.1 Fabrication of Chip at 200 micron pitch
Photolithography is the most widely used form of lithography where patterns are
transferred from masks onto thin films. The fabrication of 200 micron pitch nanointerconnects utilizes photo-lithography to build specific structures with pre-designed
dimensions. The design of the 200 micron pitch test vehicles was described in detail in
chapter 3. In this section, the micro-fabrication details are presented in detail. Various
materials used, their properties, and processing conditions are described thoroughly. The
fabrication results obtained from these processing techniques will be shown in chapter 5
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The interconnects are fabricated on 4” silicon wafers where each die pad footprint
matches the organic substrate to which each singulated die will subsequently be
assembled onto. Figure 4.1 displays the wafers used to fabricate the interconnect
structures.

TiCu @ 2400 Å
Ti and 2400 Å Cu
200 µm

CrCu @ 300 Å Cr
and 1.8µm Cu

90 µm

4 µm

Polyimide
Silicon

500 µm

Figure 4.1: Cross-sectional View of Silicon Wafer used to fabricate the nanointerconnects at 200 µm pitch.
The baseline process for fabrication is shown in figure 4.2. The fabrication
process consists of various processes that include wafer oxidation, die pads deposition,
passivation, photoresist lamination, lithography, and electrolytic plating followed by
photoresist stripping process. All these steps are outlined in detail as follows.
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Sputter Ti/Cu

Wafer-level Fabrication of Nano-structured Nickel Interconnects at 200 micron Pitch

Spin photoresist;
photolithography and develop

Etch Ti/Cu to form die pads
and remove photoresist

Apply PI 2771 passivation;
photolithography; develop;
cure

Sputter Ti/Cu 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 Interconnects.
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4.1.1 Wafer Oxidation
In the beginning, the silicon wafer is first cleaned with acetone, methanol, iso-propanol,
and deionized (DI) water (in this order) to remove any contaminants that may be present
on the surface of the wafer. The wafer is subsequently exposed to oxygen plasma for a
few minutes to get rid of any organic traces left from the clean process. Following
cleaning, a thin layer (approximately 1µm) of PECVD oxide is deposited on the wafer in
order to passivate the silicon surface. The conditions used to deposit the PECVD oxide
are listed in Table 4.1. It takes approximately 25 minutes to deposit a 1µm film of silicon
oxide.
Table 4.1: PECVD Conditions for Oxide Deposition.
Temperature

100 - 350 °C

Gases

SiH4 (2% in N2) - 400 sccm

N2O

900 sccm

Pressure

900 mTorr

Power

25 W

Deposition Rate

400 Å/min

4.1.2 Die Pad Deposition
Post oxidation, the wafer is thoroughly washed and dried using nitrogen (N2) gas and
placed into a 95°C oven for 10 minutes to fully dehydrate the wafer. Thereafter, a layer of
Titanium (Ti) and Copper (Cu) is deposited on the wafer using a DC sputterer. Here, Ti
serves as an adhesion layer between silicon oxide and the copper layer that forms the
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conducting traces on the die side. Copper in itself does not have a very good adhesion
with silicon/silicon oxide and hence such an adhesion layer is very critical. Thickness of
the two metals deposited using sputtering are Ti: 300 Å and Cu: 1.8 µm.

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 mW/cm2

Developer

MF-319 for 1 minute, agitation

Rinse

Rinse in water for 2 minutes

The die side metallization was patterned with an etch-back process using a thin layer of
SC1813 photoresist (Shipley Chemicals). SC1813 is a positive tone photoresist and it
replicates the mask design on to the wafer i.e. the dark features similar to the ones on
mask are transferred on to the wafer. Therefore, the photoresist selectively protects the
copper film on the wafer. The processing conditions used for this are shown is Table 4.2.
Thereafter, the copper and titanium films are selectively etched using Cu and Ti metal
etchants. The composition of the etchants and the etching time is shown below in Table
4.3.
Table 4.3: Metal Etchant Compositions and etch times.
Etchant

Composition

Etch Time

Copper Etchant

1:1:10 H2SO4:H2O2:H2O

40 seconds

Titanium Etchant

1:10

HF:H2O
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5 seconds

Once the copper and titanium layers are selectively etched, the photoresist mask is
removed by dissolving in acetone, and the wafer is cleaned thoroughly using DI water.
4.1.3 Pad Passivation
A passivation layer is generally applied on the chip to isolate the interconnect pads,
prevent them from oxidation, and for also increasing the reliability of interconnections. In
this case, a polyimide layer was used as a passivation layer. PI2771 (HD Microsystems)
is a commercially available photo-definable polyimide. This polyimide layer works as a
stress buffer and also provides protection from moisture, corrosion, ion transport, and
mechanical damage during packaging steps. In general, devices passivated with
polyimide have demonstrated lower leakage currents, better reliability and have shown
superior protection from damage due to scratching and compression compared to
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/cm2

Post Exposure Bake

120˚C/30 Seconds

Developer

MF-319 for 2 minutes

Rinse

In DI water for 2 minutes
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PI2771 is applied on the wafer by spin coating to provide approximately 4 µm
cured thickness of passivation layer. The presence of high quantum yield UV photosensitizers limits the amount of incident radiation required to pattern PI 2771, resulting in
little scatter and high resolution. In our application, the coating is patterned in a contact
mode using a 365nm radiation. PI 2771 is converted by a bake cycle to a fully imidized
polyimide siloxane. The curing profile for polyimide post developing is in Figure 4.3.
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Figure 4.3: Curing Profile for Polyimide PI2771 used for Passivation.

The curing temperature is 375˚C with a dwell time of 1 hour, and in a Nitrogen
atmosphere using a lindberg tube furnace. The ramp rate is 3˚C/min and the cooling is
done by natural convection with an approximate cooling rate of about 1˚C/min. The
Nitrogen flow is set at about 5 sccm, and care is take to thoroughly flush the tube with
nitrogen for a few minutes before starting the curing process, so as to prevent oxidation
of exposed copper pads on the wafer.
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The objectives of a proper cure schedule are to: (1) complete the imidization
process and remove cross-links, (2) remove the photoinitiator package, (3) remove any
residual solvents, and (4) complete the adhesion process. During cure, a net thickness loss
of about 40-50 percent will occur. The decrease in coating thickness/weight loss does not
significantly affect the pattern performance or resolution.
4.1.4 Electroplating Seed Layer Deposition
Once the passivation process is complete, the wafer was sputtered with a layer of
Ti/Cu/Ti that serves as a seed layer for the electroplating step. Before sputtering, the
wafer was dipped in a 10% H2SO4 solution to remove any copper oxide formed on the
surface during the polyimide curing process. This step is extremely critical in order to
maintain a clean conducting path for interconnects, and thus the wafer must be
transferred to the sputterer as soon as the oxide cleaning step is finished in order to
minimize the copper oxidation from air. The sputtered seed layer comprises of 2400Å
titanium, 250Å copper and 600Å titanium. An additional layer of titanium is sputtered on
the top to prevent the underlying copper which is attacked by the developing agent used
for the plating photoresist. This will be explained in more detail in later processing steps.
4.1.5 Photoresist Lamination
A negative working, polymer dry film photoresist, WBRT50 (DuPont Electronic
Materials) is used as the electroplating mold in our application. This photoresist has been
developed by DuPont for in-via and mushroom electroplating bumping applications, and
is also suitable for photo stenciling applications. The photoresist has a strong heat
resistance and a high resolution capability with wide processing latitude. Besides,
WBRT™ photoresist is compatible with a variety of surfaces, including silicon, silicon
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nitride, sputtered copper, sputtered gold, and sputtered titanium. The thickness of the
polymer dry film is 50 microns and since our application requires an electroplating
thickness of 100 micron, two 50 micron films are stacked together to get the required 100
micron photoresist thickness.
To ensure a good adhesion between the seed layer and the photoresist, the surface
must be free of any kind of organic contamination and metal oxides from previous
processes. It is recommended, whenever possible, to clean the surface with light acid
solution (2-3% sulfuric acid solution) followed by D.I. water rinse and drying with
nitrogen gas. Cleaning immediately prior to lamination is helpful in removing surface
particles and avoiding recontamination.
Once the wafer is clean, the photoresist was laminated on to the wafer. The main
objective of the lamination step is to provide intimate contact between the polymer and
the substrate, eliminating any air entrapment, ensuring the polymer flows into the
substrate cavities encountered on the surface roughness, maximizing the 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 using a drawer vacuum
laminator (E & H Laminator, Inc.). The vacuum laminator used for this process is shown
in the Figure 4.4.

Laminator Drawer

Silicone Pad

Top Heating Plate

Bottom Heating Plate

Silicon Wafer
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 laminator were both
kept at 200˚F with the vacuum and pressure dwells of 60 seconds each. Post lamination
bake (PLB) is then done to enhance the film adhesion to the wafer surface. The post
lamination temperature is 65°C with a dwell time of 20 minutes. Enough time was
allowed for the wafers to cool down to room temperature prior to exposure.
4.1.6 Photoresist Exposure
WBRT photoresist has peak absorption at 365 nm, and therefore i-line exposure lamps
are used for photo-imaging this resist. To maximize the resolution, a hard contact and
high intensity light source was used. An i-line long pass filter was used between the
photoresist and the exposure lamp. The i-line long pass filter resolves monochromatic
wavelengths reaching the photo-mask substrate so that optimum resolution is achievable.
The PL-360LP long pass filter (Omega Opticals) was used to efficiently transmit the five
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lines of the fine structure of the Mercury i-line. The use of this filter provides improved
exposures and sharper, straighter feature walls of the photoresist. It also prevents over
exposure of the top portion of the photoresist which would cause exaggerated negative
sidewall profiles (also known as T-topping). The filter provides a nominal cut-on
wavelength of 360 nm, blocking shorter wavelengths and transmitting the longer
wavelengths including the useful 365 nm mercury line. It is 90% transparent to visible
light (or provides 90% transmission), allowing for proper visualization of mask alignment
through the filter glass.
The intensity of the exposure lamp measured with and without the optical filter
were 3.5 mW/cm2 and 4.9 mW/cm2 respectively. For our photoresist thickness of 100
microns, the exposure time was 60 seconds at a lamp intensity of 3.5 mW/cm2 with an
optical filter.
Once the photoresist is exposed, the resist development is done in a 0.75%
Potassium Carbonate (K2CO3) solution. The resist is developed with agitation in a puddle
for 4 minutes, followed by development in an ultrasonicator for 2 minutes. Since, the
photoresist thickness is very high in this case, ultrasonication helps the developer to
access the bottom of the trenches, which is difficult to achieve in normal agitation. This
process leads to very clean openings with little photoresist residue 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, there is some
organic residue left at the resist/Ti interface in the photoresist opening that will prevent
the electroplating through the opening. It is important to remove this residue, and this is
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done using a plasma assisted descum process. The plasma conditions used for this are
shown in Table 4.5.

Table 4.5: Dry Plasma conditions for Organic Descum Process.
RF Power

250W

Chamber Pressure

300mTorr

O2 Flow Rate

50 SCCM

CHF3 Flow Rate

7 SCCM

Descum Time

1 minute

Next, the top Ti seed layer has to be etched away. This is normally done using a
mild HF solution or Buffered Oxide Etch (BOE), 6:1 HF: NH4F. However, in our
application, the trenches were deep and a wet process did not yield good results in
etching the Ti inside the resist opening. Therefore, a dry plasma process was used to etch
the top Ti layer. The benefits of using this process was that the plasma recipe used did not
have any affect on the photoresist as well as the copper layer under the Ti layer. The etch
rate is relatively slow (~40Å/sec) and the etching is complete when 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

CHF3 Flow

45 sccm

O2 Flow

5 sccm

Pressure

80 mTorr

Power

200 W

Etch Time

15 minutes

Once the Ti etching is complete, the wafer is thoroughly rinsed with DI water for
two minutes. Carefully monitoring the dry-etching will minimize etching of the Ti that is
under the photoresist, typically referred to as “undercutting”. This process is also
illustrated in Figure 4.6. The figure shows the photoresist opening with seed layer before
and after Ti etching.
Plasma

Legend
Silicon
Copper
Titanium
Photoresist

Figure 4.6: Schematic showing the Photoresist opening before and after titanium etching.
4.1.7 Nano-Structured Nickel Electroplating
Once the photoresist process is complete, the next step in the process flow is to
electroplate the nano-structured nickel interconnects. The details of the electroplating
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 dipped in 10% sulfuric
acid for 30 seconds and rinsed with DI water for one minute. If this is not done, the thin
copper oxide layer will provide poor adhesion, or possibly no electroplating between the
interconnects and the copper pads. The total plating area on the wafer is approximately
15 cm2. A plating current of 200mA is used which translates to a current density of
13.5mA/cm2. The plating time to deposit about 70 microns of nano-nickel is about 3
hours with an approximate deposition rate of 0.3 µm/min. To avoid over plating, the
wafer is taken out and inspected periodically with a profilometer and microscope.
4.1.8 Solder Plating
Once the Nickel is deposited, the next step is to deposit enough quantity of a solder
material that ultimately serves as the bonding interface between the interconnects and the
HDI board. Two different solder materials were deposited on separate wafers using
electrolytic plating. The solder compositions deposited were 80Au-20Sn and SnCu0.7.
The actual processes used to deposit these solder compositions and the compositional
analysis will be described in later sections. Approximately 20-25 microns of solder was
deposited in both the cases. In one of the wafers, no solder was deposited on top of the
nickel interconnect, to be used for bonding with an Anisotropic Conductive Film (ACF).

145

Legend
Silicon
Copper
Titanium
Nickel
Photoresist
Solder

Figure 4.7: Cross-sectional view of a part of the wafer with completed plating steps.
4.1.9 Photoresist Release
Once all the electrolytic plating is done, the photoresist is stripped in a TMAH (TetraMethyl-Ammonium Hydroxide) based solution. TMAH solution slowly dissolves the
cured WBRT film, and it typically takes a few hours to lift off the photoresist mold. The
TMAH solution does not attack the surface of the photoresist, and rather attacks the
vertical walls of the photoresist openings to lift-off the resist. Therefore, it is important
not to over plate or mushroom-plate through the photoresist, as in this case the
photoresist removal becomes problematic.
Next, the seed layers were removed where the titanium seed layer is removed with
a mild HF solution. HF solutions typically tend to attack the underlying copper layer. It is
therefore important to use a very mild etchant to remove the top Ti layer. The copper
seed layer is then selectively etched and again followed by the bottom Ti layer. Once the
etching process is complete, the wafer is thoroughly washed with DI water to remove any
acidic residues. The wafer is subsequently singulated into individual dies to 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 utilizes similar photo-lithographic
steps as the 200 micron pitch die to build specific structures with pre-designed
dimensions. The design of the 50 micron pitch test vehicles was described in detail in
chapter 3. In this section, the micro-fabrication details are presented in detail. Various
materials used, their properties, and processing conditions are described thoroughly.
However, the processing steps that are similar to the 200 micron pitch die will only be
touched upon briefly. The fabrication results obtained from these processing techniques
will be shown in chapter 5 followed by appropriate discussions on assembly and test.
The interconnects are fabricated on 4” silicon wafers where each die pad footprint
matches the organic substrate to which each singulated die will subsequently be
assembled onto. Figure 4.8 displays the wafers used to fabricate the interconnect
structures.
TiCu @ 2400 Å
Ti and 2400 Å Cu
50 µm

3 µm

CrCu @ 300 Å Cr
and 1.8µm Cu

25 µm

Polyimide
Silicon

500 µm

Figure 4.8: Cross-sectional View of Silicon Wafer used to fabricate the nanointerconnects at 50 µm pitch.
The baseline process for fabrication is shown in figure 4.9. The fabrication
process consists of various processes that include wafer oxidation, die pads deposition,
passivation, photoresist spin-coating, lithography, and electrolytic plating, barrier
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metallurgy deposition, solder plating followed by photoresist stripping process. All these
steps are outlined in detail as follows.

Wafer-level Fabrication of Nano-structured Copper Interconnects at 50 micron Pitch

Sputter Ti/Cu

Spin photoresist;
photolithography and develop

Etch Ti/Cu to form die pads
and remove photoresist

Apply PI 2771 passivation;
photolithography; develop;
cure

Sputter Ti/Cu Seed Layer

Photoresist Spin coat;
lithography; develop

Nano-Copper Electrolytic
Plating

Barrier Metallurgy and
Solder Electroplating

Photoresist removal
and seed layer etch

Figure 4.9: Baseline Process for Fabrication of 50 micron Pitch Interconnects.

148

4.2.1 Wafer Oxidation
In the beginning, the silicon wafer is first cleaned using the steps mentioned earlier in the
previous section. Following cleaning, a thin layer (approximately 1µm) of PECVD oxide
is deposited on the wafer in order to passivate the silicon surface. The conditions used to
deposit the PECVD oxide are listed in Table 4.7. It takes approximately 25 minutes to
deposit a 1µm film of silicon oxide.

Table 4.7: PECVD Conditions for Oxide Deposition.
Temperature

100 - 350 °C

Gases

SiH4 (2% in N2) - 400 sccm

N2O

900 sccm

Pressure

900 mTorr

Power

25 W

Deposition Rate

400 Å/min

4.2.2 Die Pad Deposition
Post oxidation, the wafer is thoroughly washed and dried using nitrogen (N2) gas and
placed into a 95°C oven for 10 minutes to fully dehydrate the wafer. Thereafter, a layer of
Titanium (Ti) and Copper (Cu) is deposited on the wafer using a DC sputterer. Thickness
of the two metals deposited using sputtering are Ti: 300 Å and Cu: 1.8 µm. Once the two
metals are sputtered, the wafer is coated with a thin layer of SC1813 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 Coating 4000 RPM/500 RPM Ramp/40 Seconds
Soft Bake

107˚C

Exposure

405 nm wavelength; 8 seconds at an intensity of 5.1 mW/cm2

Developer

MF-319 for 1 minute, agitation

Rinse

Rinse in water for 2 minutes

Thereafter, the copper and titanium films are selectively etched using Cu and Ti metal
etchants. Once the copper and titanium layers are selectively etched, the photoresist mask
is removed by dissolving in acetone, and the wafer is cleaned thoroughly using DI water.
4.2.3 Pad Passivation
The passivation layer used in this case is also made of PI2771. However, PI2771 is
applied to the wafer by spin coating to provide approximate 3 µm cured thickness of
passivation layer. The modified spin coating conditions to achieve this film thickness are
shown in Table 4.9.
Being a fine pitch area array interconnect design, the processing of PI2771 in this
case requires a much more process control as compared to the 200 micron pitch die.
Since the photoresist openings are very closely spaced at a distance of 25 microns from
each other, the PI 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/cm2
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 checking the PI openings
under an optical microscope in between the development times. Any under-development
of the photo-polymer will leave a residue on the copper pads, rendering it useless for
further processing, while even a little over-developed film will lead to undercutting and
eventual delamination from the silicon wafer. Therefore, the development times were
optimized accordingly. PI 2771 is then converted by a bake cycle to a fully imidized
polyimide siloxane by using the curing profile described earlier.
4.2.4 Electroplating Seed Layer Deposition
Once the passivation process is complete, the wafer is sputtered with a layer of Ti and Cu
that serves as a seed layer for the electroplating step. Before sputtering, the wafer is
dipped in a 10% H2SO4 solution to remove any copper oxide formed on the surface
during the polyimide curing process. This step is extremely critical in order to maintain a
clean conducting path for interconnects, and thus the wafer must be transferred to the
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sputterer as soon as the oxide cleaning step is finished in order to minimize the copper
oxidation in air. The sputtered seed layer comprises of 2400 Å titanium and 250 Å
copper. There was no need to put an additional layer of titanium on top of copper, since
the photoresist used here has an excellent adhesion with copper, and also the photoresist
stripping agent does not have any adverse reactions with the copper film.
4.2.5 Photoresist Processing
A negative working, poly-hydroxy-styrene based aqueous processable liquid photoresist,
NR4-8000P (Futurrex Inc.) is used as the electroplating mold in this application. This
photoresist has been developed by Futurrex for various electroplating applications, and is
compatible with most of the acidic plating baths. This photoresist has a strong heat
resistance and an excellent resolution capability, facilitating future down-scaling
requirements. The resist requires short bakes and short resist development time, which in
conjunction with short exposures boosts throughput of lithographic process. The resist
also has a superior film thickness uniformity and exhibits very straight sidewalls when
used with suitable exposure tools and fixtures. It has a very good adhesion during nickel,
gold and copper plating. Very little or no bubbling is observed in the photoresist films
which is very typical of liquid photo-resists.
To ensure a good adhesion between the seed layer and the photoresist, the surface
must be free of any kind of organic contamination and metal oxides from previous
processes. It is recommended, whenever possible, to clean the surface with 10% sulfuric
acid solution followed by DI water rinse and drying with nitrogen gas. Cleaning
immediately prior to spin coating is helpful in removing surface particles and avoiding
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recontamination. To apply a 25 micron thick coating of the photoresist, the following
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/cm2 [i-line] 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 photoresist
evaporates out of the film, to improve the coating fidelity, reduced edge beads, adhesion
to substrate, and bubbles within the film. The PEB is performed to selectively cross-link
the exposed portions of the film. Precise control of PEB is critical in determining the
subsequent development time.

Another reason that PEB is desired is because the

reactions initiated during exposure might not have run to completion. Adjusting the
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 exposure bake
temperatures/time, and care has to be taken to maintain the accuracy of these
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temperatures. A high thermal gradient across the thickness of the photoresist often leads
to a crack in the film. Therefore, a two step soft bake of film is done in order to prevent
cracks in the resist film.
To maximize the resolution, a hard contact and high intensity light source was
used. An i-line long pass filter was used between the photoresist and the exposure lamp
for reasons discussed earlier. For a photoresist thickness of 25 microns, the exposure time
was 300 seconds at a lamp intensity of 365nm wavelength was 3.5 mW/cm2 with an
optical filter.
Once the photoresist is exposed, the resist development is done using the RD-6
developer (Futurrex, Inc.). The resist is developed with agitation in a puddle for 4
minutes. Any over development of the resist will lead to delamination of the photoresist
film. This process leads to very clean openings with little photoresist residue at the
bottom of the trench. The wafer is then thoroughly rinsed with DI water for a few
minutes.

Table 4.11: Dry Plasma Conditions for Organic Descum Process.
RF Power

250W

Chamber Pressure

300mTorr

O2 Flow Rate

50 SCCM

CHF3 Flow Rate

7 SCCM

Descum Time

30 seconds
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After the wafer is washed thoroughly after developing, there is some organic
residue left at the resist/Cu interface in the photoresist openings that will prevent the
electroplating through the opening. It is important to remove this residue, and this is done
using a plasma assisted descum process. The plasma conditions used for this are shown in
Table 4.11.
4.2.6 Nano-Structured Copper Electroplating
Once the photoresist process is complete, the next step in the process flow is to
electroplate the nano-structured copper interconnects. The details of the electroplating
bath will be discussed in the later sections of this chapter.
Prior to placing the wafer in the electroplating bath, it is dipped in 10% sulfuric
acid for 30 seconds and rinsed with DI water for one minute. If this is not done, the thin
copper oxide layer will provide poor adhesion, or possibly no electroplating between the
interconnect and the copper pad. The total plating area on the wafer is approximately 30
cm2. A plating current of 100mA is used which translates to a current density of
3.3mA/cm2. The plating time to deposit about 20 microns of nano-copper was about 4
hours with a deposition rate of approximately 5µm/hour. To avoid over plating, the wafer
is taken out and inspected periodically with a profilometer and microscope.
4.2.7 Barrier Metallurgy and Solder Plating
Once the copper is deposited, the next step is to deposit a barrier metal that serves as the
Under Bump Metallurgy (UBM) or the diffusion barrier between the solder cap and the
copper interconnect. Absence of such a barrier layer can lead to a lot of solder diffusion
in copper, leading to very brittle intermetallics compounds, and can be a potential
location of failure during thermo-mechanical cycling tests. Therefore, about 3-4 microns
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of nickel is deposited on top of copper which serves as the barrier metallurgy. Thereafter,
a bonding interface of SnCu solder is deposited on top of nickel, that ultimately serves as
the bonding interface between the interconnects and the HDI board. The solder
composition deposited was SnCu0.7. The actual process used to deposit this solder
composition will be described later. A cross-sectional view of the wafer after all these
processes is shown in Figure 4.10.

Legend
Silicon
Copper
Titanium
Nickel
Photoresist
Solder
Nano
Copper

Figure 4.10: Cross-sectional view of a part of the wafer with completed plating steps.

When the nano-structured interconnects are fabricated without an electroplated
solder cap, it is expected that during assembly the top part of the interconnect will be
embedded into solder that is either screen-printed or electroplated on the board side.
Therefore, the top portion of the interconnect still needs a barrier layer to prevent solder
from diffusing into interconnect. In such a case, a very thin layer of gold can be deposit
on top of nickel to prevent nickel oxidation. The gold can be deposited using either
electroplating or immersion plating processes.
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4.2.8 Photoresist Release
Once all the electrolytic plating is done, the photoresist is stripped using the RR-4 resist
remover (Futurrex Inc.). It is a fairly easy stripping solution to use and the whole process
does not take more than a few minutes. Next, the seed layers are removed where mild
copper etchant is used to first remove the copper seed layer. The copper interconnections
should not be exposed to the seed layer etchant for a longer period of time. The scale of
the seed layer thickness and the diameter of copper interconnects differ by a couple of
orders of magnitudes. Hence, negligible amount of copper is etched from the
interconnections in this process. Next, the titanium seed layer is removed with a mild HF
solution. Once the etching process is complete, the wafer is thoroughly washed with DI
water to remove any acidic residues. The wafer is subsequently singulated 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 substrates with an electrical power
source and a chemical reaction in the electrolyte, and this method of depositing metals
using an electrical source is called electrolytic plating. Electroplating metal on a substrate
is performed by immersing a metal source plate (anode) and a conductive surface
(cathode) in an aqueous-metal solution, which contains ions of the metal to be deposited.
The electrical power is connected to the anode and cathode, and the electrical current
path is formed in the aqueous-metal solution. This electrical path and the electrochemical reaction in the solution causes metal deposits to form on the cathode surface.
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In the case of Nickel deposition, Ni2+ ions are supplied by the bath and these ions
are driven toward the cathode where the electric current supplies the electrons. The
reaction can be shown using equation 4.1.
Ni2+ + 2e- ↔ Ni

[4.1]

A typical set-up of a Nickel Sulfamate Electrolytic plating bath is shown in Figure 4.11.

DC Current Source

-

+

Ni(SO3NH2)+
Wafer

Nickel
Anode

Ni2+
H+
Air
Agitation
Cathode

Anode

Ni2+ + 2e- → Ni

Ni → Ni2+ + 2e-

Nickel Sulfamate Electroplating Solution
Figure 4.11: Nickel Electrolytic Plating Setup.
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Nickel HT-2 is a nickel sulfamate electroplating chemistry (Technic Inc.) that was
used for plating the nano-nickel interconnects. This chemistry produces ultra-fine grained
low-stress deposits of nickel. The make-up chemistry for this electroplating 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/l

Techni Nickel HT-2 Stress Reducer
HN-5 Wetter

0.7 %
0.375 %

DI Water

to volume

Prior to make-up of the Techni Nickel HT-2 plating bath, a complete cleaning of
the tank and auxiliary equipment must be completed. Techni Nickel HT-2 make-up
solution is then added to the clean plating tank, followed by the addition of Techni Nickel
HT-2 Additive. The tank is then heated to 100˚F and boric acid is added to the 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 temperature for at least
2 hours. Finally, the Techni Nickel HT-2 stress reducer is added and the bath brought to
final volume using DI water.
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The entire nickel content of the Nickel HT-2 additive solution is in the form of
nickel sulfamate. In a properly operated sulfamate nickel solution, nickel concentration is
lowered only through drag-out, as nickel anode corrosion maintains the nickel
concentration during plating. When necessary, the nickel metal content can be raised by
the addition of HT-2 additive. Operation at low nickel concentrations can cause burning
at normal current densities as well as a decrease in solution conductivity and cathode
efficiency. Higher metal content permits operation at higher current densities.
Boric acid is used to buffer the pH of sulfamate nickel solution, allowing use of
higher current densities without burning and minimizing pitting. Operation at low boric
acid concentration may cause pitting of the deposit, so the boric acid content should be
increased with an increase in the temperature.

Table 4.13: Operating Parameters for Nickel Plating.
Anode

Nickel plate

Temperature

49 – 55˚C

Current Density

5.0 – 10.0 A/dm2

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 characteristics that enables it to
function equally well in air-agitated or mechanically agitated solutions. The superior
wetting action of HN-5 wetter significantly lowers surface tension, allowing the plating
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solution to spread uniformly over, and intimately contact the metal surface of the part
being plated. As a result, deposit pitting caused by interference of nitrogen bubbles
and/or organic contamination is greatly reduced, or eliminated.
In addition to its effective wetting action, the HN-5 Wetter additive provides other
operational benefits. It does not co-deposit with the metal plate and thus 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 deposited onto the
surface of the wafer. Two main components of a copper plating bath are copper sulfate
and sulfuric acid. At the anode side, oxidation of the copper metal generates copper ions
which are transferred through the bath onto the wafer. To agitate the system, a stirrer or
pump that provides ample flow through the system is used to provide good uniformity
through the system. Conductivity of the solution is controlled by hydrogen ions that are
provided by water and sulfuric acid. The high conductivity of the plating solution is
critical in achieving a uniform film thickness on the cathode substrate. Electrical contact
is made to the seed layer, and current is passed such that the reaction Cu2+ + 2e- → Cu
occurs at the cathode surface. In case of copper plating, all Cu ions removed from the
solution at the cathode are replaced by dissolution of a solid copper anode. The 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 to a conductive
surface during electroplating is directly proportional to the quantity of metal deposited
(Faraday’s law of electrolysis). Using this relationship, the mass deposited on the
substrate can be readily controlled through variations of plating current and time.
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Cu2+ + 2e- → Cu

Cu → Cu2+ + 2e-

Copper Sulfate Electroplating Solution
Figure 4.12: Copper Electrolytic Plating Setup.

In electroplating, the composition of plating solution plays a major factor in
obtaining high-quality plated structures. With specialized plating solution, modification
of other operating conditions (temperature, plating current density, etc) can improve the
electroplating results.
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Copper Gleam 125-EX is a high acid copper electroplating chemistry (Rohm and
Haas Electronic Chemicals) that was used for plating the nano-structured copper
interconnects. This chemistry produces ultra-fine grained equiaxed deposits of copper.
Typical characteristics of a copper deposit obtained from this bath are 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/mm2 (40 – 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 cleaned thoroughly
using DI water. The tank is then filled to approximately 1/3rd of the final bath volume
with de-ionized water, and the copper sulfate is added to the water. Sulfuric acid is then
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slowly added to the solution with thorough mixing. A dilute form of sulfuric acid (50%)
was used to minimize the heat build-up in the tank. The bath agitation (N2) should be
turned on and the tank should be allowed to cool down to 38˚C (100˚F) or below. The
125-EX carrier is then added and dummy plating is done at 0.50 A/dm2 for 2 hours
followed by dummy plating at 1.0 A/dm2 for another 2 hours. Thereafter, copper gleam
125-EX additive is added to the bath followed by another dummy plate for at least 3
hours at 1.0 A/dm2 to 1.5 A/dm2 anode current density.

Table 4.16: Operating Parameters for Copper Plating.
Anode

Copper Bar

Temperature

21 – 29˚C

Current Density

0.75 – 3.0 A/dm2

Anode to Cathode Distance

20 cm

The copper gleam 125-EX additive contains the active grain refiners. The copper
gleam 125-EX carrier contains surface active agents that are also referred to as “wetters”
or “suppressors”. Ultrasonic agitation of copper plating bath is done for reducing the
porosity in the electroplating cell and for the impacting of electrolyte jets on the surface
of the wafer for deposition. It can result in the limiting current density, the current
efficiency, and a decrease in the concentration of polarization in acid sulfate solutions.
Current density during electroplating has a large impact on the deposition rate.
Insufficient current will result in poor coverage of recesses or vias and a low general
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plating rate, while the presence of excessive current does not necessarily result in
increased plating rate and is likely to create dull, burnt plating with impurities.
4.5 Electrolytic Plating of Tin
Stannous sulfate baths are typically considered the best for electroplating of tin. Stannous
fluoride, perchlorate, fluorosilicate and fluoroborate can be used in electrolytic baths, but
these salts are difficult to prepare compared to sulfates, and are therefore more expensive.
Stannous chloride baths, although the least expensive, cannot be used for electroplating
as they yield only loose deposits of crystalline tin. The experimental setup for a stannous
sulfate plating bath for electrolytic plating of tin is shown in Figure 4.13.
A commercially available sulfate-based pure tin electroplating chemistry,
Ronastan EC (Rohm and Haas Electronic Materials) is used in the experiment. This
plating chemistry produces smooth, fine-grained, satin deposits over a wide plating range.
Tin deposited using this chemistry has an excellent solderability and fusibility, which is
also maintained after extended storage and the plating bath also exhibits an 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.
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Table 4.17: Stannous Sulfate Tin Plating Bath Make-up Chemistry.
Chemical

Make-up Quantity

Stannous Sulfate

40 gms/l

Sulfuric Acid (Specific Gravity = 1.84)

100 ml/l

Ronastan EC Part A

30 ml/l

Ronastan EC Part B

50 ml/l

Table 4.18: Operating Conditions for Tin Bath.
Anode

Tin Plate

Temperature

18 – 25˚C

Current Cathode Density

0.5 – 2 A/dm2

Agitation

Mild using Nitrogen

Deposition Rate

1 micron in 1.5 min at 1.5 A/dm2

To make up the electroplating bath, a polypropylene tank is filled with deionized
water, followed by slowly adding the sulfuric acid (S.G. = 1.84) and mixed thoroughly by
agitating with nitrogen. This reaction between acid and water is exothermic and hence a
lot of heat is generated. Then stannous sulfate is added and mixed thoroughly until
completely dissolved. The bath is then allowed to cool down to 25°C (77°F). Ronastan
EC Part B and Ronastan EC Part A are then added and again mixed thoroughly. 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 cyanide plating bath did not meet our
requirements. A negative photoresist would easily crack in a high pH (K{Au(CN)2})
bath. The resist is attacked at even very low current densities because of free CNproduction [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 to fulfill
our requirements a gold sulfite plating solution: TSG-250 (Transene Company) was used
because it is based upon the more “friendly” {Au(SO3)2}3- complex.
Gold (I)-sulfite complex has been in use for many years as the source of gold in
commercial non-cyanide, electrolytic gold plating baths. Because of the low stability
constant, Au+ ions are formed more readily from the sulfite complex than from the
cyanide complex, and these ions undergo the disproportionation reaction, 2Au+ → Au(0)
+ Au3+, forming a precipitate of metallic gold. To suppress this reaction, all commercially
available sulfite baths contain proprietary stabilizing additives. The addition of a
polyamine such as ethylenediamine is known to stabilize the sulfite bath through the
formation of a mixed ligand gold complex, [151-152] which also makes it possible to
operate the bath in a lower pH range of 5 to 8, rather than >8 for the bath containing no
amine. The ability of the bath to function in the low pH range is significant because it
enhances the compatibility with photoresists.
This reaction taking place at the cathode surface is shown in equation [4.2] below:
2[Au(S2O3)2]3- ↔ (Au2S2O3)ads + 3S2O32•

[4.2]

(Au2S2O3) ads + 2e• • 2Au + S2O32•

[4.3]

[Au(S2O3)2]3- + e- • Au + 2S2O32-

[4.4]
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Reaction [4.2] is followed by the electrochemical reduction [4.3] of (Au2S2O3)ads
to deposit gold with the overall reaction given by [4.4].
According to this mechanism, the formation of the adsorbed species by reaction
[4.2], and hence the sulfur inclusion, should be more favorable at lower free S2O32concentrations. At very high S2O32- concentrations the gold deposition is believed to take
place directly from the bulk species, [Au(S2O3)2]3-, via reaction [4.4] without going
through the formation of the adsorbed intermediate.

DC Current Source

-

+

(Au2S2O3)ads
Platinized
Anode

Wafer
Nitrogen
Agitation
Cathode
[Au(S2O3)2]3- + e- • Au + 2S2O32-

Gold Sulfite Electroplating Solution

Heating Plate
Figure 4.14: Gold Electrolytic Plating Setup.
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It has been demonstrated that this highly stable bath is suitable for fabricating
microbumps through a patterned photoresist without any degradation of the photoresist or
any extraneous deposition of gold. The experimental setup for a gold sulfite
electroplating setup is shown in Figure 4.14. The main difference in this experimental
setup as compared to the ones shown earlier is the presence of a heating source in order
to carry out the plating operation at elevated temperatures.
TSG-250 (Transene Company) is a ready-to-use; cyanide free stabilized gold
sulfite electroplating solution which deposits soft satin-bright electrodeposits. The
solution exhibits a slightly acid or neutral pH for applications where high pH is
undesirable. TSG-250 meets Type III of Mil-G-45204 C requirements. TSG-250 is ideal
for applications where high pH plating solutions react with exposed materials or if a noncyanide bath is desired. One troy ounce of gold is plated every four amp-hours. The
specific gravity of the bath rises with use. The operating conditions for this plating bath
are shown in Table 4.19.

Table 4.19: Operating Conditions for Gold Plating Bath.
{Au(SO3)2}

[Au+]=10 g/l

pH

6.0 – 7.0

Temperature

40 ˚C

Current density

0.10-0.8 A/dm²

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 much larger than
the cathode area. The cathode area was determined by photoresist patterning. The anode
area spans the entire 4-inch wafer area. Plating control parameters are plating current
density, time, temperature and bath agitation.
The best plating results are obtained at low currents (40-80 mA or 0.2-0.4 A/dm2)
and at vigorous bath agitation. Assuming that the gold complex can reach the sample by
forced convection, which increases with the agitation, and diffusion, which largely
depends on the current density, it is observed that the optimal plating conditions 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, industry is responding
by moving from thick solder paste printing to electroplating of solder alloys.
Electroplating, in principle, can be downscaled to micro/nano size dimensions. However,
electroplating of ternary lead-free solder alloys has not been widely successful so far,
leading to compromised mechanical fatigue and creep properties and susceptibility to
intermetallics. Incorporating additives that can improve the mechanical properties of
soldering alloys is very tricky with the emerging electroplating technology while solder
paste route cannot be scaled down to fine pitch of 10-50 microns. Therefore, there is a
need for novel solder synthesis routes that can be scaled to fine pitch while having
flexibility in the composition. Hence, the focus of this section is on novel processing
routes for depositing various alloy systems to function as bonding interface for chip-topackage 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 synthesize lead–free materials. Sol-gel
was selected because of its inherent ability to introduce trace elements with required
stoichiometry into the alloy system. It offers distinct advantages such as better control
over stoichiometry and chemical homogeneity. Further, this approach can achieve nanograined films with easy incorporation of suitable additives in order to tailor the
mechanical properties. Purity of Solution-Sol-Gel (SSG) derived materials can be
controlled by the purity of the starting chemicals, while homogeneity can be controlled
by precisely controlling the hydrolysis, condensation and polymerization reactions. The
starting precursors in the SSG process can be metal-organic compounds, inorganic-metal
salts etc. The key, however, is to achieve ultra homogeneous mixing at atomic to
molecular level. Synthesis of high purity ceramic powders via the SSG 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 (SSG) processing. Thus, the
objective of the present study is to apply the strategy of atomic to molecular level mixing
of the precursors and synthesize nano lead-free solder materials by sol-gel technology.
The experimental procedure adopted for the synthesis of Sn96Ag3.5Cu0.5 by sol-gel
process

is

depicted

in

Figure

4.15.

Tin

(II)

2-ethylhexanoate

[CH3(CH2)3CH(C2H5)CO2]2Sn (Aldrich), Copper (II) ethoxide Cu(OC2H5)2 (Alfa Aesar)
and Silver Nitrate (AgNO3) (Alfa Aesar) were used in this process. Initially, a
stoichiometric amount of Tin (II) 2-ethylhexanoate was dissolved in 2-methoxyethanol
(2-MOE) as solvent in a flask and refluxed at 125ºC for 5 hours in nitrogen atmosphere.
Subsequently, copper (II) ethoxide was dissolved in 2-MOE in a separate flask and

172

refluxed in nitrogen atmosphere at 125ºC for 5 hours. Both the Sn and Cu precursor
solutions were then cooled to room temperature.
Finally, silver nitrate was dissolved in 2-MOE in a separate flask and refluxed at
125ºC for 5 hours. This silver precursor solution was cooled to room temperature and
then added to the Sn-Cu solution and refluxed at 125ºC for 5 hours to obtain a clear SnAg-Cu precursor solution. A similar procedure was adopted for Sn-Cu.

Tin (II) 2-ethylhexonate +
2-Methoxyethanol

Copper (II) ethoxide +
2-Methoxy ethanol

Reflux in nitrogen at
125◦C for 5 hrs

Reflux in nitrogen at
125◦C for 5 hrs

Silver Nitrate+
2-Methoxyethanol

Reflux in nitrogen at
125◦C for 5 hrs

Sn-Cu-Ag precursor sol

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

Sn-Cu-Ag complex sol

Figure 4.15:
technology.

Flowchart for the synthesis of SnAgCu lead free solder by sol-gel

Silicon wafers were then spin coated at 1000 RPM for 15 seconds with the
precursor solution to form a thin organo-metallic film. The spin speed and spin time can
be varied to achieve different levels of film thickness. The spin coated wafers were then
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reduced in the forming gas (3 % H2/N2) environment at 400ºC in a tube furnace. The
reduction time for these wafers was about 5 hours. Considerable amount of precautions
were taken here to isolate the tube gases from outside atmosphere by sealing the tube
tightly and bleeding the tube with forming gas for about 30 minutes prior to reduction
treatment.
4.7.2 Electroless Plating of Lead-free Alloys
Electroless plating of lead free alloys was also done for a comparative study with the solgel processes. Electroless plating can selectively deposit thin films of metals and alloys at
< 50°C temperature without external power source and is hence another attractive costeffective processing route for thin film solder based interfaces. However, the control of
final alloy composition and incorporation of additives requires careful control of the
plating bath, selection of reducing agents and control of processing conditions. This
approach uses soluble salts in an aqueous solution and the metal ions are reduced to metal
using reducing agents. Suitable catalytic surface treatment is used to selectively deposit
the alloy films on the metallic pads.
Metal nanoparticles are often formed directly in solution by reduction of metal
salts. This is accomplished by using strong reducing agents such as alkali metals, alkali
metal borohydrides, etc. For example, silver salts (e.g., AgNO3, AgCl) or gold salts (e.g.,
HAuCl4) can be reduced by sodium borohydride to form silver or gold nanoparticles. For
some metals such as Ag, Au, Pt, etc. weaker reducing agents (alcohols, DMF, ethylene
glycol, citric acid, etc.) can be used for synthesizing the nanoparticles, which is a big
advantage from the safety viewpoint . Unlike metal-organic precursors used in the sol-gel
approach, this approach uses soluble salts in which the metal ions would be reduced to
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the metal using reducing agents. The driving force for the reduction of metal ions and
their deposition is supplied by the chemical reducing agent in solution. This driving
potential is essentially constant at all points of the sample surface, provided the agitation
is sufficient, to ensure a uniform concentration of metal ions and reducing agents.
Electroless deposits are therefore very uniform in thickness all over the part's shape and
size.
The substrate to be deposited with electroless plated alloy was first treated in a
commercial Pre-catalyst Pre-dip Solution Cataprep 404 (18 litres DI water; 9.5 lb 404
Salts) [Shipley Company, Inc.]. This is a Sodium Hydrogen Sulfate based salt that helps
in anchoring the catalyst on the wafer surface. A commercial palladium-tin catalyst
solution Cataposit 44 [Shipley Company, Inc.] was used at a composition of 3 vol.% of
the full strength with 97 vol.% of Cataprep 404. After the catalyst treatment process, all
unbound catalyst and the acidic salt solution that make up the bath is removed by rinsing
the substrate in deionized water. Electroless plating was then conducted with a solution of
a laboratory formulated bath consisting of Stannous Chloride, Silver Nitrate, Thiourea,
Sulfuric Acid (conc.) and water. The salt concentration for Stannous Chloride and Silver
Nitrate can be tailored according to the required alloy compositions. In our case, the
targeted alloy composition was SnAg3.5.
The different process conditions in this electroless plating process are succinctly
shown in Table 4.20.The catalyzed wafers are immersed in the plating bath with thorough
agitation so as to cause a continuous catalytic reaction on the wafer surface. The plating
reaction is carried on for about 5 minutes at 46°C-50°C. Following the plating reaction,

175

the wafers are rinsed thoroughly with deionised water to remove the excess 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 paste printing and solder
plating is the minimum bump pitch achievable. Therefore, it is not surprising that
electroplated solder bumps have become the primary choice when compared with solder
paste printing. For solder paste printing, the limitation is about 100 microns, whereas for
electroplating, fine pitch as low as 50 microns has been demonstrated [155-156]. This,
coupled with facts such as fewer process steps, equivalent yield and better bump quality
(less voiding), higher temperature resistance and higher current carrying capabilities,
have made electroplated solder bumps a cost-effective solution for fine pitch bumping
applications.
Lead-free soldering materials like SnAg and SnCu are difficult to control in
composition since plating solutions are not stable enough and give varying composition
of plated alloy deposits. Therefore, in this experiment, attempt was made to deposit
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SnCu0.7 soldering alloy using sequential plating of Cu and Sn on top of the interconnect
post, followed by a reflow process to dissolve the Cu in tin, thereby forming the SnCu
alloy. Reflow of solder is done around 240˚C in a nitrogen reflow oven. In order to plate
the SnCu cap, the amount of Cu and Sn that has to be deposited was calculated to get the
caps of required shape and composition. To optimize the solder cap volume, the
minimum amount of eutectic solder cap to compensate for the warpage and surface
roughness across the die was calculated. This process of deposition of Cu and Sn and
consequent reflow leading to the solder cap is shown in Figure 4.16.

Cu/Sn plated on top of
interconnect post

Photoresist Strip and
Seed layer Etch

SnCu solder formed
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 Density Temperature

Plating Time

Thickness

(mA/cm2)

(˚C)

(minutes)

(µm)

Cu flash

8

23

1

0.2

Sn

10

23

75

25

177

Bump height uniformity using this electroplating process is in the range of ±1 µm,
which means a significantly better uniformity than achievable with stencil printing
because of variations in stencil material thickness and accuracy of laser cutting, as well as
minor solder paste residues that remain in stencil openings. Here, typical variations are in
the range of ±7 µm. Yield losses of electroplating are in the ppm range or even less,
which is much better than achieved by stencil printing, depending on failure criteria
definition such as bump height uniformity. Consequently, for high-value, large-size 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 using eutectic AuSn solder with a
melting temperature of 278°C. The surface of the AuSn bumps consists of a eutectic
composition 80Au20Sn, which is used for creating a solder joint to the NiAu landing
pads on the substrate. The metallurgy of the AuSn system has been discussed in detail in
chapter 2. AuSn bump is regarded as difficult to deposit as a binary alloy by
electroplating or thin film deposition and photolithographic processes. Different
technologies currently used to deposit this material have previously been discussed in
chapter 2.
For our applications, the creation of eutectic Au/Sn 80/20 solder is necessary in
order to provide a reliable bonding interface between the interconnect and the substrate.
This can be done by electroplating of Au and Sn in successive process steps followed by
a reflow step during which the eutectic solder cap is formed. The reflow leads to an even
bump surface and prevents the bumps surface from oxidizing.
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Au/Sn/Au plated on top
of interconnect post

Photoresist Strip and
Seed layer Etch

Eutectic AuSn formed
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 to be deposited
was calculated to get the caps of required shape and composition. To optimize the solder
cap volume, the minimum amount of eutectic solder cap to compensate for the absence of
co-planarity across the die is calculated. A ratio of 1.5 volumes of Au to consume 1
volume of Sn was used to form the eutectic Au/Sn 80/20 (wt %) solder. This process of
deposition of Au and Sn and consequent reflow leading to the solder cap is shown 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/cm2)

(˚C)

(minutes)

(µm)

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 spheres. The
cap height slightly increases with the bump diameter for the same Sn thickness. Eutectic
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cap heights larger than half of bump diameter were not considered as the solder would
not stay on top of the Au during reflow but would wet the side walls of the Au. The
plating parameters used for this process are shown in Table 4.22.
The micrographs of these solder caps before and after reflow will be shown in
chapter 5 along with a discussion on the minimum amount of solder required to collapse
the connections.
4.8 Substrate Fabrication
The substrates for the 50 and 200µm pitch test vehicles were fabricated using three
different CTE laminate materials. The high CTE control substrates used a high Tg FR-4
laminate core (16-18ppm/°C). Medium CTE substrates (8-11ppm/°C) consisted of PTFE
dielectrics reinforced with Cu-Invar-Cu cores and MCL-E-679F laminates from Hitachi
Chemical. High modulus substrates with CTE match to Si have been combined with thin
film polyimide build-up dielectrics to demonstrate reliable chip attach without underfill.
Design of 200 micron pitch test vehicle substrates involved a single metal layer
structure with bonding pads of 110µm diameter and 100µm lines for escape routing the
daisy chain test structures. The design of 50 micron pitch test vehicle had bonding pads
of 35 µm diameter and 25 µm lines for escape routing the daisy chain test structures.
These designs have been discussed in detail in chapter 3. Solder mask was not used in
both the test vehicles to avoid fabrication complexity and possible reliability issues later.
The baseline process for board fabrication on organic laminates is shown in
Figure 4.18. The metal trace definition for the organic substrates involved thinning down
the copper clad on the organic substrates from 20 microns to 4 – 5 microns, followed by
depositing a photoresist mask on the substrates. High resolution liquid photoresist
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(Shipley Eagle NT-90) and dry film Riston photoresist was used for the lithography.
Thereafter a subtractive process was used to selective etch the metal on the substrates,
followed by removal of photoresist mask in an organic solvent. The substrates were
finished using electroless nickel and immersion gold surface finish.

Copper clad organic laminates

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 4.18: Baseline Process for board fabrication on organic laminates.

In case of the board fabrication on C-SiC substrate, two 25 micron films of a high
temperature polyimide film were first laminated on each side of the board, thus giving a
dielectric thickness of 50 microns on each side of the substrate. Lamination was done on
both the sides of the board to balance the thermo-mechanical loads on each side and
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potentially minimizing the board warpage. Two 20 micron copper foils were 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 composite substrates.
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The hot pressing conditions for low temperature polyimide lamination are 440˚F,
4.5 tons on a 5 inch square board, which approximately is 400 psi. For the hightemperature polyimide, same pressure was used but at a temperature of 615˚F.The
polyimide does not flow into the surface pits on the substrate and planarizes the pits,
resulting in trapped voids under the polymer film. However, the material has good
adhesion and strong enough to sustain subsequent process steps and reliability testing.
After planarization, fine line wiring can be successfully fabricated on these C-SiC boards
inspite of the hidden porosity/pits. A similar photolithographic process as the organic
boards was used to form the metallic traces on the dielectric. An electroless nickel and
immersion gold finish was then provided on the boards. This fabrication process for the
C-SiC substrates is shown in Figure 4.19.
A new generation of liquid photoresists and dielectric materials were used to
achieve very small feature sizes down to 20µm on the substrates. The registration of very
small features is a significant challenge in the fabrication of 50 micron pitch substrates.
Additional challenges were also faced in depositing electroless Nickel/Immersion Gold
finish on the bond pads due to the very small pad sizes and small spacing between high
density structures.
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CHAPTER 5
RESULTS AND DISCUSSION

This chapter discusses the results based on the synthesis methods and test vehicle
fabrication described in chapter 4. The first two sections describe the characterization
results for nano-grained copper and nickel deposits obtained using electrolytic plating.
The third section describes in detail the various bonding methods developed for chippackage interconnections and their compatibility with the fabricated test vehicles. This is
followed by the results for die fabrication at 200 and 50 micron pitches with and without
bonding interfaces, along with the fabrication results for board fabrication at the two
interconnect pitches. Thereafter, the assembly methodologies and the associated
challenges are described for test vehicles at both the interconnect pitches. The final
section discusses the reliability and electrical performance of nano-structured
interconnections.
5.1 Electroplated Nano-structured Copper
Nano-crystalline copper deposits were produced by direct current (DC) electro-deposition
process with a copper sulfate electrolytic plating bath, details of which were presented in
chapter 4. Chemical composition of the electrolyte and the corresponding deposition
parameters were also shown earlier. The anode used was pure copper, which helped to
maintain the copper ion concentration in the electrolyte. After electro-deposition, the
copper deposits were rinsed in de-ionized water and dried immediately. The deposits
were lightly etched using dilute H2SO4 solution before doing the morphological tests. The
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thickness of the deposits was about 25 µm, measured using a surface profilometer, as
well as microscopic observation of cross-section.
High current densities redistribute a high density of metal ions and electrons over
the plating surface depending on the magnitude of their repulsive force. This allows the
discharge sites to be more uniformly distributed [157]. As a result, the surface is
smoother. The distribution of current densities over the cathode surface leads to surface
roughness in electrodeposited films.
Nano-structured materials can be characterized by XRD, TEM, FESEM, STM
and AFM. The transmission electron microscope is a powerful tool for analyzing a nanoscale structure. However, the TEM sample preparation (thinning) is difficult and
laborious, and there is a risk that the nano-structure of the sample changes during the
thinning process due to localized heating at the polishing surface. The grain size of the
nano-crystalline deposit was determined using both the x-ray diffraction peak broadening
analysis and high resolution FESEM. X-ray diffraction analysis was carried out using a
Philips Power Diffractometer with a Cu tube. The wavelength of Cu Kα radiation is
1.5418 Å. Each diffraction peak profile was obtained at a slow scan rate of 0.002 s−1. The
as-deposited coatings were lightly etched before all measurements to minimize the
influence from surface oxides.
The accuracy of XRD analysis is influenced by many possible factors such as
grain size, residual strain or lattice distortion. Figure 5.1 shows an x-ray diffraction
pattern of a DC-plated nano-crystalline copper deposit compared to micro-crystalline
copper. Theoretically, each x-ray diffraction peak profile obtained in diffractometer could
be broadened by instrumental and physical factors. The instrumental broadening must be

185

subtracted first, so that the additional broadening of each Bragg reflection 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-crystalline copper.

The grain sizes of nano-crystalline Cu deposits were estimated by applying the
well known Scherrer formula [158] for the (111) peak as following. An annealed pure
copper sample was used as a reference sample to get rid of the instrumental broadening
and to determine the broadening caused by nano-crystallization,
D=

0.9λ
δ (2θ ) cosθ

[5.1]

where D is the mean dimension of the crystallites and λ is the x-ray wavelength. The
instrumental broadening-corrected pure line profile breadth δ(2θ) is given by

 b2 
δ (2θ ) = B1 − 2 
 B 
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[5.2]

B and b are the full widths at half maximum (FWHM) of the same Bragg peak
from the experimental and reference samples, respectively, obtained after CuKα2
stripping and CuKα1 fitting. Their separation was carried out by the XRD analysis
software.
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Figure 5.2: XRD of Nano-crystalline copper.

The (111) and (200) peak profiles for nano-crystalline copper are magnified and
shown in figure 5.2. The grain size calculated using (111) diffraction was 38 nm. It does
not take into account the additional line broadening due to micro-strain, which is
acceptable if the broadening caused by reduction of grain size is large. In order to verify
the XRD result, the grain size of the nano-crystalline deposit was also directly examined
using FESEM. Figure 5.3 (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 grain size using the Scherrer
formula is acceptable for nano-crystalline materials with grain size smaller than 100 nm
[159]. It is well known that over potential increases linearly with logarithmic current
following the Tafel relation [160],
[5.3]

η = a + b log i
where a and b are constants and i is the current density.

(a)

(b)

Figure 5.3: (a) FESEM of electrodeposited nano-crystalline copper before thermal
annealing, (b) FESEM of electrodeposited copper after thermal annealing.
The larger the current density, the higher is the over potential. According to
electro-crystallization theory [160], the high cathodic over-potential decreases the
activation energy of nucleation, resulting in an increased nucleation rate. On the other
hand, when the nucleation dominates the deposition process, the growth of nuclei and
crystallites is strongly impeded because of the large number of nuclei generated on the
substrate. As a result, the electro-deposition of nano-crystalline deposits could be realized
by the use of high current densities. However, the high deposition rate greatly decreases
the ion concentration near the cathode which can be rectified by monitoring the bath
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agitation. It was also observed that the surface morphology of the copper electrodeposits
was very rough at low current densities because of the non-uniform current distribution.
It is important to know the thermal stability of nano-crystalline copper at higher
temperatures during various packaging operations. Therefore, samples of electroplated
nano-copper were annealed at 120˚C for 1 hour in a nitrogen atmosphere. Thereafter, the
samples were etched in a dilute sulfuric acid solution before observing the microstructure
using FESEM. It was observed as seen in Figure 5.3 (b) that the grain growth in copper
lead to an average of 1 µm grain size of copper particles after heat treatment. Bennema
[161-162] has also reported that the average diameter of Cu crystallites increases with the
experimental temperature and the rate of crystal growth is exponentially related to
temperature.
In summary, the formation of nano-crystalline deposits can be achieved if
abundant nuclei are generated at a high rate on the substrate and the grain growth is
effectively impeded. Generally, nano-crystalline deposits can be realized by controlling
the current density. A nano-crystalline deposit has higher hardness as described earlier in
chapter 2. According to the Hall–Petch relation, for many microcrystalline metals and
alloys, the hardness increases inversely with the square root of the average grain
diameter. The key mechanism for grain refinement strengthening is that dislocations are
blocked by grain boundaries and thus enhances the resistance to plastic deformation.
However, as the grain size is refined and smaller, the strengthening effect decreases and
eventually become negative when the grain size is below 10 nm, i.e. the inverse Hall–
Petch relation occurs [163]. In this case, a large amount of grain boundary sliding/creep

189

in nano-crystalline deposits could be responsible for the less efficient strengthening effect
as well as the inverse Hall–Petch relation [164].
The experimental results indicate that electroplated nano-copper is not stable even
with mild heat treatment at 120˚C. Incorporation of suitable grain pinning agents may be
required to retain the nano-structure during the operating conditions.
5.2 Electroplated Nano-structured Nickel

The morphology of electrodeposited nickel, and hence the mechanical properties are
influenced by the operating variables - pH, temperature, and cathode current density. The
constituents of the solution, if their concentrations are not kept within specified limits
may also affect the morphology and therefore the mechanical properties. The properties
are interrelated and steps taken to decrease the grain size increase the hardness of the
deposit, increase its strength and lower its ductility. The refinement of crystal structure,
for example by the use of organic addition agents, is accompanied by increased hardness
and tensile strength, and reduced ductility. Table 5.1 shows how the operational
parameters and composition of the bath affect the physical properties of the
electrodeposits.

190

Table 5.1: Variables that Affect the Physical Properties of Nickel Sulfamate Deposits
[165-168].
Operational

Property

Solution Composition

- Decreases with increasing temperature
to 49°C (120°F) then increases slowly
Tensile
Strength

with further temperature increase

Decreases

slightly

with

increasing nickel content

- Increases with increasing pH
- Decreases with increasing current
density
- Decreases as the temperature varies in
- Increases

slightly

with

either direction from 43°C (110 °F)
Elongati
on

increasing nickel content
- Decreases with increasing pH
- Increases moderately with increasing

- Increases

slightly

with

increasing chloride content

current density
- Decreases

slightly

with

- Increases with increasing temperature
increasing

nickel

within specified operating range
concentration
Hardness - Increases with increasing solution pH
- Decreases

slightly

with

- Reaches a minimum at about 1300
2

increasing

2

chloride

A/m (120 A/ft )
concentration

Table 5.1 (Continued).
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Table 5.1 (Continued).
- Decreases with increasing solution
temperature

- Relatively independent of
nickel concentration within

Internal
- Reaches a minimum at pH 4.0 to 4.2

specified operating range

Stress
- Increases

with

increasing

density

current

- Increases significantly with
increasing chloride content

Deposits from these types of nickel baths are affected differently by the same
variables. For example, in the Watts bath, solution tensile strength is relatively
independent of plating solution temperature, pH and cathode current density; it increases
with increasing nickel and chloride in solution. In the sulfamate solution, tensile strength
decreases with increasing temperature to 50°C, increases with increasing pH, and
decreases with increasing cathode current density, it decreases slightly with increasing
nickel and chloride in solution. The operating variables, as well as the specific
constituents, affect the properties of electrodeposited nickel.
In addition, the mechanical properties, especially the percent elongation or
ductility, are affected by the thickness of the electrodeposited nickel used in determining
the properties. The ductility increases with increasing nickel thickness up to about 250
µm after which it becomes relatively constant. This was shown in the classic work by
Zentner, Brenner and Jennings [165] for deposits from Watts solutions and is also true for
nickel deposits from sulfamate solutions.
The properties of nickel electrodeposited from sulfamate solutions can be affected
by uncontrolled anode behavior, which results in the oxidation of the sulfamate anion.
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The oxidation products can lower the internal stress and increase the sulfur content of the
deposits. The extent to which these changes in internal stress and sulfur content affect the
ultimate tensile strength and percent elongation of sulfamate nickel electrodeposits has
been studied [166].
It has been suggested that the brightness of a deposit is intimately related to the
grain size, i.e., the smaller the grain size the brighter the deposit. In the case of nickel it
has been established that there is no correlation between grain size and brightness.
Brightness is a surface effect and not a bulk property of the deposit. Studies with the
electron microscope reveal that for brightness the shape and packing of grains is more
important than the absolute size.
Nano-crystalline nickel deposits were produced by direct current (DC) electrodeposition process with a nickel sulfamate electrolytic plating bath, details of which were
presented in chapter 4. The grain size was calculated using the Scherrer’s formula as 16
nm. Details about computing the grain size were discussed in section 5.1. The x-ray
diffraction pattern for electro-deposited nano-crystalline nickel compared to a typical
micro-crystalline nickel film is shown in Figure 5.4 (a). The (111) and (200) peak profiles
for nano-crystalline Nickel are magnified and shown in figure 5.4 (b).
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Figure 5.4: XRD of Microcrystalline and Nanocrystalline Nickel.
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Figure 5.5: FESEM of electrodeposited Nano-crystalline Nickel.

In order to verify the XRD result, the grain size of the nano-crystalline deposit
was also directly examined using FESEM. Figure 5.5 shows a FESEM image of a Ni
deposit produced by DC electro-deposition.
To study the thermal stability of nano-crystalline nickel deposits, films obtained
by the above method were annealed at 100˚C and 300˚C and no change in their grain size
was observed. A similar behavior of nano-crystalline nickel at higher temperatures was
also reported by Wang [167] and Klement [168]. Therefore, nano-crystalline nickel
becomes a very obvious choice as a high strength interconnection material that retains its
characteristic mechanical properties even after undergoing the rigorous thermal
exposures during the package reflow operations.
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5.3 Bonding Interfaces

This section discusses the results for various routes used for depositing the lead-free
bonding interfaces. The first two sub-sections discuss the synthesis of various lead free
solder compositions using the sol-gel process and electroless plating. Sol-gel method was
used for the very first time to synthesize these alloys. A co-sputtering technique is also
described for depositing thin films of soldering alloys. However, these synthesis methods
were purely exploratory and were not used in the final test vehicles. The other two subsections discuss the formation of bonding interfaces using electrolytic plating of a
combination of more than one metal, and have been successfully used in the fabrication
of our test vehicles.
5.3.1 Deposition of Lead Free Solders using Sol-Gel Process

The synthesis of lead free solder precursors was described in chapter 4. The sol-gel
precursors were characterized with thermal gravimetric analysis (TGA) [Perkin Elmer
TGA 7 HT] before further processing. In addition, the precursors were analyzed at
different stages using gas adsorption (Micrometrics Instrument Corporation) to estimate
the gel surface area and pore size, Infrared (IR) spectroscopy [Digilab FTS 40A
Spectrometer] to determine the amount of –OH content as well as the SnO bonds in the
precursors. IR spectroscopy is a useful technique for characterizing materials and
providing information on the molecular structure, dynamics, and environment of a
compound. Many functional groups vibrate at nearly the same frequencies independent
of their molecular environment [169].

IR spectroscopy is particularly useful for

determing functional groups present in a molecule. The final alloy composition was
determined by XPS [PHI 5600ci].
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The sol for synthesizing lead-free alloys was characterized with Thermal
Gravimetric Analysis (TGA) in nitrogen before further processing. The TGA in figure 5.6
shows a sharp decrease in weight till 125°C corresponding to solvent evaporation. It is
clear that for this set of precursors, the pyrolytic decomposition of the precursor
completes at around 450°C even in the nitrogen atmosphere and can be lowered to 400°C
by increasing the pyrolysis time.
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Figure 5.6: Thermal Gravimetric Analysis (TGA) for Sn-Ag-Cu lead free solder
precursor.

Silicon wafers were spin coated with precursor solutions, and then spin dried at
room temperature before being reduced in the forming gas (3 % H2/N2) environment in a
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tube furnace. The reduction time for these wafers was about 5 hours. To further reduce
the processing time, Rapid Thermal Processing (RTP) was also evaluated as a technique
to get faster reduction of precursors into metallic films. In this case the RTP processing
time was 5 minutes in a forming gas flow of 5 l/min at 600°C. X-Ray spectra using CuKα
radiation were measured on reduced alloy films. The initial set of results showed that tin
oxide cannot be reduced to metallic tin even above 500°C with the conventional sol-gel
route. In order to make the process compatible with back-end wafer-level processes, the
process temperature has to be atleast less than 400°C. Two strategies were explored to
lower the processing temperature for this gas phase reduction.

Strategies for lowering the precursor reduction temperature

(a) Precursor gel control
One approach that can be used to get faster reduction of these oxides is lowering the
precursor particle size by changing solvent, precursor, and controlling the hydrolysis and
gelling by minimizing contact with moisture. The hydrolysis reactions are typically
written as:
2 Sn-OR + H2 O 

Sn-O-Sn + 2 R-OH

[5.4]

Sn-O-Sn



Sn (Higher reduction temperature)

[5.5]

Sn-OR



Sn ( lower formation temperature)

[5.6]

Controlling hydrolysis can reduce the formation of Sn-O-Sn gel and lower the
reduction temperature. Although it is possible to have non-hydrolytic condensation, SnO-Sn formation is going to be promoted much more when moisture is available. Gelling
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of the sol might take place due to the exposure of concentrated sol with moisture in the
ambient atmosphere prior, during, and after the spin coating. The thin film is presumably
more susceptible to rapid hydrolysis than a bulk solution. The amount of Sn-O-Sn
condensation can be quantified by FTIR studies of the precursors under different
conditions. Minimal Sn-O-Sn peaks in the gel correspond to lowered reduction
temperature and easier solder alloy formation.
The precursors were analyzed at different stages using Infrared (IR) spectroscopy
to qualitatively determine the amount of –OH content as well as the SnO bonds in the
precursors. The band at approximately 3560 cm-1 is due to the stretching vibration of -OH
groups and in well agreement with reported values [169]. Many subtle structural details
can be gleaned from frequency shifts and intensity changes arising from the coupling of
vibrations of different chemical bonds and functional groups as indicated in the figures
5.7 and 5.8. From figure 5.7, it is evident that the SnO peaks are stronger in precursors
exposed to air as opposed to the ones that were dried in a nitrogen atmosphere. Further,
figure 5.7 explains the increased SnO vibrations for samples pyrolysed in air as compared
to the ones pyrolysed in forming gas. Therefore, tighter control over exposure of
precursors to air is required in order to prevent formation of more SnO groups and
hydrolysis of the precursor. Sn-Ag-Cu is a three-component system with some
segregation effects from preferential hydrolysis of one or more components.
Hydrolysis/condensation from moisture contamination can 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 at 110-140 °C for 4 hours in air and dry
nitrogen.

Figure 5.8: IR Spectra for the precursor pyrolyzed at 400°C in air and dry nitrogen.
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Figure 5.9: Gel pore size and surface area analysis with the nitrogen adsorption
technique.
The surface area of the gel was analyzed with a gas adsorption technique. Figure
5.9 compares the nitrogen adsorption isotherms for the precursor gel pyrolzed in (A) air
and (B) nitrogen. The adsorption isotherm for the sample A showed type I behavior
(typically a monolayer adsorption) and was fit with the Langmuir model with a
correlation coefficient of 0.9998. Sample B showed type II behavior (multilayer physical
adsorption) and fit well with the BET model with a similar correlation coefficient of
0.9998. The surface area for the gel pyrolyzed in air was higher (124.3 m2/g) compared to
that in nitrogen (47 m2/g). The corresponding pore diameters were 1.5 nm and 4.1 nm
respectively. The measurements indicate that pyrolysis in air leads to finer Sn-O-Sn
particles. The reduction kinetics are faster with smaller precursor particles. In spite of

201

this, the gel that is directly heated in the reducing atmosphere without any pyrolysis step
in air may undergo easier reduction according to reactions (5.5 - 5.6).

(b) Alloying with elements of lower reduction potential
Sn-Cu gel could not be easily reduced to the alloy below 500˚C. On the other hand,
alloying with Ag lowered the reduction temperature of Sn from 500˚C to 400˚C Sn peaks
were observed at 400°C with the Sn-Ag-Cu precursor. It can be seen from the Ellingham
diagram (Figure 5.10) that Ag and Cu will be easily reduced as compared to tin. The
presence of Ag and Cu also enabled easy reduction of tin oxide to tin at 400°C that was
not possible with Sn-Cu precursor. The lowered thermodynamic activity of Sn in
presence of Ag and Cu could possibly destabilize the tin oxide in Sn-Ag-Cu and enabled

Free Energy of Formation (kcal/mol)

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

Sol-gel process results

Tin oxide is more stable compared to silver and copper oxides and therefore, is not easy
to reduce by sol-gel process unless sol preparation was done with tight control of
atmospheric conditions. For Sn-Cu precursor, no Sn peaks were evident at 400°C even
after the reduction was carried for 7 hrs in forming gas. The XRD peaks mostly
correspond to crystalline SnO2 with an amorphous background. After minimizing
hydrolysis of the sol, both SnCu0.5 and Sn96Ag3.5Cu0.5 were synthesized from reduction in
forming gas. Sn-Ag-Cu solders were formed at 400°C while Sn-Cu precursor was
reduced at only a temperature of 500°C. Figure 5.11 summarizes the Sn-Ag-Cu and SnCu films reduced at different temperatures. Further reduction in processing temperature
can be achieved by controlling the atmosphere during spin coating and pyrolysis. Figure
5.12 (a) shows the Field Emission Scanning Electron Micrograph of Sn-Ag-Cu formed
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on a silicon wafer. Figure 5.12 (b) shows a micrograph of two Cr-Au coated silicon
wafers bonded with Sn-Ag-Cu thin interface. The thickness of the bonding interface is
200 nm. As seen in the picture, the grain size is of the order of 10 nm.

Silicon

Figure 5.12: (a) Field Emission Scanning Electron Micrograph of reduced Sn-Ag-Cu lead
free solder on a silicon substrate. Molten solder does not wet silicon and forms the
droplets, (b) Field Emission SEM of a 200 nm nano lead-free solder interface bonding
two silicon wafers.
The sol-gel Sn-Ag-Cu film reduction was demonstrated to occur at 400°C.
However, in order to be compatible with low loss polymers, stress buffer polymers such
as BCB, silicones etc. the interconnections need to be formed at lower temperatures
(<300˚C). This is a significant challenge for advanced wafer-level interconnections that
various groups are exploring (ex. Sintered copper [171], carbon nanotubes [172-173]).
For the sol-gel process, the strategies outlined in this work can bring in considerable
reduction in the process temperatures and lead to ternary alloy films that cannot be easily
plated. Further, incorporation of dopants to prevent grain coarsening, strengthening
agents in the solder can be better accomplished with the sol-gel route. On the other hand,
the process temperature is much lower with electroless plating, 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 pads is a well-established versatile industry
process. On the other hand, electroless plating of lead-free alloys has not been
demonstrated before. Electroless plating has several advantages over electroplating
because it can be selectively done only on metal pads without the need of any
photolithography steps. The plating rates are relatively low but for depositing thin
reworkable bonding layers (~1 micron), the processing time is adequate. The alloy
composition, as determined from XPS elemental analysis was Sn95.1Ag4.9 by wt % and is
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Figure 5.13: XPS elemental analysis of electroless lead-free solder films. Quantitative
analysis estimates 4.9 wt.% Ag in Sn.

Because the coating is deposited chemically as compared to electrolytic plating,
the problems normally associated with electroplating like edge build-up, uneven
thickness, no plating in corners and recesses etc. are generally not observed with
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electroless plating. As can be seen from the SEM micrograph (Figure 5.14), nano-grained
films were achieved with relative ease with controlled compositions. This technique can
be extended to ternary systems by manipulating the bath composition.

Figure 5.14: High Resolution SEM micrograph of Sn-Ag thin film obtained on copper
pads using electroless plating.

The bonding capability of the thin lead free alloy films obtained by the electroless
plating technique was evaluated in this part of the work. Lead-free solder films were
electroless plated on an organic laminate (FR-4). These thin bonding films can provide
the mechanical and electrical interface between the interconnections and metal pads on
the substrate. A thin coating of flux (9171, Alfa Metals) was deposited by spin coating on
the lead free alloy film on metal pads before bonding. Bonding is achieved by applying
pressure to the chip for less than 10 seconds, while the reflow temperature was kept at
250ºC. Such a bond can possibly allow subsequent removal of the chip by locally heating
the bonding interface. Figure 5.15 shows the interconnections bonded on to an organic
substrate using the electroless deposited lead free solder bonding interface.
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Figure 5.15: SEM of a 10 micron diameter interconnect bonded to a gold pad using thin
electroless plated lead free solder film.

This demonstrates a 10 micron interconnection between the chip and an organic
substrate with a 1-2 micron bonding interface. Certain minimal thickness of the bonding
interface can enable reworkability by removing the chip. The coplanarity of the package
and the uniformity in the interconnection height across the whole die are critical for
ensuring the yield of such short interconnections with thin bonding layers. Electroless
plating has unique advantages compared to electrolytic plating because of its selective
pad deposition that can eliminate the lithography steps. With proper bath formulation,
this process can be extended to ternary alloys and also modified chemistry.
5.3.3 Co-Sputtering of Reworkable Solder Interfaces

Previous sections discussed solution-derived approaches like sol-gel and electroless
plating for forming thin liquid bonding interfaces. Sol-gel has limitations in terms of
processing

temperatures

and

wafer

compatibility

while

conventional

electroless/electroplating cannot control the composition accurately. HionixTM, in
partnership with Thin Film EngineeringTM has developed a sputtering system: “Bumper
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200/300” for wafer level packaging. Bumper is capable of depositing multiple layer
stacks of metals at fast rates. A thin film of Sn-Cu lead free solder was deposited in
Bumper’s sputtering chamber that holds multiple wafers on the carousel that rotates. The
chamber holds 3 targets that sputter down on to the wafers rotating below. In this
experiment Sn and Cu targets were used to deposit the film. Metal layers were deposited
in alternate layers of Sn and Cu. The DC power used on the Sn target is 1200W for 5
minutes and the power used on the Cu target is 120W for 25 secs. 10 alternate layers
were deposited to make a film of approximately 1.5 microns. Table 5.2 elaborates the
parameters for sputtering.

Table 5.2: Co-Sputtering Parameters for sputtering of Sn-Cu lead free solder.
Each

10 Layer

Weight

layer

Thickness Fraction

Metal

Power

Å/min

Sn

1200

300

1500

15000

0.991736

Cu

120

30

12.5

125

0.008264

The composition of the film deposited was analyzed as SnCu0.7 (Figure 5.16).
However, the thickness of the metals deposited using any sputtering system is limited to a
few thousand angstroms or a few microns. It is difficult to deposit thicker bonding films
needed for reliable bonding interfaces between the chip and the package. Moreover,
being a blanket coating technology, it is required that the sputtered film be selectively
etched after deposition, and as the thickness of the film increases, it is more difficult to
etch the film while keeping the geometry of the features intact.

208

Figure 5.16: Elemental analysis of the lead-free solder interfaces deposited by cosputtering.
5.3.4 Formation of SnCu Solder Using Electrolytic Plating

The plated stack of Cu and Sn described in chapter 4 was subjected to a thermal reflow
treatment at 250˚C to allow the Cu and Sn stacks to inter-diffuse and form a eutectic
SnCu composition. The energy dispersive X-ray analysis (EDX) was used to obtain
spatial concentration maps of the elements Cu and Sn. The local density of dots in these
maps is proportional to the concentration of the sought element. These advanced EDX
images (X-ray dot maps) from the surface scan of the bonding interface (Figs. 5.17)
shows that there was a strong inter-diffusion between Cu and Sn. The EDX results were
analyzed to determine the composition of the bonding surface and are shown in Table
5.3.
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Figure 5.17: Elemental analysis of the SnCu interface deposited by Electrolytic Plating.

Figure 5.18: SEM image of the bonding surface of interconnect used for EDX Analysis.
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Table 5.3: EDX Elemental Analysis of SnCu Alloy.
Element Line Intensity Error Conc.
(c/s)

2-sig

Units

Cu

Ka

1.11

0.211

0.631

wt.%

Sn

La

227.56

3.017

99.369

wt.%

100.000 wt.%

Total

5.3.5 Formation of AuSn Solder using Electrolytic Plating

The plated structures of Au and Sn stack were subjected to a thermal reflow treatment at
300˚C to allow the Au and Sn stacks to inter-diffuse and form a eutectic AuSn
composition. The energy dispersive X-ray analysis (EDX) capability of a scanning
electron microscope (SEM) was used to obtain spatial concentration maps of the elements
Au and Sn. The local density of dots in these maps is proportional to the concentration of
the sought element. These EDX images from the surface scan of the bonding interface
(Figure 5.19) shows that there was a strong inter-diffusion between Au and Sn. However,
it is expected that there is no exact homogeneous concentration from Au and Sn in the
bonding layer. On the substrate side the concentration of tin is higher than on the nickel
side of the interface; on the nickel side, the gold concentration is expected to be slightly
higher.
Formation of phases with different compositions within the bump is not
unexpected. The maximum reflow temperature used in this work, 300˚C, is substantially
lower than 419˚C, the temperature that would lead to homogeneous AuSn phase
formation. However, due to constraints imposed on the thermal budget by other materials
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in the assembly structure, we were not able to treat the samples at this higher
temperature. Such experiments are a possibility in a future work. Nonetheless, the
observed reflow behavior of the overall AuSn structure demonstrated a near-eutectic
thermal behavior.

Figure 5.19: Elemental analysis of the AuSn interface deposited by Electrolytic Plating.
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Figure 5.20: SEM image of the Au-Sn bonding surface of nanonickel interconnect used
for EDX Analysis.
The EDX results were analyzed to determine the composition 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.
(c/s)

2-sig

Units

Sn

La

0.80

0.566

19.327

wt.%

Au

La

52.25

4.572

80.673

wt.%

100.000 wt.%
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Total

5.4 Nano-structured Nickel Interconnects at 200 micron Pitch

Nano-structured nickel interconnects were fabricated at 200 micron pitch using the
WBRT series dry film photoresist. The fabrication process was discussed in detail in
chapter 4. Figure 5.21 shows the step-obtained from a surface profilometer on the edge of
the wafer that shows the thickness of the laminated dry film. It can be seen that the
thickness of the dry film photoresist is approximately 105 µm.

Figure 5.21: Surface profile of the photoresist laminated on to the wafer.

The development step of the photoresist is extremely critical in order to ensure
proper dimensions of plated structure. While an improperly or incompletely developed
resist opening might lead to no plating through the photoresist opening, over developing
the photoresist can cause de-lamination of the photoresist film from the silicon substrate.
Figure 5.22 (a) shows the case where the resist is incompletely developed, leading to the
resist residue at the bottom of the opening. Whereas, Figure 5.22 (b) shows a very clean
photoresist opening obtained with an ideal developing cycle.
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(a)

(b)

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

Once the photoresist development is complete, nano-nickel is plated through the
photoresist openings to a thickness of 80 µm. Thereafter, the photoresist is stripped off,
followed by the seed layer removal. The electroplating conditions and the
characterization of the plated metal has been in earlier sections. Figure 5.23 shows the
SEM micrographs for nano-crystalline nickel interconnections fabricated at 200 micron
pitch.

Figure 5.23: Nano-grained Nickel interconnects fabricated at 200 micron pitch.
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Besides fabricating nickel interconnections, experiments were performed to
fabricate nickel interconnections with a SnCu bonding interface. The plating steps and
the formation of SnCu solder have already been described. Once the plating is complete,
the wafer is reflowed at 250˚C to allow inter-diffusion of Sn and Cu stacks, forming the
SnCu solder. Figure 5.24 (a) and (b) show the SEM micrographs for nano-crystalline
nickel interconnections with SnCu bonding interface before and after the reflow.

(a)

(b)
Figure 5.24: (a) Nano-nickel interconnections with electroplated SnCu interface, (b)
Nano-nickel interconnections with electroplated SnCu interface after reflow.
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Nickel interconnections were also fabricated with a eutectic AuSn bonding
interface. The plating steps and the formation of AuSn solder have already been
described. Once the plating is complete, the wafer is reflowed at 300˚C to allow interdiffusion of Sn and Au stacks, forming the AuSn solder. Figure 5.25 (a) and (b) show the
SEM micrographs for nano-crystalline nickel interconnections with AuSn bonding
interface before and after the reflow.

(a)

(b)
Figure 5.25: (a) Nano-nickel interconnections with electroplated AuSn interface, (b)
Nano-nickel interconnections with electroplated AuSn interface after reflow.
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The assembly of nano-nickel interconnections using these bonding interfaces, and
subsequent reliability evaluation will be discussed in later sections.
5.5 Nano-structured Copper Interconnects at 50 micron Pitch

Nano-crystalline copper interconnections were fabricated at 50 micron pitch using the
aqueous NR4-8000 photoresist. The fabrication steps were described in detail in chapter
4. Like any other electroplating photoresist mold, even in this case the develop cycle is
extremely critical. Since these interconnections are fabricated in an area array, and at a
very fine pitch, even a little overdeveloping of the resist leads to the undercutting and
film delamination, while enough development has to be allowed in order to have clean
resist opening. Figure 5.26 shows these scenarios encountered in various cases.

(a)

(b)

(c)

Figure 5.26: (a) Electroplated structures through the mold, (b) Non-uniform developing
across the wafer leading to partial openings and no plating, (c) Copper electroplating
through the Futurrex mold.

Nano-grained copper was then electroplated through a properly processed NR48000 mold to yield copper interconnects. The plating details and characterization of
deposits obtained from plating have been discussed earlier. The interconnections obtained
after plating, photoresist stripping and seed layer removal are shown in Figure 5.27.
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Figure 5.27: Nano-Structured Copper Interconnects 25 µm wide and 20 µm tall with a
pitch of 50 µm.

Once the copper interconnect is plated, a barrier metal with adequate thickness
should be deposited that functions as a diffusion barrier between the copper interconnect
and the solder bonding interface. Nickel was used as the barrier metallurgy between the
nano-copper interconnects and the lead free solder interface to prevent diffusion of lead
free solder into the copper interconnect. About 4-5 µm of nickel is electrodeposited on
top of the copper as the barrier metal. Once the nickel barrier is deposited, it is followed
by deposition of another 6-7 µm of SnCu solder. An electrolytic plating process was
therefore used to deposit a SnCu0.7 lead free solder on top of the nanointerconnects. This
involves a very simple sequential plating process after the copper plating process to
deposit the lead free interface selectively on the interconnects. The photoresist mold is
then removed, followed by seed layer etching to yield copper interconnections at 50 µm
pitch with a barrier metallurgy and SnCu bonding interface. Interconencts fabricated
using the abve described processes are shown in Figure 5.28.
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Figure 5.28: Nano-grained copper interconnects with barrier metallurgy and reworkable
solder interface.
Interconnects with 25 microns diameter and height and 50 micron pitch were
fabricated as shown above.

The fabricated chips are assembled on to the various

substrates, and these assembly experiments will be discussed in detail in later sections.
5.6 Fabrication of Boards at 200 micron Pitch

The fabrication of the boards at 200 micron pitch has already been described. The boards
were fabricated using three different CTE laminate materials. The control substrates used
a high Tg FR-4 laminate core (16-18ppm/°C. Medium CTE substrates (8-11ppm/°C)
consisted of PTFE dielectrics reinforced with Cu-Invar-Cu cores and MCL-E-679F
laminates from Hitachi Chemical. High modulus substrates with CTE match to Si were
combined with thin film polyimide build-up dielectrics 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 various substrate materials: (a) FR-4,
(b) Hitachi, and (c) C-SiC.
The three fabricated boards are shown in Figure 5.29, while the substrate pads and
routing lines etched on all three of the substrates are shown in Figure 5.30. The substrate
pads are 110 microns in diameter and the routing lines are about 100 microns in width.

Figure 5.30: Substrate Pads and routing lines for 200 micron pitch Substrates.

The copper traces etched on the substrate were about 4 microns thick after the
etching process. These copper traces were then provided a Ni-Au surface finish deposited
by an electroless Ni and immersion Au deposition processes. This step leads to a further
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3-4 microns increase in thickness of the traces, leading to about 8 micron thick lines. The
thickness of the metal traces measured using a surface profilometer is shown in Figure
5.31. Solder mask was not deposited on the substrates to minimize complexities resulting
from reliability evaluation of these test vehicles.

Figure 5.31: Thickness of metal traces on the substrates after surface finish.
5.7 Fabrication of Boards at 50 micron Pitch

The substrates for the 50 pitch test vehicles were also fabricated using three different
CTE laminate materials. The control substrates used a high Tg FR-4 laminate core (1618ppm/°C. Medium CTE substrates (8-11ppm/°C) consisted of PTFE dielectrics
reinforced with Cu-Invar-Cu cores and MCL-E-679F laminates from Hitachi Chemical.
High modulus substrates with CTE match to Si have been combined with thin film
polyimide build-up dielectrics.
The design of 50 µm pitch test vehicle substrates involves a single metal layer
structure with bonding pads of 35 µm diameter and 25 µm lines for escape routing the
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daisy chain test structures. Images of the 50 µm pitch substrates are shown in Figure 5.32
and a close-up view of the bonding pad and routing design is shown in Figure 5.33.

(a)

(b)

(c)

Figure 5.32: High Density Boards fabricated on various substrate materials: (a) FR-4,
(b) Hitachi, and (c) C-SiC.

Figure 5.33: 50 Micron Pitch Bonding pads and routing.

The substrates were finished using electroless nickel and immersion gold surface
finish. A new generation of liquid photo-imageable photoresist and dielectric materials
were used to achieve very small feature sizes down to 25 µm on the substrates.
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Additional challenges were faced in depositing electroless 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 Pitch

Nano-structured nickel interconnects at 200 micron pitch have been assembled on to
various carrier substrates using Anisotropic Conductive Films (ACF) as well as AuSn and
SnCu solder materials. The assembly processes and conditions for each of the bonding
interfaces are described as follows.
5.8.1 ACF Bonding

Anisotropic conductive film, commonly known as ACF, is a lead-free and
environmentally-friendly epoxy system that has been used for almost 30 years in the flat
panel display industry to make the electrical and mechanical connections from the device
electronics to the glass substrates of the displays.

Figure 5.34: Bonding mechanism between interconnects and substrate using ACF.

ACF works by trapping conductive particles between the corresponding
conductive pads on the IC and the substrate. ACF consists of a very stable matrix of 35µm polymer spheres, each nickel-gold plated and then coated with a final insulating
layer that protects them against shorting through contact with a neighboring particle. The
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insulated particles are distributed in such a way that their incidental contacts in the X and
Y axes are low.
During the bonding process, the insulation layer in the Z-axis where the balls are
trapped is pushed away, allowing the Ni-Au layer on the particle to form an electrically
conductive path between the IC and the substrate, while not shorting in the X and Y
directions. The epoxy cures, locking the particles in this compressed state. The elasticity
of the compressed trapped particles causes them to constantly press outward on both
contact points, helping to maintain electrical connections through a wide range of
environmental conditions.

Table 5.5: Steps for ACF Assembly Process.
Step 1: Prepare the substrate. The materials are FR4, Hitachi

and C-SiC with polyimide buildup. The only requirements 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-slit to the
required width. The ACF is laid in place over the bonding area
and 2-3 Kg/cm2 of force is applied for 3-5 seconds at 80°C.
Step 3: ACF has a release liner on its rear surface to prevent the

bond head from adhering to ACF during the lamination
procedure. This must be removed without damaging the ACF
layer or causing any delamination within the bonding area.
Table 5.5 (Continued).
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Table 5.5 (Continued).
Step 4: The IC is then aligned to the substrate and lightly

tacked in place. Alignment is done through the ACF by looking
at the reflective gold beneath it, and the tacking is done either
with low heat (50°C) or no heat. Very light pressure (1 Kg/cm2)
is used.
Step 5: The final process subjects the ACF to high temperature

and pressure, permanently curing the epoxy and attaching the
IC to the substrate. The bonding profile used is 180°C and a
load of approximately 100 grams/bump for 5 minutes.

Once the bonding process is complete using the above steps, the continuity of the
daisy chains are verified using a multi-meter, and the resistances of various daisy chains
are measured. If the flip chip assembly has successfully bonded the resistance measured
must be a few ohms. If resistance measurement is high or resistance is increasing it
means that the epoxy has not already set i.e., bonding is not complete. In such a case, the
final curing step is repeated for a few more minutes followed by electrical continuity
verification with the multimeter. The three substrates were assembled using the ACF
material, and the bonded substrates are shown in figure 5.35.
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(a)

(b)

(c)

Figure 5.35: Nano-nickel with ACF bonding interface assembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.

Figure 5.36: X-Ray images showing the alignment of interconnects with landing pads.

A cross section of the assembled chip on an organic substrate is shown in Figure
5.37. Here, the interconnect height is approximately 70 µm, and bonded with an
approximately same ACF thickness. The small gap between the interconnect and the
landing pad in the SEM micrograph is occupied by small metal coated polymeric
particles, and cannot be seen in the picture.
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Figure 5.37: Cross-section of Nano-Nickel Interconnections bonded to the substrate using
Anisotropic Conductive Film (ACF).

5.8.2 AuSn Bonding

AuSn solder has been used for die attach in optoelectronic packages over the last decade.
80Au20Sn is a good choice for bonding interface because of its favorable mechanical
properties as was shown in previous chapters. It was seen earlier that a reflow process
was performed for nickel interconnects with Au and Sn stack to form the AuSn eutectic.
Once this is done, the chip and substrate are aligned by using a flip-chip bonder, which
aligns precisely the substrate to the chip and places the bump accurately onto the
corresponding contact pads. Because the solder bonding layer is very thin, it is expected
that there is no self-alignment effect, and therefore a very precise alignment between the
two is needed. The alignment was checked with an x-ray inspection system, and Figure
5.38 shows the alignment pictures obtained from x-ray imaging.
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Figure 5.38: X-Ray images showing the alignment of interconnect with landing pads after
assembly.
The bonding process for AuSn solder does not need any flux and hence the
assembly was performed in a fluxless environment. The reflow profile for this assembly
process using AuSn bonding interface is shown in Figure 5.39 and is performed in a
Nitrogen atmosphere. The melting point of 80/20 eutectic AuSn solder is 278ºC, and it
consists of two phases: 64.3% Au5Sn and 35.7% AuSn. When the molten 80/20 AuSn
solder contacts the gold layer on the substrate during reflow, the pure gold reacts with the
solder constituent to form the Au5Sn phase. As a result, the Au5Sn phase content is
increased and the AuSn phase content is decreased. The solder becomes more gold rich
resulting in a higher melting temperature. The 80Au20Sn eutectic solder is characterized
by steep liquid lines on both sides of the eutectic. The consequence of this is that a
deviation of 1 wt% Au from the eutectic composition towards the Au-rich side will result
in an approximate 30ºC increase in the temperature of the liquid. Thus, careful attention
should be paid to control the composition of the alloy as well as the reflow temperature.
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Figure 5.39: Reflow Profile for Nano-nickel Interconnects with an AuSn Interface.

The chips were assembled on the three different substrates using the AuSn
bonding interface, and the bonded substrates are shown in figure 5.40.

(a)

(b)

(c)

Figure 5.40: Nano-nickel with AuSn bonding interface assembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.
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Because of the high surface tension and zero wetting angles Au-Sn does not flow
easily on a horizontal surface, although it has excellent wettability. A cross section of the
assembled chip on an organic substrate is shown in Figures 5.41 (a) and (b).

(a)

(b)

Figure 5.41: (a) Cross-section of Nano-Nickel Interconnections bonded to the substrate
using an AuSn Bonding Interface, (b) Cross-section of AuSn interface between the
Nickel interconnect and substrate metal pad.

5.8.3 SnCu Bonding

It was shown earlier that a reflow process was performed for nickel interconnects with Cu
and Sn stack to form the SnCu eutectic. Once this is done, the chip and substrate are
aligned by using a flip-chip bonder, which aligns precisely the substrate to the chip and
places the bump accurately onto the corresponding contact pads. Because the solder
bonding layer is very thin, it is expected that there is no self-alignment effect, and
therefore a very precise alignment between the two is needed. The alignment was
checked with an x-ray inspection system, and Figure 5.42 shows the alignment pictures
obtained from x-ray imaging.
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Figure 5.42: X-Ray images showing the alignment of interconnects with landing pads
after assembly.
The bonding process for SnCu solder requires a flux and hence the assembly was
performed by using a no-clean NR2000 flux (Alpha Metals). The reflow profile for this
assembly process using SnCu bonding interface is shown in Figure 5.43 and is performed
in a Nitrogen atmosphere. The melting point of eutectic SnCu solder is 225ºC, but the
maximum reflow temperature employed is 250ºC. It was observed from multiple
experiments that the lack of board co-planarity leads to a minimum amount of solder
required to collapse the connection between the substrate landing pad and the nickel
interconnect. Assembly was attempted with 15 and 20 microns of solder interface with a
poor resultant yield. However, 100% assembly yield could be obtained by using a 25
micron solder as the bonding interface.
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Figure 5.43: Reflow Profile for Nano-nickel Interconnects with a SnCu Interface.

(a)

(b)

(c)

Figure 5.44: Nano-nickel with AuSn bonding interface assembled on (a) FR-4, (b)
Hitachi, and (c) C-SiC.
The chips were assembled on the three different substrates using the AuSn
bonding interface, and the bonded substrates are shown in figure 5.44.
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Because of a low surface tension and a high wetting angle SnCu flows easily on a
horizontal surface, and hence it can be seen from SEM micrograph, that some solder
flows and wets the daisy chain pads on the substrates. A cross section of the assembled
chip on an organic substrate is shown in Figures 5.45 (a) and (b). Careful control on
reflow temperature is required to minimize this effect. While a higher reflow temperature
can lead to increased wetting of solder on the pads, a lower temperature can be the reason
for incomplete bond formation or non-collapsing of solder-joint.

Figure 5.45: Cross-section of Nano-Nickel Interconnections bonded to the substrate using
a SnCu Bonding Interface.
Whenever there is a solder joint formed with SnCu solder between copper, nickel
or gold surfaces, an inter-metallic compound is formed. This consists of tin-gold, tinnickel or tin-copper depending upon the actual interface. These always form in
conventional reflow environments. Practice has shown that the formation of intermetallic compounds is acceptable within the standard reflow guidelines. Literature shows
that staying below 250°C peak temperature for SnCu solder reflow and limiting the time
over liquidus to be 30 to 90 seconds, the level of inter-metallic formation is not
detrimental to shear strength of the solder joint between the package and the board.
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Excessive amounts of IMC will result in brittle joints 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 extremely small pitch (50 microns), the
challenge of handling this wafer level package and the ability to make contacts on the
boards are among the principal challenges facing this technology. The assembly and
testing process flow can be adopted from existing packaging technologies. The smaller
the package, the finer the pitch; the smaller the balls and the less forgiving the equipment
can be.
Optimum thermo-mechanical design with or without underfill processing and
low-intermediate (3-10 ppm/˚C) CTE substrate material selection are critical to ensure
the reliability of these ultra-fine pitch interconnections. Assembly was done with three
different substrates with CTEs of 3, 10 and 18 ppm/˚C. The co-planarity of organic buildup substrates was found to be very high and therefore did not yield 50 micron pitch IC
assembly. The measured warpages using shadow-moire technique for the three different
substrates and silicon die is shown in Figure 5.46. The warpages of FR-4 and polyimide
laminated C-SiC was found to be more than a mil per inch while that on silicon is only
few microns/inch. For FR4, warpage occurred because of the one-sided patterning of
copper pads and wiring while that on C-SiC was because of laminating the planarization
and insulation layer. Since the bonding interface is only a few microns thick, the C-SiC,
Hitachi and FR4 substrates did not give any assembly yield.
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(a)

(b)

(c)
Figure 5.46 (Continued).
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Figure 5.46 (Continued).

(d)
Figure 5.46: Warpage measurements on different substrates with the 50 micron pitch
routing (a) Hitachi; (b) C-SiC; (c) FR4, and (d) Silicon substrate.

The parts were oriented such that the lettering on the boards was towards the
bottom (C & B) of each measurement image. The die was oriented such that the chip in it
was towards the bottom as well. The diagonal labels “AB” and “CD” denote the
following diagonals on the measurement image shown in Figure 5.47.

Figure 5.47: Orientation of parts and measurement lines in 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 K type

Adhesive

Kapton hi-temperature tape

Sample Support

Samples were supported by metal rails
underneath.

Grating Density

100 lines/inch

Resolution

10 mils/fringe

Phase Stepping Sensitivity

0.1 mils

Si substrate showed the required coplanarity for assembly at 50 micron pitch with
thin interfaces. Subsequent assembly and yield could only be demonstrated with those
substrates. Assembly of Nano Interconnects at ultra-fine pitch was accomplished with the
lead-free solder interface on a silicon substrate. Bonding was achieved by aligning the
interconnects on the chip with the substrate pads, application of a no-clean flux (Flux
9171, Alfa Metals), followed by chip placement and a reflow operation carried out at
250ºC. Figures 5.48 and 5.49 show an optical and SEM image of a 50 micron pitch die
assembled on a substrate The assembly yield for Si on Si was found to be more than 75%.
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Figure 5.48: 2 cm x 2 cm die with nano interconnections at 50 micron pitch assembled on
Si substrate.

Figure 5.49: Cross-section of Nano-copper interconnections bonded to a silicon substrate.
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5.10 Thermo-mechanical Reliability of Nano-structured Nickel Interconnects at 200
micron Pitch

Package qualification strategies require aggressive reliability tests to ensure that the
package exceeds minimum thermo-mechanical test requirements. Therefore, choosing a
correct qualification test is necessary. Temperature cycling (TC) and thermal shock (TS)
are the two main tests conducted to evaluate the thermo-mechanical performance of a
package. A net time saving is gained using TS in lieu of both TS and TC to qualify an
interconnect technology. The cumulative time spent near 125°C during TC better
simulates the growth of IMCs, while TS better evaluates sudden changes in thermomechanical behavior due to coefficients of thermal expansion of various constitutive
elements in an electronic assembly. Evaluation of IMC formation in solder alloy systems
requires a detailed analysis and is not the focus in this work. Therefore, TS tests have
been adopted since the aim of the work is to understand a qualitative thermo-mechanical
behavior rather than the material intensive mechanisms arising from IMC during TC.
The mechanical properties of interconnect joints are strongly dependent on the
bonding interface being used. Following the assembly using various bonding interfaces,
the samples were electrically tested for their initial contact resistance and integrity of the
daisy chained contacts. Subsequently, they were subjected to an air-to-air thermal shock
testing (-25˚C – 125˚C with 10 minutes dwell). Based on the results obtained, additional
electrical continuity tests were performed after 50, 100, 500 and 1500 thermal shocks.
The thermal shock test profile is shown in Figure 5.50, and the failure analysis of various
failed components is presented in the following sections.
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Figure 5.50: Thermal Profile used for Thermal Shock Tests.

5.10.1 Failure Analysis of Nano-Nickel bonded with ACF

Failure analysis of Nickel interconnects bonded with ACF on the Hitachi MCL-E-679F
substrates that failed at 700 cycles are presented herein. The change in DC resistance of
daisy chains for ACF bonded samples with number of thermal shock cycles is shown in
Figures 5.51 and 5.52. The cross-sections of the assembly are shown in Figure 5.53, and
it was observed that there is no significant package warpage 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 thermal shock tests for ACF bonded
samples.
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Figure 5.52: Change in DC resistance during thermal shock tests for ACF bonded
samples.
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The primary failure mode observed here is cracking in the ACF epoxy material
between the interconnect and the substrate pad. It was seen in the FE models in chapter 3
that the maximum von mises stresses are concentrated along the interconnect surface on
the substrate side, and is potentially the failure site as is confirmed by the thermal shock
tests. It is expected that the crack initiated in the epoxy towards the edge of the
interconnect and slowly propagated under the bump. A significant increase in the DC
chain resistance for samples bonded on Hitachi MCL-E-679F substrate can be explained
on this basis.

Figure 5.53: Failure Mode in Nano interconnects bonded with ACF on Hitachi substrate
after 700 cycles.
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5.10.2 Failure Analysis of Nano-Nickel bonded with SnCu solder

Failure analysis of Nickel interconnects bonded on the various boards using a SnCu
bonding interface is presented here. The change in DC resistance of daisy chains for
SnCu bonded samples with number of thermal shock cycles is shown in Figure 5.54. The
cross-sections of the assembly on various substrates are shown in Figure 5.55, 5.56 and
5.57. The samples assembled on FR-4 and Hitachi substrates failed after 25 and 50
cycles, respectively, while the samples assembled on C-SiC substrates failed only after
400 cycles. It is to be noted that no underfill was used in any of the above test vehicles. It
is expected that using an underfill will significantly improve the thermal shock life of the
test vehicles.
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Figure 5.54: Change in DC resistance during thermal shock tests for SnCu bonded
samples.
It was observed that there is no significant package warpage and no apparent
fracture in the nano-nickel metal interconnects. The primary failure mode observed in test
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vehicles bonded on FR-4 substrate is solder fatigue leading to cracking in the SnCu
interface. It was seen in the FE models in chapter 3 that the maximum von mises strains
are in the SnCu bonding interface, and is potentially the failure site as is also confirmed
by the thermal shock tests. The crack in good probability occurred along the intermetallic layer between the substrate pad and the solder interface.

Figure 5.55: Failure Mode in Nano interconnects bonded with SnCu solder on FR-4
substrate after 25 cycles.
It is expected that the SnCu solder experienced significant initial plastic
deformation during thermal cycling, before fatigue cracks. The test vehicles bonded with
SnCu solder on Hitachi substrates showed three different failure modes: (1) Fatigue
failure in SnCu solder along the intermetallics layer between the solder and the Nickel
interface; (2) Fatigue failure in SnCu solder along the intermetallics layer between the
solder and the substrate pad interface; and (3) delamination of the UBM on the die side.
These failure modes are shown in Figure 5.56.

245

(a)

(b)

(c)
Figure 5.56: Failure Mode in Nano interconnects bonded with SnCu solder on Hitachi
substrate after 50 cycles: (a) Failure in solder on interconnect side, (b) Failure in solder
on substrate side, (c) Failure in UBM.
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It is difficult to predict which of these failures occurred first. It was also observed
that significant warpage of the package due to the high lead-free reflow temperature
caused the solder interfaces to elongate. This may not be bad though, since the standoff
height of the solder interfaces is now taller and thus the solder-joint thermal fatigue
reliability should be better. It is expected that due to a high reflow temperature for SnCu
solder, the package might warp severely during reflow, leading to the anomalous-shape
solder joints near the corner and fatter than normal shape solder joints near the middle.

Figure 5.57: Failure Mode in Nano interconnects bonded with SnCu solder on C-SiC
substrate after 400 cycles.
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In the case of bonding using SnCu on the C-SiC substrates, the failure occurred
on the UBM with the interconnects delaminating on the die side. This is shown in Figure
5.57. It is expected that the local CTE mismatch between the die and the interconnect
lead to the increased stresses leading to failure. Although a similar symmetry exists on
the die side with a high CTE solder bonded to a low CTE substrate, the high stiffness of
nano-nickel compared to solder leads to the failure on the die side.
5.10.3 Failure Analysis of Nano-Nickel bonded with AuSn solder

Failure analysis was done on Nickel interconnects bonded with AuSn interface on the
three different substrates. The test vehicles bonded on FR-4 and Hitachi substrates failed
during cooling from the reflow temperature. It is expected that due to the extremely high
reflow temperature, the residual stresses in the assembly after reflow are tremendously
high and lead to the failure. However, the test vehicles bonded on the C-SiC substrate
failed after 100 thermal shock cycles. The change in DC resistance of daisy chains for
AuSn bonded samples on C-SiC with number of thermal shock cycles is shown in Figure
5.58. The cross-sections of the assemblies are shown in Figures 5.59, 5.60 and 5.61.
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Figure 5.58: Change in DC resistance during thermal shock tests for AuSn bonded
samples.
It is expected that due to a very high reflow temperature for AuSn solder, the
package might warp severely during reflow, leading to the anomalous-shaped solder
joints near the corner and fatter than normal shape solder joints near the middle. In case
of test vehicles on FR-4 substrate, the failure is on the UBM side with interconnects
delaminating from the die and this could be due to the stresses arising from global
thermal expansion mismatch between the silicon chip and the substrate, and the local
thermal expansion mismatch between the silicon chip, the nickel interconnect, the solder
and the substrate.
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Figure 5.59: Failure Mode in Nano interconnects bonded with AuSn solder on FR-4
substrate after reflow.
In the case of Hitachi MCL-E-679F test vehicles bonded with AuSn, the failure
was found to occur in the solder interface as well as the die UBM. While the first failure
mode is due to the global CTE mismatch between the die and the substrate, the UBM
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failure is expected due to the local CTE mismatch between the nano-nickel interconnect
and the silicon die. These compare very well with the finite element analysis results in
chapter 3, where it was shown that the stresses on both the substrate and die side are
similar in magnitude.

(a)

(b)
Figure 5.60: Failure Modes in Nano interconnects bonded with AuSn solder on Hitachi
substrate after reflow: (a) Failure in Solder, (b) Failure in UBM.
For the test vehicles assembled on C-SiC substrates using the AuSn interface, a
similar failure mode was found as in the case of SnCu on C-SiC substrates. The local

251

CTE mismatch between the die and the nickel interconnect lead to the failure in the UBM
causing the interconnect to delaminate from the die as is shown in Figure 5.61.

UBM

UBM

Figure 5.61: Failure Mode in Nano interconnects bonded with AuSn solder on C-SiC
substrate after 100 cycles.
Experimental results of thermal shock tests on various test vehicles described
above are summarized in Table 5.7. The table shows that the test-vehicles with AuSn
bonding interface assembled on Hitachi MCL-E-679F and FR-4 substrates failed after
cooling from assembly reflow. The test vehicles bonded with SnCu solder on FR-4 and
Hitachi MCL-E-679F substrates failed within the first 50 cycles of thermal shock testing
which was also predicted by FE models in Chapter 3. However, dies bonded with an ACF
interface exhibited excellent reliability after being subjected to TS tests.
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Table 5.7: Experimental Results for Thermal Shock Tests.
Substrate
(CTE ppm/°C,
Modulus GPa)

Bonding
Interface

Cycles to
failure

Primary Failure Mode

1

UBM delamination

1

UBM delamination/solder cracking

C-SiC
(2.5, 350)

100

UBM delamination

FR-4
(17, 20)

25

Solder cracking

50

Solder cracking

C-SiC
(2.5, 350)

400

UBM delamination

FR-4
(17, 20)

>1500

No Failure

700

Epoxy Cracking

>1500

No Failure

FR-4
(17, 20)
Hitachi
(10, 28)

Hitachi
(10, 28)

Hitachi
(10, 28)
C-SiC
(2.5, 350)

AuSn

SnCu

ACF

It can be seen from the above table that the thermo-mechanical reliability of
interconnects has a large dependence on the bonding material as well as the carrier
substrate. It was also observed that the high reflow assembly temperatures affect the
solder joint reliability due to the residual stresses developed during the assembly at high
temperature excursions. Reflowed eutectic SnCu solder interface typically has a very fine
structure composed of fine grains of practically pure tin and copper at room temperature.
At higher temperatures the initial microstructure coarsens to form energetically more
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favorable structure. When the solder is subjected to high temperatures and stresses, such
as thermal cycling, the micro-structural evolution is accelerated. Moreover, interfacial
reactions between the interconnect, solder and substrate metallization continue at high
temperatures. The coarse microstructure of eutectic SnCu solder may be a problem where
the stresses directed to the solder are large as in the various cases described above with
silicon chips mounted on Hitachi MCL-E-679F and FR4 boards. Due to the coarsening of
the microstructure, here the failure mode under harsh testing conditions (-25˚C - 125˚C)
is solder fatigue. No failures in the nano-nickel interconnections were found in any of the
cases shown above unlike solder joints that are known to fail across the bump in the bulk
of the solder under fatigue loading. The results illustrate the reliability benefits from the
superior thermo-mechanical properties of nano-interconnections.
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CHAPTER 6
CONCLUSIONS AND OPPORTUNITIES FOR FUTURE
INNOVATIONS
This chapter is divided into two sections. First section summarizes the work done
and contains conclusions that can be drawn from it. Second section explores the scope of
future work in order to explore this work further.
6.1 Conclusions

Short and reliable interconnections are becoming very critical both for conventional IC
assembly and also the emerging need of thin mixed signal modules for wireless
applications. Ultra thin and small RF modules with embedded actives drive the need for
less than 20 micron pitch interconnections in the next few years. Semiconductor
companies are addressing this need with 3D silicon technologies (silicon on silicon
carrier). Using lead free solders, 50 micron pitch has been demonstrated recently by IBM.
On the other hand, for high end microprocessors, companies such as Intel have
announced copper bump technologies combined with solders to address the electromigration and reliability issues at fine pitch. While there is a general opinion that leadfree solders may not withstand the high stresses and strains at fine pitch, there is no ideal
replacement for fine pitch interconnections that can address bonding and assembly at low
temperatures and low cost while providing the required reliability. This problem is
further complicated because of the difficulty in underfilling at fine pitches for larger die
size.
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This work has shown the thermo-mechanical reliability data from advanced
interconnect materials that can potentially replace traditional solder bumps at fine
interconnect pitches. While the interconnect fabrication was done at very fine pitches
with both nano-structured copper and nickel, the primary interconnection material
evaluated for thermo-mechanical reliability was nano-structured nickel because of its
thermal stability and a higher tensile strength and fatigue resistance compared to nanocopper. Assembly of nano-structured nickel interconnects was accomplished with novel
and traditional bonding materials. Different CTE substrates – FR4 with 18 ppm/˚C,
advanced boards with 10 ppm/˚C, novel low CTE (3 ppm/˚C) substrates based on
Carbon-Silicon carbide (C-SiC) were evaluated as substrate materials for assembly of
nano-structured interconnects. The bonding options evaluated for test vehicles were conventional lead-free solder (SnCu), advanced solders with higher strength (AuSn); and
polymer based anisotropic conducting films (ACF). No underfill was used in all the test
vehicles evaluated in this study. The substrate and the die form a daisy chain that was
tested every 50 cycles (-25˚C to 125˚C) to evaluate the thermo-mechanical reliability of
the interconnections and corroborate with the Finite Element Models.
FEM models and failure indicated that the solder fillets under the nickel bump
undergo severe strains because of their relatively low stiffness compared to nickel. On the
other hand, high stiffness and high strength of AuSn bonding layer imparts excessive
stresses on the die side UBM. Test vehicles with AuSn connection showed the lowest
reliability from the die side stresses as predicted from the modeling. Based on all the test
vehicles, it was found that nano-structured nickel bumps bonded with ACF showed the
highest reliability.
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For all the assemblies with AuSn and SnCu joints, the failure locations are in the
solder joint or the die UBM. This is due to the global thermal expansion mismatch
between the die and the substrate, and the local thermal expansion mismatch between the
silicon chip and the interconnect. In nearly all of these cases where the failure occurred in
the solder, the failure locations in the solder joint are near the interface between the
substrate and the solder joint. The failure mode is likely to be crack initiation at the
interface and crack propagation inward. The failure locations and failure modes of the
interconnect joints compare well with the finite element analysis results.
It was shown that a certain minimum quantity of solder is required to obtain a
good assembly yield and that a stiffer solder will result in less damage in the solder layer
by shifting the failure location to the UBM. Similarly, optimum thermo-mechanical
design of interconnections (interconnect height, width, fillet geometry) with or without
underfill processing and low-intermediate (3-10 ppm/C) CTE substrate material selection
are imperative to ensure the reliability of these interconnects when using a metallic
bonding interface.
Nano-structured nickel interconnects bonded with polymeric films showed
excellent thermo-mechanical reliability on low-cost organic substrates. The low modulus
polymer redistributes the stresses in the interconnections and enhances the reliability of
the assembly. Polymer matrix nano-interconnections based on anisotropic conducting
adhesives having conducting nano-particles (<20-30 nm) can potentially be scaled down
to pitches close to 1 micron and thinned to submicron dimensions. Though conductive
adhesives have several promising characteristics, lower electrical conductivity and poor
current carrying capability due to the restricted contact area and poor interfacial bonding
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of the ACAs and metal bond pads compared to the metallurgical joint of the metal solders
are some of the issues that can limit their use. Two recent advances in conductive nanoadhesives – SAM coating for better contact resistance and partially fused nano-metallic
particles to overcome the contact resistance – can mitigate these problems. Combined
with the advances in nanotechnology, polymer based nano-adhesives together with high
strength nano-interconnections can potentially provide the most reliable interconnection
solution at fine pitch.
It can be concluded that novel nanostructured interconnection materials and
processes can meet the packaging requirements of future nanoscale devices. This
technology can be used for pushing the limits of current interconnect/assembly
technologies in terms of pitch, number of I/Os, superior combination of electrical and
mechanical properties as well as reworkability.
6.2 Recommendations for Future work

While this work has evaluated the thermo-mechanical reliability of nano-structured nickel
interconnects, many challenges still exist in completely realizing the nano-interconnect
concept to present a more complete picture in order to make it more readily acceptable
for use by microelectronics industry. The different directions that can be taken to
establish nano-structured interconnects as a viable chip-package interconnection solution
are as follows:
(1) Copper being a much better conductor than nickel, it would be beneficial to use
nano-copper as the interconnect material. There is a need to develop plating
processes that can deposit nano-structured copper with dopants in order to
prevent grain growth at assembly temperatures. Use of dopants is expected to pin
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the grain boundaries and prevent grain boundary diffusion which is the primary
mechanism for grain growth.
(2) If nano-structured copper is used as the interconnect material, optimum barrier
metallurgy needs to be evaluated to ensure reliability of the interconnects by
limiting inter-metallic growth and lowering the bonding interface to a minimal
thickness.
(3) It was seen that the failure location shifts to the UBM when using stronger
bonding interfaces. Therefore, much stronger UBM’s such as electroless Ni/Au,
Cu/Ta/Cu, and Ti/ Ni(V)/Cu/Au can be employed instead of the Ti/Cu/Ti UBM
used in this work. It would be beneficial to investigate under bump metallurgy
(UBM) characterization with low-k dielectric material used in damascene Cuintegrated circuits.
(4) An investigation into alternative materials and processes required to improve the
much needed low stress interconnections during the assembly process. This has
to be done while maintaining a short stand-off height so as not to compromise the
electrical performance.
(5) Metal-metal diffusion bonding is very critical in order to benefit from nanointerconnections. There are at present technologies that address this issue, but use
high temperature and pressure which might not be wafer compatible.
(6) The high frequency performance of the nano-interconnect assembly with various
bonding interfaces needs to be accurately modeled.
(7) Much work needs to be done in order to develop flat organic substrates with
extremely high co-planarity to develop low-cost packages with ultra-fine pitches.
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(8) Qualification tests that simulate real-world conditions such as repeat baking,
burn-in, and multiple reflow and the impact of IMC growth can project the
impact on intermediate and long-term reliability of nano-structured interconnects.
Mechanical shock and vibration testing data of nano-interconnect assemblies
might be useful for portable electronics industry.
(9) From a manufacturing perspective, it is also equally important to know how to
test these fine pitch interconnects. As such, challenges in wafer-level and microsystems testing promises to be an intriguing and fruitful area of research in the
future.
(10) Cost analysis to quantitatively measure the competitiveness of nano-structured
interconnects to conventional solder bump technology with underfill.
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CHAPTER 7
SCIENTIFIC AND TECHNOLOGICAL CONTRIBUTIONS

This work has demonstrated the design, modeling, fabrication and test of chippackage nano-structured interconnections. As for the scientific contributions, the work
explores different material processing and synthesis routes for depositing the lead free
bonding interfaces. The most significant scientific achievements are:
(1) Fine pitch lithography with advanced photoresists for thick and thin film
geometries.
(2) Studied chemical compatibility of photoresists with various acidic and alkaline
plating compositions.
(3) Using electrolytic plating processes to deposit nano-structured copper and nickel
as a back-end wafer compatible process.
(4) Synthesis of lead free solders using sol-gel synthesis with molecular scale
solutions was demonstrated for the very first time, with controlled hydrolysis and
gel particle size to lower the processing temperatures.
(5) Formation of solder alloys using stack plating and reflow of various metals and
the alloy characterization.

Technological significance of this work can be described in terms of providing a
new paradigm for reliable chip-package interconnections at very fine pitch. The benefits
of such a paradigm are well known – better performance, miniaturization, improved
reliability and reduced manufacturing costs. The work described herein goes beyond any
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requirement projected by the roadmaps and has demonstrated for the very first time, the
fabrication and test of nano-structured metals as chip-package interconnections. The key
technological contributions can be summarized as follows:
(1) This work shifts packaging to the nano-scale for the first time by taking benefit
from the advances in nanotechnology in terms of superior interconnection
materials with better strength, fatigue resistance and low cost processing.
(2) The research presented here is the first effort ever known to cover the full range
of design, modeling, fabrication and reliability assessment of interconnects using
nano-materials for the emerging high density packaging needs.
(3) Evaluation of the electrical performance of nano-interconnect geometries with
respect to existing interconnection technologies.
(4) Development of a new set of nano-materials compatible with wafer fabrication
and IC assembly processes that can meet the interconnection requirements of next
generation wafer level packaging.
(5) Developed and evaluated various synthesis routes for bonding nanointerconnections to the substrate.
(6) Complete thermal cycling evaluation tests and failure assessment of nanointerconnects with various bonding methods and thermo-mechanical loads.

Demonstration of high thermo-mechanical reliability of nano-structured nickel
interconnects with polymeric bonding interfaces showing that the innovative chippackage nano-interconnection technology has superior thermo-mechanical reliability
compared to existing interconnection techniques.
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