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Chapter 1
Introduction to 3D Microelectronic
Packaging

Yan Li and Deepak Goyal

1.1 Introduction

Microelectronic packaging is the bridge between the Integrated Circuit (IC) and the
electronic system, which incorporates all technologies used between them
[1]. Advanced 3D microelectronic packaging technology is the industry trend to
meet portable electronics demand of ultra-thin, ultra-light, high performance with
low power consumption. It also opens up a new dimension for the semiconductor
industry to maintain Moore’s law with a much lower cost [1-3].

A wide variety of real products assembled by the advanced 3D packaging
technology have been unveiled in the recent years. For example, the Apple A7
inside the iPhone 58, introduced in September 2013, is a 3D package with Package
on Package (POP) configuration [4]. As displayed in Fig. 1.1, the wire bond Elpida
(now Micron) memory (low power double data rate type-3 (LPDDR3) mobile
random access memory (RAM)) package is stacked on top of the Apple A7 flip-
chip package to achieve better performance with smaller form factor. In early 2014,
SK Hynix announced its high bandwidth memory (HBM) products having higher
bandwidth, less power consumption, and substantially small form factor, achieved
by stacking up to eight DRAM dice interconnected through Through Silicon Vias
(TSV) and micro-bumps [5]. In July of 2015, AMD introduced the AMD Radeon™
Fury graphics cards, the first Graphic Processing Unit (GPU) to implement HBM by
TSVs and micro-bumps [6]. Figure 1.2 shows a top-down and schematic cross-
sectional view of the advanced 3D package. The big GPU die is integrated into the
Si interposer along with four HBM memory stacks by micro-bumps and TSVs to
ensure faster and shorter connection between chips [6]. These real products bring
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Elpida’s LPDDR3 package i

Apple’s A7 processor
(a) (b)

Fig. 1.1 POP inside iPhone 5s. (a) Top view of the Apple A7 package, (b) schematic of the cross-
sectional view (not in scale), (adapted from Ref. [4])
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Fig. 1.2 Top view (a) and schematic cross-sectional view (not in scale), (b) of the AMD
Radeon™ Fury. The big GPU die is integrated into the Si interposer along with four HBM
memory stacks by micro-bumps and TSVs (adapted from Ref. [6])

the 3D packaging techniques from paper to reality and indicate the extensive
applications of 3D packaging technology to microelectronics.

3D packaging technology involves multiple disciplines, for example, materials
science, mechanical engineering, physics, chemistry, and electrical engineering. A
technical book, which could provide a comprehensive scope of 3D microelectronic
packaging technology is desirable for graduate students and professionals in both
academic and industry area. Current available books on 3D integration typically
focus on processing of wafers, especially TSV fabrication, and do not cover other
key elements in 3D packaging. This book is proposed to fill in the gap. It presents a
thorough extent of 3D packaging, covering the fundamentals of interconnects,
bonding process, advanced packaging materials, thermal management, thermal
mechanical modeling, architecture design, quality and reliability, and failure anal-
ysis of 3D packages, which are critical for the success of advanced 3D packaging.

This chapter provides detailed illustration of motivations as well as various
architectures of 3D packaging. Challenges in 3D packaging, including fabrication,
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assembly, cost, design, modeling, thermal management, material, substrate, quality,
reliability, and failure analysis, are reviewed with brief introduction to the chapters
addressing these challenges.

1.2 Why 3D Packaging

1.2.1 Moore’s Law

Since Intel introduced the world’s first single-chip microprocessor, the Intel 4004,
in 1971, an exponential growth of ICs has been observed following Moore’s law in
terms of transistor number per chip [7]. As illustrated in Fig. 1.3, the number of
transistors per Si chip doubles approximately every 18 months, resulting in a
straight line on a log scale [7, 8]. In 1990, the bipolar transistor technology switched
to CMOS in order to reduce thermal power, circuit size, and manufacturing costs, at
the same time increase the operating speed and energy efficiency [3]. In the early
2000s, multi-core processors were developed to address the challenging thermal
power issue in conventional single-core processors [3]. Since multi-core processors
require enormous cache capacity and memory bandwidth to achieve the designed
performance, 3D packaging becomes one of the viable solutions to provide the
required cache and bandwidth with a relatively low cost [3].

Moore’s law
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Fig. 1.3 Moore’s law predicts the exponential growth of ICs since 1970s (adapted from Ref. [8])
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Fig. 1.4 The exponential growth of lithography equipment cost since 1970s (adapted from Ref.
8D

The conventional method to maintain Moore’s law is to decrease the dimensions
of components by lithography, which is becoming more and more sophisticated and
expensive [8]. Figure 1.4 illustrates the exponential growth of lithography equip-
ment cost since 1970s, which presents an economic challenge as the capital cost
rises faster than semiconductor industry revenue [8]. 3D integration technology,
which has been recognized as an enabling technology for future low cost ICs,
provides the third dimension to extend Moore’s law to ever higher density, more
functionality, better performance with lower cost [3].

1.2.2 Small Form Factor Requires 3D Packaging

Market demands of small form factor microelectronics head to 3D packages, which
are ultra-light, ultra-thin, and with small chip footprint. Si chips in 3D packages are
typically 50-100 pm thick, about 90 % thinner compared with those in conventional
packages. Substrate core thickness of 3D packaging is about 0—100 pm, more than
90 % thinner than that of traditional packaging. High density interconnects in 3D
packaging are on the order of 5-20 pm in diameter, more than 90 % smaller than
those in 2D packaging. Thus, tremendous reduction in size and weight could be
achieved by replacing conventional packaging with 3D technology [2].

Small form factor requires small chip footprint, which is defined as the printed
circuit board area occupied by the Si chip, as illustrated in Fig. 1.5 [2]. By stacking
multiple dice on top of each other using 3D packaging techniques, the chip footprint
could be reduced dramatically. Figure 1.5 schematically demonstrates the differ-
ence between conventional 2D packages and 3D packages
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Footprint used by every
chip in 2D packages

Footprint used
by 3D packages

i

Fig. 1.5 (a) Schematic illustration of the footprint difference between conventional 2D packages
(a) and 3D packages (b) (adapted from Ref. [2])

3D ki
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Fig. 1.6 Schematic comparison between the wiring length in 2D packages (a) and 3D packages
(b) (adapted from Ref. [2])

1.2.3 Improved System Performance with Reduced Power

Interconnect length in 3D packages can be significantly reduced compared with
conventional 2D packaging [2]. Figure 1.6a shows a typical interconnect length of
4 mm in a 2D package. The interconnect length could be reduced to 200 pm in a 3D
package as demonstrated in Fig. 1.6b. Additionally, 3D packaging can also greatly
improve the interconnect usability and accessibility [2]. Figure 1.7 shows a compar-
ison between 2D and 3D packaging in terms of the accessibility and usability of
interconnection. In contrast to eight neighbors to the center element in the case of 2D
packaging technology, the utilization of a 3D packaging configuration provides access
to 116 neighbors within an equal interconnect length to a center element in the stack.

The significant decrease in interconnect length as well as dramatic improvement
in interconnect usability and accessibility result in much less delay in 3D devices,
which is primarily limited by the time taken for the signal to travel along the
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3D package

2D package

[ L[]

[ /L]
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Fig. 1.7 Schematic comparison between 2D packages (a) and 3D packages (b) in terms of the
interconnect accessibility and usability (adapted from Ref. [2])

interconnects [2]. Low latency and wide buses in 3D microelectronic systems lead
to significant improvement to the system bandwidth [2]. Noise in well-designed 3D
microelectronic systems, including reflection noise, crosstalk noise, simultaneous
switching noise, and electromagnetic interference, can be reduced as a result of the
reduction of interconnection length [2]. Additionally, as the parasitic capacitance in
microelectronic packages is proportional to the interconnection length, the total
power consumption in 3D packages is also reduced because of the reduced parasitic
capacitance [2]. The power saving achieved by 3D technology enables 3D devices
to perform at a faster rate or transition per second (frequency) with less power
consumption. The overall system performance is greatly improved by applying 3D
packaging technology [2].

1.3 3D Microelectronic Packaging Architectures

The various 3D packaging architectures could be divided into the following three
categories: die-to-die 3D integration, package-to-package 3D integration, and
heterogeneous 3D integration combining both package and die stacking [3, 9,
10]. Chapter 2 discusses different 3D packaging architectures in detail along with
assembly and test flows.

1.3.1 Die-to-Die 3D Integration

Die-to-die 3D integration is enabled by through silicon via (TSV) interconnections
and thinned die-to-die bonding [3]. As illustrated in Fig. 1.8, two memory dice are
stacked on top of a logic die with TSVs and micro-bumps. First Level Interconnect
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Micro-bumps
FLI solder joints

(a)

Backside RDL  Metal Diffusion Barrier  Passivation layer

AHhceion Insulating Liner
LBYes Bulk Si
J
Transistors and /-—
Interconnect Layers Flipchip Bump
(b) Typical TSV Architecture

Fig. 1.8 Schematic illustration of die-to-die 3D integration enabled by TSV and thinned die-to-
die bonding (adapted from Ref. [10])

(FLI) solder joints connects the logic die with the substrate, while Second Level
Interconnect (SLI) solder joints provides the connection between this 3D package
to the Printed Circuit Board (PCB) [10]. The TSVs are formed by laser drilling or
deep reactive ion etching, followed by liner deposition and copper fill. There are
three typical manufacturing processes for TSVs, Via First, Via Middle, and Via
Last [11-13]. The detailed process flow of each process as well as the Pros and
Cons of each process are discussed in Chaps. 2 and 3.

Die-to-die bonding is implemented by either Thermal Compression Bonding
(TCB) process for solder micro-bumps or other alternative bonding process, for
example, Cu-Cu bonding. Conventional solder mass reflow process in 2D packages,
which includes flux dispensing, die attaching, and solder reflow in ovens, is not able
to assemble advanced 3D packages having much thinner dice and organic packages,
along with much smaller and denser interconnects. As the extent of warpage from
both dice and substrates at the reflow temperature overcomes solder surface tension,
leading to die misalignment, and results in die tilting, solder joint non-contact
opens, and solder bump bridging [14]. TCB bonding process is developed to replace
the conventional solder mass reflow process for solder-based micro-bump assembly
in 3D packages. As illustrated schematically in Fig. 1.9, the substrate with
pre-applied flux is kept flat on hot pedestal under vacuum to eliminate the substrate
warpage. The die is picked up by the bond head, secured and kept flat with vacuum
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Fig. 1.9 Schematic illustration of a typical thermal compression bonding process (adapted from
Ref. [14])

to remove any incoming die warpage. After the die is precisely aligned to the
substrate, the bond head with die touches the substrate. A constant bond force is
then applied on the die through the bond head, while the die is heated up rapidly
beyond the solder melting temperature, with a ramping rate higher than 100 °C/s. As
soon as the solder joints melt, the die is moved further down to ensure all the solder
joints are at the same height. The die is held in this position long enough so that the
solder joint forms between the die and the substrate. While the solder is still in the
molten state, the bond head with die could retract upwards to control the solder joint
height. Subsequently, the solder joints are cooled abruptly below the solidus tem-
perature, with a cooling rate of more than 50 °C/s, followed up with die release from
the bond head [14]. Unlike the traditional solder mass reflow process, with up to
10 min of process time for units in batches, the TCB bonding process assemble units
one by one with about a couple of seconds per unit [14]. Additionally, thermal
ramping rates during both the heating and cooling cycles are much higher than the
conventional method. These higher rates result in solder grain size and orientation
differences that can affect mechanical properties as detailed in Chap. 7.
Solder-based micro-bumps are more compliant, thus could compensate bump
height variations, lack of co-planarity, and misalignment issues during high volume
manufacture. However, the TCB process peak temperature needs to be higher than the
melting point of solder material, typically in the range of 250-300 °C, which brings
more assembly and reliability challenges. Additionally, solder bridging risk gets much
higher as bump pitch shrinks from more than 100 pm to less than 40 pm. Alternative
bonding process, like direct Cu to Cu bonding, which could address interconnects with
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Fig. 1.10 Schematic illustration of package-to-package 3D integration (adapted from Ref. [3])

less than 5 pm bump pitch, and assemble at relatively lower temperature is very
promising. Various types of alternative bonding process is reviewed in Chap. 6 as well
as Pros and Cons comparing with solder-based TCB process.

1.3.2 Package-to-Package 3D Integration

System in Package (SIP) and Package on Package (POP) are typical configurations
of package-to-package 3D integration, which is enabled by stacking packages
through wire bonding or flip-chip bonding [3]. Comparing to die-to-die stacking,
package-to-package stacking technique has a shorter development cycle, thus help
bring products to market faster with a low price. As displayed in Fig. 1.10, a wire
bonding package is stacked on top of the other wire bonding package by flip-chip
bonding. The two packages are then stacked on a flip-chip package to form a POP.
The conventional solder mass reflow process could still be used in package-to-
package stacking if the package warpages are within control, and the interconnect
size and density is comparable with traditional 2D packages. However, market
demands require packages to be ultra-thin, which limit the number of packages that
could be stacked together. Additionally, solder joints and package materials in SIP
and POP need to go through multiple cycles of reflow, bringing process and
reliability challenges, like solder joint open, delamination between multiple layers
in packages, and moisture control between each reflow process. Chapter 13 dis-
cusses in detail the processing and reliability of stacked packaging technique, as
well as the Pros and Cons comparing with die stacking.

1.3.3 Heterogeneous 3D Integration

Depending on product needs, complex 3D packages can have the combination of
both die stacking and package stacking [10]. As shown in Fig. 1.11, a 3D Dynamic
Random Access Memory (DRAM) package formed by stacking four memory dice
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FLI solder joints

...............

package
MLI solder joints

}DRAM

SLI solder joints

Fig. 1.11 Schematic illustration of 3D packaging architectures having the combination of both
die stacking and package stacking (adapted from Ref. [10])

TTTTIL Simnterposer  TLI111]

A A

Fig. 1.12 Schematic illustration of Silicon interposer technology providing connection between
chips and stacked dice through TSVs (adapted from Ref. [10])

on top of the logic die through TSVs and micro-bumps is integrated along with a
flip CPU chip by package stacking. FLIs between the CPU chip and the 3D
package, MLIs between the DRAM package and the 3D package, as well as
interconnects in the substrate provide connection between the CPU chip and the
DRAM package [10]. Smaller and denser interconnects between chips and pack-
ages are highly desired for better performance, higher bandwidth, and lower power
consumption. Figure 1.12 demonstrates the Silicon interposer technology, which
could provide better connection between chips and stacked dice through TSVs
[10, 15]. Embedded Multi-Die Interconnect Bridge (EMIB) technology is an
alternative approach to provide localized high density interconnects between dice
without TSVs [16]. As illustrated in Fig. 1.13, the link between dice is provided by
fine Cu interconnects in Si bridges embedded in the organic substrate and confined
denser FLIs between Si bridges and chips. Comparing with Si interposer technol-
ogy, EMIB technology is able to provide similar performance with a much lower
cost, thus opens up new opportunities for heterogeneous 3D packaging [16].
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Fig. 1.13 Schematic illustration of Embedded Multi-Die Interconnect Bridge (EMIB) technology
providing localized high density interconnects between chips without TSVs (adapted from Ref.

(16D

1.4 3D Microelectronic Packaging Challenges

1.4.1 Assembly Process, Yield, Test, and Cost Challenges

3D packaging involves more challenging assembly steps than conventional pack-
aging, such as TSV wafer fabrication and die singulation process (reviewed in
Chap. 5), TCB of micro-bumps (discussed in Chap. 7), and multiple solder reflow
process for POP (refer to Chap. 13). The complicated process results in yield, test,
and cost challenges [2], which could be addressed by redundancy or fault-tolerant
designs, throughput time (TPT) improvement of assembly process, and minimize
process steps based on product quality and reliability requirement [2], [3].

1.4.2 Thermal Management, Package Design, and Modeling
Challenges

The 3D integration of heat generation components in close vicinity increases the
heat flux density as well as complexity of coolant routing, thus leads to big
challenges to the thermal management of 3D packaging [2, 3]. Chapter 10 presents
the fundamentals of heat transfer along with advanced guidelines helpful to address
the issue.

Due to the increased system complexity, designing 3D packages could be very
challenging, but could be addressed by designing and developing design software
[2]. In addition to increased system complexity, 3D packaging involves multilevels
of solder joints, underfill, and molding compounds. Thermal stress due to the
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mismatch in coefficients of thermal expansion (CTE) and hygroscopic stress caused
by excessive moisture absorption are often combined together, which complicates
the stress modeling in 3D packaging [17, 18]. For interconnects with a couple of
micrometer in diameter, like TSVs, it is found that microstructure, anisotropy of
material properties, recrystallization, and time-dependent phase morphological
evolution need to be considered during stress modeling [19]. Chapters 4 and 10
provide through discussions on the modeling of thermal mechanical and moisture
stresses in 3D packaging.

1.4.3 Material and Substrate Challenges

3D packages typically have smaller interconnect size, tighter bump pitch, and
reduced chip gap, which brings challenges to underfill, chip attachment, and deflux
process. Additionally, the TCB process widely used in the chip attachment of 3D
packages is very different from the conventional mass reflow process, as the whole
bonding cycle completes in a few seconds rather than over 10 min [14]. Major
modification of traditional underfill and flux material is essential to prevent
underfill process, flux residue, and interconnect integrity-induced yield loss, such
as underfill voids, delamination because of flux residue, solder bump bridging, or
non-wets. Chapter 7 reviews the material challenges and provides guidelines for
epoxy and flux material selection.

To enable the highly integrated 3D packaging, both substrate and PCB need to
fulfill the much higher signal and power density requirements. Smaller substrate
vias, through holes (TH), and traces, along with much tighter pitches are desired.
Furthermore embedded components, including both Si chip and packages, integrat-
ing into substrates or PCB is one of the approaches to achieve the product minia-
turization with higher performance and lower power consumption goal. These
results in significant challenges in substrate warpage control and flawless fabrica-
tion process to enable much finer interconnect size and pitch. Chapter 11 reviews
the substrate material and fabrication technology evolution, along with general
recommendations in selecting and applying appropriate material and process tech-
nologies for 3D packaging.

1.4.4 Quality, Reliability, and Failure Analysis Challenges

Complex 3D packages have multiscale interconnects ranging from a few to
1000 micrometers. For instance, TSVs and micro-bumps are about a couple of
micron in diameters, while the SLI connecting packages to the PCB could be up to
1000 pm in diameter. During 3D integration, interconnects need to go through
multiple solder reflow process, defects generated during fabrication and assembly,
CTE mismatch between different materials, and microstructure evolution in
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interconnects could lead to new quality and reliability issues. Additionally, the
extended application of 3D packaging in products requiring much higher reliability,
for instance, Advanced Driver Assistance Systems (ADAS), avionics, and high-end
servers brings extra challenges to the quality and reliability of 3D packages.
Chapters 3 and 4 review the quality and reliability of TSVs. Chapter 9 reviews
the electro migration concerns in interconnects of 3D packages. Focusing on the
reliability of multilevel solder joints in stacked packages, Chap. 13 explains the
different reliability requirements between consumer electronics and high-reliability
electronics. It also provides detailed discussions of use conditions, the roles of
encapsulants and underfills, reliability tests and modeling to address complex
reliability concerns in 3D packages. Chapter 14 provides an overview of quality
and reliability of 3D packaging and demonstrates with case studies, along with field
performance prediction.

Failure analysis is critical for the technology development of 3D packaging, as
in-depth root cause analysis of failures provides solution paths for resolving quality
and reliability issues. Due to the complexity of 3D packages, Fault Isolation
(FD and Failure analysis (FA) become very challenging. First of all, multiple
failures could exist in one unit post-reliability tests, flawless failure analysis on
each failure requires nondestructive high-resolution techniques, including fault
isolation, imaging, and material analysis. Additionally, each electrical failure in a
3D package could come from various dice, assembly layers or interconnects, high-
resolution fault isolation techniques, which could provide 3D information of defects
are highly desired. After the identification of defects, physical failure analysis needs
to be performed for the root cause study. However interconnects in 3D packages,
like TSVs, have small diameters (2-10 pm) and long lengths (40-200 pm), artifact
free cross-sectional techniques with short throughput time is critical for character-
izing small defects in a relatively large cross-sectional plane. Chapter 15 reviews
advanced high-resolution nondestructive FI and FA techniques, such as Electro
Optic Terahertz Pulse Reflectometry (EOTPR), 3D X-ray Computed Tomography
(CT), Lock-in Thermography (LIT), and acoustic microscopy. The applications of
novel physical sample preparation techniques and various material analysis
methods in 3D packaging failure analysis are also discussed. It also provides
guidelines for building up efficient 3D packaging FI-FA flow and performing
in-depth root cause studies, along with case study demonstration.

1.4.5 Summary

3D packaging has provided a new dimension for semiconductor industry to main-
tain Moore’s law with much lower cost and has been adopted as an effective
approach to provide portable microelectronics with better performance, smaller
power consumption, and less cost. There has been numerous novel technological
innovations invented for the development of advanced 3D packaging in the recent
years. However, due to the much smaller and denser interconnects, complicated
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assembly process, unique TSV and micro-bump TCB process, and the extended
application in high-reliability products, there are tremendous challenges in highly
integrated 3D packaging.

Chapters in this book are written by experts from both academia and semicon-
ductor industry. Chapter 2 provides an insightful overview of 3D packaging
architecture and assembly process design. Chapters 3, 4, and 5 focus on the
fundamentals of TSV processing, reliability, and mechanical properties. Chapters
6 and 7 discuss the fundamentals of thermal compression bonding of micro-bumps,
process materials, direct Cu to Cu bonding, and other alternative interconnects in
3D packaging. Chapters 8 and 9 provide fundamentals of solder alloys and electro
migration in interconnects of 3D packages. Chapter 10 presents a thorough review
of thermal management in 3D packaging. Chapter 11 displays in great details the
fundamentals of substrate materials and manufacture process. Chapter 12 covers the
thermal mechanical and moisture modeling in 3D packaging. Chapters 13, 14, and
15 illustrate a comprehensive overview of quality, reliability, fault isolation, and
failure analysis of advanced 3D packages. Readers could obtain all-around knowl-
edge about 3D packaging, including the fundamentals, developing areas, technique
gaps, and guidelines for future research and development.

Acknowledgement The editors would like to thank John Elmer from Lawrence Livermore
National Laboratory for his critical review of this chapter.
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2D Two dimensional
3D Three dimensional
BEOL Back end of line
BI Burn-In

CMP Chemical mechanical polishing

D2D Die-to-die

D2w Die-to-wafer

ECD Electro-chemical deposition

ECG Deleted in chapter

EMIB Embedded multi-die interconnect bridge
FEOL Front end of line

1P Intellectual property

KGD Known good die

KOZ Keep out zone

MCM Multi chip module

MCP Multi chip package

MEOL  Middle end of line

MPM Multi package module

PECVD Plasma enhanced chemical vapor deposition

PVD Plasma vapor deposition
Rx Receiver
SBS Side by side
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SIP System in package

SocC System on chip

TDP Thermal design power
TIM Thermal interface material
TSV Through silicon via

Tx Transmitter

W2W Wafer-to-wafer

2.1 Introduction

Increasing transistor density enabled by Moore’s Law [1, 2] has led to increasingly
powerful and pervasive computer systems that enable multiple personal and busi-
ness applications (see Fig. 2.1 for an estimate of the overall size and growth trends
of the semiconductor market). The trend in increased compute capabilities has been
fueled by increased wired and wireless connectivity [3] which has led to powerful
interconnected computer networks. These computers and associated networks
utilize a myriad of computing and communication functions that are implemented
within digital circuits (e.g., Microprocessors, Field Programmable Gate Arrays),
memory circuits (e.g., SRAM, DRAM), and analog circuits (e.g., power supplies,
clocks, RF front end modules, amplifiers, SERDES, USB, PCle, DDR). Different
computing and communication functions can be integrated on a monolithic silicon
chip (typically referred to as System On Chip or SOC integration) or on a package
(typically referred to as System In Package or SIP integration'). Integration on chip
has the advantages of improved signal transmission fidelity due to reduced inter-
connect lengths, lower system power due to efficient on-chip connections between
IP blocks, and overall reduced silicon resulting from Moore’s Law scaling. Thus,
on-chip integration is usually preferred when:

(a) The integrated functions can easily be implemented on the same silicon
fabrication process. For example, digital logic and SRAM can be built using
compatible silicon processes. Conversely, high performance digital logic and
DRAM are rarely fabricated on similar silicon manufacturing processes, and
hence are not commonly included in the same chip.

'Asa general definition, SIP refers to the on-package integration of multiple heterogeneous and/or
homogenous ICs each of which may be in the form of unpackaged die, individually packaged die,
or packaged modules. iNEMI (International Electronics Manufacturing Initiative) defines SIP as:
System in Package is characterized by any combination of more than one active electronic
component of different functionality plus optionally passives and other devices like MEMS or
optical components assembled preferred into a single standard package that provides multiple
functions associated with a system or subsystem. SIP is considered to be subset of the broader
concept of System On Package (SOP) [4] where an entire computer system is built on a package.
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DRIVERS OF THE SEMICONDUCTOR MARKET
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Fig. 2.1 Overall size and growth trends of the semiconductor market (Source: Prismark Partners
LLC)

(b) The IP? blocks desired for the SOC are available in the same silicon fabrica-
tion process and the resulting chip meets the cost target required to make the
product economically viable.

SIP is preferred for the integration of heterogeneous functions [5] (i.e., functions
manufactured using disparate semiconductor technologies) and to help bring prod-
ucts to market quicker when technical and/or business reasons prevent timely SOC
integration. As seen in Table 2.1 and Fig. 2.2, there continues to be significant interest
in SIP configurations. SIP architectures can be broadly classed in three categories:

(a) Planar configurations where two or more die or packages are placed side by
side and connected to each other through lateral interconnects in a multilayer
substrate.

(b) Stacked configurations where two or more die, or packages, are stacked one on
top of the others and connected through a combination of both lateral and
vertical interconnects. The value of implementing stacking in a product

2 An IP (Intellectual Property) block is reusable circuit block that performs a certain specialized
functions and serves as a building block for constructing the SOC.
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Table 2.1 Volume forecast of different SIP configurations (Source: Prismark Partners LLC)

SiP/MCP forecast

Product/package type

volume (Bn units) 2014 | 2019 F | Leading suppliers/players

Stacked die in package 83 |105 Samsung, Micron, SKHynix, Toshiba, SanDisk

and memory card PTI, ASE, SPIL, Amkor, STATS ChipPAC

Stacked package on pack- 095 | 1.2 Samsung, Apple, Qualcomm, MediaTek

age: bottom package only Amkor, STATS ChipPAC, ASE, SPIL

PA centric RF module 4.5 59 Qorvo, Skyworks, Anadigics, Avago, Amkor,
ASE, Inari, HEG, JCET. Unisem, ShunSin

Connectivity module 0.6 0.9 Murata, Taiyo Yuden, Samsung, ACSIP, ALPS,

(bluetooth/ WLAN) USI

Graphics/CPU or ASIC 0.2 0.2 Intel, AMD, Nvidia, Xilinx, Altera

MCP

Leadframe module (power 3.2 4.7 NXP, STMicro, TI, Freescale, Toshiba,

SiP) Infineon/IR, Renesas, ON Semi

MEMS and controller 54 8.2 ST, Analog, Bosch, Freescale, Knowles,
InvenSense, Denso

Camera module 3.7 53 LG Innotek, SEMCO, Hon Hai, Lite-on,
Toshiba, Sunny Optical, Sharp, Cowell

Fingerprint sensor 035 | 1.5 Apple, Synaptics, Fingerprint Cards, Cypress/
IDEX, Silead, Goodix, NEXT Biometrics,
Qualcomm

Total 272 | 384

SiP Market by Device Type (unit shares)
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Fig. 2.2 2015 SIP Market by device type (Source: TechSearch International)
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design, and thus leveraging the vertical dimension in a package, has been
discussed in detail in [6].

(c) Hybrid configurations that combine both the planar and stacked
configurations.

There are a number of innovative ways to construct SIP architectures using
planar and stacked structures. Some of the more well-known SIP architectures are
shown in Fig. 2.3. Figure 2.3 illustrates how different architectures have evolved to
meet specific needs for different markets. Figure 2.3 is not intended to be a
complete list of all the possible architectures. It is clear from the configurations
shown in Fig. 2.3a—f that a number of SIP combinations are possible, offering
feature, size, configuration, and cost flexibility.

One class of SIP configurations that has driven the most significant technology
changes is through silicon vias (TSV)-based SIP. This chapter focuses on 3D stacks
that are enabled by TSV technology. TSV-based SIPs have been the subject of
considerable research for more than two decades and numerous papers have
explored applications, architecture and design opportunities, as well as process,
material, and equipment complexities [11-14]. Since it is difficult to comprehen-
sively discuss all these aspects in a general overview, this chapter will attempt to
provide a broad perspective of the architectural and process opportunities and
complexities. The process of TSV formation has been previously discussed in
depth in Chap. 3 and will not be repeated here, except for a brief reference in
Sect. 2.3.

The most commonly used interconnect between stacked die for currently avail-
able products with TSVs is solder based (Fig. 2.4a, b) with interconnect pitches as
low as 40 pm. Solder-based interconnects have an advantage of being compliant
and hence they are more tolerant to misalignment and lack of coplanarity between
bonded surfaces during assembly’. However as the joints become increasingly
small, with decreasing interconnect pitches projected below 40 pm for future 3D
stacks, the available solder volume will be reduced and a greater proportion of the
solder joint will become intermetallic compounds [15], thus decreasing its compli-
ance. Additionally, with shrinking interconnect pitch, there is an increasing risk of
solder bridging during the assembly process since the joints are closer to each other.
Various research groups have suggested the need for alternate interconnects; the
most common among these are Cu-Cu bonding [17-21], a subject covered in detail
in Chap. 6. In 2016, there are two types of widely available products with TSVs.
These are DRAM memory stacks [7, 22, 23] and image sensors [24-26].

3In most applications, Thermo-Compression Bonding (TCB) is used to create the fine pitch
interconnect typically needed between two stacked die because of its superior alignment capability
over reflow based flip-chip bonding [16].
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Fig. 2.3 (a) Multi Chip Module (MCP)—Two or more die are attached in a planar configuration
to a package substrate (red line in schematic drawing indicates that the two or more die are
electrically connected using lateral on-package interconnects). Image shows the Intel Iris Pro
processor with a CPU (larger of the two die) and a DRAM chip. (b) Multi Package Module
(MPM)—One or more die are packaged before being attached to the final package. Image above
shows the Intel’s Knights Landing Processor which uses the MC-DRAM Memory Module. The
MC-DRAM memory module (a memory stack that conforms to the Hybrid Memory Cube
specification [6]) has four stacked memory die connected using TSVs, placed on top of a logic
chip). (c) Embedded SIP modules—Embedded SIP modules have solder-less die-to-package
interconnects and are usually built using reconstituted wafer level or panel level processes
[7, 8]. (d) Package-on-Package (POP) SIP module—Two packages are stacked on top of each
other and connected using peripheral interconnects. The peripheral interconnects can be made
using solder balls, Cu posts, or solder-coated Cu balls. Example of an MCeP® (Molded Core
embedded Package) is shown above. MCeP® is the registered trademark of SHINKO Electric
Industries CO., Ltd. (e) EMIB (Embedded Multi-Die Interconnect Bridge) [9]—EMIB-based SIPs
use embedded silicon for localized high-density interconnects. Figure above shows a Stratix-10
part from Altera [5]. (f) Silicon interposer-based SIP Module—A silicon interposer is used to for
fine feature interconnects between the different chips or chip stacks. The interposer has TSVs to
connect the chips to the package substrate. See [10] for a product implementation. (g) 3D
TSV-Stacked module—Multiple die are stacked using TSV-based interconnects. Image above
shows a HMC memory stack from Micron. (h) SIP Variants that include combinations of wirebond
and flip-chip interconnects. The Possum die is from AMKOR
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Fig. 2.3 (continued)

2.2 3D TSV-Based Architectures: Advantages
and Limitations

In the past few decades, there has been considerable interest in 3D TSV-based SIP
architectures [27-30] because of their compact construction and electrical advan-
tages. The advantages include reduced signal latency, and lower signaling power
dissipation due to reduced interconnect lengths. Figure 2.5 shows the energy
consumption and dissipation during a 0 — 1 and a 1 — 0 bit transition based on a
simple capacitance model. Assuming the same Tx and Rx capacitance, energy
draw, and dissipation is directly proportional to the capacitance of the interconnect,
and this is where TSVs have an advantage over traditional planar wire connections.
Since TSVs are short length interconnects, they can exhibit a significantly lower
(typically 4-20 times lower [31]) interconnect capacitance compared to a side-by-
side or planar interconnect. In Fig. 2.6a, a memory is connected to the processor
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45um uBump (GPU to Si Int) Pitich

Fig. 2.4 (a) Solder joints @ 45 pm pitch at the GPU to silicon interposer (AMD Fury [10]). (b)
HBM Stacks. Leftmost image shows solder bumps on the HBM stack, center image shows the top
view of a HBM package with side mold. Image on the right shows the Memory—Memory
Interconnect (MMI) and the TSVs in the memory die. The MMI pitch is 55 pm
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Fig. 2.5 Simple capacitance model describing the energy consumption in a Tx (Transmitter)—Rx
(Receiver) interconnect link
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Fig. 2.6 (a) Schematic a
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through a planar on-package interconnect and in Fig. 2.6b the connection uses
TSVs. A comprehensive calculation [32] shows that the interconnect power effi-
ciency (mW/Gbps) dropped from 15.65 mW/Gbps (for a bounding case where a
DDR memory in a DIMM slot was accessed by the CPU) to 0.55 mW/Gbps when
the CPU accessed a WIO* memory through TSVs). This is more than a 28x
improvement’. This power efficiency, multiplied by the number of wires in the
interface, combined with reduced data latency due to reduced interconnect lengths
is what has motivated designers to consider TSV-based architectures [33]. The
power efficiency advantage is appealing across the application spectrum from
handheld devices where longer usage times between battery recharging can be
enabled to servers where lower energy costs make 3D TSV stacks attractive.
While energy efficiency and latency are the significant advantages for 3D
TSV-based architectures, a key limitation is that the maximum Thermal Design
Power (TDP) can be significantly lower than with comparable 2D configurations.
This is due to the thermal resistances in a 3D stack which are in series and hence
additive (Fig. 2.7). Consider the case where a DRAM memory is stacked on top of a
logic processor®. The Processor—DRAM interface, the bulk DRAM silicon, and in
the case of multiple DRAM die, the DRAM-DRAM interfaces all add thermal
resistances to the heat flow. This compares to a planar case where heat from the
processor has to only flow through the silicon of a single chip and a Thermal
Interface Material (TIM) before reaching a Heat Spreader or the base of a heatsink.
Thus, the thermal impact of stacking is that it reduces the total Thermal Design
Power (TDP) available for the system designer to utilize for the processor. This is

*WIO, i.e., Wide IO is a JEDEC standard memory, where the memory die are connected by
TSVs [22].

3 Power efficiency quoted for the ESD case. See [Ref Hazkazemi paper] for a detailed review of
power and performance differences between LPDDR and Wide-IO.

S This is architecturally a more likely scenario for CPU-DRAM 3D stacks, since the CPU typically
needs more bump interconnects than a DRAM and power delivery to a DRAM would require
fewer TSVs compared to the converse case, where power is delivered to the CPU through
the DRAM.



28 R. Mahajan and B. Sankman

Heat Spreader

Processor

Fig. 2.7 Schematic showing heat paths in a 2D vs. 3D stack

Processor TDP Ratio — (3D/2D)

0
Low Low High High
Interface K Interface K Interface K Interface K
B Typical Laptop Heatsink = Typical Desktop Heatsink

= Typical Server Heatsink

Fig. 2.8 TDP Impact of 3D stacking

quantitatively shown in Fig. 2.8 using a simple case study comparing TDP between
the 3D case (where 1 and 4 DRAMs are stacked on top of a processor) and the 2D
case where 1 DRAM or a 4 DRAM stack is placed side-by-side to the processor. In
this case study, the following assumptions are made:

. The processor and DRAM silicon are both 100 pm thick.

. Processor power is uniform across the processor die and is time independent.
. Junction temperature limits for both the processor and DRAM are 105 °C.

. Three different system cooling’ solutions are considered, i.e.,

AW N —

(a) High thermal resistance cooling solutions which depend mainly on con-
duction (Typically encountered in laptop environments where active air-
flow is not possible)

(b) Medium thermal resistance cooling solutions which use both conductive
and convective heat transfer (Typically encountered in desktop environ-
ments that use cost-performance optimized cooling solutions)

7 System cooling refers to the cooling solution attached to the SIP.
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(c) Low thermal resistance cooling solutions which use both conductive and
convective heat transfer (Typically encountered in server environments that
use performance optimized solutions to manage high TDP envelopes).

5. The Processor—-DRAM and DRAM-DRAM interfaces, comprising metallic
interconnects and protective underfill, are key interfaces that limit heat transport
since the effective thermal conductivity (K) across that interface tends to be in
the approximate range (0.3-3.0 W/m °C), which is significantly lower than the
thermal conductivity of silicon (110 W/m °C) or Cu (390 W/m °C). Two
different interface conditions are considered for the analysis including a low
interface with K =0.3 W/m °C and high interface with K =3.0 W/m °C

In cases where the system thermal resistance is high relative to the package
resistances, the impact of changes in package resistance has a lesser influence on the
overall TDP. In these cases, a system designer can increase memory capacity and
still take advantage of improved memory capacity and power savings. As the
performance of the system thermal cooling solution improves, increasing package
resistance (with increasing number of stacks) will have a greater influence on the
product’s TDP capability. In this scenario, the TDP degradation and increasing the
number of stacks is more significant. It can be seen from Fig. 2.8 that since the bulk
of the heat transfer in the package is conduction based. For this case, improvements
in the effective thermal conductivity of the interfaces between the stacked silicon
chips are critical to improving the overall TDP capability. The effective thermal
conductivity of the interface can also be improved by increasing the number of
micro-bumps between the die, and by increasing the effective thermal conductivity
of the underfill, or polymeric encapsulant, used to increase the reliability of the
micro-bumps. Additionally, there is a need to improve the quality of system thermal
solutions. Chapter 10 summarizes the various thermal solution strategies developed
to address the thermal management problem in 3D stacking.

It should also be noted that the assumption of uniform power distribution in the
processor is simplistic. In most cases, the processor power distribution is
nonuniform. The presence of the additional thermal interfaces from the DRAM
stack will exacerbate the hot spots compared to a side-by-side configuration. Design
approaches that minimize the thermal burden on the package have been shown to be
capable of achieving thermal equivalence with 2D configurations [34].

Another key consideration is the impact of TSVs on the stress state in silicon. Cu
and W are typical materials used for TSVs and polysilicon TSVs have also been
mentioned in literature [35]. TSVs are typically filled using Electro-Chemical
Deposition (ECD) at temperatures greater than 200 °C®. The ECD temperatures
are significantly higher than the typical operation temperature of a processor or a
memory device which tend to be in the (90 °C-110 °C) range. At the deposition
temperature, the TSV is in an equilibrium (i.e., stress-free) state with the

8200 °C quoted as a typical lower temperature bound. A number of FEOL and MEOL processes
have deposition temperatures significantly higher than 200 °C.
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Fig. 2.9 Stresses in silicon due to TSV integration

surrounding silicon, however at operating temperatures, the TSV induces radially
tensile and tangentially compressive stresses in the surrounding silicon (see Fig. 2.9
for a schematic illustration) resulting from the CTE differential between the Cu/W
fill and the surrounding silicon. These stresses have an impact on the electron and
hole mobility in the transistors and hence an impact on transistor performance and
reliability [36-38]. Keep out zones (KOZ), i.e., regions in the silicon surrounding
the TSVs where transistors cannot be placed, are specified for silicon designers so
that performance and reliability impact is reduced to an acceptable level. The
consequence is that there is a silicon area increase due to both the TSV and its
associated KOZ.

In summary, the power efficiency advantage due to short TSV interconnects
must be balanced against the disadvantages in TDP reduction and increased chip
area due to the TSV integration. A designer must ensure that the disadvantages
don’t adversely affect the overall performance or value of the product being
designed.

2.3 Methods of Fabrication and Other TSV Attributes

The structure and location of a TSV with reference to the transistors and back-end
interconnect stack in a typical wafer is shown schematically in Fig. 2.10. TSVs are
typically created using a process with the following steps:

* A photoresist is coated on the silicon wafer and lithographic exposure is used to
define the TSV locations.

e The silicon is etched, typically using the Bosch process [39], which uses
multiple sequences of etch and coat to create the via holes.

» The photoresist is then stripped and the wafer surface is cleaned.



2 3D Packaging Architectures and Assembly Process Design 31

Backside Redistribution o )
Layer (RDL) Metal Diffusion Barrier

/

Passivation layer

Transistors and Interconnect Layers /‘

Flip-Chip Bump

Fig. 2.10 Schematic showing the structure of a TSV in the silicon back-end interconnect stack

e The inner walls of the TSV are coated with a dielectric liner (typically SiO,
though SizN, has also been reported [40] using thermal oxidation or PECVD
(Plasma Enhanced Chemical Vapor Deposition). The liner electrically isolates
the TSV from the bulk silicon.

» Next an adhesion layer, typically Ti or Ta, is added on the inner lining of the
TSV using PVD (Physical Vapor Deposition).

* A seed layer is deposited in the via hole next and the vias are ready for deposition
of the TSV metal.

» Electro-Chemical Deposition (ECD) is used to fill the via holes with Cu or W.

* Vias are annealed to stabilize the TSV microstructure and to relieve stresses
within the TSV.

» Finally, Chemical Mechanical Polish (CMP) is used to planarize the wafer.

TSVs are typically manufactured using three different processes (Fig. 2.11)

1. Via First Process (Also referred to as the Front End Of Line (FEOL) Via
Process): In this process, the TSVs are created before the transistors
[40, 41]. Key steps in this process are

(a) The wafer surface is patterned and TSVs are etched and filled on the
transistor side (front or active side) of the wafer.

(b) After the TSV formation, the wafer is planarized and readied for transistor
creation.
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Fig. 2.11 High-level process flow for the three processes of creating TSVs

(c) Transistor creation is followed by the Back End of Line (BEOL) process
which creates the multiple metal/insulator layers on the silicon wafer.

(d) Finally, the wafer backside is thinned to reveal the vias and creates a
Redistribution Layer (RDL) (Fig. 2.12).

An important advantage of the Via First approach is that since the vias are
created before transistor creation, only known good wafers with defect-free TSVs
can be used for subsequent steps. Additionally, some authors [40] have claimed that
the Via First process allows for a fewer design constraints and a higher density of
vias compared to the Via Middle and Via Last processes’. A key limitation of the
Via First approach is that all the TSV materials and processes need to be compatible
with CMOS processes and temperatures (~1200 °C). Polysilicon vias are mostly
used in the Via First process [41]. Bauer et al. [40] discuss a process where high
density vias are created in a Via First process using a silicon as a sacrificial material
during the initial via formation step. The silicon is replaced with W after the
transistor formation processes are completed.

2. Via Middle (Also referred to as Mid End of Line (MEOL) Via Process: In this
process, TSV formation is after front-end device creation and before the creation
of all the back-end metal layers [41-47]. Key steps in this process are as follows:

(a) Front-end devices are fabricated including transistors and several lower
metal layers.

(b) Next, TSVs are created from the active device side typically at tempera-
tures in the 400 °C—450 °C.

(c) The TSV is then plated with Cu or W.

° While this statement seems intuitively feasible, the authors are not aware of an authoritative
study that establishes the design advantages of the Via First process over the Via Middle or Via
Last options.
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(d) The wafer is then annealed at ~400 °C to relieve stresses in the TSV and to
stabilize the TSV metal structure.

(e) Next, the wafer is planarized with a typical damascene process and readied
for the remaining BEOL metallization.

(f) After BEOL metallization is complete, the wafer is mounted on a carrier
and thinned to reveal the TSVs on the inactive (backside) of the wafer. Via
reveal is usually (optionally) followed by creation of a Re-Distribution
Layer (RDL) and backside bump formation processes that is a critical
structure for die stacking (See Fig. 2.12).

An advantage of the Via Middle process is that subsequent chip fabrication
processing temperatures are lower than for the Via First process, and hence the
thermal stresses induced in silicon due to the CTE mismatch between the silicon
and TSV metal are lower.

3. Via Last (Also referred to as Back End Of Line (BEOL) Via Process: In this
process, TSVs are created after the transistors and interconnects are created
[41, 48]. Key steps in this process are as follows:

(a) The transistors and the entire BEOL process is first completed.

(b) The wafer is then temporarily attached to a carrier using an adhesive
(usually referred to as a wafer bond/debond adhesive) on the active
(front side).

(c) The wafer is thinned and the TSVs are formed using a similar process to the
Via Mid described earlier. This is followed by manufacturing of the RDL
and backside bumping. The backside RDL and bumping process are essen-
tially the same as described in Fig. 2.12.

In the Via Last process, TSV processing temperatures are typically lower than
200 °C. This is important since the fully formed wafer is mounted on a carrier using
a low temperature adhesive. An advantage of this approach is that the thermal stress
issues are lower than with the Via First and Via Middle process options. However,
there are two significant concerns with the Via Last process. First since TSVs are
created after the BEOL, the TSVs need to land at the right metal layer in the chip
metal wiring. Special landing surfaces, also called catch cups, are included in
silicon metal layers to precisely locate the TSVs. Special care needs to be taken
that the TSVs land on catch cups and don’t accidentally punch through the catch
cups. Integration of catch cups requires careful design and restricts the placement of
the TSVs. Secondly since the TSVs are formed after complete wafer processing,
yield loss due to TSV formation could result in loss of valuable silicon.

Some of the key design attributes of TSVs are their diameter, pitch, aspect ratio
(i.e., the ratio of TSV diameter to its depth), electrical characteristics (including
resistivity, inductance, and frequency dependent capacitance), and stress-related
KOZs. TSV aspect ratios are influenced by a few key parameters such as the
ability to get good insulation coverage as a function of via depth and the ability
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Table 2.2 Some recent TSV dimensions reported in the literature
TSV Silicon
diameter thickness Aspect ratio TSV
Reference | (pm) (pm) (diameter:depth) material Process
[40] 2 45 1:22.5 w FEOL
[41] 5 150 1:30 Poly-silicon | FEOL
[42] 3 100 1:33.3 w MEOL
[48] 10 50 1:5 Cu BEOL
[43] 6 55 1:9 Cu MEOL
[44] 10 50 1:5 Cu MEOL
[49] 5 50 1:10 Cu MEOL/BEOL
[50] 20 50 1:2.5 Cu BEOL
[51] 2 30 1:15 Cu Not specified
[46] 3 50 1:17 Cu MEOL

to get void-free via filling. Table 2.2 shows some of the published data on TSV
diameters and depth. Electrical and stress characteristics are determined by the TSV
materials choices (including via metal, liner, and adhesion materials) and process
choices (deposition and anneal temperatures).

2.4 Assembly Process Flows

3D stacks can be assembled using three different approaches. They are commonly
referred to as Wafer-to-Wafer (W2W) attach [52, 53], Die-to-Wafer (D2W) attach
[53-56], or Die-to-Die (D2D) attach.

(a) Wafer-to-Wafer Attach (W2W)

In this process, entire wafers are aligned and then bonded, followed by the
singulation of individual die stacks. Two W2W flows are schematically illustrated
in Fig. 2.13.

¢ Back-to-Face Flow: where the inactive side (back) of the top wafer is bonded to
the active (front) side of the bottom wafer. This approach can enable multiple
wafers with TSVs to be bonded one after the other, while retaining the back-to-
face connectivity between the die.

» Face-to-Face Flow: where the active side of the top wafer is attached to the
active side of the bottom wafer. This approach is less valued for stacking more
than 2 wafers.

A significant advantage of a W2W process is that both bonding surfaces are
extremely flat, and thus there can be excellent wafer-to-wafer alignment (<3 pm
across the wafer) and hence very fine interconnect pitches can be achieved. In the
case of solder-based interconnects, pitch scaling in W2W attach is limited by solder
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Fig. 2.13 Schematic describing the key steps in a W2W attach process

bridging between interconnects and the implications of intermetallic compound
formation. Another advantage of the W2W process is that it is a batch process and
with high manufacturing throughput. Key limitations of the W2W process include:
(1) all the die have to be of the same size; (2) the process precludes the ability to
bond known good die together; (3) yield loss due to misalignment during this
process can be significantly expensive, especially in the case where multiple wafers
are stacked.

(b) Die-to-Wafer Attach (D2W)

In this process, individual die (with or without TSVs) are bonded on a base wafer
incorporating TSVs mounted on a carrier (Fig. 2.14). This process has similar
advantages of alignment as the W2W process, and it is not limited by the require-
ment for the die to be the same size. The top stacked die used in successive stacking
steps can be the same size or smaller than the corresponding die below it. If only
known good die are stacked, better yields than the W2W process can be expected.
Additionally, top die with different functionality than the bottom die can be
stacked, allowing for increased heterogeneous integration. Unlike the W2W flow,
D2W is a sequential process which will have considerably slower process through-
put times.

(c) Die-to-Die Attach (D2D)

In this process flow, bottom die is first assembled to a package substrate and
subsequently other die or die stacks are then stacked on the die connected to an
assembled package (Fig. 2.15). This process resolves the die size limitations of
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Fig. 2.14 Schematic describing the key steps in a D2W attach process. (a) Singulation; (b and c)

die to package attach; (d) WIO Memory on an application processor

the W2W and D2W flows through careful alignment methods. In this way, die
larger than the bottom die can be stacked on top. Since the bottom die can be fully
tested prior to committing the top die, this process has best chance among the
three process of creating known good stacks. However, a key disadvantage of this
process is that since the bottom die is fully assembled to a package substrate
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Fig. 2.15 Schematic describing the key steps in a D2D attach process

(typically to an organic package), it can become quite warped because of the CTE
mismatch with the package. Hence during the attach of the top die to the bottom
package, the die to package yield can be compromised due to the alignment
challenges that are created. In general, the 3D stacking process is an exercise in
precise tolerance and process control and requires very good characterization of
the surfaces being assembled as a function of temperature. Some of this is
schematically illustrated in Fig. 2.16.

An important consideration in all three attach processes is the ability to success-
fully underfill the die—die interconnects which is especially challenging at very fine
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pitches. Underfill is needed to improve the reliability of the die-to-die and
die-topackage interconnects. Since the die—die interconnect pitches are signifi-
cantly lower (typically <55 pm) compared to typical die—package interconnect
pitches (typically > 100 pm) the gaps or empty space between bumps become
smaller for die—die interconnects. This creates another disadvantage of the D2W
process. Since it is a sequential stacking process, a dispense underfill process is
possible, but underfill bleed-out and unintentional cure in adjacent unattached chip
area is a concern. Dispense of underfill after all the die are attached is a possibility
that needs to be carefully planned ahead to ensure there is a sufficient gap between
the die for adequate underfill flow between the solder-based bump interconnects.
Pre-applied film underfills are a better choice for D2W stacking, however if filled
underfills are used to deliver the improved thermal performance (Sect. 2.2) filler
entrapment in the solder joints during chip attach becomes an important concern.

2.5 Manufacturing Yields and the Role of Test

One of the key goals in manufacturing multi-die modules is to maximize
manufacturing yields. Minimizing the number of good die scrapped in modules
that fail when tested, has a large impact on average product cost. This proposition
can be quantified using a simple example. Consider a module that has # number of
die, each of which costs a, and is attached to a single package substrate that costs b.
For simplicity, assume that each die is attached to the package in a single process
step (i.e., the entire assembly process is a single integrated step), hence the overall
SIP assembly process has n steps—one step for each die. If the yield in each
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assembly step is z, then the yield after n steps is z"; the yield loss is (1 — z"). The
yield loss is plotted as a function of number of steps and individual process step
yield in Fig. 2.16'°. The cost due to scrapped modules that fail due to a flaw in the
assembly process is (na + b) x (1 — z"). There are two primary ways of reducing the
cost of scrapped units.

(a) Increasing individual step yield

Increasing yield of each individual step in the assembly process is the main
focus of packaging technology development. Process, materials, and design
parameters for each assembly step, and the impact to upstream and down-
stream steps of the process are carefully studied and optimized for maximal
yield.

(b) Ensuring each key component “Known Good”

If only known good components are assembled, the chances that the overall
module will perform as intended is significantly increased. Components and
subassemblies need to be fully tested prior to assembly to ensure that they are
known good"" and cause no yield loss when modules are tested. Designing an
efficient test flow that maximizes quantity of known good components while
minimizing any added test cost is a key focus area.

Before discussing the challenges involved in testing SIP modules with 3D TSV
stacks, it is necessary to understand the different steps involved. A high-level
assembly process flow for a single component is illustrated in Fig. 2.17 to show
the typical points in the flow where the wafer, die, and assembled package are tested
to check for manufacturing quality or performance. Key steps involved in testing
products include:

(a) E-Test (or Electrical-Test)—This test step is a process characterization step
used in the wafer fab to check the manufacturing quality and device parametric
values. E-Test can be used after an intermediate process step to check the
quality of that step and/or at the end of wafer processing to assess overall
quality. Note that this test step does not influence the SiP Module yield, but
can affect Module costs indirectly as lower wafer yields will translate into
higher die cost.

'°1t should be pointed out that this model while illustrative is simplistic in a number of ways. In
real life situations, the number of process steps is higher than n; individual process step yields vary
and are not always independent of each other.

""In industry parlance, the acronym KGD (Known Good Die) is used to describe the need for
working pretested die.
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(b) Wafer Level Sort—This is a wafer level test where each individual die is
probed and functionally tested to see if it is good enough for assembly'>.
Contact is accomplished using a probe card that has individual probes to make
electrical contact with the interconnect pads on the die. Typically, a probe card
can contact several die simultaneously with each one individually tested. The
test results are stored in a database that tracks each wafer, and die indexed by
its position on the wafer. For SiP Modules, Sort is expected to deliver Known
Good Die to the assembly process.

(¢) Burn-In—The function of Burn-In is to accelerate the failure of latent defects
(such as fab and assembly process-induced defects or design marginalities) in
an assembled SiP unit to become detectable at a Test step. The Burn-In step
helps remove Modules that would have contributed to early customer failures
typically called “Infant Mortality.” By removing these units, product failures
observed by customers are limited to “wearout” mechanisms which occur far
in the future. Acceleration of latent failures is accomplished by subjecting the
units to higher voltages and temperatures then they would experience in the
field, and at long stress times, usually in the range of many minutes to many
hours'®. The goal of Burn-In is to aid in identifying process and design factors
responsible for latent failures. As manufacturing processes mature, Burn-In
times typically are reduced.

(d) Package Level Functional Test—This step is the most comprehensive of all
test steps and is used to ensure that the assembled units are defect free, meet
performance requirements, and to grade the performance level of the assem-
bled units. Since this is the final and most comprehensive of the Test steps, the
level of Test coverage (i.e., how much of the product functionality is evalu-
ated) and the precise control of test parameters are critically monitored.

Now that the key test steps have been described, specific challenges related to the
testing of 3D TSV stacks can be discussed with reference to Fig. 2.18 which shows a
two chip stack although the conclusions can be extended to higher number stacks.
Chips 1 and 2 will be tested at Sort before the wafer thinning and TSV reveal process
steps for both the FEOL and MEOL flows, and before TSV formation in the BEOL
flow. Only the active side of the die are probed at Sort, and the die backside is
ignored. In the W2W and D2W flows, each chip is similarly sorted before TSV and
RDL formation. The chips go through the assembly process and package stacks are
created. After the entire die stack is mounted on a package, it is functionally tested.

12 Determining viability for assembly requires a careful optimization of cost (i.e., cost of probing
die on a wafer needs to be balanced against the cost of package waste and need for additional test
steps later in the flow) and test coverage (while checking a greater degree of die functionality
before packaging is financially viable, it can also require more sophisticated Sort technology).

'3 One of the key considerations in manufacturing costs is the time it takes to test units. The greater
the amount of time, the lower the throughput and hence higher the costs. The goal in E-Test, Sort,
and Package Level Test steps is to focus on test time minimization without impacting quality.
Burn-In processes, on the other hand, are designed to run longer so that latent defects are
screened out.
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Fig. 2.18 Test considerations for a 3D stack with TSVs

The advantage of the D2D flow is that Chip 1 can be tested for full functionality
before Chip 2 is attached. Thus, only known good packaged Chip 1 die will be used
for assembly. Full functionality of Chip 2 can only be verified through connectivity
through Chip 1. This constraint would not exist if the two die were assembled side-
by-side in a package. Additionally, since the heat path for Chip 1 is impeded by Chip
2, precise temperature control of Chip 1 during full functional test is a more
challenging than in the corresponding side-by-side case. Both of these constraints
imply that there are more challenges with stacked die testing vs. side-by-side, and
the potential for higher compound yield loss is greater too.

2.6 Challenges with 3D TSV Architectures

It should be clear from the discussion so far that TSV-based architectures, while
attractive from a performance and power efficiency perspective, can be thermally
limited. Increasing the thermal envelope of 3D stacks is an important challenge.
Considerable research in enhancing conduction and convection modes of heat
transfer are described in Chap. 10. 3D TSV stacks break existing paradigms and
require new design tools that accommodate the area and stress impacts on transistor
performance while taking advantage of the newly available vertical TSV
interconnects.

From a manufacturing perspective, TSV manufacturing processes create greater
overlap between back-end silicon fabrication and assembly technologies. Addition-
ally, it requires considerable investment in new equipment such as deep via etchers,
high aspect ratio Cu plating, ultra-thin wafer handling, and stacked die assembly.
Stacked die assembly drives the need for new materials such as fluxes that work in
narrow chip gaps with minimal residue, and high thermal conductivity underfills
that are compatible with different assembly flows. 3D stacks drive new Test
paradigms including fine pitch test and a very detailed understanding of KGD
and KGSD.
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2.7 Summary

A broad overview of the value and importance of SIP packages has been provided
along with motivation for TSV-based 3D architectures. TSV-based 3D stacking has
generated considerable interest in the past two decades and the considerable
research and development effort in architecture and manufacturing has resulted in
a detailed understanding of multiple aspects of the technology.
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Chapter 3
Materials and Processing of TSV

Praveen Kumar, Indranath Dutta, Zhiheng Huang, and Paul Conway

3.1 Introduction

With the evolution of electronics towards increasingly energy-efficient, mobile, and
high performance platforms, the requirements for packages with smaller form-
factor, lighter weight and lower power, along with higher bandwidth and memory
capacity, have been accelerating. This has led to increasing use of 3-dimensional
(3-D) packaging of microelectronic devices, which can result in substantial reduc-
tion of energy consumption per bit of information processed, due to a dramatic
reduction of package parasitics. Of the different types of stacked-die packages,
area-array dies interconnected with through-silicon vias (TSVs) have emerged as
probably the best 3D-package architecture. In a typical 3-D package, multiple
chips, each performing a well-defined and independent task, are stacked in a
vertical column. The vertically stacked chips are then connected through solder
microbumps, and communicate with each other through metal-filled TSVs, which
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are fabricated in the thinned silicon dies. This circumvents the need for horizontal
integration and reduces communication bus-lengths, thereby improving perfor-
mance while simultaneously reducing the energy footprint of the package.

In this chapter, we focus on the materials and critical steps associated with
fabricating TSVs and the flow process to fabricate TSV-enabled 3-D integration of
silicon dies. In the following chapter, we will introduce the microstructural and
reliability issues of TSVs.

3.2 Overview of TSV Materials and Processes

A TSV is composed of a conductor, passing through the Si substrate of the stacked
dies. The conductor is electrically insulated from the substrate by a dielectric layer,
i.e., the TSV liner, and interconnects the metal wires of the stacked dies. The TSV
liner also determines the TSV parasitic capacitance. In order to avoid diffusion of
metal from the TSV into the Si substrate, a barrier layer is used between the liner
and the TSV metal [1, 2]. The geometry of the TSV conductor may vary depending
on the 3-D stacking technology. The area crossed by current may have different
shapes, e.g., square, rectangular, circular, elliptical, and polygonal [3, 4]. In addi-
tion, the lateral surface of the conductor can be cylindrical or conical [2].

The 3-D interconnection technology based on TSVs basically consists of three
main process modules: (1) The TSV module itself, (2) wafer thinning and back side
processing, and (3) the die or wafer stacking process (permanent bonding and/or
temporary bonding) [1]. The sequence of these process modules may vary and
different process flows may be characterized by the following four key differenti-
ating characteristics [1]:

1. The order of the TSV process with respect to the device wafer fabrication
process. So we have via-first, via-middle, and via-last processes, cf. Sect.3.4.1.

2. The order of the TSV processing and 3D bonding.

3. The order of wafer thinning and 3D bonding.

4. The method of 3D bonding. We have wafer-to-wafer (W2W) bonding, die-to-
wafer (D2W) bonding and die-to-die (D2D) bonding.

In addition to these four main characteristics, three secondary characteristics are
identified [1]:

1. Face-to-face (F2F) or back-to-face (B2F) bonding (the face or top surface of the
wafer being the side with the active devices and back-end interconnect layers),
cf. Sect. 3.4.2.

2. In case of a via-last approach, the TSV may be realized starting from the wafer
front side or from the wafer back side. Starting from the front side of the wafer
requires etching through the back end of line (BEOL) stack.

3. Removal of the carrier-wafer before or after bonding (i.e., temporary bonding
and permanent bonding).

Table 3.1 provides an overview of the TSV materials and associated processes.
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Table 3.1 An overview of TSV materials and processes®

Materials | Processes Comments
Filler |Cu ECDP Well-established process with high conductivity, com-
patible with metal BEOL process.
w CVD* Lower conductivity than Cu, but with better coefficient

of thermal expansion (CTE) match with Si and better
filling to small via.

Poly-Si LPCVD! CVD process compatible with FEOL process, but with
low conductivity and high contact resistance.

Solder LMF* [6, 7], Reduced principal stress compared to Cu TSV.

alloy IMS' [8]
Polymer | Spin-on [9], Polymer filling process, but lower conductivity than
NanoFill [10] metal.

CNT® CVD/PECVD" | CNT via is promising but materials and processing

[11,12] issues remain.

Barrier | Ta, TaN | CVD Common for Cu TSV.

TiN CVD Common for W TSV.

NiB, etc. | ELD' Used for special process (e.g., for electrografting depo-
sition of insulator, diffusion barrier, and copper seed
layers).

Liner SiO, CVD Both SiO, and SiN, used as common insulators, often
combined.

SiN, CVD

Polymer | Spin-on Polymer can serve as a stress buffer.

* This is an updated version of the original table from [5] "Electrochemical deposition
¢ Chemical vapor deposition

4 Low-pressure CVD

¢ Liquid metal filling

f Injection molded soldering

€ Carbon nanotube

" Plasma-enhanced CVD

! Electroless deposition

3.3 Fabrication of TSV and TSV Assembly

Fabrication of a TSV structure (or TSV assembly) comprises four main steps:
(1) etching of Si, where a hole or via in Si wafer is created, (2) filling, where the
via created in the previous step is sequentially filled with a dielectric layer, a
diffusion barrier and/or adhesion layer, a seed layer, and a filler material,
(3) planarization and thinning of the structure after the filling step, followed by
(4) deposition of a redistribution layer with embedded circuitry to re-route electrical
signals to the chip stacked on top. Steps (1) through (3) are schematically illustrated
in Fig. 3.1. Most of the processes utilized during these three steps were originally
developed for fabrication of micro-electro-mechanical systems (MEMS) and inte-
grated circuits (ICs). Hence, these processes and the corresponding technologies are
not strictly new; however, these processes, as it will be explained below, have been
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(b)

(a)

Filler 1. Hole/Trench in Si 2(a). Dielectric Layer
or nail

2(b). Barrier Layer 2(c). Seed Layer

2(d). Filler or Nail 3. Planarization and Thinning

i Barrier
Dielectric layer ~ Seedlayer " -
(optional) 'Y

Fig. 3.1 Schematic illustration of (a) a TSV assembly or TSV structure comprising of TSV,
dielectric layer, barrier layer, seed layer, and the filler, and (b) three major steps required for
fabricating a TSV assembly

significantly modified and tailored for catering to the requirements of creating TSV
structures. The most unique feature of a TSV is that it is a high aspect ratio (HAR)
structure having very small cross-sectional area. Thus, the unique challenges
associated with fabricating TSV and TSV-assembly stem primarily from drilling
a HAR hole in Si wafer and then sequentially conformally filling it with a myriad of
materials belonging to different classes (e.g., metal, ceramics, etc.). Below, we
describe the main steps of fabricating a TSV assembly, and also highlight associ-
ated challenges and a few methods of overcoming them.

3.3.1 Creating a Via or Trench in Si Wafer

A TSV usually has a diameter and a height in the range of 1-10 pm and 10-150 pm,
respectively [13—15]. Hence, the aspect ratios of TSVs are often in the range of 1-
50. Generally, TSVs with small diameters are preferred for increasing the layout
efficiencies' and minimizing keep-out zone (KOZ).” In addition, the inner walls of
the holes should be slightly tapered (85-88° [16]) and smooth for conformal and
void-free material filling [16—18]. The smooth wall of TSV also reduces stress
concentrations; this is particularly useful as the TSV assembly usually has high
residual stresses and it is often exposed to large thermal stresses during fabrication

! Layout efficiency is understood as the number of conductors per unit area.

2KOZ is the region where functional properties of Si are significantly affected by the stress field of
the TSV.
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of transistors, etc., as well as during service [19, 20]. Therefore, fabrication of TSV
requires drilling small sized, slightly tapered, smooth holes of HAR in Si wafer. For
this purpose, laser drilling, powder blast micromachining (PBM), anisotropic wet
etching, and plasma etch have been explored. However, as explained below, the
plasma-etching-based Bosch-process type deep reactive ion etching (DRIE)
method is the most widely used commercial method for creating holes or trenches
in Si for fabricating TSVs [21].

3.3.1.1 Laser Drilling

Laser drilling for fabricating TSVs is a process, where a hole or trench in Si is
created by focusing a high-powered laser beam at a desired location on a Si wafer.
Due to the excessive heating, Si below the laser beam melts and vaporizes, thus
creating a vertical trench with small diameter [22]. The typical diameter of the laser
beam used in this process is 10-20 pm [22, 23]. To confine the spread of the heat-
affected zone and remove the machined debris, a jet of coolant (e.g., deionized
water) may also be splashed onto Si wafer near the laser spot. As shown in Fig. 3.2,

(a)

10.0um § 54800 15.0kV §.4mm x500 SEM)

-

Fig. 3.2 A few examples of blind holes drilled by laser: (a) scanning electron micrograph of the
top and the profile view of a blind hole in Si having a diameter of ~ 8 pm [24], and (b) a regular
array of holes in Si of ~ 10 pm diameter and ~ 70 pm depth [22]. Note the tapered nature of drilled
holes
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this process has been successfully employed to drill blind holes of HAR and having
diameters in range of 10-80pum in Si [25]. As multiple laser beams can be
simultaneously used, this process can be used to simultaneously drill multiple
holes (see Fig.3.2b) and hence may also have very high throughput
(> 2000 holes/s [23]).

Nevertheless, this process involves heating, although locally but excessively, of
Si wafer that can damage Si wafer near the hole. This is particularly a problem if the
Si wafer is single crystalline, as such heating may generate defects and also, induce
polycrystallization, thus leading to a deterioration of functional properties of Si
wafer [23]. In addition, excessive heating may also affect front-end and back-end
structures, if they are already fabricated on the wafer. A laser pulse of very short
durations (i.e., ultra-fast lasers) may be used to minimize the extent of heat-affected
zone and residual stresses (or strains) in Si [23]. Due to this inherent existence of
heat-affected zone, this process has so far found only limited application in
creating TSVs.

3.3.1.2 Powder Blast Micromachining

PBM or abrasive jet machining (AJM) is a drilling method that works on the
mechanical removal of material from precise locations. In this process, very fine
hard powders are bombarded through high-pressure air nozzle on the brittle Si
wafer. As the hard powders moving at very high speed (~ 100m/s [26]) collide
with Si, it abrasively removes bulk Si, thus creating a trench or hole in Si [26]. Al,0O;
powders of sizes in the range of 10-20 um can be used for creating trenches in Si
wafer [26, 27]. In this process, a mask of a ductile material, such as electroplated
Cu, polymer photoresists, etc., can be placed on top of Si wafer to protect the region
from getting abrasively removed. Usage of such a mask decreases the aspect ratio of
the trench [27]. As shown in Fig.3.3, PBM has been successfully used to drill
holes in Si. However, this process has not been able to drill holes of very HAR
(usually aspect ratio is less than 5 [26]). Furthermore, this process imposes large

() (b)
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- particle mixer
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Powder jet
Nozzle

Fig. 3.3 (a) A schematic representation of the setup for powder blast micromachining. (b) A few
examples of blind holes of different diameters created in Si wafer using high-resolution powder
blast micromachining [27]. The mask used in (b) was SU-8
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(a) (b)

Etching medium
(110)

(111)

Fig. 3.4 (a) Schematic illustration of the workings of anisotropic wet etching of Si wafer. (b) A
trench prepared in (1 0 0)-oriented Si wafer using etching with 9 M KOH at 60-65 °C [28]. In (b), a
hard mask of SiO, on rop of Si wafer was used

mechanical stresses on Si wafers, resulting in significant residual stresses, chipping
of the corners, generation of defects, and polycrystallization. Therefore, this pro-
cess is still not popular for producing TSVs.

3.3.1.3 Wet Etching

A widely used method for fabricating trenches in Si wafer is anisotropic wet etching
of Si using hydroxides, e.g., KOH, NaOH, CeOH, RbOH, NH,OH, (CH;),NOH
(i.e., tetra methyl ammonium hydroxide or TMAH), etc. Reaction of hydroxides
with Si produces a water soluble Si-oxide complex (i.e., SiO,(OH),> "), which is
then flushed out, leaving a trench in Si. Since KOH etches the {110} family of
planes almost 600 times faster than {11 1} planes, proper masking and exposing Si
wafers of appropriate orientations to KOH can lead to anisotropic etching along one
direction, resulting in HAR trenches (see Fig. 3.4a). Furthermore, since the kinetics
of oxidation of {1 1 0}-planes is significantly slower as compared to {11 1}-planes,
addition of an oxidizing agent in KOH may further suppress etching rate of {11 1}-
planes as compared to {1 1 0}-planes [21]. This may further enhance the anisotropic
etching, resulting in holes with an aspect ratio as high as 600 [29]. Similarly,
ethylene diamine pyrocatechol (EDP) and TMAH etch 10 0-planes ~ 30 times
faster than {11 1}-planes, and can, thus also be used to etch holes in {100}-
oriented single crystals of Si [30]. In the context of wet chemical etching, amine
gallate can also be used to anisotropically etch {100}-planes as compared to
{11 1}-planes—the latter planes are etched at rates that are 50-100 times slower
than {100}-planes. As shown in Fig. 3.4b, anisotropic wet etching of Si can be used
to fabricate HAR TSVs. Although this process is easy to use and can produce
structures with very HAR, this is limited mostly to produce rectangular grooves and
is not popularly used for creating TSV structures with vertical walls [21].
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Fig. 3.5 A high aspect ratio
blind hole etched in Si
wafer by cryogenic plasma
etching process [31]

3.3.1.4 Plasma-Based Methods

The most common method for creating holes or trenches in Si for fabricating TSVs
with almost vertical walls is based on anisotropic etching of Si using fast moving
and colliding plasma; this method is termed as ‘deep reactive ion etching’ or
DRIE [21]. There are two main DRIE processes suitable for etching vertical
holes in Si: (1) cryogenic DRIE and (2) Bosch process. In cryogenic plasma
etching, the Si wafer is cooled to a very low temperature, often below —110 °C,
using liquid nitrogen or liquid helium cells [21] and then unidirectionally
bombarded with etchant plasma. Due to the low temperatures, the chemical etching
of Si due to the reactive ions (which may be isotropic) is reduced dramatically and
the Si wafer is primarily etched mechanically at a particular location in the vertical
direction due to the bombardment of the highly energetic plasma [21]. Thus, as
shown in Fig. 3.5, cryogenic DRIE produces holes or trenches of very HAR with
almost vertical walls [28]. The major issues with the cryogenic process are (1) the
need of a hard mask which does not etch away under plasma-bombardment and
(2) cracking of Si, especially near the corners, due to the extremely low tempera-
tures [21]. Due to these reasons, this process is not widely used commercially.

The Bosch process, which is another DRIE process used for etching HAR holes
or trenches in Si, falls in the general category of time-multiplexed alternating
process [21]. As the name suggests, in a time-multiplexed alternation process,
multiple processes occur in a synchronous fashion. For example, in the Bosch
process, etching and passivation processes are performed separately in a synchro-
nous fashion, where etching is followed by passivation, and vice versa [32, 33]. Such
an alternating, synchronous process becomes effective in making very deep
trenches or holes in Si, as it is often very difficult to achieve anisotropic etching
from sheer bombardment of the plasma. The passivation layer is applied especially
on the sidewalls of the hole, so that the diameter of the hole does not increase as the
depth of the hole is increased. With the help of schematic shown in Fig. 3.6, we
describe different steps of this process below:

1. The top layer of the Si wafer is patterned using standard photolithography (see
Fig. 3.6a). The plasma assisted etching process, as described in (b), does not etch
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. 3.6 Schematic illustration of different stages of Bosch process for etching holes or trenches

in Si: (a) placement of a polymer mask on Si surface, (b) flow of etchant plasma on exposed
surface of Si and subsequent etching of Si, (¢) flowing passivation gases and subsequent formation
of passivation layer on walls of Si, and (d) erosion of polymer layer from the bottom of the Si hole
(depassivation) and subsequent further etching of Si at the bottom of the hole

2.

the polymeric photoresist coated over the Si wafer. A SiO, layer may or may not
be grown on top of Si wafer.

The Si wafer is etched by highly energetic plasma of a suitable gas, e.g., SFg,
CF4, NF;, Cl,, etc. (see Fig.3.6b) [21]. The gas creates a plasma consisting of
electrons and neutral species as well as positively charged species. The posi-
tively charged species, which accelerate under an applied electric field, impinge
on the Si surface normal to its motion path at high speed, removes any passiv-
ation layer or debris from there, and then reacts with Si [21]. Interestingly, due to
the high momentum of the plasma, it also removes the formed chemical com-
pound from the end of the hole in Si. The most common etching gas (and also the
gas originally suggested in the Bosch process) is sulfur hexafluoride,
SFg [32]. The following chemical reaction occurs between SF¢ and Si:

Si +2SF(g) — SiF4(g) + 2SF4(g) T > 100°C (3.1)
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2Si + 2SF¢(g) — 2SiF4(g) + SaFa(g) T < —30°C (3.2)

Since all reaction products in above equations are gaseous, i.e., volatile, Si
atoms are gradually removed from the wafer as the above process continues. The
above reactions are highly exothermic and hence Bosch process is often
performed at low temperatures ( < 5 °C). In addition, a good and uniform etch
rate is achieved if the temperature is uniformly maintained.

3. Following the above etching process, another gas, for example, C4Fg, C4Fg, etc.,
is passed over Si for depositing a thin layer of passivation polymer layer on the
walls and the bottom of the hole (see Fig.3.6c) [33]. The most common
passivation gas is octa-fluoro-cyclo-butane, C4Fg, which breaks down and pro-
duces the repeating unit -[CF,]- of a Teflon type polymer in presence of the
plasma created in the etching process. The polymer then gets deposited on the
walls of Si hole [21].

4. In the next sequence of etching (i.e., step 1), the fast moving plasma impinges on
the bottom of the hole and abrasively erodes the polymer layer from there; this
step is called depassivation (see Fig. 3.6d). This exposes Si at the bottom of the
hole to the etchant and hence the depth of the hole further increases. On the other
hand, the passivation of the vertical sidewalls remains intact (as they are parallel
to the flow of plasma and do not collide head-on with plasma) and hence the Si
walls remain protected from the etchants. However, the plasma removes some
polymer layer from sidewalls also, especially near the bottom of the hole. This
leads to sideways etching or undercutting of the Si walls, leading to a scallopy
structure (see Fig. 3.7). Minimization of the scallopy features or surface rough-
ness is a challenge in Bosch process, giving rise to several innovative technol-
ogies, as will be explained below.

Using the Bosch process, holes in Si of various diameters and aspect ratios have
been successfully prepared (see Fig. 3.7 for a few examples). It should be noted that
the polymer removal rate from the bottom reduces with the increase in depth of the
hole (as the velocity of the plasma is reduced). Hence, a strategy of gradually
increasing accelerating voltage with the depth of the Si hole is often used for
attaining very HAR holes [35]. It is also important to know that a one-step
etching-passivation process can also be used in Bosch process. However, the
etch-rate in the one-step process is very low as compared to the two-step cyclic
Bosch process, and hence the latter is more widely used. In the cyclic Bosch
process, the two steps of etching and passivation may last for a few seconds each.
In a cyclic etch-passivation step, the depth of the Si-hole may increase by 0.5-5 pm.
The original Bosch process involving the SF¢/C,Fg sequence results in an etch rate
of 10 pm/min, which can be further improved by manipulating the gas chemis-
try [21]. A cycle with longer time not only increases the etching rate, but also
increases the roughness of the Si sidewall [21].

As mentioned above and shown in Fig. 3.7a, the Si holes produced by the Bosch
process are generally very scallopy. It has been reported that power to pressure ratio
is an important process parameter affecting the surface roughness, where a higher
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Fig. 3.7 A few representative Si blind holes prepared by Bosch process using: (a) SF¢/C4Fg [17]
and (b) SF¢/HBr/O, [34] gas chemistries. The inset in (a ) shows a magnified view of the wall of
the hole, clearly revealing formation of scallops. A higher magnification image of the rough,
scallopy structure of the sidewall is shown in (¢). The marker bars in inset of (a) and (c) are 1 pm
and 2 pm, respectively.

ratio produces smoother walls [36]. When the Bosch process is well controlled, the
maximum distance between the hill and trough is less than 50 nm. Furthermore, it
has been reported that adding postetch wet-etching process using KOH and isopro-
pyl alcohol can reduce the surface roughness to 6 nm [37]. It has also been reported
that adding new steps in the above time multiplex alternate process by including
flow of either oxygen plasma or oxygen and argon plasmas [38, 39] can also reduce
the surface roughness as well as increase the overall depth of the Si holes. Another
strategy for reducing surface roughness is to perform a single step anisotropic
etching at the beginning of the etching process, followed by the usual time
multiplexing alternating method [21]. This method stems from the observation
that the roughness of Si walls created by the Bosch process decreases with an
increase in the depth of the hole [21].

3.3.2 Sequential Filling of Si Via

Once a blind hole is etched in Si, it is conformally filled with different classes of
materials. Of all of the material filling processes, the two most critical criteria are:
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(1) step coverage and (2) void-free filling. For ensuring step coverage, it is desired
to have some taper in the Si via [16, 17]. Often a taper of 2-5° (i.e., TSV-sidewall
inclination of 85-88° relative to the Si-surface) is optimum for conformal coat-
ing [16]. Below, with help of Fig. 3.1b, we describe the filling processes in detail:

1. Dielectric layer: A thin layer of low-dielectric, i.e., a dielectric with high
breakdown voltage, is placed over the walls of the Si hole to establish electrical
isolation between the current-carrying TSV-filler and the rest of the die. The
most common dielectric materials are SiO,, silicon nitrides, silicon oxynitride,
tetra-ethyl ortho-silicate (TEOS), etc. Most of these dielectrics are deposited by
plasma-enhanced chemical vapor deposition (PE-CVD) technique, whereas
Si0; can also be grown using dry etching process. It is important to maintain a
low thermal budget during this process, especially when the TSVs are prepared
after fabricating transistors, etc. Polymers are another class of dielectric mate-
rials, which can be coated at low temperatures and are suitable for low power
applications. A common polymer dielectric material is parylene or poly
(p-xylene) [40]. Another advantage of using a soft and compliant polymer
dielectric layer is that during thermal cycling, it can accommodate the differen-
tial thermal strains produced between Si and the metal filler (e.g., Cu) during
thermal excursions, and hence minimize stresses produced in the TSV assem-
bly [41]. As shown in Fig. 3.8a, one of the ways to coat polymers on Si is by first
etching an annular trench concentric to the final via and then filling it by spin-on
polymer, followed by curing of the polymer [41]. Following coating of the
polymer in the Si annular trench, the solid Si inside the trench is etched, resulting
in a blind hole with walls coated with polymers (see Fig.3.8a). As shown in
Fig. 3.8b, this method allows conformal coating of Si walls with the dielectric
layer without voids. The thicknesses of oxide-based and polymer-based dielec-
trics are 50-200 nm and 1-5 pm, respectively [41].

2. Barrier and adhesion layers: Following the placement of an appropriate dielec-
tric layer on Si walls, a thin barrier layer is placed on the dielectric layer for
inhibiting diffusion of the conducting filler material into the dielectric layer and,

(a)
! ' ' (
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Etching annular cylindrical Filling annula.r trench with Etching Si inside trench to
trench in Si polymer create Si via

Fig. 3.8 (a) Schematic illustration of polymer filling strategy. (b) Scanning electron micrograph
of a Cu filled TSV with polymer (Epoxy 8023-10) dielectric layer [41]
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eventually, into Si. Selection of the barrier layer is specific to the filler material.
For example, Ta, TaN, TaN/Ta bilayer, Re, Ti, and TiN may be used as the
barrier layer for Cu [42]. An additional adhesion layer may be deposited on the
barrier layer for improving attachment of the seed layer on top of the barrier
layer [43, 44]. A thin layer of TiW, Ti, and Ta may be used as adhesion layer for
Cu [44, 45]. It is interesting to note that a few materials, such as TaN, Ti, and
MnyN, may act as both the barrier and the adhesion layers [44, 45]. In the
particular case of TaN, often a thin layer of Ta is placed on top of it to further
improve the adhesion. The barrier layer can be deposited using ionized pressure
vapor deposition (PVD), atomic layer deposition (ALD), and chemical vapor
deposition (CVD) processes. ALD usually gives the most conformal and con-
tinuous coating with minimum thickness of the barrier layer. The usual thickness
of the barrier layers is a few tens of nanometers.

3. Seed layer: Since the resistivity of the barrier layer is very high, it cannot be used
directly as a substrate (i.e., the cathode) for electroplating metal filler. Thus, a
thin seed layer of the filler metal is deposited on the barrier layer for enabling
electroplating of the metal filler. Hence, the seed layer may not be needed if
either a paste of conducting material is squeeze-filled into the hole, or a moder-
ately conducting barrier layer (e.g., Re), etc., is used. Often PVD is used for
depositing the seed layer of metal filler. However, it is challenging to achieve
conformal and continuous coating of uniform thickness of HAR holes through
PVD. This leads to porous filling of material in the hole, resulting in a well-
known phenomenon of bottom voiding [46]. CVD may produce a better confor-
mal coating of the Cu seed layer; however, the adhesion of the Cu CVD layer
and the barrier layer remains an issue [46]. Thus, electrochemical seed-layer
enhancement (SLE) technologies based on wet coatings may be used for
repairing the seed layer by filling the discontinuities in the PVD seed
layer [46]. This process is also an electroplating process (which, as will be
discussed below, is used to fill the hole by a metallic filler) and hence the
same setup as of standard electroplating can be used for this process also.
However, SLE uses different bath chemistry so that metal plating can be take
place on both seed layer and the barrier layer, without corroding the existing
seed layer [46]. Figure 3.9 shows a pair of scanning electron micrographs
showing the effect of SLE process on a PVD-grown seed layer. As shown in
Fig. 3.9, the usual thickness of seed layers is 1040 nm. Since the grain size,
grain shape, and grain orientation of the metal filler depend on the microstruc-
ture of the seed layer [47], it is a very critical step and is a subject of constant
innovation.

4. Filler: Once the Si hole has been filled with the dielectric layer, barrier layer, and
seed layer, it is then filled with the conducting filler, which occupies most of the
volume of an etched hole. Figure 3.10 shows a few micrographs of a Cu filled
TSV, also revealing different layers. The most common method for depositing
filler material is electroplating. This is due to the fact that metals, especially Cu,
are the most widely used fillers for TSV assemblies. Besides electroplating,
squeezing-in a conducting paste (called paste printing) and CVD can also be
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Fig. 3.9 Scanning electron micrographs showing the effect of SLE process on seed layer of Cu
deposited in trenches with 0.15 pm openings: (a) 15-nm thick seed layer deposited by PVD
process, and (b) an additional 40-nm thick layer deposited through SLE process [46]
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Fig. 3.10 Micrographs showing cross-sectional view of Cu filled TSVs: (a) time lapse images at
low magnification showing the fill front during bottom-up electroplating [48], and (b) at high
magnification TEM micrograph showing different material layers [49]. Cu electroplating in (a)
was performed at an applied potential of 0.600 V using electrolytic bath comprising of 1.0 mol/L
CuSO0y, 0.5 mol/L H,SO,, 0.001 mol/L NaCl, and 10 pmol/L poloxamine (Tetronic 701) [48]

used to fill the hole [50]. A filling process should result in a void-free and stress-
free filler material; however, these two critical requirements are not easily
fulfilled. Hence, in practice, the goal becomes their minimization. Cu, W, and
other metals are electroplated, whereas heavily doped poly-silicon is filled by
low-pressure CVD [51], and metal-polymer (e.g., Ag/polypyrrole) composites
are often paste printed [50]. One of the common commercial electrolytes for Cu
electroplating is an acidic bath comprising 0.88 M CuSQO,, 0.54 M H,SO,, and
60ppm Cl- (NaCl) [51]. Since most often the strategy for filling the via is
bottom-up (i.e., directional and not isotropic), a suppressor, an accelerator, and a
leveler are also added to the electrolytic bath for efficient via filling [52]. Sup-
pressors interact with chloride ions to inhibit Cu deposition. An accelerator is
adsorbed on the electrode surface, where it gradually replaces the suppressor,
thus allowing electroplating of Cu to take place. Furthermore, coverage of an
accelerator moves upwards, thus enabling Cu filling to take place in a directional
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fashion from the bottom to the top [52]. Levelers are used to improve filling
performance, decrease the surface roughness and prevent Cu deposition at the
opening of the via [52]. Most of the suppressors are polymers (e.g., polyethylene
glycol (PEG), etc.) whereas common accelerators and levelers for Cu plating are
3-mercapto-1-propanesulfonate (MPS), (3-sulfopropyl) disulfide (SPS),
3,3-thiobis (1-propanesulfonate) (TBPS), etc., and Janus Green B (JGB),
Diazine Black, Alcian Blue, etc., respectively [52]. As mentioned above, Cu is
the most widely used filler for its very high electrical conductivity and compat-
ibility with the back-end structures, although in some applications, W fillers are
also used [53]. On the other hand, poly-silicon is compatible with the front-end
structures (i.e., transistors) and its thermal expansion coefficient is also similar to
that of Si.

3.3.3 Planarization and Die-Thinning

As shown in Figs. 3.1b and 3.11a, after filling the metal in the Si via, there is some
excess metal or paste that is leftover on top of the wafer; this feature is called
overburden. There is a need for extra filling so that voids inside the filler can be
minimized. Also, due to the Cu-pumping phenomenon [56] (which will be
discussed in next chapter), Cu metal can protrude relative to the Si. In addition, if
the metal is not filled with proper overburden, the filler may shrink inside the Si via,
leaving a filler gap near its mouth. Therefore, there is a need for planarization of Si
wafer on the side with the TSV-mouth or opening (i.e., from the side where TSV
was created and filled). In addition, the Si wafer may also need to be thinned down

(b)
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Fig. 3.11 The sequence of events showing cross-section of a TSV after (a) metal filling [48] (b)
planarization of Si wafer on the surface having via mouth or opening (/eft and right picture shows
top and profile views, respectively) [redrawn from [54]], and (c) thinning of Si wafer from the
back-side [55]
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to the desired thickness. It is convenient to thin down the Si wafer from the back
side, where TSV processing was not performed, primarily to avoid polishing the
ductile metal and brittle Si at the same time. Fig.3.11 shows the process flow of
these two processes and their impact on the TSV assembly.

As mentioned above, Cu pumping, which manifests itself in protrusion of Cu
relative to Si [56-58], may take place during high temperature processing of front-
end and back-end structures, and deposition of redistribution layers (RDL). Since
FEOL and BEOL processes, as well as soldering and die stacking steps typically,
require heating the device to temperatures in the range of 250-450°C, the
as-deposited Cu TSV structures are often annealed at temperatures moderately
higher than that used in subsequent fabrication steps, after filling process and before
chemical-mechanical planarization (CMP) [58]. Such pre-CMP annealing reduces
the adverse effects of Cu-pumping during subsequent service, and also improves
the adhesion of the via-metal to the via-walls, and stabilizes the microstructure of
the metal filler [59].

Mechanical grinding and chemo-mechanical polishing (CMP) are subsequently
used to planarize the Si-die or wafer at the via-opening side, as well as to thin the
Si-wafer. Following planarization and thinning, the Si surfaces possess a smooth
finish (typically better than 1 pm), as well as small residual stresses in TSV. For
performing mechanical grinding and CMP, the Si wafer containing TSV assembly
can be temporarily bonded with a glass sheet or another thick wafer using
epoxy, etc.

3.4 Flow Process for Fabricating TSVs and Integration
of Dies

A 3-D architectured microelectronic package comprising TSVs can be fabricated
using one of 9 different algorithms: three of these relate to the sequence in which a
TSV assembly is fabricated in the process flow (see Sect. 3.4.1), whereas for each of
these three possibilities, there are three possible configurations in which the TSV
containing die can be integrated with other dies (see Sect. 3.4.2). In any of these
algorithms, the basic steps for fabricating TSV assemblies, consisting of etching Si,
filling, and planarization and thinning, remain the same as described in Sect. 3.3.

3.4.1 Sequence of Flow Process

Based on the sequence of the process flow, TSVs can be fabricated first, last or in
the middle, relative to the front end of line (FEOL) processes and the fabrication of
BEOL structures. Accordingly these are called via-first, via-last, and via-middle
sequences, respectively [13]. As the names of these sequences suggest and as shown
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Fig. 3.12 Flow-process sequence for fabricating TSV assembly with respect to the fabrication of
FEOL and BEOL structures: (a) via-first, (b) via-middle and (¢) via-last. It should be noted that
some of the sequences may interchange depending on the process optimization; for example,
BEOL structures may be formed before thinning the Si wafer in the via-first process sequence, etc.

in Fig. 3.12, in the via-first and the via-last process sequences, the TSV structures
are fabricated before FEOL and after BEOL processes, respectively, whereas the
TSV structures are fabricated after FEOL and before BEOL in the via-middle
process. In addition and as shown in Fig. 3.12, the Si wafer is etched from the top
(where the FEOL and BEOL structures reside) and thinned from the bottom, after
fabrication of TSV structures in the via-first and via-middle process sequences. In
contrast, in the via-last process, the Si wafer is thinned before fabrication of TSV
structures, following which the via is etched from the bottom of the
wafer [33]. Therefore, maintaining proper alignment between the TSV and the
BEOL is challenging in the via-last process.

Another important aspect that affects the selection of the via-processing
sequence is the thermal budget during FEOL and BEOL processes. FEOL
processing involves oxidation and etching of Si and hence it is often conducted at
high temperatures (> 400 °C). BEOL processes, which comprise placing dielec-
trics, metal interconnects, etc., are generally conducted at relatively low tempera-
tures (< 400 °C), although dielectric deposition temperatures can sometimes reach
425-450 °C. Hence, selecting the sequence in which TSVs should be fabricated is
important, and has to be often optimized on a case-by-case basis. For example,
fabricating TSV assemblies in the via-first sequence is the easiest of all process
sequences, as it allows working on a pristine Si wafer with no other structure.
However, since there may be considerable difference between the CTE of the metal
filler and Si, the FEOL processing may lead to the build up of significant thermal
stresses in the structure, resulting in metal pumping, interfacial sliding, fracture,
and other reliability issues. In addition, certain filler metals, for example, Cu, are
difficult to use in the via-first process sequence due to their very fast diffusivity into
Si at high temperatures. This limits the choices for materials to be used as fillers,
e.g., W and highly doped poly-silicon, which have CTEs close to that of Si. On the
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other hand, the via-last process sequence may avoid such thermal loading of TSV
assemblies. Nevertheless, in addition to the alignment issue, the via-last process
also affords less process-flexibility due to the presence of a large number of
pre-formed structures (i.e., BEOL and FEOL) on the Si wafer. Hence, fabricating
vias with very small diameter (<5 pm) and very HAR (> 50) is relatively more
difficult in via-last process sequence. Due to the above limitations of the via-first
and via-last processes, the via-middle process sequence is often deemed to be
advantageous and suitable for several applications.

3.4.2 Integration of Dies Comprising TSVs

Once a die comprising TSV structures is fabricated, it can then be integrated with
another die in the microelectronic device. As schematically shown in Fig. 3.13a—c,
one of the following three strategies can be used for integration [15]: (1) face-to-
face (F2F), where the front side, i.e., the side of the Si wafer which has the FEOL
and BEOL structures, of both dies face each other, (2) back-to-back (B2B), where
the back side of both dies face each other, and (3) face-to-back (F2B), where the

(@) () ©

Face-to-face Back-to-back Face-to-back
(d)
bond-pad,
Cu-pillar
Redistribution - o .
dielectric
—1 metal lines
Si die
4 dielectric,
barrier &
adhesion layers
J I | ==
-__(l:u-pi llar

Fig. 3.13 Schematic of integration strategies via die-stacking and connecting with solder-
microbumps: (a) face-to-face, (b) back-to-back and (c) face-to-back. (d) A redistribution layer
(RDL) is often utilized to connect dies, allowing TSVs to be placed at different locations from the
bond-pads
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Fig. 3.14 Cross-section of ATTER 3 T FEOL
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front side of one of the dies faces the back side of another die. In each of these
integration strategies, a joint between the properly aligned vias may be formed
using solder microbumps, often utilizing a bond-pad or copper pillar attached to the
end of the TSV. To minimize challenges associated with perfect alignment, and to
fan out and/or enlarge the inter-chip joints, a redistribution layer (RDL), comprising
metal circuitry (e.g., Cu) embedded in a dielectric layer (e.g., polyimide or
benzocyclobutene), is often utilized to re-route the electrical connections from
the TSV to larger bond-pads, as illustrated in Fig.3.13d. In addition to relaxing
constraints associated with joint spacing and size, multi-layered RDLs can reduce
TSV-insertion losses, while also improving signal transmission and reliabil-
ity [60]. This strategy also obviates the need for perfect alignment of pads
connected to TSVs, allowing more flexibility in soldering with very thin joints.
Figure 3.14 shows cross-section of a device employing face-to-back integration
technique. Two key challenges during integration of two dies are the handling of
very thin wafers (< 100 pm) and minimizing warpage during assembly, respec-
tively. To minimize these complications, the thinned Si wafer is often temporarily
attached to a glass or a thick wafer using curable epoxy, high temperature adhesives
or sometimes, by using electrostatic bonding. However, for electrostatic bonding,
the surfaces of the glass plate and the Si wafer need to be very smooth (< 10nm
roughness) and clean. In addition, since electrostatic bonding is performed at
moderately high temperatures (> 300 °C), a glass with CTE similar to that of Si
should be used.

3.5 Summary

TSVs are a critical feature of vertically stacked area-array dies, and therefore
constitute a very important enabling feature of 3D packages. In this chapter, the
approaches for the fabrication of TSVs in dies have been presented. Briefly, fabrica-
tion processes comprise four steps, including drilling of via-holes in silicon,
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sequential via-filling (with a dielectric, a diffusion barrier, an adhesion layer, a seed
layer, and a metal filler), chemical-mechanical planarization and thinning of the
silicon, and finally, deposition of a redistribution layer on the surface of the silicon.
These processes and associated materials have been described in some detail.
Processing challenges as well as methods to overcoming them are highlighted and
discussed.
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Chapter 4
Microstructural and Reliability Issues of TSV

Praveen Kumar, Indranath Dutta, Zhiheng Huang, and Paul Conway

4.1 Introduction

Following Chap. 2 on materials, processing, and assembly, this chapter discusses
the microstructural and reliability issues of TSVs. This chapter begins with micro-
structural characterization and stress measurement; it then discusses detailed reli-
ability issues associated with TSVs; finally it presents promising techniques
towards atomistically informed reliability modeling of TSVs.
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4.2 Microstructural Characterization and Stress
Measurement

4.2.1 Microstructural Characterization

The microstructure of TSV can be characterized at four levels, i.e., crystal structure,
phase structure, grain structure, and defect structure. Bunge introduced a function

i(x), phase
G(x) =< gx), orientation (4.1)
D(x), defects, lattice strain

and mathematical methods to quantitatively describe microstructure [8, 9]. For
experimental characterization, standard metallographic techniques can also be
applied to TSV structures. However, preparing TSV samples for microstructural
characterization to investigate precise locations through the TSV sample structures
using standard metallographic polishing is tedious and unpredictable due to the
small size of TSVs and presence of soft materials (e.g., Cu, Ag paste, etc.) adjacent
to hard and brittle Si. Focused ion beam (FIB) milling, which allows precise
machining at small length scales, is widely used for preparing TSV samples for
microstructural characterization. FIB can also be used to prepare ultra-thin samples,
suitable for observation under transmission electron microscope (TEM). Machining
samples using FIB is both a slow and an expensive process. Emerging Xe* plasma
FIB systems, with optimized control over milling parameters, promise faster
removal rates [36]. Another method for characterization of the microstructure of
filler material is by via revealing: in this process, Si is wet-etched using hydroxides,
which do not affect metal fillers, thus revealing the pillar [51, 87]. However, this is
also a slow process and it does not allow observation of the Si-filler interface.
Therefore, sample preparation, especially over the entire height of the TSV, for
microstructural characterization is often very slow. The important microstructural
features of TSV assemblies that are often characterized and quantified are the size
and shape of filler grains, micro-texture, and grain orientation, the presence of twin
boundaries in Cu fillers, shapes, and sizes of voids or cavities in the filler, micro-
cracks, interfacial structure, etc.

Grain size, which can be measured using scanning electron microscope (SEM)
and TEM, is important for the estimation of the strength of the metal filler
(generally, the smaller the grain size, the greater the strength of the material).
The hardness and hence strength of the TSV fillers can be measured using nano-
indentation. Interestingly, as shown in Fig.4.1, nano-indentation studies have
shown that TSV fillers with smaller grain size may not always show an enhanced
strength. Furthermore, as also shown in Fig.4.1, the strength versus grain size
behavior often does not follow the Hall-Petch relationship; in other words, the
increase in the strength is not strictly proportional to the inverse of the square root
of the grain size [59, 86]. These deviations can be attributed to the fact that TSV
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Fig. 4.1 Variation of (a) average hardness and (b) yield strength of filler material with average
grain size of Cu. The broken line shows the best curve fit using Hall-Petch type of relationship
between hardness in (a) and yield strength in (b) and the inverse of the square root of grain size.
The data for (a) and (b) are taken from references [59] and [86], respectively
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Fig. 4.2 (a) Electron backscatter diffraction (EBSD) patterns showing inverse pole figure (IPF)
maps of cross-section of Cu fillers: (1) as-deposited and (2) after annealing at 420 °C for 20 min
followed by annealing at 300 °C for additional 15 min [59]. (b) FIB micrographs showing grain
structure of Cu filler: (1) as-deposited and (2) after annealing at 400 °C for 1h [44]

fillers contain relatively few grains across the via-diameter, as shown in Fig.4.2,
and hence do not display generalized polycrystalline behavior. It has been shown
that electrolytes with impurities can enhance the yield strength of the
fillers [61]. Therefore, attention should be paid to the methods used to estimate
the mechanical behavior of TSVs [19, 78]. In addition, the conventional parameter
of an average grain size may not be sufficient to characterize the grain structure of
TSV fillers. In the current materials genome initiative [56], new methods that
consider more parameters including phase morphology and distribution have been
proposed for quantification of microstructure [42, 90].



74 P. Kumar et al.

Figure 4.2 shows that the grain size of the Cu via-filler increases significantly
upon annealing at elevated temperatures [59]; for example, annealing at 450 °C for
30 min leads to an increase in the grain size from 0.84 to 1.26 um [34]. However, as
shown in Fig.4.2b, the grain growth during annealing is often inhomoge-
neous [44]. Furthermore, impurities in the filler material slow down the grain
growth during annealing [61]. Electroplating at lower current density may lead to
fillers with large grain size; for instance, plating current densities of 1 and 9 A/cm?
resulted in Cu fillers with average grain sizes of 2.57 and 0.88 pm, respec-
tively [86]. Annealing has also been noted to induce twinning in Cu fillers [24, 59].

The micro-texture of TSV fillers is often measured by electron back-scattered
diffraction (EBSD) conducted in SEM (see Fig. 4.2a). However, if the filler grains
are very small, as found in the seed layer, diffraction-scanning transmission elec-
tron microscope (D-STEM) can also be used to map the micro-texture [27]. It has
been noted that although annealing increases the grain size, it does not have any
other noticeable effect on the texture of the filler material [S9]. The micro-texture of
filler materials appears to depend on the orientation of the seed layer, electroplating
conditions, e.g., current density, bath chemistry, bath temperature, etc., impurity
concentration, etc. [27]. However, to date, the dependence of the crystallographic
texture of the via-filler on various process and geometrical parameters has not been
unambiguously determined.

The general microstructural characterization techniques, such as STEM, energy
dispersive X-ray spectroscopy (EDXS), and electron probe microanalysis (EPMA),
can be used to identify the chemical species in TSVs and map their concentration
profile. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) may also be
used to study the chemical species in TSVs [61]. X-ray diffraction (XRD) can also
be used to identify the phases present in the TSV structures [23].

4.2.2 Measurement of Stress State

Substantial stresses are produced in the TSV assemblies, as a result of processing
and during thermal cycling. The sources and implications are discussed in Sect. 4.3.
These stresses affect the overall reliability of microelectronic packages comprising
these TSV structures, and therefore various approaches have been utilized to
understand the nature of these stresses. Three main techniques that have been
used to measure the stress state in TSVs are briefly discussed below.

4.2.2.1 Wafer Curvature Method

If a layered assembly of two or more materials having different coefficient of
thermal expansion (CTE) are joined together and then heated, the assembly bends
with a curvature proportional to the in-plane stresses generated in the individual
components [79]. Although TSV assemblies are more complex, they also bend due
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Fig. 4.3 (a) Representative Raman spectrum of Si wafer using lasers with wavelengths of 457.9,
488.0, and 514.5nm, showing correlation between shift and stress [84]. (b) Measured stress
profiles at different depths of the Si wafer near Cu-TSVs, using two different wavelengths of
laser beams [17]

to generation/relief of residual stresses during thermal excursions [38, 50, 61, 72],
and measurement of the curvature of the wafer can be used to determine stresses in
the TSVs. However, the stress state in TSV structures is more complex than simple
film-substrate systems, and as such, stress analysis based on the curvature method
has usually been supplemented by finite element analysis (FEA) [72]. Although this
method is meant to provide only an overall or average stress (as only one curvature
is measured), FEA may be used regressively to predict the 3-D state of stress.
Moreover, this method can be easily adapted for in situ measurement of stress (e.g.,
during thermal cycling).

4.2.2.2 Micro-Raman Spectroscopy

Since Si is Raman-active, the stress in the Si wafer can be measured using micro-
Raman spectroscopy (uRS) [17, 38, 84, 91]. The most common case involving
usage of uRS in backscatter mode resolves the longitudinal vibrational mode (i.e.,
mode 3), which can then be used to determine the sum of the two in-plane principle
stresses [17, 91]. However, if a high numerical aperture (NA) (say, > 0.4 [91]) is
used, then it is possible to resolve all three modes of vibration and hence tensorial
nature of the stresses in TSV structures [91]. As shown in Fig. 4.3a, compressive
and tensile stresses in Si lead to forward and backward shifts in the Raman signal
(e.g., a shift by a wavenumber of 1 cm ™' corresponds to a stress of ~ 434 MPa'), the
shift being directly proportional to the stress in Si [84]. Since a laser beam with long
wavelength can penetrate deeper in Si, it can provide information from a deeper

't should be noted that the exact value of the stress for a wavenumber shift may depend on the
materials properties used in secular equation (i.e., set of equations in the reference axes which may
be different than that of materials crystallographic reference system). It can lie in the range of 430—
520 MPa [17].
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depth than a beam with a longer wavelength, and thus, depth-sensitive information
can be obtained. Nevertheless, the penetration depth of yRS in the backscatter
configuration is still very small and hence this method can be used to obtain stress
information from near surface regions only. As shown in Fig. 4.3b, the stress in Si
around a TSV strongly depends on the distance from the via-end: at very near the
surface (as measured using short wavelength laser), the stress becomes less tensile
away from the via end, whereas at slightly below depth (as measured using long
wavelength laser), the stress transitions from being compressive to tensile as one
moves away from the via end. Since the stress state in the Si wafer is generally
triaxial, it is challenging to measure all stress-components via Raman spectroscopy.
Nevertheless, by combining with FEA, uRS has been utilized to yield good
estimates of the three-dimensional stress state in the wafer [17, 84, 91]. It should
be noted that metals are not Raman-active and therefore the stress state of Cu
cannot be measured using this technique and has to be derived indirectly from
measurements on Si.

4.2.2.3 X-Ray Diffraction-Based Techniques

To directly measure the localized strain, and hence the stress-field in Cu TSVs,
X-ray diffraction, used in conjunction with a cross-section TEM or a synchrotron
radiation source, may be used to determine stress-induced changes in unit cell
parameter from the equilibrium [62, 77, 85]. This can also be used to measure stress
in Si non-destructively with very high resolution. Although XRD typically yields
only average stress values, by focusing high energy X-rays in a synchrotron to a
small beam size and rastering it on the sample, full strain and stress tensors from
submicrometer sample volumes in the TSV structures may be obtained [7, 48, 77,
83]. Figure 4.4 shows an example of spatially resolved stress variation in a TSV
assembly, determined using high energy X-rays.

a o, (MPa) b G, (MPa)

140
120

100

Fig. 4.4 Stress distribution on a plane as determined using synchrotron X-ray micro-diffraction:
(a) the deviatoric o,, and (b) von-Mises stress [77]. The dotted vertical lines represent the effective
size of the Cu TSV whereas the grey shaded region represent “non-indexable” region where the
diffracted intensities from Cu are comparable with that from Si
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4.2.2.4 Stress Metrology Challenges

Although the synchrotron X-ray micro-diffraction is by far the most powerful
technique for stress analysis, it is the most expensive and requires access to a
synchrotron radiation source [85]. None of these aforementioned techniques can
directly measure stress in Si or Cu. In Raman spectroscopy phonon frequency shifts
are converted into stress values [85]; in diffraction-based techniques strain tensors
are mathematically converted to stress tensor using linear elastic properties of bulk
single crystalline samples [85]. Although uRS can provide stress profiles in the
depth direction, the penetration depth is within a submicrometer range. Therefore,
the complete picture of the stress distribution in TS Vs is still unavailable. However,
this information is critical to elucidate the root cause for the metal pumping
phenomenon as discussed in Sect.4.3.1.3. The modeling techniques discussed in
Sect. 4.4 may provide a solution towards this direction.

4.3 Reliability Issues Associated with TSVs

Reliability complications in TSVs typically arise either from stress-related or
electrical sources, and are often convoluted with microstructural effects. In the
following, we discuss the cause and effects of each of these reliability issues, along
with potential approaches to circumvent or minimize these.

4.3.1 Stressesin TSVs
4.3.1.1 Origin and Effect of Stresses

Stresses in TSVs, and therefore in the neighboring Si, arise from two sources:
(1) growth stresses, that arise as a result of via-filling by electroplating, and (2) -
thermo-mechanical stresses that arise due to thermal expansion mismatch between
Cu in the via and the surrounding Si.

Growth stresses arise when the electrodeposited Cu grows radially inwards on
the Cu-seed layer from the via side-walls, and abut itself, often resulting in a seam
along the TSV axis. Such a seam may leave a thin void-line along the TSV axis
(Fig. 4.5), which can grow during post-deposition annealing, and result in mechan-
ical and electrical performance loss. Electroplated copper undergoes significant
grain growth by self-annealing at room temperature, which results in volume
shrinkage of the Cu TSVs by elimination of grain boundaries [31]. This may
allow any existing void to grow during both self-annealing and during the
pre-CMP (chemical-mechanical polishing) annealing step. During annealing,
hydrostatic stress gradients generated around pre-existing defects in the Cu may



78 P. Kumar et al.

Fig. 4.5 SEM images of
TSVs showing centerline
void after annealing at 150 °
C (a) and 300 °C (b). [43]
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be relieved by diffusion of lattice vacancies towards the existing void near the axis,
causing the void to grow [43].

Thermo-mechanical stresses arise because of differential thermal expansion or
contraction of Cu and Si during heating or cooling of the device as a result of their
large difference in the coefficient of thermal expansion (ag;=2.8 X 107 YK,
acy =17 x 107¥K). Thermal cycling resulting from fluctuating Joule heating
occurs continually during the service life of electronic devices, and 3D devices
are no exception. Typically, electroplated Cu deposited on Si is under residual
tension to begin with (at ambient temperature). During heating, the tension is first
elastically relieved, following which a compressive stress builds up. As temperature
increases, the yield strength and creep resistance of Cu decrease, resulting in stress
relief by plastic yielding and creep, such that at the highest temperature, there is
little stress remaining (Fig. 4.6). During subsequent cooling, a tensile stress builds
up, resulting in stresses in the neighborhood of 200-500 MPa (biaxial for thin
films and hydrostatic for TSVs). Further cycling repeats the same behavior,
although because of substantial plasticity during the first cycle, the yielding and
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stress-relaxation start at a higher temperature, and are therefore lower. This is
shown for a Cu film on Si, measured by wafer curvature testing, in Fig. 4.6 [16]. The
details of this behavior depend on the temperature range and rate of thermal
cycling, but the overall behavior is qualitatively replicated in TSVs. In contrast to
thin films, however, the TSV stress state is triaxial, and the TSV is typically in
triaxial (i.e., hydrostatic) tension at ambient temperature.

As noted earlier, the stress state in Cu-TSVs may be studied either by measuring
the stress in Si via Raman spectroscopy, or that in Si or Cu by X-ray micro-
diffraction. Depth-sensitive Raman measurements, using various excitation wave-
lengths of an Ar" laser, show that Si surrounded by TSVs has a compression
hydrostatic stress at ambient temperature, with the stress varying significantly
along the length of the TSV [17, 84]. The hydrostatic stress in Si becomes less
negative nearer the ends of the TSV. Assuming that the radial and circumferential
stresses (o,,, 0g ¢) in the Si surrounding the TS Vs are either weakly or not dependent
on the axial position relative to the TSVs, one may infer that at ambient tempera-
ture, the axial stress o, in Si is negative (i.e., o, is positive in Cu) near the middle
of the TSV, and becomes ~ 0 at the surface. It was also noted that the stress
variation along the depth is larger for smaller TSV diameters (i.e., larger TSV
aspect ratios). Furthermore, the stress in Si surrounded by an array of TSVs is
typically larger than that outside of TSV-arrays, and these stresses change from
tensile immediately after Cu electrodeposition (where the stress is due to growth
and self-annealing), to increasingly compressive when annealed at increasing
temperatures [52]. Raman peak-shift measurements near the surface of the chip
next to TSV-ends show that the biaxial hydrostatic stress state (i.e., [0, +o4}3, since
0,~0) is negative at the TSV-chip interface, and rises sharply and becomes
positive mid-way between TSVs (Fig.4.7). After annealing, the hydrostatic stress
in Si becomes even more compressive at the interface due to Cu volume expansion,
and more tensile away from the interface [38]. Conversely, in addition to increasing
the grain size, annealing lowers the compressive stresses in the Cu.

Thermal cycling also leads to accumulation of hydrostatic stress in Cu TSV or
filler [62]. In addition, TSVs with high impurity levels appear to lead to high
residual stresses [61]. It has been reported that large tensile radial stresses exist at
the Si-Cu interface [17]; this may make these sites prone to failure in TSV
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assemblies. The radial stress at the Cu-filler/Si interface generally increases with
the length of the TSV for a given diameter [17]. The TSV diameter also seems to
affect the stress state in the TSV assembly, although the dependence of the
hydrostatic stress on TSV diameter is not monotonic [64].

The stresses induced near the surface of Si next to the Cu-filled TSVs have an
adverse impact on the electrical performance of devices in the immediate neigh-
borhood of the TSVs due to induced piezoresistivity, which results in degradation
of carrier mobility [1, 35]. This necessitates a keep-out zone (KOZ) in the Si,
typically a few micrometers in width, in the immediate vicinity of each TSV, where
active devices cannot be placed. The KOZ, which scales with the square of the TSV
diameter, is also greater for high aspect-ratio TSVs, and places a significant
overhead on the area available in the chip for active devices, particularly with the
increasing density of TSVs in chips. Based on FEA of the stress state in Si next to
TSVs, it has been inferred that Cu microstructures with smaller yield strengths
reduce the KOZ size, which increases with increasing yield strength until the via
yields plastically, and then remains stable [39].

FEA of TSVs in free-standing chips shows that after both heating and cooling,
maximum von Mises stress, and hence plastic deformation of the copper occurs
near the interface close to TSV-ends, which is a root cause of copper
pumping [12]. It is further observed that the maximum principal stress (tensile) is
in the radial direction at the interface near the middle of the TSV, and in the
circumferential dielectric layer surrounding the TSV [49]. Evidence of dielectric
cracking at the circumferential Cu-SiO,-Si interface, as well as roughening (due to
voiding) of the metal line at the top of the TSV has been noted after thermal cycling,
as shown in Fig. 4.8 [63]. However, FE analysis of a stacked-die package shows
that each die undergoes convex curvature when the package is cooled from the
stress-free temperature (150 °C), which fundamentally alters the stresses and
displacements relative to the free-standing die [49]. The convex curvature alters
the radial interfacial stress to compressive, reducing the proclivity towards inter-
facial fracture as well as dielectric cracking, and shifting the critical failure
location to the copper-pillar near the solder-microbump interface in 3D pack-
ages [49]. In fact, the failure probability near the silicon-Cu pillar-microbump

c

2um

| 2um|

Fig. 4.8 TSV (a) prior to cycling, and after (b) 500 and (¢) 2000 cycles between 30 and 150 °C,
showing development of dielectric cracks and top-line roughening [63]
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junction (as indicated by the maximum equivalent strain), as well as the required
KOZ diameter, increases with increasing diameters of both the TSV and the
copper-pillar in a 3D package [37].

In addition to producing defects (e.g., voids) in TSVs, including complications
in electrical performance and potentially causing interfacial and or dielectric
fracture, induced stresses also give rise to a plasticity-related phenomenon com-
monly referred to as copper pumping, which can have serious reliability implica-
tions. Because of the pervasiveness of this phenomenon, it is discussed separately in
Sect.4.3.1.3.

4.3.1.2 Microstructure and Stresses

Direct measurement of stresses in Cu-TSVs with X-ray micro-diffraction reveal a
significant tensile hydrostatic stress ( ~ 234 MPa) at room temperature, which goes
to compression ( — 196 MPa) during annealing at 200 °C, and becomes a smaller
tensile stress when the sample is cooled to the ambient (167 MPa). The large initial
tensile stress is caused by grain boundary elimination during self-annealing and
device fabrication, and as noted previously, is undesirable from the reliability
perspective, since this causes large stresses in Si. A subsequent annealing treatment
lowers the tensile hydrostatic stress in Cu, even though the zone of initially larger
grains expands during annealing, as shown in Fig.4.9 [7], possibly because of
relaxation associated with plasticity and creep at the high temperature.

EBSD studies have shown that during annealing, large grains remain stable
when there is a preponderance of X3 twin boundaries, but grains without twins
and smaller grains grow rapidly [75]. It has also been noted that the Cu-TSV has
random texture both before and after annealing. However, microvoids or small
cracks have been noted to form during annealing, thereby reducing stress, as shown
in Fig.4.10. This is possibly because of vacancy diffusion to pre-existing defects

Fig. 4.9 Cross-sections of Cu-filled TSVs in: (a) the as-received state, showing a zone of large
grains in the center surrounded by smaller grains; and (b) after annealing, showing an expanded
central zone with large grains [7]
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Fig. 4.10 (a) Voids and
cracks form at various
locations in a TSV after
annealing (red circles). (b)
Voids near the top of the
TSV, and (c) grain
boundary cracks near one of
the side-walls [75]

under hydrostatic stress gradients within the TSV during annealing, as noted in the
discussion associated with Fig. 4.5.

FEA-based modeling work has also reported the linkage between the micro-
structure of copper grains and the stress in Cu-TSVs. The results from a linear
elastic mechanical model clearly demonstrate that the stress distribution is rather
heterogeneous inside the TSV filler, as shown in Fig.4.11, considering the anisot-
ropy of the elastic compliance tensor of copper. Depending on the texture, mor-
phology and distribution of the copper grains, stress concentrations may occur at
the grain boundaries [89]. Elastoplastic models have also been conducted directly
on copper grain structures with the aim of explaining the formation of copper
pumping [40, 55]. However, the drawbacks of this kind of model are clear. First,
although the mechanical analysis is conducted directly on copper microstructure,
the microstructure is assumed to remain unchanged during the mechanical loading
process. Second, the plastic deformation mechanisms at the atomic scale, e.g., the
motion of dislocations, have not been considered. However, the dislocation
involved processes such as recovery, recrystallization, and grain growth have
been reported to occur in electrodeposited copper and can significantly influence
its mechanical properties [54]. Recrystallization has also been suspected to account
for the copper-pumping phenomenon [2, 61, 64]. Considering the limitation of the
current modeling techniques, more robust simulation methodologies that take into
account the polycrystalline nature of Cu TSVs and their complex deformation and
stress relaxation mechanisms are needed [64]. Section 4.4 will introduce atomisti-
cally informed modeling techniques to address this limitation.
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Fig. 4.11 Distribution of MPa
the von Mises stress in a
Cu-TSV structure from a
linear elastic mechanical
model with Cu grain
microstructure [89]
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Fig. 4.12 Examples of Cu pumping. (a) Uniform pumping, showing a cross-sectional image
displaying curvature of the top of a TSV, resulting in deformation of the RDL structure above [76];
(b) Non-uniform pumping showing a few Cu grains protruding out of the Si surface [53]. The
sample in (a) was annealed at 400 °C for 60 min, and the sample in (b) was annealed at 425 °C for
90 min

4.3.1.3 Metal Pumping: Extrusion or Intrusion of TSVs

During service and consequent thermal cycling, the CTE mismatch between Cu and
Si results in residual stresses in each material (o¢,, os;), as well as significant
interfacial shear stresses (z;) near the extremities of the via. The induced stresses,
if high enough, may cause plastic deformation of the filler [39, 40, 60, 76] with the
differential straining between Cu and Si sometimes accommodated by interfacial
sliding [18, 47, 53]. This results in extrusion (and sometimes, intrusion) of Cu
relative to the Si. Generally, the extrusion of the Cu occurs due to plastic deforma-
tion of the metal near the via ends (typically, towards the top or mouth of the via),
and can be enhanced by creep and grain boundary sliding. Two examples of this
phenomenon are illustrated in Fig. 4.12.

When heated up relatively rapidly and kept at a constant elevated temperature
for a period, the protrusion observed is generally associated with plastic
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Fig. 4.13 Von Mises stress in MPa (a), and equivalent plastic (b) and creep strains (c¢) in a
Cu-TSV following fabrication at 425 °C and cooling to —25 °C (prior to thermal cycling). The
figures show one quadrant of the TSV, with the interface at the right, the axis of the TSV at the /eft,
and TSV mid-plane at the botfom. Although the plastic strain plot highlights only the strain
concentration near the interface, most of upper part of the TSV, where Von Mises
stress > ~ 250 MPa, has yielded

deformation of the copper, with no relative displacement observed at the interface
between Cu and Si, as observed in Fig. 4.12. Generally, the extrusion increases with
increasing temperature, and occurs during any pre- or post-CMP annealing, as well
as heating associated with dielectric-deposition for fabricating the back end of line
(BEOL) or redistribution layer (RDL). Finite element modeling shows that follow-
ing heating to a high annealing/fabrication temperature (425 °C) and cooling down,
the Von Mises stress exceeds the yield strength over the entire upper part of the
TSV, resulting in yielding of the top part of the via (Fig. 4.13a). As a result, inelastic
(plastic and creep) strains accrue in the top part of the via, with strain concentrations
adjacent to the interface near the TSV-end (Fig. 4.13b and c). This accrual of plastic
and creep strain at the top of the TSV leads to copper pumping, or protrusion of the
Cu from the top. This is particularly acute for blind vias, where any expansion of the
Cu must necessarily occur at the open end of the via.

EBSD studies show that Cu grains in a TSV typically have random grain
boundary misorientations, and the via has little crystallographic texture, and no
correlation between orientation and extruded grains has been noted [75]. This is
evident from Fig.4.14, which clearly shows a random texture in the TSV. It has
been suggested that the protrusion observed is uniform when the grain size near the
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Fig. 4.14 EBSD
orientation map of a TSV,
showing a random grain
texture [75]. This is typical
of most TSV structures
reported in the literature
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Fig. 4.15 Evidence of relative displacement between Cu and Si at the interface. (a) SEM image of
Cu protrusion in an 80 pm diameter via, and (b) scanning white light interferometry image of Cu
protrusion in a 10 pm diameter via. In both, the majority of protrusion occurs at the interface [53]

TSV ends is large, but non-uniform when there are smaller grains near the TSV
ends [40]. In general, it is noted that the extent of protrusion is larger when there are
high angle grain boundaries at the TSV ends that promote creep processes, but not
when there are coherent twin boundaries [15].

It is useful to note that for adherent Cu—Si interfaces, when TSVs undergo
uniform protrusion, the top of the Cu typically attains a convex curvature, as
shown in Fig.4.12a, with minimal or no relative displacement between the Cu
and Si (or the barrier layer) at the interface. This is particularly true when the die is
either cycled rapidly, or held at a constant temperature. On the other hand, when the
die is cycled slowly, shear stresses are repeatedly generated and relieved at the
interface near the ends of the TSV, allowing sufficient time to drive diffusionally
accommodated interfacial sliding, which results in a significant, step-like interfacial
displacement [18, 47, 53], as illustrated in Fig. 4.15.
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Diffusionally accommodated interfacial sliding at hetero-interfaces (i.e., inter-
faces between dissimilar materials) is akin to grain boundary sliding, and may be
driven by interfacial shear stresses (z;) that occur at the extremities of a TSV. In
addition, it may be enhanced or mitigated by an electric current flowing through the
TSV due to associated electromigration along the interface. The resultant displace-
ment rate is given by [45, 46, 65]:

_8Q8D; 45D,
Tk T kT

Z*eE (4.2)

where £ is the atomic volume, / is the roughness of the topographically periodic
interface, k and T are the Boltzaman constant and temperature, respectively, D; is
the interfacial diffusion coefficient, J; is the thickness of the interfacial region, and
Z* and e are the effective charge number of the diffusing ion and the charge of an
electron, respectively. Thus, U depends linearly on both 7; and the electric field
E (which equals j p, where p =resistivity of the filler and j is the current density),
the relative signs of which determining whether they augment or mitigate each
other’s contributions. In Eq. (4.2), the first term gives the effect of shear stress,
while the second term gives the impact of superimposed electromigration (EM).
Since Z* is negative, the second term (due to EM) acts against the first term (due to
stress-driven creep) when both driving forces (z; and E) are positive, and thus
reduce the interfacial sliding rate. Conversely, if z; and E have opposite signs, the
two terms in Eq.(4.2) augment each other and increase the interfacial sliding
kinetics. Fig. 4.15 shows the effect of interfacial sliding due to z; only (i.e., when
E =0), and Fig. 4.16 schematically shows the origin of 7; in through and blind vias
after a thermal excursion. The impact of superimposed current on interfacial sliding
is discussed separately, in conjunction with electromigration in Sect. 4.3.2.

In through-vias, the interfacial shear stress generated after cooling from the
fabrication temperature is symmetric about the length of the via and is concentrated
at both ends. As a result, the interfacial sliding, and hence copper extrusion, would
also be symmetric at the two ends for straight (i.e., untapered) vias. For blind vias,
the interfacial shear stress rises from the blind end towards the open end, and
therefore, the resultant protrusion at the open end is greater. It should be noted that
interfacial sliding, which occurs due to interfacial diffusion under the applied shear
stress, is a mechanism that accommodates differential deformation of the Cu and Si
at the interface and therefore a thermal excursion as well as a high enough
temperature and sufficient time to make diffusional processes active is needed.
This is why, under rapid cycling conditions, Cu pumping typically occurs uniformly
due to inelastic deformation of Cu without significant contribution from interfacial
sliding, whereas when cycled slowly over a larger temperature range, steps emerge
due to sliding at the interface.

Since the thermal expansion coefficient of Cu is much larger than that of Si,
when cooled from an elevated temperature, significant relative shrinkage of Cu can
occur, which can also be accommodated at the interface by sliding. In this case,
instead of protrusion, the ends of Cu vias may intrude into the Si with a sharp step at



4 Microstructural and Reliability Issues of TSV 87

a b
IRET A
§ff i 4N
\
\
T | =
TSV [ TSV [
f’i : :*i\\
[ NN
v X X v X

Fig. 4.16 Schematics showing shear stress distribution at the TSV-Si interface in (a) through-via,
and (b ) blind-via. The interfacial shearstress (dashed line) is symmetric about the length of the
TSV for the through-via (a), and is non-zero only near the TSV-ends. 7; is zero at the blind end of
the via in (b), and rises monotonically towards the open end

Fig.4.17 Theend of a TSV
intruding into the Si,
following five thermal
cycles from —25 to 150 °C
at 0.1 °C/min. Prior to
cycling, the TSV end
protruded out by ~ 30 nm
from the Si surface

the interface, as illustrated in the SEM image in Fig.4.17. Again, the shrinkage is
due to deformation of the Cu, but the interfacial step is due to diffusionally
accommodated interfacial sliding. It should be noted, however, that the rate of
protrusion or intrusion of the via ends during thermal cycling decreases with
increasing number of cycles, as the stresses generated in the metal filler reach
saturation due to progressive strain hardening. Therefore, after several cycles,
protrusion/intrusion due to Cu pumping levels off [18, 47, 53].
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Fig. 4.18 SEM micrograph
showing delamination of
the capping layer at the fop
of a row of TSVs following
thermal excursions

Since the ends of a TSV are typically connected to a RDL or BEOL layer,
protrusion or intrusion of the Cu via poses a significant risk to the integrity of these
layers. Distortion of the RDL/BEOL structures, as shown in Fig. 4.12a, or delam-
ination of a capping layer at the end of the TSV, as shown in Fig.4.18 due to
stresses associated by even a small protrusion of the via ends, can pose serious
reliability challenges. Because of the potentially serious reliability complications,
the role of Cu pumping has been widely studied, and the effects of various process
parameters such as TSV spacing, diameter, Cu overburden after electroplating, and
annealing conditions have been noted [76]. Generally, a majority of Cu-pumping is
noted to be uniform or global (~ 10-30 nm protrusion), with relatively few TSVs
showing extrusion of individual grains after a high temperature anneal. Spacing
appears to have little if any effect, but the pumping is greater on average for larger
via diameters [14, 76]. However, although the average protrusion of an array of
TSVs is larger for larger TSVs, the maximum copper pumping appears to be
independent of the TSV diameter, which suggests that TSV diameter has little
effect on BEOL reliability [14]. Copper overburden typically has no effect, but a
higher pre-CMP annealing temperature (~ 430 °C) reduces pumping. Finally, an
additional annealing step, following pre-CMP anneal, reduces pumping
significantly [76].

4.3.2 Electromigration Related Effects

Although electromigration (EM) is a significant reliability issue in metallic inter-
connects in electronics, particularly in BEOL structures, TSVs are generally less
susceptible to EM induced failures. This is primarily due to their relatively large
cross-sections, which reduce the current density. However, the combination of
electric current and complicated stress states above and below the TSV, where it
joins the BEOL or RDL structures, can cause substantial diffusional effects, and
give rise to EM-related void growth. Finite element modeling of the effects of
stress-gradient, potential gradient, and temperature gradient on the atomic flux
divergence (AFD), which correlates with diffusional flow and hence
electromigration, has noted AFDs are typically high where the top and bottom
metallizations meet the TSV [80]. A large proportion of the AFD is due to the stress
gradient generated due to Joule heating, with relatively little due to the potential
gradient. Still EM damage and void growth can occur. Generally, strategies to
reduce stress gradients will reduce void growth.
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(2)

Fig. 4.19 (a) Chip showing a TSV with metal lines at top and bottom. Voids form due to EM at
300 °C at exits of electron flow at fop and bottom for thin metal lines (b and ¢) and thick metal lines
(d and e) [25]

EM experiments on devices with thin as well as thick metal layers at the top and
bottom of TSVs generally show no void formation due to EM within the TSVs,
irrespective of the current flow direction [25, 26]. However, voids form down-
stream of the direction of electron flow, at the intersection of TSV-end and the
metal layer in the RDL. It has been hypothesized that these voids nucleate because
migration of Cu atoms from the TSV to the void is prevented by the TiN barrier
layer, but migration out of the void region can occur into the Cu lines at the end of
the TSV. Thus, the layer of TiN, by being effective as a diffusion barrier, actually
becomes the root cause behind EM void nucleation. In thin Cu lines, voids occupy
the entire thickness of the line (between the TiN barrier and SiN capping layer).
Current crowding at the location where the electron current exits the TSV is greater
for the thicker lines, and therefore, thicker lines do not mitigate voiding. In thick
lines, the voids are at the interface between TiN and the Cu-line. Experimental
electromigration studies [13] have also shown voiding in backside Cu lines below
the TSV downstream of the electron flow direction, but at the SIN—Cu interface, as
opposed to at the TiN—Cu interface seen in Fig. 4.19. However, small voids present
prior to EM experiments inside the TSV remained unaltered. Thus, even though the
TSVs themselves are not susceptible to EM damage, the BEOL and RDL structures
in the device can be significantly affected by EM.

A different type of complication is posed by interfacial sliding under
electromigration conditions, as indicated in Sect.4.3.1.3. As evident from Eq.
(4.2), an applied electric current may enhance, or mitigate the kinetics of interfacial
sliding due to the interfacial shear stress, depending on the direction of the applied
field. Even when there is little or no shear stress at the interface, EM can drive
interfacial sliding along the TSV-Si (actually, TSV-barrier layer) interface. Evi-
dence of this is shown in Figs.4.20 and 4.21, where the end of a TSV is seen to
protrude in the direction of electron flow, and intrude opposite to electron flow for
samples under EM with thermal cycling conditions, and at a constant temperature
under a constant current. Under applied current, diffusional flow of Cu occurs along
the interface in the direction of electron flow, and this can result in a time-dependent
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(a)

Fig. 4.20 (a) Schematic of experimental arrangement for electromigration cum thermal cycling
(25425 °C) experiments. (b) TSV edge showing protrusion due to three thermal cycles + EM due
to a current density of 5.2 x 10* A/cm?, with upward electron flow through Cu. (¢) The same TSV
following a reverse current density of —5.2 x 10* A/cm?, showing that the Cu now intrudes into
Si[18, 47]

(a) (b)
After, Top

Fig. 4.21 Scanning white light interferometry (SWLI) images of the end of a TSV before and after
EM experiments, showing protrusion in the direction of electron flow. A current was passed
through Cu thin films deposited on the top and bottom of the chip through several TSVs simulta-
neously, for 62h at 170 °C. The current density through each TSV was 5 x 10° Afem? [53]

shift of the position of the Cu-filler relative to Si [18, 47, 53]. Since EM induced
interfacial sliding is non-symmetric (i.e., it causes protrusion of the via downstream
of the direction of electron flow and intrusion at the opposite end), and unlike under
thermal cycling conditions, it accrues continuously [18, 47, 53], it may pose a
potentially serious reliability challenge, particularly as the current density through
the vias increases with decreasing TSV diameter. It is noted that while this
via-migration under EM conditions is noted in experiments conducted on samples
with through-vias with no RDL layer, the presence of an RDL or BEOL dielectric
can constrain such migration and therefore mitigate it. However, because of the low
elastic modulus of the RDL/BEOL dielectric, the effect of any imposed constraint
may be limited, and therefore, the effect of this phenomenon on the stability of the
RDL or BEOL layer needs further study.
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4.4 Towards Atomistically informed Reliability Modeling
of TSVs

As discussed in Sects.4.2.2.4 and 4.3.1.2, more robust modeling techniques are
needed to complement the FEA and advanced experimental characterization in
order to provide a complete picture of the microstructure and stress inside the TSVs.
This section introduces two methods, i.e., the crystal plasticity finite element
(CPFE) method and the phase field crystal (PFC) method, and discusses their
capabilities for atomistically informed reliability modeling of TSVs.

4.4.1 The CPFE Method

The challenge of managing mechanical stress is not new, and a number of simula-
tors do exist and have a long track record of use in the electronics industry. Most of
the proven simulators are based on FEA, or derivatives of that class of modeling
technique. The established FEA stress simulators have typically been used for
addressing the traditional chip-package interactions, and have therefore mostly
modeled physical deformations, such as cracking, delaminating, or fractur-
ing [69]. In this class of analyses Si dies and TSV fillers are typically modeled as
monolithic bricks and isotropic material models based on empirical equations are
used, even though it has been known since 1934 that crystalline materials deform
plastically by the slip of dislocations on discrete slip systems [70, 81, 82]. However,
a physically based CPFE method is relevant in order to address the polycrystalline
nature of Cu TSVs and their complex deformation and stress relaxation
mechanisms.

Early CPFE models used phenomenological constitutive equations and consid-
ered dislocation slip as the only deformation mechanism [70]. In a phenomenolog-
ical constitutive model, a critical resolved shear stress, 7.%, is used as a state variable
for each slip system a. The shear rate, y,, , is formulated as a function of the resolved
shear stress and the critical resolved shear stress:

7o =1(10) (4.3)

The evolution of the material state is then formulated as a function of the total
shear, y, and the shear rate, y %

e =38(r.7) (4.4)

The first CPFE simulations were performed in 1982 using a simplified setup of two
symmetric slip systems to study the tensile behavior of a single crystal [66]. The
technique was later extended to a polycrystalline scenario using a 2D setup with
two or three slip systems [32, 33]. Simulations on a face-centered cubic (FCC)
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Fig. 4.22 Evolution of crystallographic orientation and geometry of a Cu single crystal pillar with
a diameter-to-length ratio of 0.29 under compression with a strain (an engineering thickness
reduction) of (a) 0.05, (b) 0.15, and (c¢) 0.25. Color coding represents accumulated plastic shear
ranging from blue (low) to yellow (large). Starting single crystal orientation: [1 1 1 2] compression
axis (unstable) [68]

crystal with 12 slip systems was reported in 1991 [3]. Applying the aforementioned
phenomenological constitutive laws to small-scale deformation, interface mechan-
ics, and twinning and/or deformation-induced phase transformations are often
found inadequate [70]. To address size effects, strain gradient theories [57] can
be introduced into the CPFE framework. As strain gradients can be associated with
geometrically necessary dislocations (GNDs), new internal-variable constitutive
formulations were developed to incorporate dislocation densities as physically
based state variables replacing the strain variables. This latter class of constitutive
models also allows the flexibility to incorporate additional metallurgical mecha-
nisms such as grain boundary mechanics or damage initiation into the model [70]. To
deal with additional deformation mechanisms such as occurring in TWIP
(twinning-induced plasticity) or TRIP (transformation-induced plasticity) steels,
the CPFE framework was further extended [41].

The result from a unidirectional compression on a copper single crystal using the
CPFE method is shown in Fig. 4.22 [68]. The simulation was implemented in the
Diisseldorf ~Advanced MAterial Simulation Kit (DAMASK) frame-
work [71]. Although the mechanical boundary conditions and the material are
both different from the real Cu-TSV structures, the result highlights the usefulness
of the CPFE method in capturing atomistically informed deformation and defor-
mation induced crystallographic orientation evolution. The body centered cubic
(BCC) tungsten single crystal subjected to uniaxial loading has also been recently
studied using the DAMASK framework [10].

4.4.2 The PFC Method

The phase field (PF) methodology is an atomically diffuse interface method for
modeling of complex microstructures in solidification, precipitation, and strain-
induced phase transformations [11, 67]. The PF may be seen as describing the
degree of crystallinity or atomic order/disorder in a phase [67]. More recently, a
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Fig. 4.23 Simulations on atomistic scale microstructural formation in (a) hourglass, (b) rectan-
gle, and (c) trapezoid shaped TSVs using the phase field crystal model

new class of PF models has been developed, called the PFC models, which
describes the thermodynamics and dynamics of phase transformations through an
atomically varying order parameter field that is loosely connected to the atomic
density field [20, 21, 74]. PFC models naturally capture most of the salient physics
of nucleation, polycrystalline solidification, grain boundaries [20, 28], and solidi-
fication in multicomponent and multiphase systems [22, 58]. In addition, PFC
models also capture, in the context of a single order parameter, elasticity and
plasticity phenomena relevant to solid-state processes such as dislocation source
creation, dislocation stability [4, 5], and creep [6]. The original PFC model was
predominately used for the study of 2D triangular and 3D BCC crystal symme-
tries [20, 21]. Later models introduced multipeaked two-point correlation kernels in
the nonlocal part of the free energy that allowed for a simple yet robust approach to
simulate most of the common metallic crystal structures (2D square, BCC, FCC,
HCP) in phase transformations [29, 88]. These so-called structural PFC (XPFC)
models were later generalized to binary and multicomponent and multiphase
alloys [30, 58].

Figure 4.23 illustrates a 2D PFC simulation of grain formation in TSVs with
different geometries. To study the copper pumping phenomenon, mechanical loads
have to be applied on such samples with corresponding grain structures. Since the
PFC method does not model a solid-vacuum interface, traction boundary conditions
in the PFC model using a penalty term are introduced. In deformation simulations,
dislocation creation and annihilation are emergent characters of the PFC model.
Therefore, applying the PFC model to TSV filler allows the investigation of the
dislocation dynamics responsible for the metal extrusion or intrusion problem. The
recorded dislocation dynamics can also be used to formulate dislocation-based
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constitutive laws for the CPFE method. In addition, progress has been made to
couple the atomic-scale PFC density field to order parameters that describe ferro-
magnetic and ferroelectric ordering [73]. As such, the PFC models can be used to
study the role of external magnetic or electric fields on the evolution of atomic scale
defect structures on diffusion time scales. This provides an opportunity to study
electromigration related reliability issues of TSVs using the PFC models.

4.5 Summary

Some of the key reliability issues related to TSVs are discussed, starting with the
origin and nature of stresses in TSVs, their effects on microstructure development
and evolution, and their role on device performance and BEOL or RDL reliability.
The main reliability complications are (1) void growth to relieve internal stress
gradients during pre or post-CMP annealing, (2) copper pumping during processing
or service due to differential thermal expansion mismatch and associated inelastic
deformation of the copper that may be accommodated by sliding at the interface,
and associated distortion of the BEOL/RDL structure, (3) piezoresistive effects that
lead to device performance loss and require a KOZ adjacent to TSVs, and
(4) electromigration induced void growth downstream of the electron flow direction
in the interconnect lines outside the TSV. These effects have been reviewed in the
context of the associated physical mechanisms. Finally, two promising methods,
i.e., the crystal plasticity finite element method and the phase field crystal method,
to enable atomistically informed reliability modeling of TSVs are introduced.
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Chapter 5
Fundamentals and Failures in Die
Preparation for 3D Packaging

Hualiang Shi and Erasenthiran Poonjolai

5.1 Introduction

Over the past several decades, semiconductor industry has been following Moore’s
law to improve chip performance. Currently, major semiconductor company such
as Intel Corp. is developing the 10 nm technology node for mass production.
However, with reaching the physical limit, the further scaling of Silicon Front-
End-of-Line (FEOL) becomes more and more challenging. Alternatively, some
novel packaging approaches such as Package-on-Package (POP) and 3D packaging
with Through-Silicon-Via (TSV) have been proposed to further reduce the package
form factor, decrease power consumption, and improve interconnect speed. This
has generated extensive research interests in the field of new material, process, and
equipment.

This chapter is focused on the fundamentals and failures in die preparation for
3D package with TSV. Because several review articles have already summarized
the TSV wafer fabrication processes [1-5], including temporary adhesive wafer
bonding, high aspect ratio silicon etch, wafer singulation, etc., this chapter starts
with a brief overview of general TSV wafer fabrication and singulation processes.
Then, several key process issues which have not been discussed in previous review
articles are investigated. First, the device wafer buckling or wrinkling post wafer
bonding and thinning is discussed in details. This issue might induce yield loss at
the downstream processes such as lithography patterning. The fundamental mech-
anism behind this issue and several potential solutions are investigated. Second,
wafer debonding process is evaluated. Based on the simple viscosity definition and
wafer geometry, a closed-form analytical solution is proposed for the thermal
sliding wafer debonding process, which can be used for process control and
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throughput optimization. The next two processes discussed are laser scribe and saw
dicing, which impact die chipping and delamination. A closed-form solution of
chipping induced by saw dicing is also investigated. The last process discussed in
this chapter is the challenges and solution options for die pick and place.

5.2 Brief Overview of TSV Wafer Fabrication Processes

Different TSV wafer fabrication approaches have been reported [6, 7], including
Via First, Via Middle, and Via Last. In Via First, TSV is fabricated before Front-
End-of-Line process. In Via Middle, TSV is fabricated after Front-End-of-Line
process and before Back-End-of-Line process. In Via Last, TSV is fabricated after
Back-End-of-Line process. Please refer to Chap. 3 for details. The advantages and
disadvantages of different TSV fabrication approaches have been reviewed by
several groups and are beyond the scope of this chapter. In the following, Via
Last approach is used as case study to highlight some key process issues and failure
modes.

As indicated in Fig. 5.1, post-C4 bumping process, device wafer is attached to
carrier wafer by using temporary bonding adhesive [1, 2, 8]. Carrier wafer can be
silicon wafer or optical transparent wafer such as sapphire and quartz. Temporary
adhesive can be thermal setting polymer, thermal plastic polymer, or UV curing
polymer. The material properties of bonding adhesive need to be optimized to
improve process yield and bonding quality [9-12]. The bonding adhesive should
have good thermal resistance and chemical resistance to withstand acid, alkalis, and
solvents used at elevated temperature during different downstream processes, have
good adhesion with both device wafer and carrier wafer to survive downstream
processes, and be easy to clean post debonding process. In the beginning of wafer
bonding, both carrier wafer and device wafer need to be cleaned and dried to
remove particles, contaminants, and moisture, which might induce wafer crack,
adhesive bubbling or voiding and delamination later. Liquid or semiliquid adhesive
is applied by spin coating approach to cover the wafer surface topography such as

\ Bond Chamber
Force

Vacuum

Fig. 5.1 Schematic drawing of wafer bonding
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C4 bumps. If UV curing polymer is used, a laser-sensitive releasing coating layer is
applied first. Soft baking is employed to remove solvents and volatile substances,
which might induce adhesive bubbling or voiding later. Inside vacuum chamber,
device wafer and carrier wafer are bonded together under controlled bonding
pressure and elevated temperature. Bonding pressure deforms adhesive and brings
device wafer and carrier wafer in contact. Bonding temperature and ramping profile
as well as chamber pressure need to be tuned to reduce the adhesive bubbling or
voiding and delamination. The total thickness variation (TTV) of adhesive also
needs to be minimized, impacting the uniformity of wafer thinning.

Post temporary adhesive bonding process, device wafer gets edge trimming first
to avoid yield loss due to defects such as wafer edge crack, chipping, and delam-
ination, especially in the region with adhesive coverage issue [13]. Then, coarse
grinding, fine grinding, and stress releasing steps are applied sequentially to thin
down device wafer from bare silicon side [14-19]. Grinding process is based on
grinding wheel containing diamond particles and might generate various defects,
such as scratch, crack, chipping, and amorphous or polycrystalline surface damage
layer. These defects reduce the silicon fracture toughness and increase wafer bow.
Coarse grinding removes bulk silicon while fine grinding reduces the extent of
damage induced by coarse grinding. By removing the grinding-induced damage
layer, different types of stress-releasing approaches have been applied to increase
the silicon strength, including Chemical Mechanical Polishing (CMP), dry
polishing, wet etch, and dry etch. Both CMP and dry polishing use polyurethane-
based polish pad. CMP also needs slurry which is a mixture of abrasive particle,
water, and base. Dry etch uses fluorine- and oxygen-based plasmas (i.e., CF,, SFg,
0O,, etc.) to etch silicon. Wet etch uses acid (such as hydrofluoric, nitric acid, etc.) to
etch silicon. If the thickness and mechanical modulus of temporary bonding
adhesive are not optimized and the residual compressive stress inside FEOL and
BEOL is too high, buckling or wrinkling of device wafer might occur, causing
challenges in the downstream processes. The mechanism and solutions for this
issue will be discussed in details in the following section.

Once target silicon thickness is achieved, photolithography process is used for
TSV patterning. Because silicon is transparent in the range of infrared (IR), IR
camera is used to detect the metal fiducials at Back-End-of-Line through bulk
silicon. Different types of alignment keys have been proposed to improve the
overlay placement resolution [20, 21]. If device wafer has buckling or wrinkling
issue, this TSV patterning process might be challenging. Post-TSV patterning, TSV
silicon etch or removal is done by either plasma dry etch or laser drilling [3—
5]. Among various high aspect ratio silicon etching processes, Bosch process is a
common method adopted for TSV silicon etch, which alternates etching (SFe) and
passivation (C4Fg). By considering the kinetics of plasma radical diffusion, reaction
and recombination inside pore, via, and trench, Shi et al. proposed a Plasma Altered
Layer model to investigate the chemical effect of plasma interaction with porous
low-k dielectrics in the low plasma energy region [22, 23]. Based on this Plasma
Altered Layer model, there are more reactions at the outer edge or top surface of
pore, via, and trench. Shi et al. also introduced Sputtering Yield model to evaluate
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the physical effect of plasma interaction with porous low-k dielectrics in the high
plasma energy region [24]. Based on this Sputtering Yield model, the sputtering
yield is proportional to the square root of DC bias voltage and also depends on the
material density and ion incident angle. Similar concepts can be extended to study
TSV silicon etching. One issue related to Bosh process is the TSV sidewall scallop,
which causes challenges in the downstream processes. By using Depth-Resolved
Photoemission Microscopy, IR-Optical-Beam-Induced Resistance Change,
Lock-In Thermography (LIT), and Electron Beam Absorbed Current (EBAC), the
diode-like TSV leakage or short issue has been investigated by several groups
[25-29]. Transmission Electron Microscopy (TEM) revealed local contact between
TSV metal filling and bulk silicon. By optimizing the TSV etch process, the
sidewall roughness was reduced and TSV leakage failure decreased. Another
issue related to Bosch process is the silicon etching uniformity across wafer.
Inductively Coupled Plasma (ICP) is usually used to generate plasma. However,
the intrinsic nonuniformity issue of plasma density distribution might induce TSV
open and short yield loss. If the TSV etching process is targeting at perfect etching
in the center of wafer, there might be remaining silicon at the edge of wafer, causing
TSV open failure there; if the TSV etching process is targeting at perfect etching at
the edge of wafer, there might be overetching in the center of wafer, causing TSV
leakage or short failure there.

Post-TSV silicon etch, a dielectric liner layer needs to be deposited to serve as
insulation layer between bulk silicon and TSV metal filling. Similar as Si FEOL and
BEOL, the RC delay of TSV interconnect might impact device performance, which
has generated extensive research interests on the investigation of TSV capacitance
[30]. As indicated in Fig. 5.2, high-frequency TSV capacitance consists of insulator
capacitance and depletion capacitance. The TSV insulator capacitance increases
with TSV diameter, TSV length, and liner dielectric constant and decreases with the
increase of liner thickness. TSV depletion capacitance increases with TSV diame-
ter, TSV length, liner thickness, and temperature and decreases with the increase of
Si resistivity. Due to the limitation of temporary bonding adhesive, the deposition
temperature of dielectric liner layer should be low. Different types of dielectric liner
have been reported, including silicon oxide, silicon nitride, and polymers. Several
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Fig. 5.2 Schematic drawing of TSV capacitance



5 Fundamentals and Failures in Die Preparation for 3D Packaging 105

types of deposition method have been utilized, including Chemical Vapor Deposi-
tion (CVD) and Plasma-Enhanced Chemical Vapor Deposition (PECVD). The
process parameters such as precursor chemistry and ratio as well as temperature
impact liner permittivity. Some groups also reported that the microcrack inside the
dielectric liner might contribute to the TSV leakage failure too [27, 28]. Finite
Element Analysis (FEA) revealed high stress at groove point in liner and barrier at
TSV corner due to the CTE mismatch of TSV metal, dielectric liner, metal barrier,
and bulk Si.

Post dielectric liner deposition, a plasma breakthrough etch process such as
CHF3/SFg is applied to remove the dielectric material at the bottom of TSV cavity.
If this dielectric breakthrough etch is not enough, there is remaining dielectric at the
bottom of TSV, causing TSV open yield loss. On the other hand, if this dielectric
breakthrough etch is too aggressive, the local interconnect inside BEOL might be
destroyed, causing TSV leakage or short yield loss.

After cleaning process, a metal barrier layer such as Ta/TaN or Ti is deposited by
Physical Vapor Deposition (PVD) to prevent the TSV metal diffusion into bulk
silicon. Usually, copper is used as TSV metal filling material. Similar as traditional
Back-End-of-Line (BEOL) process, copper deposition process includes copper
seed layer deposition by PVD and copper electroplating. The plating chemistry
and process need to be optimized to reduce the risk of TSV copper void and
extrusion [31]. Compared with Via Last, the TSV copper in Via Middle can go
through the high temperature BEOL copper annealing process, which reduces the
risk of TSV copper extrusion. Some groups also developed electroless barrier layer
deposition process to save cost [32]. Once TSV copper deposition process is done,
Chemical Mechanical Polish (CMP) process is employed to remove the TSV
copper overburden. Similar as indentation effect, low-k dielectric delamination or
crack underneath TSV might occur during the CMP process. After CMP process,
similar as traditional BEOL process and C4 bumping process, redistribution layer
and microbump can be formed. Then, the thinned device wafer can be debonded
from carrier wafer by thermal sliding, UV release with peeling, thermal decompo-
sition with peeling, or solvent dissolution [9-12]. In thermal sliding, heat and
mechanical force are used to slide off device wafer relative to carrier wafer. In
UV release with peeling, light penetrates the optical transparent wafer and burns off
the laser-sensitive release coating layer which has carbon black. In thermal decom-
position with peeling, adhesive decomposes at elevated temperature. In solvent
dissolution, solvent diffuses through the perforated wafer to attack the adhesive.
The mechanism behind thermal sliding debonding is discussed in detail in the
following.

Wafer singulation is one of the key assembly steps. In order to meet throughput,
yield, and reliability targets, efficient process is required. Generation after genera-
tion, the requirement becomes more challenging due to the enhancement in package
design, such as package form factor reduction and complex low-k ILD materials. In
the case of 3D interconnect, the material properties, ILD stack up, and metal density
in the wafer street region makes the singulation process extremely challenging.
Typical process flows for wafer singulation are shown in Fig. 5.3. As indicated in
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Fig. 5.3 Typical wafer singulation process flow: (a) without laser scribing or grooving and
(b) with laser scribing or grooving

Fig. 5.4 Chipping and
delamination of low-k ILD
layers caused by diamond
dicing saw blade: (a)
topside chipping, (b)
backside chipping, (¢) SEM
photo of die edge after
removal from tape [33]

Topside chipping

Fig. 5.3a, post wafer debond process, the thin device wafer is mounted at the top of
dicing tape. The wafer is then singulated using a diamond saw blade. The blade cuts
through the wafer street center region to separate active dies.

Figure 5.4 shows typical defects induced by mechanical saw dicing process
[33]. The optimization of saw blade type and process condition is crucial in
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reducing these defects. Prior to die attach, die ejector is employed to pick the chips
from dicing tape and place them into tape and the reel or direct chip attach. The
ejector pin or blade design and configuration, and process conditions are optimized
to reduce the die chipping and crack risks. The sensitivity of these factors is critical
especially for thin die pick and place as it can lead to severe die crack. The flow in
Fig. 5.3b has wafer coat and laser scribe processes prior diamond saw cutting process
to meet technology scaling and material challenges. Further scaling of technology
node and new low-k ILD materials introduced, singulation with saw blade becomes
challenging. Due to the weak mechanical property, these low-k ILD materials poses
risk of crack and delamination during the mechanical saw dicing process. In this
scenario, laser scribe is applied to remove the low-k ILD and ETEST structures in
the street area such that the saw blade interacts with ILD layer near active die during
mechanical saw dicing. During laser scribe process, Si and ILD debris might be
generated and redeposited on the wafer surface, which can induce nonwet or
noncontact open yield loss during chip attach process. This also may lead to epoxy
delamination and solder joint crack reliability failures. Wafer coat is applied before
laser scribe to protect the wafer surface and will be cleaned during saw dicing. The
laser scribe process and the die ejection process requirement depend on the com-
plexity of silicon stack up (ILD layers, scribe structures, and crack stop or guard ring
design), yield requirement, reliability issues, and cost consideration.

Figure 5.5 shows a comparison of cutting speed between saw dicing and laser
thru cut (singulated by laser) which shows that die thickness below 150 pm can
achieve faster processing speed than saw [34]. Laser thru cut is also being used
depending on die thickness and stack complexity. The key advantage of laser thru
cut is elimination of front side and back side chipping. The laser scribe process,
saw dicing process, and die ejection process will be discussed in details in section
5.5-5.7.

200 -
oW et Eq. linear cut 3000
1208 speed for
E SO 1o 2500 ©
n 0 5 plasma dicing @
S — o 3 2000 &
350 300 250 200 150 100 50 0 S
Wafer thickness (um) 1500 ;
3
1000 &
500 3
™ o & — 0

350 300 250 200 150 100 50 0
Wafer thickness (um)

Fig. 5.5 Effective die singulation speeds for mechanical saws, lasers, and plasma singulation
method versus wafer thickness (Used with permission of Plasma-Therm LLC) [34]
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5.3 Wafer Buckling and Wrinkling

Mei and Huang have investigated the wrinkling and buckle delamination of elastic
thin films on elastic substrate, compliant substrate, and viscoelastic substrate [35—
37]. As indicated in Fig. 5.6, the critical compressive stress for wrinkling increases
with stiffness ratio between substrate and film, increases with film thickness, and
decreases with substrate thickness; the wrinkle amplitude increases with film strain
and decreases with substrate modulus; the wrinkle wavelength increases with
stiffness ratio. As indicated in Fig. 5.7, the critical compressive stress for buckle
delamination increases with stiffness ratio and decreases with initial crack length;
the transition of buckling modes depends on stiffness ratio and initial crack length.

Post-TSV device wafer thinning, the stack up of device wafer, temporary
adhesive, and carrier wafer can be simplified as elastic film (device wafer) and
viscoelastic substrate (temporary adhesive). During FEOL and BEOL and wafer
thinning process, a residual stress exists on device wafer. Depending on the
dielectric deposition condition, metal plating condition, and wafer thinning condi-
tion, the residual stress can be compression or tension. Different metrologies
including synchrotron X-ray radiation, micron Raman, and bending beam have
been employed to check the wafer residual stress. Based on Figs. 5.6 and 5.7, in
order to reduce the risk of wafer buckling or wrinkling, different approaches can be
applied, including (1) reducing compressive stress on device wafer by optimizing Si
BEOL design and process and wafer thinning process, (2) increasing the modulus of
temporary adhesive, (3) reducing the thickness of temporary adhesive, and
(4) increasing device wafer thickness.

0.2 ¥ L T Winkled elastic film
— »
L H/h =0.1 hf
oo Vincoelatic H
' 0.15 Iy
a Fapd sbstrate
o
»
£ 0.1
o
8 |
W :
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O 1 1 L L
0 0.002 0.004 0.006 0.008 0.01

Substrate/film stiffness ratio, WE¢

Fig. 5.6 The critical compressive stress for wrinkling
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Fig. 5.7 The critical compressive stress for buckle delamination

5.4 Thermal Sliding Wafer Debonding

Inside the debonding chamber, device wafer and carrier wafer are held by two
compliant vacuum chucks. The parallelism and cleanness of these two vacuum
chucks are very important for thermal sliding debonding process. If particle exists
at the surface of vacuum chuck, wafer crack, wafer scratch, and contamination
might occur. Once device wafer and carrier wafer are heated up uniformly, the
viscosity of thermal plastic adhesive decreases. At debonding temperature, adhe-
sive becomes liquid and flowable. When sliding shear force is applied, device wafer
is slided off relative to carrier wafer.

Based on viscosity definition and wafer geometry, Privett et al. investigated the
kinetics of thermal sliding debonding [39]. In the following, their approach is
further extended to derive a kinetic model for thermal sliding debonding process
and material control. The side view and top view of thermal sliding process was
shown in Fig. 5.8. Based on viscosity definition, we have

F

—:]’l:

S (5.1)

v
H

Based on geometry relationship, we have
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Fig. 5.7 (continued)

A =70 — sin0) (5.2)
0
X = 2r cos 2 (5.3)
Based on velocity definition, we have
dX 0\ do
= = rsin (5)% (5.4)

By combining equations (5.1)—(5.4), we can get

FH . [0\ . do
e sin <§>(sm€—0)E (5.5)
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Fig. 5.8 Schematic Side View
drawing of thermal sliding
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Thermal sliding debonding process can be force control, velocity control, or
mixture of force control and velocity control. During force control debonding
process, a constant force is applied. During velocity control debonding process, a
constant velocity is applied. If debonding process starts as force control at time
zero, by solving Eq. (5.5) and use initial condition

0t=0) =z (5.6)

we can have a closed-form solution

3
_ O —asin (9) +26in2 (2
t=vh [20005 (2) 4 sin <2>—|—3sm 5 +Co (5.7)

By combining Eqs. (5.3) and (5.7), we can get the equation governing the relation-
ship between thermal sliding debonding time () and debonding position (x)
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t= ﬂ %arccos (1) — 4 sin (arCCOS (i)) + i sin” (arCCOS (i)) + §
“FH |1 2r /3 we

(5.8)

When debonding position (x) is equal to wafer diameter, ¢ is the total debonding
time. As indicated by Eq. (5.8), with the decrease of adhesive viscosity or with the
increase of debond force or adhesive thickness, debonding time decreases. If
debonding process starts with velocity control at time zero, by using Egs. (5.1)
and (5.4), we can have

- 1’]0}’2
" H

F (60 — sin 6) (5.9)

By combining Egs. (5.3) and (5.9), we can have

F= % (Zarccos (%) — sin (2arccos (%))) (5.10)

The closed-form solution, Eqgs. (5.8) and (5.10) can be used to control thermal
sliding process and material.

Post thermal sliding debonding, both device wafer and carrier need to be
cleaned. Solvent is dispensed at the top of device wafer and carrier wafer. Post
soaking, wafers are spun such that solvent dissolves the polymer and cleans the
wafers.

One of the issues reported by several groups is the wafer bow post debond.
Compared with traditional wafer, TSV wafer has interconnect structures on both
sides. If the residual stresses on both sides are unbalanced, wafer bow might occur.
This problem can be simulated by using Stoney equation. As indicated in Fig. 5.9,
based on geometry, we can have

R? = (R — H)* + DNP? (5.11)
Stoney equation is
Bsh}
= 5.12
of 6th ( )
Fig. 5.9 Schematic Die center

drawing of wafer warpage

ﬂ. DNP Die corner

R-H
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By combining Eqgs. (5.11) and (5.12), wafer bow is

3th'fDNP2

H
Bsh}

(5.13)

In order to reduce the wafer bow (H ), we need to reduce the residual stress from the
two sides of wafers or increase wafer thickness.

5.5 Wafer Laser Scribe

With the scaling of Si technology, the incorporation of advanced materials, and the
growth of small handheld electronics business, assembly technologies are being
developed to enable small form factor packages with advanced capabilities [40].
This poses significant challenges in current manufacturing technology and requires
novel ideas. Lasers have made major contributions to modern manufacturing
technology in heavy industries, medical applications, and space and military sys-
tems since the early 1970s. Laser dicing and scribing have been in focus for silicon
technology, especially for MEMS, MOEMS, and other microscale devices
[33]. However, the use of lasers is still in its early stage for most semiconductor
applications, especially in high-volume packaging manufacturing. This is mainly
due to the fact that advanced laser process is relatively slow above certain chip
thickness and still not fully mature to meet the cost target. Moreover, optics
technology is still growing with continuous advancement ongoing in the optoelec-
tronics field to meet high volume manufacturing reliability and cost demand. The
immediate potential applications of laser include laser dicing for thin wafer, and
laser scribe or grooving for wafer with complex or challenging ILD stack before
mechanical saw dicing.
The key fundamental advantages of laser process include [41]:

1. Laser cuts smaller street width due to narrow beam diameter and hence can
enable narrow street width which can increase number of chips per wafer.

2. Laser singulation can enable non-Cartesian street. This can enable multichip size

vehicle and harvest various chip sizes from same wafer.

. Laser thru cut for thin wafer reduces or eliminates die edge defects and cracks.

4. Laser dicing or scribe is a “dry” process in contrast with saw process and hence
potentially eliminates any corrosion and moisture-related issue. This advantage
may be limited due to wafer coat requirement and post laser singulation wash.
However, the time used is significantly less compared to that during saw process.

O]

Multiple publications reported that although saw technology continues to progress
in semiconductor dicing, there are challenges and difficulties in meeting yield and
reliability requirement when the die thickness are reduced below 100 pm [40—43]. In
order to reduce backside chipping (see Fig. 5.10), saw speed needs to be reduced
significantly lower or use alternate blade type. As wafer thickness decreases, the
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(a) (b)

Fig. 5.10 Backside chipping of silicon from mechanical sawing process: (a) typical BSC chip
[72], (b) side wall image of BSC on thin die [58] (Color figure online)

Fig. 5.11 Hybrid laser-saw a Saw cut b
process for wafers with
advanced low-k dielectric
and complex street
structures: (a) two grooves
scribed by laser at edges of
street prior to saw dicing,
(b) grooves scribed by laser
in the center of street and
saw cuts through the ablated
region [41]

. Saw cut

* Laser groove

Lasér roove in
as crack stop 9

center of streed

through cutting speed achievable with lasers increases [34] as shown in Fig. 5.5. In
order to truly achieve higher run rate using laser thru cut, higher laser power and
potentially an ultrafast laser system are required to further improve the laser dicing
quality.

Wafers fabricated with low-k ILD material and high number of street metal
structures may require hybrid laser-saw singulation process or alternate emerging
singulation technology such as Stealth Dicing [46, 47]. This will ensure no metal
stack interaction with saw blade and hence reduces stress induced by blade at die
edge. This minimizes the die edge defect during saw singulation. Typically, ILD
stack with SiO, is more appropriate with saw process compared to ILD stack with
low-k materials [34]. Mechanical saw cut through metal layers and low-k dielectric
material causes high chipping due to blade loading and hence higher blade bending
which can lead to die edge defects.

A key solution for this issue is using laser scribe process to isolate the active die
area prior to mechanical saw dicing process. As indicated in Fig. 5.11a, two tight
grooves are made by laser at the edges of street; as shown in Fig. 5.11b, a wide



116 H. Shi and E. Poonjolai
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groove is made by laser in the center of street [41]. In order to meet the yield and
reliability requirement, key laser attributes are wavelength, laser power or fluence,
and scribing technique. Multiple wavelengths can be used for scribing which has its
own advantages and disadvantages. A typical wavelength generally being used is
355 nm scribe in nanosecond region. Also a traditional laser scribe processing
moves a pulsed laser beam across the substrate [41].

Figure 5.12 further interprets the fundamental mechanism behind laser and saw
hybrid process. The remaining ILD stack in the center of street is dictated by laser
scribe technology, beam width, and number of laser passes. The idea of ILD stack
ablation is to remove most of metal stacks in the street to allow the saw blade to
singulate the remaining Si. This technique will ensure blade loading is reduced
during saw dicing. Typically the entire metal stack is ablated during the laser scribe
process which is then followed by saw singulation which can be a two- or one-step
process [34]. The two-step process uses two blade widths to cut through remaining
Si while the one-step process uses only one blade width to cut through the Si. The
distance between laser scribe edge and saw cut edge is dictated by street width,
scribe width, and saw blade width. This distance is one of the key process param-
eters because microcracks that are generated during laser and saw process can
propagate during reliability stress and causes reliability issue.

There are multiple publications that discuss laser—solid interaction [48—50]. One
of the key parameters to focus on in understanding laser—material interactions is the
characteristic time for electrons and lattice to reach thermal equilibrium [51]. In
nanosecond scale, the energy transport can be described by the Fourier conduction
model [52, 53]. In this case, the deposition of laser energy is instantaneous
compared to picosecond or femtosecond laser regime. In the latter case, the
electrons and material lattice do not attain thermal equilibrium [51].

A typical heat conduction equation is valid for any spatial and temporal scales as
in Eq. (5.14):

T "
C%:—V-q +S (5.14)

where C is the heat capacity (J/m3 K), ¢” is the heat flux vector, and S is the internal
heat source (W/m?) that can be caused by volumetric heating or coupling between
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electron. The heat capacity is C = pc,, and the heat flux is related to the temperature
gradient by the Fourier’s law in Eq. (5.15):

q = —kVT (5.15)

Substituting Eqgs. (5.15) into (5.14) results in the following heat conduction
equation:

pcp% =V - (kVT)+S (5.16)

Further information on ultrafast laser such as picosecond and femtosecond laser is
well explained by a few researchers particularly by Y. Zhang [54].

When a laser irradiance exceeds 10° W/cm2 for a nanosecond laser pulse, the
temperature near the surface of a solid target can exceed the boiling point, thus a
superheated liquid layer is formed [55]. It was suggested that explosive boiling
takes place where homogeneous vapor bubble nucleation occurs when the target
material reaches ~0.9T,. (T is the thermodynamic critical temperature) [55]. As a
consequence, the target material makes an abrupt transformation from superheated
liquid into a mixture of liquid droplets and vapor which are then ejected from the
target [56-60].

It is important to consider the ILD stack layers, material properties, and thick-
ness prior selecting the right laser systems (wavelength, pulse duration, and fre-
quency) to ensure scribe and singulation quality is acceptable for reliability and
yield. Although historically, UV nanosecond laser is used for scribing and
singulation, it can become a challenge to maintain similar yield and reliability
standard of processing future advance low-k and stack complexity. This may
require shorter pulse duration or ultrafast laser system or any other novel technol-
ogy such as stealth dicing, plasma singulation, or laser water jet. The interaction of
ultrafast laser pulses with a target material happens at a small timescale (picosecond
or less) and a small spatial scale along the laser beam irradiation direction (tens of
nanometers), accompanied with strong nonlinear, nonequilibrium, optically, ther-
mally, and mechanically coupled processes [61]. Because the ablation mechanism
is nonlinear, the energy coupling during ablation of a multistack low-k layer is
highly efficient compared to nanosecond laser.

5.6 Wafer Saw Process

Wafer saw or dicing technology is a well-established process and being used
generation after generation for dicing semiconductor materials. As indicated in
Fig. 5.13, typical saw dicing process involves two blades in step-cut process and
single blade in single thru cut process. The choice of saw dicing process depends on
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Fig. 5.13 Typical saw dicing process: (a) step-cut, (b) single thru cut, and (¢) step-cut with DAF
material

multiple parameters, including chip thickness, structures in the street, laser ablation,
dicing tape, and the die attach film (DAF) [33, 45, 62, 63]. In general, step-cut with
two blades is preferred in most cases because it can control front side chipping
(FSC) with first blade (Z1) and back side chipping (BSC) with second blade (Z2).

The saw dicing is an abrasive process using diamond particles embedded in a
solid binder and cutting through the material [33]. In this case, the abrasive material
used is diamond embedded in solid binder. A typical failure mode observed during
saw dicing is front side chipping (FSC) and back side chipping (BSC). The nature of
chipping can be a single large chip or daisy chain of small or large chips. This is
mainly due to the interaction of saw blade to the ILD stack material which forms
FSC and the blade interaction with the dicing tape or DAF which can form BSC and
DAF stringers or film burr [64]. The FSC and BSC also heavily dependent on street
structures in a given wafer. High metal content streets can increase the blade
loading and increase the number of chips and size formed in the street. It may
also lead to microcracks, originating from Si sidewall. The chipping size, occur-
rence, die thickness and residual stress of the die can dictate the reliability risk.
A typical failure in reliability is die crack due to assembly process, material and test
interaction. In some cases, it may lead to the crack of molding compound or epoxy
fillet. One of the challenges for BSC detection is the DAF material in certain
products as it prevents BSC to be monitored using commonly used optical mea-
surement tools. In general, the BSC is acceptable in most cases as long as the chip
depth and width is minimal and not extending toward the active area.

Multiple papers discussed the factors impacting FSC or BSC [33, 45, 62, 63, 65].
In summary, the key factors to be considered in eliminating or reducing the
chipping are as follows:

1. Blade type:

(a) Grit size of a blade can impact the chipping size and frequency. If the grit
size is increased, the cutting power increases [65] and hence reduces blade
loading. However, the study also shows that the backside chipping increases
if the grit is larger on wafer thickness less than 200 pm [65].

(b) Higher diamond concentration results in less chipping due to a smaller load
on each grit.

(c) A softer bond material allows the blade for self-sharpening and hence
reduces the chipping. However, the softer bond material can lead to faster
blade wear and hence increases the frequency of blade change.
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2. Blade thickness: It is generally dictated by scribe width. However, this factor
needs to be assessed carefully to understand the right size. Wider blade may
cause the force applied to the dies is large and causes higher backside chipping.
On the other hand, the smaller blade can tend to wobble during dicing and can
cause higher chipping. The wobbling can be associated to die thickness and also
metal structure density in street.

3. Process conditions such as precut dressing conditions [62], coolant and surfac-
tant flow [66] and direction respective to saw cut location and blade setup are
key factors to reduce FSC or BSC. It is important to monitor these parameters,
and setup condition to ensure on the blade is maintained during dicing. Blade
torque can be monitored online to ensure process stability is maintained and
meets current challenges of the dicing process [66].

As indicated in Fig. 5.14, in order to calculate the stress level on a chip, the blade
deflection distance ¢ can be calculated [33] using Eq. (5.17):

_ 6Fr]
"~ Ered

(5.17)

where §: displacement at the blade tip,

F: total side thrust force in N which is equal to ¢/,
q: loading per unit length due to side thrust,

I: length of a die,

ry: blade exposure length,

r»: radius of blade hub,

E: elastic modulus of blade,

e: blade thickness.

As indicated in Fig. 5.15, the maximum bending stress can be defined as [33]:

M,  3qP

where M, is max bending moment at “x,”
I is second moment of inertia,
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Fig. 5.15 Blade force on dies during saw process [33]
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h is width of die A (see Fig. 5.15),

[ is length of die A (see Fig. 5.15),

q is loading per unit length due to side thrust force,
b is thickness of die A (see Fig. 5.15).

As indicated in Fig. 5.16, the correlation between dicing force and feed rate was
revealed [33]. A chip size can be calculated by the following equation [67-69]:

2

1
3 Vw a h
- (™) (2 1
s = an 6<vs> (ds> (5.19)
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Fig. 5.17 Key process parameters for wafer dicing process (color figure online)

where C is the active grain number per unit area on the blade surface, @ is the cross-
sectional semiincluded angle of an undeformed chip, v,, is the velocity of work-
piece, v, is the velocity of the blade, a is the feedrate of workpiece, and d; is the
diameter of the blade. C can be calculated as [70]

4f

7
dy()"

C= (5.20)

where d, is the equivalent diameter of the diamond grits within the blade and fis the
active fraction of the diamond grits in the blade [70].
dg is expressed as [69]:

dy =28 x M~ (5.21)

where M is the mesh size of grains.

In summary, the FSC and BSC can be optimized by blade type, blade
concentration and grit size, feed rate, blade RPM, and cut depth which require
characterization in order to reduce and eliminate chipping and hence die crack.
Figure 5.17 shows fishbone diagram of key process parameters that affect the saw
performance [33, 70].
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Fig. 5.18 Die pick-and-place process: (a) Die pick mechanism and dicing tape peeling process,
(b) Die pick with bond head, (¢) Die place on a substrate (Color figure online)

5.7 Wafer Die Ejector

After saw dicing process, the singulated dies are adhered to the dicing tape. At the
next operation, the dies will be picked and placed onto a substrate or another die for
the die attach process. Most of the semiconductor industry uses the pick-and-place
process at the die attach assembly operation. In some cases, dies are picked and
placed in tape and reel and shipped to die attach assembly line for assembly
packaging. The mechanism and theory for each case is very much similar. In this
section, examples are used from die pick and place in the die attach assembly line,
typically called as wafer die ejector. As indicated in Fig. 5.18, the die pick-and-
place process uses the vacuum pick collect and die ejector mechanism [70]. The die
ejector typically has ejector pins or blades under the tape. The vacuum collects,
picks the die, and places on a substrate for the die attach process.

The key process factors include chip thickness and size, tape adhesive
modulus and stickiness, die ejector needle type and configuration, and die ejector
parameters.

These factors are highly critical for thin die, especially below 100 pm. An
unoptimized setting and material selection can lead to die crack. Multiple publica-
tions discuss the fundamental and modeling on die pick and place to identify critical
parameters and die stress sequence during die pick process [71-74]. The tape stress
will act on the die edge first and move to the top of ejection needles last [71].

As indicated in Fig. 5.19, the impact of single-needle and multineedle die ejector
assembly process on die crack was studied [72]. In single-needle technology, the
peeling energy release rate decreases as chips become thinner and larger, causing
the die harder to peel off from the dicing tape [72]; in multineedle technology, pick
ability was improved and the stress on die was reduced.

Cheng et al. [73] discuss die failure mechanism by experimental and finite
element model. Figs. 5.20 and 5.21 show the contours of stress and displacement,
respectively [73]. The key finding from the modeling data is the stress at the corner
of the die is lower than the eject point due to piercing force; however, the
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Fig. 5.19 Schematic drawing of die pick: (a) single needle, (b) potential die bending, (c)
multineedle assembly with more even ejection, and (d) shows the die crack due to die bending
[72] (Color figure online)

Fig. 5.20 Von Mises stress contour for the IC chip [73] (Color figure online)

displacement is higher at corner compared to the center of the die [73]. The die will
start peeling off from the dicing tape from corner toward the center of the die.

In summary, selecting the right die ejector (pin or needless) and pin configura-
tion and process settings are crucial in minimizing stress on die. Typically, the
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Fig. 5.21 Displacement contour for the IC chip [73] (Color figure online)

needless die ejector is used for thin die (approximately less than 75 pm). New die
ejector designs and die pick mechanism need to be explored for stacked die and
TSV pick-and-place process such as piston and slider ejector [71-73]. The other
crucial parameters that need to be considered while setting process conditions is the
electrostatic discharge (ESD) charge as this will severely damage the TSV silicon.

5.8 Conclusions

In summary, this chapter provides an overview of TSV wafer fabrication processes
mainly focusing on the kinetics of wafer buckling or wrinkling, thermal sliding
debonding, and die preparation processes including laser ablation, wafer saw
dicing, and die pick mechanism. Understanding the debonding and die preparation
mechanism and fundamental is key to deliver high yield and reliable material for
TSV packaging. It must also be noted that the ESD charges not only during the die
pick process is another important parameter to be observed and monitored during
TSV package fabrication to prevent the circuitry damage.
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Chapter 6

Direct Cu to Cu Bonding and Other
Alternative Bonding Techniques in 3D
Packaging

Tadatomo Suga, Ran He, George Vakanas, and Antonio La Manna

6.1 Introduction

Reliable, high-throughput, low-cost, and low-temperature bonding processes have
always been in high demand in industrial, electronics, and semiconductor environ-
ments. Multiple techniques and processes have been demonstrated in different
domain applications, with distinct advantages and disadvantages that we will explore
in this chapter. With the trend towards further device scaling and applications-driven
roadmaps, three-dimensional (3D) integration has evolved with bandwidth, power,
performance, and form factor advantages over planar, side-by-side, electronic pack-
aging. To enable 3D technology, high-density interconnects are required (sub-40 pm
pitch) and stacking/bonding processes that are reliable and with high-throughput are
in highly demand. Cu—Cu bonding is a promising candidate for 3D interconnects,
since Cu is a well-understood metallurgy for back-end-of-line (BEOL) layers and for
through-silicon vias (TSVs) and offers mechanical, electrical, and thermal advan-
tages. Comparing solder-based pillar/bump processes with solder reflow or thermo-
compression bonding in temperature range of 250-275 °C, the Cu—Cu bonding
process should target lower temperature range (from room temperature to 250 °C)."

! Process time targets depend on stacking process, e.g., die-to-die (D2D) = chip-to-chip (C2C) and
die-to-wafer (D2W) = chip-to-wafer (C2W) or wafer-to-wafer (W2W) processes, equipment/
process throughput and manufacturing models. For Cu-Cu process to be viable in manufacturing,
it needs to offer new capabilities and/or lower cost versus established solder-based processes.
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The study of Cu—Cu bonding started at universities around 2000 [1, 2], soon after
the announcement of Cu interconnects for integrated circuits by IBM in the late
1990s. For high-density interconnects, Cu—Cu bonding has been demonstrated
since 2006 by Morrow et al. of Intel (with smallest Cu pads of 5 x 5 um?) [3] and
Suga’s group at the University of Tokyo (with Cu pads of 3 pm in diameter) [4],
respectively. For 3D stacking in case of extremely thinned dies with 10 pm pitch
TSVs, this has been demonstrated in 2006 by Swinnen et al. of IMEC [5]. Cu—Cu
bonding for 3D prototypes such as memories, sensors, processors, and memory/
processor stacks has been demonstrated by Tezzaron [6] and Intel [3]. Cu/SiO,
hybrid bonding of Ziptronix (now owned by Tessera) has also been demonstrated
on 3D stacking by Fermilab [7, 8], Sony [9], and Tezzaron/Novati in recent years.

In this chapter, we introduce the pros and cons of Cu—Cu bonding and stacking/
bonding schemes for different applications. We review various methods of Cu—Cu
bonding: (a) thermo-compression bonding (diffusion bonding), (b) Cu—Cu bonding
with passivation capping layers, (c) surface activated bonding (SAB), and
(d) alternative bonding methods (Cu/dielectric hybrid and Cu—Cu insertion bond-
ing). We also review the effects of surface activation, surface microstructures and
characteristics, and surface passivation for Cu—Cu bonding to understand how the
bonding behavior depends on Cu surface cleanness, diffusion, temperature, com-
pression pressure, and bonding atmosphere. Lastly, we summarize state of the art
and recommendations for future directions.

6.2 Solder-Based vs. Solder-Less Bonding: Pros and Cons

Solder-based bonding is prevalent in 3D interconnects usually employing one-sided
scheme of solder microbump (e.g., Cu/x/solder, where x would be a diffusion
barrier like Ni and solder would be SnAg, SnCu, or other plated binary solder)
bonded on metal pad (e.g., Cu with a passivation layer or other capping layer to
prevent oxidation). The key advantages of solder-based schemes are process
robustness given that solder is malleable and more forgiving in terms of bump
height uniformity and co-planarity. However, a solder-based process is time-
consuming and has higher cost due to the additional material stack up (usually
involving photoresist, lithographic exposure and development, plating, etch, and
clean/strip processes). Moreover, a solder-based process is more prone to handling
damage of solder bumps. Also, the process temperatures for solder-based processes
are driven by the melting point of the solder (for instance, 232 °C for 100 % Sn and
~221 °C for eutectic SnAg). The solder-based bonding forms intermetallic com-
pounds (IMCs) and results in an IMCs/solder/IMCs structure, as shown in Fig. 6.1a.
By controlling the thickness of the solder, bonding can be achieved through
solid—liquid (solid-liquid interdiffusion [SLID] bonding) or solid-state (solid-
state interdiffusion [SSID] bonding) reactions between Cu and solder, consuming
all the solder and forming IMCs at the bonding interface, as shown in Fig. 6.1b.
Comparing to the conventional solder reflow and SLID bonding, the SSID bonding
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Fig. 6.1 Schematic diagram of the bonded structures using (a) soldering, (b) SLID/SSID bonding,
(¢) Cu—Cu bonding methods

is performed at lower temperatures (below the melting point of solder) but under
higher bonding pressures (~50-150 MPa).

Solder-based bonding limits the electrical conductivity, reliability (since cracks
are prone to occur at solder-IMCs interface or inside IMCs), and the minimum pitch
of connects. Direct Cu—Cu bonding without use of solder and formation of IMCs at
the bonding interface, as shown in Fig. 6.1c, has been developed to solve these
concerns. Comparing to other direct metal bonding such as Al-Al bonding, Cu—Cu
bonding interconnects promise better electrical conductivity, power consumption,
resistive-capacitive (RC) delay, and electromigration resistance. In addition, Cu
interconnects also provide excellent heat dissipation and thermal reliability, which
meets the requirements of some applications such as power electronics with an
operation temperature as high as 250 °C [10].

Thus, solder-less, Cu—Cu bonding technology has the prospects to simplify
processing, lower costs, and result in higher reliability and performance than
solder-based bonding. A main challenge of Cu—Cu bonding is that Cu surface is
readily oxidized by O, and H,O during exposure to air, and the resulted thick
(>10 nm) Cu oxides (CuO and Cu,O) prevent bonding formation at below 300 °C.
Depending on the bonding environment (vacuum, inert, reducing, or ambient
atmosphere), surface preparation and passivation, and handling of warpage and
flatness, Cu—Cu bonding processes have been demonstrated at temperatures lower
than the usual lead-free solder melting temperatures, down to 100—150 °C range
with some demonstrations also down to room temperature. Variants of the Cu—Cu
bonding processes include: thermo-compression bonding (or called diffusion bond-
ing), surface activated bonding (SAB), Cu—Cu bonding with assist processes
(surface cleaning, treatment, and passivation with noble and non-noble capping
layers), and hybrid bonding and insertion bonding. We will revisit such process
conditions in more details in subsequent sections of this chapter.
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6.3 Stacking and Bonding Schemes, Technologies,
and Applications

Stacking and bonding schemes and technologies are classified based on the form
factor of bonding surfaces, the geometry and topology of the active electronic
devices and packages and target applications. With respect to form factor, processes
are distinguished as chip-to-chip (C2C) (or die-to-die, D2D), chip-to-wafer (C2W)
(or die-to-wafer, D2W), and wafer-to-wafer (W2W). Benefits of the C2C and C2W
bonding schemes include use of known-good-dies (KGDs) for high yield and
integration of chips of different sizes with high flexibility. However, the disadvan-
tages are low throughput (especially C2C) and low alignment accuracy. W2W
enables high-throughput and high alignment accuracy; however, it suffers from
yield loss due to lack of KGDs and inflexibility with different sizes of stacked
layers. To solve the drawbacks, multichip-to-wafer (mC2W) bonding has been
developed for bonding of multiple chips temporary assembled on a carrier wafer
(e.g., through liquid assisted self-assembly [11]) onto a wafer.

Bonding schemes can also be distinguished based on how the active surfaces
(having devices) are brought into contact, e.g., face-to-face (F2F), and back-to-face
(B2F) (or face-to-back, F2B), and back-to-back (B2B). The face side refers to the
front side of wafers, where active devices are fabricated; backside refers to the
opposite side of the face side and is usually obtained after thinning and insulation/
metallization. In case of passive interposer that has no active devices, the surface
firstly processed is commonly termed as face side and the opposite backside. F2F
bonding uses Cu pads on the top metal layer above the active devices, and wafers
are brought into contact between the face sides of both wafers, as illustrated in
Fig. 6.2a. F2F bonding is widely used for two-layer 3D stacking. Morrow and
coworkers at Intel employed F2F bonding for 3D stacking of wafers having active
devices such as 65-nm MOSFETs and 4-MB SRAMs using Cu bonding pads with
size ranging between 5 pm X 5 pm and 6 pm x 40 pm [3]. Subsequently, one of the
F2F bonded wafers can be thinned and processed for insulation/metallization from
the backside for additional bonding through either B2F or B2B bonding schemes.
The B2F bonding brings wafers into contact between the backside and face side of
the two wafers, as illustrated in Fig. 6.2b; the B2B bonding brings wafers into
contact between backsides. A wafer can also be thinned and backside processed
with help of temporary bonded carrier before the B2F bonding, as illustrated in
Fig. 6.2c, or B2B bonding. The B2F and B2B bonding is usually used for 3D
stacking of more than two layers together with the F2F bonding.
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Fig. 6.2 Stacking schemes: (a) F2F before wafer backside processing, (b) B2F for bonding of
third layer, (¢) B2F with temporary bonding

6.4 Thermo-Compression Bonding (Diffusion Bonding):
Material Fundamentals and Microstructure Effects

The basis of Cu—Cu thermo-compression bonding is interdiffusion and self-
diffusion at elevated temperatures and under an external compression, depending
on the cleanliness of the mating Cu surfaces and potentially additional passivation
or capping layers. The compression pressure, which is mainly dependent on the
surface topography and roughness, can be in order of 100—150 MPa for as-plated Cu
films/pillars, and <2.5 MPa for thin smooth Cu films or CMP (Chemical-
Mechanical Polishing) smoothened Cu films. Typically, Cu—Cu thermo-
compression bonding is performed at 300400 °C in vacuum or protecting/reducing
gas environment, followed by a post-bonding annealing at 300—400 °C to improve
the bond strength [12]. However, such high process temperatures may cause large
thermal expansion and stress, which degrade or even damage thermal- and



134 T. Suga et al.

stress-sensitive materials and devices. Moreover, formation of interfacial voids
were observed when bonding temperature is higher than 300 °C [13].

In order to lower the bonding temperature, surface treatments such as wet
chemical cleaning and gas/vapor-phase thermal treatments have been studied. For
instance, forming gas (H,+Ar or N,) treatment has been studied for Cu—Cu
bonding at below 200 °C. After treatment at 175 °C for 30 min, wafers were bonded
with thermo-compression at 175 °C for 30 min followed by 200 °C 1 h annealing
[14, 15]. W. Yang and coworkers at the University of Tokyo studied Cu—Cu
bonding by using formic acid (HCOOH) vapor treatment combined with
Pt-catalyzed dehydrogenation for in situ generation of hydrogen (H) radicals/mol-
ecules [16, 17]. In this combined process, H radicals/molecules are generated by
heating Pt folis exposed to HCOOH vapor through the following reaction.

HCOOH 2 CO, + 2H (6.1)

The generation of H contained in the HCOOH vapor was confirmed by ex situ gas
chromatography analysis [16]. The detected H, peak area was almost same with
standard 0.1 % H, spectra. Compared to the forming gas, the H-containing HCOOH
vapor appears to be more effective for Cu oxide reduction because of the presence
of highly reactive H radicals, resulting in strong Cu—Cu bonding (shear strength of
above 10 MPa) at 200 °C. As summarized in Table 6.1, comparing to the forming
gas treatment, the HCOOH vapor treatment enables Cu—Cu bonding with very short
treatment and bonding time and without the need of post-bonding annealing.
Most of the existing studies on Cu—Cu thermo-compression bonding were based
on diffusion between randomly oriented Cu films. Diffusion, as known from
materials fundamentals, is not only temperature dependent but also microstructure
dependent. Cu—Cu bonding by using Cu layers that have special microstructures,
such as Cu nanorod array [18], Cu particles [19], and highly (111)-oriented nano-
twin Cu films [20], has also been investigated in order to lower the bonding
temperatures. Table 6.2 summarizes data of Cu surface diffusion coefficients on

Table 6.1 Thermal budget of Cu—Cu bonding by forming gas and formic acid vapor surface
treatments

Cu treatment Bonding and annealing
Forming gas (H,+ Ar or N,) [14, 15] | 175 °C 30 min 175 °C 30 min+200 °C 1 h anneal
Formic acid vapor [16, 17] 200 °C 1-10 min | 200 °C 5 min without annealing

Table 6.2 Cu surface diffusion coefficients on three crystal planes as function of temperature
(Reproduced from [20] under the Creative Commons Attribution 4.0 International License)

Cu surface diffusivity, Dyurface (M>/8)

Temperature (°C) (111) (100) (110)

150 6.85 x 1071° 215%x 1071 6.61 x 10716
200 9.42 x 10710 1.19x 1071 5.98 x 10713
250 1.22x107° 474 %1071 3.56x 107
300 1.51x107° 1.48 x 10712 1.55%x 107"
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Fig. 6.3 Bonding between two electroplated (111)-oriented Cu films at 200 °C for 30 min: (a)
TEM cross-sectional image and (b) electron backscattered diffraction (EBSD) orientation image
(Reproduced from [20] under the Creative Commons Attribution 4.0 International License.)

Fig. 6.4 TEM cross-
sectional image of
nanocrystalline Cu films
bonded at room temperature
in UHV immediately after
sputter deposition. The
original interface is
invisible owing to Cu self-
diffusion (Reproduced with
permission from [21];
Copyright © 2010, AIP
Publishing LLC.)

Si substrate

?i substrate 20 nm

three crystal planes as function of temperature in the range of 150-300 °C
[20]. Because of the larger surface diffusivity on (111) plane than (100) and
(110) planes, the Cu—Cu bonding temperatures can be reduced by using (111)-
oriented Cu surfaces. C.-M. Liu and coworkers studied the Cu—Cu bonding of
highly (111)-oriented nano-twin Cu films and good bonding was obtained under
thermo-compression at 150-250 °C for 10-60 min [20]. Figure 6.3a presents TEM
image of the cross-sectional Cu—Cu interface at 200 °C for 30 min, showing a void-
free bonding interface. Figure 6.3b presents an electron backscattered diffraction
(EBSD) orientation image of the bonding interface, showing all the Cu grains near
the bonding interface were oriented in the <111> direction. The surface diffusion
also occurs even at room temperature if the surfaces are free of oxides. T. Shimatsu
et al. demonstrated Cu—Cu bonding between clean nanocrystalline Cu films in ultra-
high-vacuum (UHV) immediately after sputtering deposition [21]. TEM result
showed that the bonding interface become invisible, as shown in Fig. 6.4, which
is attributed to the rapid Cu self-diffusion at room temperature. The Cu nanocrys-
talline thin films were also successfully bonded in air at temperature as low as
100 °C [22].
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Table 6.3 Various capping layers used for Cu surface passivation and the bonding temperatures

Capping | Bonding

layer temperature (°C) | Features
SAM 250-300 Pre-bonding annealing is needed for SAMs desorption [24—28]
Ti 160-180 Ti diffuses away from the interface [29]

Thickness of Ti is important for passivation, surface roughness,
and TiO, content (optimal 3 nm) [30]

Pd 150 Pd diffuses away from the interface
Lower contact resistance than Ti passivation [31]
Au 250 Poor bond strength and formation of IMCs [25]

6.5 Passivation with Capping Layers (SAMs and Metals)

Since Cu is readily oxidized by O, and H,O if exposed to air, Cu surface passivation
with capping layers has been studied to protect Cu surfaces from oxidation and to
improve the Cu—Cu bonding quality. The typical surface finishes such as electroless
nickel/immersion gold (ENIG), immersion silver (ImAg), immersion tin (ImSn),
and organic solderability preservatives (OSP) were mainly developed for solder-
based bonding. Researchers have also developed the ENIG capping for solder-less
chip-to-substrate assembly by using thermo-compression at <200 °C and under
~300 MPa for 2.5D packaging [23]. This section will focus on some emerging
capping layers including organic self-assembled monolayers (SAMs) and metals
such as sputtered Ti or Pd and electroless Ni- or Co-based alloys, as summarized in
Table 6.3.

The SAMs are used as temporary capping layers for Cu film surface passivation.
C.S. Tan and coworkers studied the SAM of alkane-thiol for Cu—Cu bonding at
250-300 °C [24-27]. The wafers were immersed into the solution of 1-hexanethiol
[CH3—(CH,)4—CH,—SH, C-chain length of C6] after Cu film deposition. The thiol
(—SH) head groups bind to Cu surface and form a densely packed SAM cap; the
methyl (—CHj;) tail groups make the Cu surface hydrophobic [27]. After 3-5 days
of storage, the SAM was desorbed with annealing at 250 °C for 10 min in vacuum
or N, ambient to expose the Cu surfaces for bonding. The exposed Cu surface
remained hydrophobic and clean for strong bonding, with shear strength of
~60 MPa comparing to ~10 MPa without use of the SAM.

Researchers at IMEC Consortium Belgium applied thiol-based SAMs as pas-
sivation of electroplated Cu pads/pillar/bumps in 3D interconnects. In reference
[28], SAM types with different C-chain (length of C3, C10, and C18) were studied
in flat and 3D patterned/microbumped samples at 40 pm pitch. Cyclic voltammetry
was used to compare oxidation resistance qualitatively on standalone samples.
After die-to-die stacking electrical probing was used to measure full daisy chain
and sub-chain continuity and electrical resistance. It was found that the C18-SAM
deposited in liquid phase (up to 24 h of immersion) on electro-deposited Cu
demonstrated better layer stability and lower oxidation compared to the
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C10-SAM, which was in turn better than the C3-SAM. C18-SAM passivation
degrades fast in ambient at room temperature conditions regardless of immersion
time (based on comparison of 1 day vs. post-1 week cyclic voltammetry). Thus, “sit
times” of materials in the manufacturing process queue should be of the order of
days; otherwise, materials need to be stored in vacuum/inert atmosphere and “time
critical loop” needs to be set up and controlled. Based on electrical probing of
two-die stacks, C18-SAM passivation resulted in lower electrical resistance ~500 Q
compared to three times higher resistances for C10 SAM stacks with order-of-
magnitude wider variance. C18-SAM samples also yielded electrically ~20 %
higher in terms of connected daisy chains compared to C10 SAM. It was also
found that microwave plasma cleaning prior to SAM deposition is more effective
than citric acid cleaning, based on voltammetry on flat samples and electrical
resistance and daisy chain continuity of two-die stacks.

Unlike SAMs that are removed before bonding, metal capping layers are present
and involved in interfacial reaction during the bonding. Y.-P. Huang and coworkers
studied Cu—Cu bonding by using sputtered Ti and Pd capping layers [29, 31]. Due
to lower activation energy at the surface, Cu has a tendency to diffuse toward the
bonding interface. In contrast, Ti(TiO,) diffuse toward Si substrate.[29] This
diffusion behavior results in a Ti(TiOy)/Cu—Cu/Ti(TiOy) bonded structure. Similar
behavior was also found by using the Pd capping layer. Results of TEM images and
EDX composition profiles of the bonded structure show that the interface mainly
contains Cu and the oxygen content using Pd capping is smaller than that using Ti
capping [29, 31]. Electrical measurements also exhibit much lower contact resis-
tance with Pd than Ti [31]. A. K. Panigrahi et al. also investigated the influence of
the thickness of the Ti capping layers on passivation and bonding results. They
demonstrated that 3 nm Ti capping layer is effective for passivation of Cu surface
with small surface roughness and low TiOy content [30]. The Au capping layer is
not suitable for Cu—Cu bonding because of the poor bond strength, which may be
owing to formation of IMCs in the absence of barriers between Cu and Au
layers [25].

Work at IMEC has demonstrated an approach to use non-noble capping layers
(e.g., electroless NiB and CoB) to passivate Cu surfaces and enable better bonding
[32]. The B in the non-noble capping layers fits into the spaces in the Ni or Co
lattice and acts as an interstitial element thereby preventing oxidation of the Ni or
Co present in the capping layer. As such, NiB or CoB alloy with an atomic
concentration percentage of B from 10 to 50 % behaves as a noble metal for surface
passivation but at a lower cost.

6.6 Surface Activated Bonding (SAB) Processes

The SAB method is a room-temperature bonding method by using pre-bonding
surface activation in UHV. The origin of the SAB dates back to experiments on
adhesion in UHV conducted by NASA in the 1970s. Professor Suga’s group in the
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Fig. 6.5 TEM images of the interface between Cu films bonded at room temperature (Reproduced
with permission from [34]; Copyright © 2005, Springer Science + Business Media, Inc.)

University of Tokyo made considerable progress in UHV bonding in the 1980s, and
the technique was extended to apply to homo-/heterogeneous bonding between
metals, Si/IlI-V semiconductors, glasses, and polymers.

In addition to the diffusion and reactions at elevated temperatures, there are also
always chemical interactions between atoms on the mated clean surfaces. The
origin of these interactions is the cohesive and adhesive energy of solids, which
enables solid-state bonding even if there is no high-temperature reaction. The SAB
method removes surface oxides and contaminants by utilizing a pre-bonding
surface activation by Ar atom beam bombardment in UHV, which prevents rapid
reoxidation and recontamination of the surfaces prior to bonding. Therefore, the
SAB in principle can enable bonding of various materials (metal-to-metal, metals-
to-ceramics, metals-to-semiconductors, and semiconductors-to-semiconductors) at
room temperature, i.e., without either heating or post-bonding annealing [2, 33,
34]. Figure 6.5 shows the TEM images of Cu—Cu bonding interface prepared by
using SAB at room temperature. The visible interface implies that no significant
diffusion and Cu grain growth occurred across the bonding interface. It is also
indicated that the SAB is less dependent on the Cu diffusion and microstructures of
the Cu grains. The SAB avoids formation of oxides at the bonding interface
and thermal-related issues such as thermal stress, thermal expansion, and
expansion-induced bonding misalignment.

Based on the SAB method, T. Suga proposed the concept of bump-less inter-
connect in 2000 [35, 36], which is defined as two layer structures bonded directly
with metallic interconnections and insulating layer in a coplaner plane, as illus-
trated in Fig. 6.6. The layer structures represent either combinations of LSI chip and
substrate, two different devices (RF, digital, analog, logic, memory, etc.) or wiring
layers and device layers. Especially, this structure is expected to be applied to
(1) bonding of wiring layer for global interconnections and device layer on chip,
(2) improvement of yield by dividing the wiring layer, (3) improvement of signal
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Fig. 6.7 SEM cross-sectional image of bump-less Cu—Cu bonded structure with 6 pm pitch

transmission rate by adopting adequate transmission line structure and shortening
distance between devices, (4) interconnecting two different device layers, such as
separation of analog and digital devices, and (5) bonding of optical device to Si
substrate, and bonding for hetero-junction of semiconductors [35]. It is a general-
ized concept for what is often called today as (Cu/dielectric) hybrid bonding.

The SAB method demonstrated chip-scale bump-less Cu—Cu bonding intercon-
nects of 1,000,000 electrodes at 3 pm critical dimension and 6 pm pitch, as shown in
Fig. 6.7 [4, 37]. To date, the SAB method has also enabled high-volume industrial
applications for metal laminates and MEMS packaging.
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(@) (b)
Fig. 6.8 TEM images of the Cu—Cu bonding interface prepared by the modified SAB processes at
150 °C: (a) modified diffusion bonding using dry O, (Reproduced with permission from [38];
Copyright © 2009, The Japan Society of Applied Physics) and (b) vapor-assisted SAB using
humid N, gas (Reproduced with permission from [39]; Copyright © 2012, TMS)

SAB was also modified (namely modified diffusion bonding [38] and vapor-
assisted SAB [39]) for Cu—Cu bonding in ambient air at 150 °C [38-41]. Figure 6.8
shows the TEM images of Cu—Cu bonding interfaces obtained with the two
processes, by using Ar beam irradiation followed by dry O, or humid N, exposure,
respectively [38, 39]. Void-free bonding with O-containing interlayer of ~15 nm
thickness was achieved by both methods. The bonded interconnects exhibit low
resistances that are only slightly higher than that obtained by using conventional
SAB in UHV, as compared in Fig. 6.9 [39].

SAB also comes with disadvantages, mainly its difficulty of bonding some ionic
materials to each other, like glass and silicon dioxide (SiO,). The reason for this is
still not clear, but it is assumed that the surface of ionic materials is spontaneously
polarized at different levels by ion beam bombardment, which is performed prior to
bonding. To overcome the challenge of traditional SAB, a modified method was
developed. In this approach, the surfaces to be bonded are sputter cleaned by Ar
beam and simultaneously deposited with Fe and subsequently Si layer. The metal-
lic/silicon thin layer may shield the surface polarity of the ionic materials and
enable room temperature bonding of SiO,, glass, and various single crystalline
wafers and polymer films at room temperature with high bond strength. Industrial
application that were enabled by this modified SAB method are sealing of glass and
polymer devices such as organic electro-luminescent display (OELD) or lightening
devices since there is no other suitable method for good sealing agent against
permeation of water and oxygen from the atmosphere into those devices.
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Fig. 6.9 Electrical resistivity of Cu—Cu bonding interconnects by using conventional SAB and
modified SAB with dry O atmosphere (modified diffusion bonding [38]) and humid N, atmosphere
(vapor-assisted SAB [39]) after high-temperature storage testing at 150 °C (Reproduced with
permission from [39]; Copyright © 2012, TMS.)

6.6.1 Cu/Dielectric Hybrid Bonding

Bump-less interconnect promises high-density direct vertical electrical intercon-
nects with very short length between 3D stacked chips or wafers [35, 36]. At the
same time, the dielectric passivation area (e.g., oxide/nitride, polymer adhesives)
should be bonded so to enhance the bond strength, heat dissipation, and Cu
corrosion protection with a seamless interface. Although such hybrid bonding of
metals and dielectric materials has been investigated by for instance, Au/adhesive,
Au/SiO,, and Cu-Sn/adhesive combinations, Cu/SiO, and Cu/adhesive hybrid
bonding are the most promising options for high electrical performance.

The methods used for Cu/SiO, and Cu/adhesive hybrid bonding are different
because of the different mechanisms of Si0,—SiO, bonding and polymer adhesive
bonding. The SiO,—SiO, bonding is typically based on the hydrophilic bonding
mechanism, which requires hydrophilic surface modification prior to bonding; the
adhesive bonding usually uses thermosetting polymer adhesives, for instance,
benzocyclobutene (BCB), polyimide (PI), and polybenzoxazole (PBO), and the
bonding is based on thermo-compression bonding.
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Fig. 6.10 Cu/SiO, hybrid bonding (a) without and (b) with external compression

6.6.2 Cu/SiO, Hybrid Bonding

Cu/SiO, hybrid bonding can be done through hydrophilic surface modification of
the chips or the wafers followed by bonding and then post-bonding annealing.
Because of possible CMP dishing of the Cu surface, chips or wafers can be initially
bonded only through the SiO,—SiO, bonding at room temperature, as shown in
Fig. 6.10a-i. Post-bonding annealing (typically at 200-400 °C) is required to
enhance the SiO,—SiO, bonding and to induce thermal expansion of Cu for Cu—
Cu bonding, as shown in Fig. 6.10a-ii. The as-bonded SiO,—SiO, strength must be
sufficiently high to sustain the stress induced by Cu thermal expansion. Cu/SiO,
hybrid bonding can be also conducted with thermo-compression, in which the
external compression is applied on both the Cu—Cu and SiO,—SiO, interfaces
during bonding (Fig. 6.10b-i), before post-bonding annealing to further enhance
the bonding (Fig. 6.10b-ii).

Table 6.4 compares some methods that have been investigated for Cu/SiO,
hybrid bonding. The efficiency of plasma activation for SiO,—SiO, and Cu—Cu
bonding is still questionable although it has been shown to be very effective for
hydrophilic Si—-SiO, bonding. By using the plasma activation, the bond strength of
the Si0,—Si0; pairs is significantly lower than the Si—SiO, pairs [42, 43]. For metal
bonding, the plasma activation has been developed for low-temperature bonding of
solder [44], Au films [45], and Au particles [46]. However, the benefit still remains
unclear for Cu—Cu bonding at below 300 °C. The residual H,O and O, in the plasma
chamber, whose pressure is typically in the range of 0.1-100 Pa, could oxidize the
Cu surfaces even though the Ar or N, plasma can be used. M. Park et al. reported
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Table 6.4 Comparison of bonding methods for Cu/SiO, hybrid bonding

Methods

Si0,-SiO,

Cu—Cu

Plasma activa-
tion bonding

1. Significantly lower bond
strength than Si—SiO, and Si-Si
bonding at <300 °C

1. Cu oxide [47] and nitride [14, 48]
formation

2. Surface roughening [47]

2. Difficult to remove interfacial
H,O

3. Sheet resistance increase [47]

4. Post-activation storage decreases
the bond strength [48]

Direct Bond
Interconnect
(DBI®) [49, 50]

1. High bond strength at 200 °C

2. Small amount of interfacial
H,0 [51, 52]

Low resistances are obtained at low
temperatures, but technical details are
rarely disclosed

Special CMP
treatment of Leti
[53-55]

1. Low bond strength at <300 °C

2. Difficult to remove interfacial
H,0

1. Ultra-smooth surface is essential

3. Bond strength at low temper-
ature depends on the film deposi-
tion process [56]

2. Bond strength at room tempera-
ture depends on the Cu film deposition
method [57]

3. Post-activation storage (e.g.,
more than 2 h) decreases the Cu—Cu
bond strength [58]

High bond strength and low resistance

Vapor-assisted Details not reported

SAB [39, 59] with bonding at 150 °C
Combined SAB 1. Bonding in vacuum to reduce | 1. High bond strength at 200 °C
[60, 61] interfacial H,O 2. Ultra-thin interfacial CuOy for

2. High bond strength at 200 °C | low resistance

formation of Cu,O and increase in the electrical sheet resistance after Cu surface
treatment by Ar plasma [47]. Their bonding results also showed poor bonding
quality with obvious large voids with bonding at 300 °C after the Ar plasma
activation [47]. Furthermore, some other influences of the plasma treatment on
Cu surface, such as pimples and delamination induced by N, plasma treatment [14],
needs further investigation.

The Direct Bond Interconnect (DBI®) is a famous Cu/SiO, (or SiN,) hybrid
bonding technique developed by researchers at Ziptronix, Inc. (acquired by Tessera
Technologies, Inc. in 2015) [49, 50]. In this technique, after surface plasma
activation and chemical treatments for bonding species (e.g., Si—-OH and Si—NH,
groups) termination, wafers are bonded in ambient at room temperature without
external compression (resulting in considerable high SiO,—SiO, strength through
interfacial Si—O-Si and Si—-N-N-Si bonds) [51, 52, 62], followed by post-bonding
annealing at elevated temperatures (125400 °C [63]) for Cu—Cu bonding facili-
tated by internal compression induced by Cu thermal expansion [49]. By using of
fluorinated oxide, the oxide—oxide strength can be further improved because of the
improved absorption of interfacial H,O by the fluorinated oxide. This process and
its variants have been used and licensed at IMEC, Fermilab, Tezzaron/Novati, and
Sony. Fermilab and Sony, respectively, has applied it in 3D stacked image sensors
in recent years [7-9]. A eight-layer wafer stack, containing 8 layers of transistors
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Fig. 6.11 TEM image of leti
the Cu—Cu bonded interface

obtained by CMP treatment

(Reproduced with

permission from [53];

Copyright © 2012, Wiley-

VCH Verlag GmbH &

Co. KGaA.)

and 80 layers of interconnect, bonded by the DBI® technique was demonstrated by
Tezzaron Semiconductor and Novati Technologies in the 2015 IEEE 3DIC
conference.

Researchers at CEA Leti developed a direct bonding method for Cu/SiO, hybrid
bonding by making Cu and SiO, surfaces ultra-smooth and hydrophilic using
optimized CMP [53-55]. The bonding is conducted in air at room temperature
and without external compression. Figure 6.11 shows the interface of the Cu/SiO,
hybrid bonded structure reported by researchers of CEA Leti [53]. The bonding
behaviors were studied in detail by Cu—Cu and SiO,—SiO, bonding experiments
using blanket films. For Cu—Cu bonding, bond-strengthening behavior at low
temperatures was found depending on the Cu film deposition method [57]. Using
Cu films electrodeposited on Si wafers, the Cu—Cu bonding energy is around 0.8 J/
m? as-bonded and increases to around 2.8 J/m? after 60 days of storage; using
physical vapor deposited Cu films, the Cu—Cu bonding energy is around 0.5 J/m?
as-bonded and slightly increases to 0.7 J/m? after 120 days of storage [57, 64]. The
Si0,—Si0, bonding energy is around 0.2 J/m? at room temperature. Typically, post-
bonding annealing at 200—400 °C is employed to improve the bonding energy and
to close the gaps between CMP-dished Cu surfaces [54], which is the same as the
DBI’s concept. After 200 °C annealing, the SiO,—SiO, bonding energy is compa-
rable to that by using plasma activation bonding but still lower than the Si bulk
fracture energy [65]. Literatures suggest the SiO,—SiO, bonding quality can be
limited by the presence of excess interfacial H,O molecules. It has been reported
that voids are generated owing to the excess H,O at the SiO,-SiO, bonding
interface [56, 66]. Furthermore, F. Fournel and coworkers reported that the SiO,—
Si0O, bond strength can be decreased by the water stress corrosion effect induced by
the interfacial H,O, which is difficult to remove at temperatures below 400 °C
[67]. In case of annealing at 400 °C, the strength of the Cu/SiO, hybrid bonded
wafer is significantly improved [54], but voids are generated at the Cu—Cu bonding



6 Direct Cu to Cu Bonding and Other Alternative Bonding Techniques in 3D Packaging 145

interface and in the Cu films [68, 69]. This technique has been demonstrated in a 3D
stacked image sensor on a logic die [70].

It is also feasible to realize hybrid bonding by using the vapor-assisted SAB and
combined SAB methods. Although the conventional SAB methods is effective for
Cu—Cu bonding at room temperature, it was shown to be ineffective for the SiO,—
SiO, bonding [71]. The vapor-assisted SAB method was developed not only for
low-temperature Cu—Cu bonding in ambient atmosphere, but also for hybrid bond-
ing with material combinations of Cu, SiO,, and polyimide [38, 39, 59]. However,
this method also faces the concern of low SiO,—SiO, bonding quality due to the
water stress corrosion effect and generation of voids owing to trapping of excess
H,0. The combined SAB method was recently proposed to improve the SiO,—SiO,
bonding quality for Cu/SiO, hybrid bonding, based on bonding in vacuum for
pre-bonding removal of excess H,O molecules adsorbed on the wafers and for
prevention of gas trapping [60, 61]. The combined SAB involves a combination of
surface irradiation using a Si-containing Ar beam and pre-bonding attach—detach
process prior to bonding in vacuum. The Si atoms added in the Ar beam are
expected to increase the number of reactive Si sites on SiO, surface, while the
pre-bonding attach—detach process is used to enhance the OH adsorption and to
remove excess H,O prior to bonding in vacuum. As a result of the combined
procedure, high Cu—Cu, Si0,-Si0,, and SiO,—SiN, bond strength has been realized
by bonding in vacuum of 10~> Pa under an external compression of 2.5 MPa at
200 °C for 30 min followed by 200 °C annealing in ambient for 2 h [61]. The
external compression is applied to ensure the wafers are tightly contacted even in
the presence of large surface roughness, Cu dishing, and wafer warp and bow.
Figure 6.12a shows the bond strength of various blanket bonded pairs, which is
close to the Si bulk fracture strength of 2.5 J/m?® Figure 6.12b shows the
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Fig. 6.12 Results of the combined SAB for (a) bond strength of various blanket films at 200 °C
and (b) TEM image of the Cu—Cu bonded interface (Reproduced with permission from [60];
Copyright © 2012, The Electrochemical Society)
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microstructure of the Cu—Cu bonding interface, containing low-O interface,
ultrathin CuOy interlayer, and some small voids.

Since it is also demonstrated that high Si0,—SiO, bond strength can be obtained
with bonding at room temperature followed by 200 °C annealing without thermo-
compression [61], it can be interesting to optimize the combined SAB for Cu/SiO,
hybrid bonding without compression. According to the authors’ (T. Suga and
R. He) experience, strong Cu—Cu bonding can also be achieved at 200 °C by
combining Ar plasma activation (in low vacuum of 60 Pa) with the pre-bonding
attach—detach process. Since the plasma activation has been widely studied for
Si0,-Si0, bonding, this combined approach also holds promise for the develop-
ment of Cu/SiO, hybrid bonding without the use of high vacuum.

In short summary, Cu/SiO, hybrid bonding is much more complex than Cu—Cu
bonding in the aspects of simultaneous surface activation of Cu and SiO,, bonding
conditions, and the presence of Cu dishing. Further researches are to be done to
increase the bond strength obtained at <250 °C, to understand the influences of Cu
dishing and wafer warp and bow, and to ensure high yield of low-resistance bonded
interconnects.

6.6.3 Cu/Adhesive Hybrid Bonding

Besides Cu/SiO, hybrid bonding, Cu/adhesive hybrid bonding using polymer
adhesives instead of SiO, has also been investigated for 3D integration.
Researchers at IBM developed Cu/adhesive (polyimide) hybrid bonding by using
lock-and-key bonding structures [72]. Researchers at RPI (USA) [73] and ASET
(Japan) [74] developed Cu/adhesive hybrid bonding with benzocyclobutene (BCB)
and polybenzoxazole (PBO) adhesives prepared by CMP, respectively. Figure 6.13
shows a micrograph of the Cu/BCB hybrid bonded structure [73].

Cu/adhesive hybrid bonding is typically conducted through an “adhesive-first”
bonding approach, as shown in Fig. 6.14a, in which the adhesive is thermo-
compression bonded and highly cured at a lower temperature (depending on the
adhesive materials, e.g., 250 °C 1 h for BCB) before Cu—Cu thermo-compression
bonding at a higher temperature (350—400 °C) [73, 75, 76]. This two-step bonding

Cu Grain Across Nanovoids at Cu
Bondinglnterface Grain Boundary

Top
wafer

~ | Bottom
wafer

Fig. 6.13 SEM cross-sectional image of Cu/BCB hybrid bonded structure (Reproduced with
permission from [73]; Copyright © 2012, Wiley-VCH Verlag GmbH & Co. KGaA)
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Fig. 6.14 Cu/adhesive hybrid bonding: (a) “adhesive-first” hybrid bonding process and (b) “Cu-
first” hybrid bonding process in demand

sequence is employed because that the high Cu—Cu bonding temperature may
damage the adhesive if it is not fully cured beforehand. The “adhesive-first” hybrid
bonding approach has issues such as limitation of the choice of adhesive materials
(having high thermal stability during high-temperature Cu—Cu bonding), low
throughput due to long-time thermo-compression, and high thermal stress due to
high Cu—Cu bonding temperature. Also, the mutual slip between the upper/lower
substrates during the adhesive bonding/curing step may cause great misalignment
of the final bonded structure [77]. To solve these issues, we suggest that it is highly
desired to develop a “Cu-first” hybrid bonding approach, in which the Cu—Cu
bonding is done at a low temperature and within a short time (e.g., <10 min)
prior to the long-time adhesive curing, as shown in Fig. 6.14b. Therefore, it is
essential to obtain the Cu—Cu bonding at reduced temperature that is comparable to
or even lower than the adhesive bonding/curing temperature, which is typically
below 250 °C or even 200 °C.
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Effective surface activation methods for low-temperature (<250 °C)
Cu/adhesive hybrid bonding are still rarely studied although various physical and
chemical surface activation methods have been studied for Cu—Cu bonding, as
described above in this chapter. The presence of adhesive in the Cu/adhesive hybrid
bonding limits the surface activation needs to be adhesive compatible, i.e., intro-
ducing acceptable chemical/thermal damages and Cu contaminants to the adhesive
materials. For instance, Ar atom beam and Ar plasma irradiations are considered to
be unfriendly for the Cu/adhesive surface activation, which is mainly because they
may induce Cu impurities on the adhesive owing to adsorption of physically
sputtered Cu atoms onto the adhesive surface [78].

It seems promising to reduce the thermal budget for the Cu/adhesive hybrid
bonding and to avoid the sputtering induced Cu impurities on adhesives by using
the H-containing HCOOH vapor treatment. The H-containing HCOOH vapor
treatment enables strong Cu—Cu bonding (shear strength of above 10 MPa) at
200 °C with considerably short pre-bonding treatment time (<10 min) and
thermo-compression time (e.g., 5 min) [16]. Since some adhesives can sus-
tain 200 °C heating for a certain time, it should be possible to realize the “Cu-
first” hybrid bonding through optimization of the H-containing HCOOH
vapor treatment by controlling temperature and time for Cu/adhesive surface
treatment.

6.7 Alternative Bonding Techniques: Insertion Bonding

Cu—Cu insertion is a bonding process approach for low-temperature bonding and
has been applied to Cu-TSVs bonding schemes. The method relies on applying high
shear stresses to yield large local plastic deformation of the Cu—Cu bonding
surfaces [79]. The high shear stress is achieved by design of a sloped sidewall
landing pad (instead of the usual flat pad) and by applying force/pressure on TSV
nails inserted into the sloped pads (refer to Fig. 6.15).

To enable the insertion process, the landing pads have sloped sidewalls plated
with Cu. This can be realized either by modifying the back-end-of-line (BEOL)
passivation process, or by additional passivation steps. The latter approach can
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Fig. 6.15 Cu—Cu Insertion bonding (Cu-TSV scheme)
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Fig. 6.17 Cu—Cu Insertion bonding: Top die prior stacking step

offer more flexibility at the price of additional lithography and etching steps.
Figure 6.16 indicates images of the landing pads after key processing steps like
lithography, etch, and final Cu CMP.

The processing of the top die is based on a temporary bonding system, with the
wafer bonded on a temporary carrier while TSVs are exposed from backside. The
wafer backside is standardly passivated with a SiN layer, this is necessary to avoid
any possible Cu diffusion from exposed TSV. A polymer layer is than applied and
developed in order to expose TSVs and act as filling layer between top and bottom
dies during the stacking step (refer to Fig. 6.17).

A process with bonding temperature of 100 °C was demonstrated at IMEC/
Belgium with a seamless bond interface [79], while at room temperature the
bonding interface was visible. Figure 6.18 shows some stacking images based on
Cu—Cu insertion bonding where both dies have TSVs. Potential process
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Fig. 6.18 Cu—Cu Insertion bonding: X-section after stacking of two dies with TSVs

improvements include Cu—Cu insertion bonding variant processes in the presence
of cleaning agent, optimization of sidewall angle, and microstructure consider-
ations. This approach can be used for different stacking schemes (die-to-wafer,
die-to-die) and can also be extended to multi-die stacking.

6.8 Cu-Cu Bonding: Equipment Landscape and State
of the Art

In terms of high-volume manufacturing (HVM), there are limited number of
300 mm W2W bonding equipment, while equipment supply chain grows more
with C2W and further for C2C thermo-compression bonding equipment. Key
equipment suppliers for 300 mm wafer-level Cu—Cu bonding equipment suppliers
are: EVG (Austria) and Suss Microtech (Germany). Mitsubishi Heavy Industry
(Japan) developed a standard SAB equipment and Bondtech (Japan), an integrated
SAB equipment with plasma cleaning/activation, alignment and pre-bonding,
bonding and heating chambers, both for 300 mm wafer bonding.

In terms of applications and commercialization, surface activated bonding
(SAB) has been applied in volume production in metal laminates, MEMS packag-
ing, and OELD devices to ensure hermetic sealing against permeation of water and
oxygen from the atmosphere into these devices. Cu/SiO, hybrid bonding (DBI®)
has been applied by Sony for 3D stacked back-illuminated image sensors IMX260
used in Samsung Galaxy S7 Edge) [9], while new applications have been reported
for hybrid bonding for 3D stacked hybrid pixel detectors for X-rays at Fermilab
[80-82].

6.9 Chapter Summary and Future Recommendations

In this chapter, we reviewed various low-temperature Cu—Cu bonding methods and
the fundamental aspects of the bonding mechanisms. The effects of surface activa-
tion, Cu diffusion, Cu film microstructures, and surface passivation by SAMs and
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metal capping layers was explained. The surface activation is of great importance to
obtain good Cu—Cu bonding at below 250 °C or even at room temperature.
Cu/dielectric hybrid bonding using the DBI®, CMP treatment and combined SAB
methods was discussed. We also introduced the insertion bonding method for Cu—
TSVs bonding. Equipment for Cu—Cu bonding for HVM has been introduced
briefly. Scaling to large surface area chips, wafers, or panels with higher warpage
and high-density interconnects remains a challenge especially in meeting thermal
requirements, lower compression pressure, and lower process time. For researches
to be done is to develop reliable, high-throughput, low-cost, low-temperature
bonding processes for void-less bonding with high strength and reliability.
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Chapter 7
Fundamentals of Thermal Compression

Bonding Technology and Process Materials
for 2.5/3D Packages

Sangil Lee

7.1 Introduction

Three-dimensional (3D) packaging has moved to the forefront in the electronic
packaging industry as the demands toward higher performance, smaller form factor,
and heterogeneous system integration continue to grow. As a result, recent con-
sumer electronic devices have shown adoption of 3D packaging structures such as
system in package (SIP), package on package (PoP), and multi-chip module.
Wire bonding and Through Silicon Vias (TSVs) are interconnection technolo-
gies, the most widely used for the aforementioned 3D packages. The wire bonding
technology imposes limitation on the manufacturing throughput and number of I/O
counts due to point-to-point bonding process. In contrast, the TSV interconnects
theoretically can provide high throughput and fine pitch interconnections because
thin TSV microbumped die will be stacked to each other in order to create 3D
packages. However, TSV technology still requires a lot of research to exhibit
similar levels of technical maturity of flip chip technology in view of assembly
throughput and reliability performance even after SK Hynix produced a high-
performance 3D stacked DRAM, Bandwidth Memory (HBM), implemented on
AMD Fiji GPU. The device manufacturers demonstrated the innovative TSV
technology by adopting newly developed bonding technique, Thermal Compres-
sion Bonding (TCB), which controls force and heat applied to 3D packages. The in
situ bonding technology can complete a bonding cycle even in several seconds. The
thermal process finishing a cycle in few seconds is an extremely short process
compared to traditional mass reflow process and the instantly changing thermal
condition has pushed key process materials such as flux and underfill beyond its
limits. To accommodate the fast changing process, an extensive change in material
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formulation is required for flux and underfill directly affecting quality of assembly
yield and reliability performance.

In detail, bond head integrated with a heater will compress a die to material
dispensed a bonding site or material pre-applied a die to a bonding site while the
heater is increasing the temperature of the head above solder melting point. After
reaching the point, the head will cool down the heater as fast as possible so that the
bonded package quickly reaches just below solder solidification point. Note that the
ramp rate of TCB is 100 °C/s and mass reflow may have at most 2.0 °C/s. When
reaching the setting temperature, the bond head disengages from a package and a
bonding cycle will complete. Even with the reflection on TCB ramp rate only, it
would be sufficient to contemplate how much effort packaging industry has been
making to demonstrate 3D packaging technology including assembly processes,
materials, and equipment. Due to the aforementioned technical challenges with
placement accuracy requirement under a very rapidly changing thermal process,
TCB will be the most difficult process step out of 3D package assembly processes.
Even though the TCB is a fast assembly process, the process will be a bottleneck
restricting overall throughput because a unit will be processed individually. The
resultant of low throughput would pose a cost disadvantage in 3D packages.

Therefore, this chapter will review the TCB technique including process toler-
ance, major process materials, and feasible building methods, where limited num-
ber of literatures exists. In addition, the chapter would provide readers with insight
of how to design process building blocks relevant to products, select materials
compatible with the chosen building block in terms of processability, reliability,
and throughput. In other words, this chapter will explore engineering sciences and
fundamentals required for an enabler of 3D electronic packaging [1-10].

7.2 Background

In the current semiconductor industry, 3D packaging implies interconnection tech-
nology using Through Silicon Vias (TSVs) technology. The technology can shorten
vertical interconnects, replacing the long electrical paths in 2D packaging, to
improve electrical performance or to reduce timing delay. The TSV idea was firstly
introduced in 1962 and products adopting the TSV technology appeared to elec-
tronic industry in 2014. Even now, packaging industry still faces technical chal-
lenges such as substantially low throughput resulting from premature building
blocks associated with process materials and electrical performance drop due to
heat dissipation issues. Complicated supply chain in TSV industry would amplify
the technical challenges.

All building blocks currently under investigation for 2.5/3D packages selected
TCB technology to meet placement accuracy requirement of fine pitch flip chip
stacking of thin TSV microbumped die. The thin die (<100 pm) may exhibit high
warpage even at room temperature and the amount of warpage will exceed the limit
of traditional flip chip process via mass reflow process. Due to the warpage
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challenge, Intel Corporation introduced TCB technology in high volume
manufacturing process even for 130 pm pitch and 22 nm nodes of flip chip
architecture in 2014 in order to be ready for all foreseen product
configurations [11].

This session offers overview of 3D packaging configuration by reviewing
current 2.5/3D commercial products. Next, the session compares TCB technology
with traditional flip chip bonding process using mass reflow. The comparison will
be placed on basic concepts of assembly process with related engineering sciences
as well as process limitations associated with package design and equipment. Then
fundamentals of process materials will be discussed in detail to understand key
parameters of material formulation, and to investigate pros and cons of each
material. Thus, background session will provide essential engineering sciences
and fundamentals required to achieve primary objectives of this chapter; to explore
2.5/3D packaging bonding technology, to comprehend existing building blocks, to
understand how building blocks associated with package configurations are devel-
oped, and to select process materials relevant to package structure.

7.2.1 Opverview of 3D Package Configuration

Figure 7.1 shows a typical schematic of 3D package, Apple A7, manufactured using
PoP stacking technology, which stacks LPDDR3 memory on top of microprocessor.
This is the most traditional 3D electronic package with wirebond and flip chip used
for interconnection methods. Recently 3D packaging technology implies intercon-
nects using Through Silicon Vias (TSVs). Figure 7.2 shows AMD Fiji GPU with
SK Hynix High Bandwidth Memory (HBM). SK Hynix, the Korean memory chip
manufacturer, announced its high bandwidth memory (HBM) product in early
2014, claiming it to be the world’s first 8 GB module adopting 2 GB, 20 nm
node, DDR4 SDRAM. Introduction of the HBM modules to the semiconductor
market took a year after the module was claimed in 2014. Look at Fig. 7.3
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= processor
M Solder Joints at
=~400pm pitch
Package Bubatrate Processor
900000 9000 O

el Apple's AT processss
Mot-to-scale (APLO89S)

(a) (b)

Fig. 7.1 Apple A7 PoP processor: (a) the top view of the A7 processor with a schematic of side
view of the A7 PoP and (b) a micrograph of sectional view of the A7 PoP [12]
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Fig.7.3 AMD Fiji GPU with four SK Hynix HBM: (a) top view, (b) a schematic of side view, and
(c) a SEM micrograph of AMD GPU [13]

comparing size of HBM with that of DDR3 and DDR4. 1 GB HBM is 44 times
smaller than DDR3 and even smaller than one tablet of aspirin. The HBM uses
TSVs to connect the DRAM dies and base logic die together and this is a new
technology for DRAM stacking. It employs a base logic die as an interface between
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the four-DRAM die stack and an interposer that supports both the HBM modules
and the AMD GPU. The HBM can be a 3D package, while the laterally spaced apart
layouts for the GPU and HBM modules on the interposer construct a 2.5D package.
Xilinx also released 2.5D FPGA using TSV interconnections, termed as Stacked
Silicon Interconnect (SSI) technology. The SSI is a new generation of FPGA for
Xilinx to deliver the largest FPGA with the highest bandwidth from their customers
and the SSI FPGA has been in volume production. Through the TSV technology,
Xilinx SSI combines die stack-up with four FPGA SLRs, silicon interposer, and
package substrate as shown in Fig. 7.4a. The interposer provides tens of thousands
of die-to-die connections to enable ultrahigh pin counts of interconnect. Scanned
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Fig.7.4 2.5D Xilinx FPGA: (a) a schematic and (b) SEM micrographs of side view of FPGA [14]
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Electron Microscope (SEM) Micrograph of 2.5D Xilinx FPGA (see Fig. 7.4b)
depicts more details about SSI technology. TCB will attach microbumped FPGAs
to a TSV interposer and the four FPGAs mounted on interposer will be reflowed to
construct interconnections between the interposer and the organic substrate.

7.2.2 Fundamentals of Thermal Compression Bonding
Technology

The purpose of this session is to provide some insight into Thermal Compression
Bonding (TCB) required for interconnection for TSV die stacking; TCB bonding
technology will be compared with traditional mass reflow in terms of process
limitations and technical challenges; mechanism of TCB process will be explored
with emphasis on functionality and configuration of TCB bonder. The technical
insight shows how TCB assembly process can be characterized and developed by
controlling key process parameters such as displacement, force, and temperature.

7.2.2.1 Technical Challenges of Mass Reflow Process Compared
with TCB

Figure 7.5a shows traditional flip assembly process steps: dipping a die into flux
reservoir or dispensing flux on substrate depending on products, attaching the die to
the substrate, reflowing the die-attached substrate, removing flux residue,
underfilling the gap between die and substrate, and curing underfill. In general,
memory manufacturers prefer to use flux dipping but logic manufacturers use
dispensing because of mostly assembly cost associated with equipment price and
throughput. This book chapter will not focus on technical details of the traditional
flux application implemented assembly process that at least six process steps are
necessary to produce a single package of flip chip. Among the process steps, the
mass reflow process establishes metallurgical interconnects through reflow profile
described in Fig. 7.5b.

The thermal reflow process would take longer than several minutes, and the
temperate ranges and duration times at each zone can be optimized through number
of times of iteration in order to design high, stable yield process compatible with
solder alloy composition and process materials of targeting products. More details
can be found on the publications about traditional flip chip packaging assembly
process [2, 3, 6].

In contrast, TCB can complete a bonding in two or three steps of assembly
process as shown in Fig.7.6. Figure 7.6 describes TCB process using epoxy flux that
is also called as filled Non-conductive Paste (NCP) or no-flow underfill. The TCB
process can accomplish metallurgical interconnects as well as underfill curing at the
same time. TCB offers apparently simpler process steps while complexity of the
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Fig. 7.5 Traditional flip chip assembly process: (a) a schematic of assembly process flow and (b)
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Fig. 7.6 Schematics of TCB using epoxy flux

TCB process development including process, material formulation, and equipment
is much higher than that of conventional flip chip assembly process. The complex-
ity results from simplifying or combining process steps that may be a compelling
solution known to overcome technical challenges related to warpage. The warpage
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Fig. 7.7 (a) Schematics of dynamic warpage behavior of traditional solder collapse chip attach
process with fine pitch and smaller solder bumps and (b) Intel pitch road map for first level
interconnection with respect to silicon node technology [15]

issue addressed in Fig. 7.7 will explain why Intel starts to introduce TCB in mass
production of flip chip products in 2014 even before the others consider expanding
the TCB technology beyond 3D package interconnections to 2D boundary [15].
Dynamic warpage of silicon die and substrate during reflow process would not
be a trivial issue any more as electronic packaging industry moves toward thinner
die while reducing the pitch of first level interconnection in order to meet Z-height
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Fig. 7.8 A schematic of placement accuracy regarding design and self-alignment

requirements led by trend of consumer electronics. Suppose that die warpage is
function of die diagonal length and thickness, a large die amplifies die thickness
impact on assembly yield. A typical failure signature of yield loss due to warpage
would be non-contact open that occurs when the amount of dynamic warpage is
greater than that of solder collapse during solder reflow. To prohibit the open
failures driven by warpage, TCB technology will accomplish metallurgical inter-
connections while controlled force and temperature are applied to both die and
substrate under vacuum constrained head and stage respectively, possibly minimiz-
ing warpage of a silicon die and a substrate.

The TCB technology will require a finer placement accuracy and the accuracy of
placement typically aims below +2 pm in high volume manufacturing. The accu-
racy requirement can be roughly determined by taking pad opening into account
(see Fig. 7.8), similar to flip chip process. Assuming that solder self-alignment can
recover misalignment from chip attach process as long as bumps are placed on the
half of pad opening prior to mass reflow, maximum misalignment allowable for flip
chip attach with 60 um of pads will be 30 pm. Converting into a range with respect
to middle of half of pad opening, the flip chip attachment needs less than =15 pm of
placement accuracy. With the similar logic, TCB designed for 3D packages may
require less than £5 pm of placement accuracy reflecting approximate 20 pm pads
of current TSV products. Most of equipment suppliers promotes that their TCB tool
can guarantee even less than £2 pm accuracy with 3.

Due to the finer placement accuracy requirement combined with in-situ heating
and cooling mechanism of TCB, assembly throughput will significantly decrease.
The fastest flip chip bonder may complete a cycle of flip chip bonding in 0.5 s,
converting to 7200UPH while TCB process even using ideal equipment and
materials may take much longer than flip chip. Figure 7.9 plots assembly through-
put regarding cycle time and the fastest TCB process ever reported by Intel and
ASM was 5 s, converting into 720UPH [16]. TCB technology remains
undiscovered areas to both academia and industry in order to compete with tradi-
tional flip process in terms of cost and process stability.
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7.2.2.2 Thermal Compression Bonding Tool

The TCB technique originally was developed for metal-to-metal diffusion bonding
and two metals are brought into atomic contact by applying force and heat simul-
taneously. The bonding technology was recently reconfigured for application of
TSV die stacking and next generation flip chip packages. Figure 7.10 shows
schematics of the TCB tool recently introduced to packaging industry. The bond
head typically travels only in z-axis to guarantee the coplanarity of bond head to
bond stage, an important factor to assembly yield. Intel and ASM TCB tool has
been used for high volume manufacturing and the tool can ensure the coplanarity
for each bonding location using tip-tilt actuators (see Fig. 7.10b) even at high
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operational temperature range. The head mainly comprises nozzle, heater, and
insulation block. All three components should be manufactured with a high dimen-
sional tolerance to confirm a consistent thermal expansion of the head over tem-
perature cyclic process. Most assembly building blocks will prefer to accommodate
inert environment maintained at least below 100 ppm O, level, and Intel and ASM
TCB tool achieved a constant below 30 ppm O, level [16]. Heaters are implemented
under pedestal where substrate, wafer, or carrier will be located during TCB
process.

The hardware configuration will vary depending on machine suppliers. How-
ever, all machine manufacturers may focus on five major areas: position accuracy,
coplanarity measurement and adjustment, die and substrate vacuum control, head
rapid heating and cooling, and thermal management to demonstrate high, stable
yield process at competitive manufacturing cost. The placement accuracy will be
determined by layout of the stationary bond head and moving bond stage and
vibration isolation from environment and fast-moving subcomponents is necessary
for bond head to ensure robustness of placement accuracy. All moving axes with
high resolution encoders and high performance of bearing can reduce motion errors.
In addition, high resolution camera integrated with temperature controller will
enhance alignment accuracy. Z-axis position accuracy of bond head at wide tem-
perature range will be another critical aspect affecting tool performance. Figure 7.11
is examples of Z position accuracy of bond head within £1 pm at 350 °C. This
function is so significant to compensate variation of bump height and thermal
expansion of the bond head in order to control bump height meeting a desired
height of interconnections during local reflow process.

Advanced thermal management is as important as placement accuracy. Fig-
ure 7.12 shows temperature gradient of bond head heater set at 400 °C and surface
temperature of bond stage maintained at 200 °C. Figure 7.12 reveals outstanding
performance of insulators preventing heat transfer from heaters on head and stage.

Heating and cooling rates are additional heat-related parameters deciding TCB
bonding time. Intel and ASM promote a rapid heating and cooling heater designed
for a large die up to 33 mm x 22 mm and the heater demonstrates uniform
temperature across the heater surface within £5 °C at Cpk 1.33. Maximum heating
without load is reported as greater than 125 °C/s in the air, expected to offer 100 °C/
s heating rate with a full load comprising of nozzle and die in actual process.
Cooling rate without load is reported as less than —50 °C/s in free air, expected to
perform —50 °C/s with a full load. Constant vacuum pressure and real-time

Fig. 7.11 Micrographs of
microbump interconnection
showing high accuracy of
bond head in z-axis [16]
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Fig. 7.12 Temperature gradient of bond head and bond stage [16]

monitoring system should be employed into TCB tool to ensure that die and
substrate are held flat firmly during bonding. The monitoring system can be
considered as a process gauge because vacuum leakage can indicate presence of
foreign materials on bonding stage or abnormalities during bonding process.

7.2.2.3 Thermal Compression Bonding Process

Figure 7.13 shows a typical process profile of TCB head in a bonding cycle in terms
of temperature, force, and displacement. These three factors are most significant
process input parameters affecting assembly yields. Conversely, force and displace-
ment also could be response parameters in assembly process.

On the plot of Fig. 7.13, the red, blue, and black curves indicate temperature,
force, and displacement of a bond head, respectively. Table 7.1 explains the details
about process parameters. The stage and head contact temperatures are identical
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Fig. 7.13 (a) A typical TCB head profile including temperature, force, and displacement: (1).
contact, (2) solder melting, and (3) cooling, and (b) schematics of significant events triggering to
ramp head temperature, to activate position control mode (melting detection), and to release bond
head after a cycle of bonding

and the temperature will be limited by building blocks, process materials. Ideally,
the higher temperature is selected for stage and bond head contact, the shorter
bonding process time is expected.

As soon as a bond head detects the bond head on contact (see status 1 of
Fig. 7.13) when the head measures the contact force, the head temperature will
rise up to the peak temperature that is much higher than solder melting point. A
typical peak temperature for SAC 305 (96.5% Sn, 3% Ag, and 0.5% Cu) is
recommended as 300 °C because of a huge temperature delta across the package
as displayed in Fig. 7.14. The temperature delta results from the extreme temper-
ature difference between head and stage, maintained at 300 and 160 °C, respec-
tively. Even though temperature of die surface adjacent to heater will be close to
300 °C, solder bumps on the outermost may hardly reach solder melting point in
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Table 7.1 Process parameters

Process parameter Recipe parameter Comments
Force (input and Contact force Contact indicator between
response) bump and pad
Bond force Maximum force
Temperature (input) Bond head contact temperature Process material dependent
Bond head peak temperature Maximum temperature
Bond head release temperature Sold alloy composition
dependent
Bond stage temperature Process material dependent
Bond head ramp rate 100 °C/s>
Bond head cooling rate —50 °C/s<
Time (optional input) Dwell time at peak temperature of
bond head
Displacement (input and | Melting detection setting ~5 pm
response) Z-height chase (optional) Product dependent

Fig. 7.14 TCB temperature
delta across package
between bond head and
bond stage

case of large die packages. Namely, the heater temperature should increase sub-
stantially higher than solder melting point in order to ensure solder bumps on
outermost to heat above solder melting point.

Suppose that the bond head contacts at about 200 °C, increases its temperature
with a ramp rate of 100 °C/s up to 300 °C, holds the peak temperature in less than
one second, and cools down to 200 °C with a cooling rate of —50 °C/s, theoretically
total bonding time excluding material handling time can complete less than 4 s as
Intel and ASM reported [11, 16].

The blue curve as shown in Fig. 7.13, bond head will maintain a constant force
until solder becomes molten and resultant force of the head suddenly drops when
entire solders reach melting point. Once the bond head typically has measured 5 pm
(see Table 7.1) displacement after the sudden drop occurred on the head, indicating
solder melting, TCB tool activates position control mode converting from force
control mode and holds the head position because reaction force will not be
measured anymore with molten solders. Note that bump height variation may be
about 5 pm in flip chip bumping process, influencing selection of melting detection.
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In addition, the bond head may be required to travel further down to avoid
noncontact open failure depending on form factor. Then the bond head immediately
decreases temperature below solder solidification point and disengages from the
package. Remind that O, level is recommended to maintain at least below 100 ppm
in order to create solder wetting friendly environment and produce less stingy flux
residue [17]. The head temperature highlighted by red will rise up the peak
temperature with controlled ramp rate as faster as heater can heat up after the
bond head measures a certain reaction force, termed as a contact force determined
by package configuration and process materials. As the blue curve shows, the
reaction force will suddenly drop when solder reaches melting point and starts to
collapse. As temperature of bond head increases, the bond head expands according
to coefficient of thermal expansion (CTE) of each layer of package during the head
maintains a constant force that means that system is under force control mode.

With the aforementioned fundamentals about TCB tool and process, let review
details of process signatures observed on parts assembled using TCB process. SEM
micrographs (see Fig. 7.15) compare TCB process with mass reflow process in
terms of intermetallic (IMC) quality of solder interconnection. Continuous, consis-
tent IMC was formed on the unit assembled using TCB even though thermal
process is much shorter than mass reflow process. Remind that TCB may have
several seconds of Time Above Liquidus (TAL) and in contrast, mass reflow may
have at least 60s TAL.

Twice reflow

Dne\i\me i

(a)

(b

Fig. 7.15 SEM micrographs of intermetallic thickness measurement: (a) microbump assembled
using TCB [18] and (b) C4 bump assembled using mass reflow process [17]
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Fig. 7.16 Visual micrographs of microbump interconnection comparison for interposer attach-
ment to organic substrate: (a) TCB and (b) mass reflow process [19]
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Fig. 7.17 Plot of measured gap height between interposer and BGA substrate [19]

Furthermore, Fig. 7.16 compares TCB with reflow process in gap height to
emphasize the characteristic of TCB process. Both TCB and mass reflow attached
an identical interposer to a BGA substrate. The gap height of interposer attached
using TCB shows taller than that of interposer manufactured through reflow process
because TCB can control displacement of bond head with high accuracy.

The gap height measured and plotted in Fig. 7.17 confirms that TCB offers a
consistent gap height that was achieved by that TCB head controls the gap between
die and substrate under vacuum support. The consistent height reflects warpage
advantages of TCB-assembled package, related to in situ thermal process under
high vacuum conditions. Remind that head temperature will rise up to 300 °C and
stage temperature remains constant during TCB reflow. The stage temperature
typically could be set at 160 °C, determined by process materials. The temperature
difference would limit to design process parameters; on the other hand, it could
compensate for Coefficient of Thermal Expansion (CTE) mismatch between silicon
interposer (~3 ppm) and substrate (~20 ppm) because the temperature of bond
stage, where higher CTE of substrate is placed, will be maintained lower than bond
head [11]. In contrast, the mass reflowed unit exhibits about 10 pm difference of gap
height between center and edge (see Fig. 7.17), which is generally observed on the
unit assembled using mass reflow due to CTE mismatch in packages.
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7.2.3 Fundamentals of Process Materials
7.2.3.1 Introduction

TCB technology is an enabler recently redeveloped for stacking microbumped 3D
TSV dies in order to overcome technical challenges such as fine placement accu-
racy requirement and higher warpage associated with demands on thickness reduc-
tion. The warpage is expected on even 2D flip chip assembly process according to
package roadmap and the warpage challenge has been pushing reflow process
beyond its limit and thus Intel firstly announced TCB high volume production for
22 nm silicon nodes with 130 pm pitch flip chip in 2014 [11]. Because the in situ
bonding technology needs a completely different type of material formulation, this
session will provide fundamentals and engineering sciences about process materials
with emphasis on flux and underfill. In general, the process material, assembly
building block, can choose one from among water-soluble flux, no-clean flux,
Non-Conductive Film (NCF), Non-Conductive Paste (NCP), and flux included
underfill termed as epoxy flux. Fluxing action will be the most important function-
ality in all building blocks designed for TCB. How much residue remains after TCB
is as important as fluxing capability. Regarding epoxy-based materials, void aspect
also needs comprehensive investigations that cannot be performed only using
analytical chemical metrology.

This session reviews analytical chemical metrology widely used to examine
material properties impact on thermal behavior in order to characterize material
formulation. The session also presents systematic fundamental studies using a
simple structure of test vehicles to evaluate the materials in terms of voiding and
wetting performance under thermal conditions close to actual assembly process
while isolating unexpected side effects of equipment and process conditions [1—
10]. The technical methods to evaluate material candidates, which will be intro-
duced in this session, intend to help readers how to evaluate process materials and
thus how to design preliminary process conditions effectively.

7.2.3.2 Basic Properties Measurement

Traditional thermal analysis is necessary to characterize material formulation and
the analysis can be performed using Thermogravimetric Analysis (TGA), Differ-
ential Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), and
Thermomechanical analysis (TMA), which reveal quantitative results responding to
material formulation, which are standard methods to identify properties of material
(Table 7.2) [20-25].

TGA is a method of thermal analysis to measure the amount and rate of change
in the weight of a material as a function of increasing temperature with a constant
heating rate, or as a function of time with a constant temperature. The measurement
technique has been used primarily to determine the composition of materials and to
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Table 7.2 Thermal analyzer used for standard methods

S. Lee

Problems Properties Analysis Standard method
Delamination CTE TMA IPC TM-650 2.4.24.1
Decomposition temperature | TGA ASTM D3850
Glass transition temperature | DSC IPC TM-650 2.4.25C
TMA IPC TM-650 2.4.24C
DMA IPC TM-650 2.4.24.2
Through hole reliability | CTE (Z-axis) TMA IPC TM-650 2.4.24.1
Bad thermal stability Glass transition temperature | DSC/DMA | IPC TM-650 2.4.25C
Moisture content TGA IPC TM-650 2.4.24C
Decomposition temperature | TGA IPC TM-650 2.4.24.2
Modulus DMA IPC TM-650 2.4.24.4
Size stability CTE (XY-axis) TMA IPC TM-650 2.4.24C
Source: PerkinElmer
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Fig. 7.18 Thermogravimetric analysis [26]
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predict their thermal stability. The technique can characterize materials that exhibit
weight loss or gain due to decomposition, oxidation, or dehydration. Namely, TGA
can provide information about physical and chemical phenomena by measuring rate
of change in the weight. Figure 7.18 plots mass loss of fluxes with five different
types of activators in a common solvent as a function of increasing temperature and
the activators are chemicals that react with oxides. Typical activators are carboxylic
acids. Actl is a dry compound, as only 1.7 % weight loss was observed at 150 °C.
On the other hand, the slopes of the initial TGA curves of Act 3~5 are comparable.
Act3 and Actd pose different patterns of weight loss, where much slower
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decompositions were achieved in the 150~350 °C range. TGA curves of Act 1, 2,
and 5 will be an ideal trend for no-clean flux, and curves of Act 3 and 4 close to
traditional water-soluble flux.

The rate of mass loss will be influenced by base acid, acidity, solvent, etc., which
also can affect wetting performance of flux. Unlike reflow process can directly
leverage measurement data from TGA to decide preliminary process parameters;
TCB cannot use the rate of mass loss from TGA to design process conditions
because actual solder reflow time in TCB will be less than few seconds. No
metrology exists to investigate behavior of material during thermal process occur-
ring in few seconds. Therefore, wetting or voiding studies are necessary to follow in
order to understand materials’ capability under thermal condition similar to TCB
process.

Figure 7.19 plots heat flow measured at different heating rates and different
constant temperatures, and DSC measures the difference for heat required to
increase sample temperature up to reference point as a function of temperature or
time. The basic principle of this measurement technique allows identifying whether
the process is exothermic or endothermic when the sample undergoes a physical
transformation such as phase transitions (see Fig. 7.19¢). Underfill curing generates
heat, exothermic reaction, and solder wetting extracts heat from surrounding,
endothermic reaction. This analysis could investigate homogeneity of flux and the
measurement will be useful to understand thermal behavior of epoxy-based mate-
rials such as epoxy flux, nonconductive paste or film, and no-flow underfill. DSC
will be conducted with different heating rate and constant temperatures to charac-
terize material formulations.

Thermomechanical Analysis (TMA) is a technique that measures changes in
sample size as a function of temperature, time, and load using testing geometries
similar to those used in standard mechanical testing: (a) expansion which is used for
both compression and CTE studies, (b) flexure or three-point bending, (c) extension
or tensile, (d) penetration, and (e) dilatometry or bulk [28]. This measurement
technique can be used to identify glass transition temperature T, where
anamorphous material shows a phase change from rigid to flexible or fluid. The
T, temperature is taken as the intersection of the tangents from the CTE lines above
and below the transition (Fig. 7.20). According to the sample geometry, a general
trend of T, is observed in Fig. 7.20.

Dynamic Mechanical Analysis (DMA) is widely used to characterize properties
of material as functions of temperature, time, frequency, stress, atmosphere, or a
combination of these parameters. DMA also typically determines T, of polymer-
based material from electronic package industry. Figure 7.21 shows how DMA
detects T, which is seen as a large drop (a decade or more) in the storage modulus
and a concurrent peak in the tan delta reported as the T,. The value reported as the
T, varies with industry with the onset of the E’ drop, the peak of the tan delta, and
the peak of the E’ curve being the most commonly used.

The glass transition, T, is a range of behavior where a single temperature is
accepted as the indicator per certain standards. Different industries have used
different points from the same data set that can vary as much as 15 °C. DSC,
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Fig. 7.19 DSC plots: (a) heat flow of epoxy flux measured at different heating rates, (b) different
constant temperatures, and (c) solder wetting with no solder wetting in epoxy flux [1, 27]

TMA, and DMA measure different processes and therefore, the numbers vary a bit.
The different instruments are sensitive to different properties and data from these
experiments helps to predict how materials will respond when used in different
temperature conditions. For example, DMA data is used to obtain modulus infor-
mation while TMA gives coefficient of thermal expansion, or CTE. Both detect
transitions, but DMA is much more sensitive.
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7.2.3.3 Wetting Study

Wetting capability firstly should be investigated on the process materials regardless
of assembly building blocks in TCB. This wetting study is designed to mimic
rapidly heating TCB technology in order to investigate actual wetting performance
of materials because existing metrology such as TGA, DSC, TMA, and DMA could
not simulate thermal process less than few seconds. In addition, this experimenta-
tion could isolate the effect of equipment and test vehicle on wetting performance
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Fig. 7.22 A typical test vehicle in wetting study: schematics of (a) top view of test vehicle, (b)
side view of test vehicle, and (¢) visual micrograph of eutectic solders with epoxy flux on ENIG
substrate

so that the wetting study only inspects material impact on solder wetting perfor-
mance. To meet the objectives of this experiment, Fig. 7.22 proposes a test vehicle
(TV) consisting of process material, solders, and metal finished coupon. TV will be
prepared through two steps: dispense process materials such as flux or epoxy flux on
metal finished coupon and place solders on the material-deposited TV. Electroless
Nickel Immersion Gold (ENIG) finish is recommended because the gold finished
surface will prevent oxidation [1-5].

TV shown in Fig. 7.22 will be placed on hotplate where temperature is set at
above solder melting point under either air or nitrogen ambient. The instant
exposure of TV to a high temperature mimics solder wetting process undergoing
high ramp rate in TCB process. Remove TV from the hotplate in few seconds and
then wetting metrics quantify wetting performance of material candidates.
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a b

Fig. 7.23 Solder wetting metric: (a) contact angle and (b) wetting area

Figure 7.23 offers two metrics, which can be used for the wetting study and
Fig. 7.23a is termed as contact angle representing wettability of solder associated
with fluxing capability. Figure 7.23b describes measurement of solder wetting area
ratio determined by dividing wetting area (1) by solder diameter (2) at time zero.

The results from wetting study provide preliminary process parameters and
downselect underperformed materials. The well-performed candidates can be
applied to mass production process to optimize process parameters compatible
with assembly equipment and package configuration.

7.2.3.4 Void Formation Study

Two major memory companies, SK Hynix and Samsung, which ever released
commercial TSV products, introduced HBM and 3D TSV DDR4 DRAM using
TCB technology with Non-Conductive Film (NCF). The assembly building block is
similar to other epoxy-based materials such as epoxy flux, no-flow underfill, and
Non-Conductive Paste (NCP) in terms of basic material formulation. The material
formulation mainly comprises epoxy, flux agent, curing agent, and fillers and
therefore it is hard to differentiate among epoxy flux, NCP, and no-flow underfill.
Voiding characteristics of the epoxy-based building blocks is a significant aspect to
be examined for material selection. Voids can result from chemical reactions
between solder wetting and epoxy curing or volatile chemical components exceed-
ing its boiling point when exposing to heat in assembly process [1-10]. This void
formation study suggests a material prescreening method using the test vehicle as
shown in Fig. 7.24 to inspect voiding characteristics as a function of temperature
and time [2—6]. TV prepared as shown in Fig. 7.24 is recommended to reflow on
hotplate at a high temperature close to bond head peak temperature. In addition, the
TV is necessary to be exposed to bonding stage temperature in order to identify its
isothermal stability whether voids occur at even much lower than solder melting
point. Investigation should be carried out with multiple levels of dwell time at each
temperature.

Test vehicle can explore flux residue inducing underfill voids in assembly
building block using water-soluble or no-clean fluxes. First, complete wetting
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Fig. 7.24 A typical test vehicle in void formation study: (a) Top view of schematic illustration of
test vehicle and (b) side view of schematic illustration of test vehicle

a b
SnO + 2RCOOH — Sn(RCOO0),+ H,0 CuO + 2RCOOH — Cu(RCOO),+ H,0
PbO + 2RCOOH — Sn(RCOO),+ H,0 Cu,0 + 2RCOOH — Cu(RCO0),+ Cu + H,0

Fig. 7.25 (a) Sn/Pb oxide and (b) Cu oxide reduction process

study to produce flux residue post solder reflow. Next dispense underfill on the same
test vehicle reflowed through wetting study and a glass cover will be placed on the
underfill-deposited TV. In case of water-soluble flux, deionized (DI) water should
be applied to remove flux residue prior to dispensing underfill. Then cure the
underfilled test vehicle and conduct a visual inspection on the test vehicle after
curing to investigate voids nucleation.

7.3 Principles of Materials Formulation

Fluxing capability is most important aspect in all assembly building blocks, process
materials, designed for 3D stacking process using TCB technology. The fluxing
mechanism requires the right chemistry coupled with a proper heat cycle to remove
the oxide and surface contamination. A synergetic combination between chemistry
and processing can promote a clean and solder-wettable metal surface that is a
prerequisite to achieve good metallurgical bonding. The outstanding fluxing per-
formance in metallurgical bonding is equally important for traditional mass reflow
process. Namely, the fluxing capability is common criteria on which material can
be selected based for a building block with mass reflow as well as TCB. In the TCB
process, materials perform oxide reduction even after exposure to a high temper-
ature ranging 140-160 °C. In the oxide reduction, the flux agent removes oxide on
the surface solder bumps and Cu pads (see Fig. 7.25). Figure 7.25 describes how
oxide can be removed using carboxylic acid as a flux agent or activator to provide
good wetting condition [1, 9].
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Fig.7.26 (a) Schematics of TCB head and pedestal (bonding stage) and (b) bump height variation

In particular, TCB will not require the same level of tackiness in flux formula as
expected in mass reflow process. The tackiness is an essential characteristic of flux
designed for mass reflow to hold position of die attached to substrate within
allowable limit for solder self-alignment. However, TCB will not let solder self-
alignment engage assembly process by controlling position with a high accuracy in
all three axis. Instead of the tackiness, materials are required to exhibit a longer
isothermal stability in terms of fluxing performance and mechanical properties due
to thermal boundary conditions as given in Fig. 7.26a. Figure 7.26b shows tolerance
of bumps on die, which should be reflected on material formulation to guarantee
material’s functionality as a heat transfer media.

Epoxy-based building blocks with TCB need careful consideration on fillers in
terms of size and concentration, affecting reliability performance and assembly
yields. The materials should preserve lowest viscosity, expected to appear near T,
when head and stage are at contact temperature prior to bonding a die to a bonding
site during materials handling including die transfer and vision recognition. The
viscosity, termed as isothermal viscosity, is a significant factor contributing to
occurrence of filler entrapment that is a typical root cause of open failures in
TCB with epoxy-based materials.

This session reviews major assembly process materials compatible with TCB
technology with emphasis on formulation, technical challenges, and advantages in
order to provide guidance for optimal process design. With the fundamental
understanding, readers are expected to select a building block compatible with
package configuration and equipment, and to understand how material formulation
can be evaluated to optimize assembly process.

7.3.1 Water-Soluble Flux

Water-soluble flux is based on organic acid providing good cleaning performance.
The flux will produce corrosive residue after solder reflow so pressurized water
wash process is necessary to eliminate the flux residue. As the water-soluble flux
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Table 7.3 Typical carboxylic acids as a flux agent

Acetic acid Oxalic acid Malonic acid Pentanoic acid
0] HO OH OH
)J\ o o /\AH/
OH 0 (0]
OH 0
OH

has been used for traditional flip chip assembly process with mass reflow process,
the flux can be used to attach 2.5D interposer to substrate using mass reflow
process. The flux also can be applied to TCB technology with no major changes
on flux formulation [11]. The traditional water-soluble flux comprises of vehicles,
activators, surfactants, thickening agents, and solvents. The vehicle uses high-
temperature tolerant chemicals in the form of liquid or solid and the material will
be generally liquid at targeted solder melting point. The vehicle materials dissolve
by-products from reaction between activators and oxides, and carry the chemical
components away from the surface of wetting. Flux activators remove oxides on
metal surface to form a strong metallurgical bond. Typical activators are carboxylic
acids and Table 7.3 below shows acids widely used for activators in flux (see
Fig. 7.25).

In addition to chemical reaction, base material will perform as a heat transfer
media. Surfactants help flux to spread well, namely decreasing surface tension of
flux. In similar, solvents, which dissolve components, could control viscosity of
flux to dispense flux.

7.3.2 No-Clean Flux

No-clean flux does not mean that no-flux residue remains after solder reflow.
No-clean flux generally have the same aggressiveness as Rosin Mildly Activated
(RMA) fluxes while achieving much lower residue by using lower solid content,
compared to water-soluble flux. Solid content refers to the ratio of solvent thinner to
solid component in the flux. A typical no-clean flux has less than 15 % solids,
compared with 50 % in other types of flux. Unlike conventional solder reflow
process, TCB technology for 3D package stacking can meet less than £2.0 pm
placement accuracy in process so that TCB does not require flux tackiness that is
necessary to maintain position of die attached on substrate within allowable offset
range for solder self-alignment during mass reflow process. On the other hand, no
tackiness requirement allows simplicity of no-clean flux formulation and focuses on
enabling no-clean flux to achieve low residue characteristics and consequently,
deflux process can be skipped. To demonstrate no-deflux process, two conditions
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Fig. 7.27 Thermogravimetric analysis comparison: (a) water-soluble flux and (b) no-clean flux

should be met: dispensing a least amount of flux only barely to cover entire area of
pads or bumps on substrate and controlling oxygen level of bonding ambient at least
below or even further lower than 100 ppm. The wetting friendly condition will
permit to dispense least amount of flux, minimizing source of flux residue, and
remain less corrosive residue.

TGA (Fig. 7.27) shows two different types of mass loss plots as a function of
temperature. (a) is a typical mass loss of water-soluble flux and (b) is an ideal trend
of mass loss for no-clean flux designed for TCB technology. To demonstrate such
significant mass loss while not losing wetting performance, no-clean flux in TCB is
recommended to adopt high percentage of solvent content with least amount of
acid-based activator. The majority of solvent will evaporate as soon as the flux is
dispensed. After solvent evaporates, thin layer of acid will be created on the surface
of solder bumps or pads, which would be sufficient to achieve metallurgical
bonding under low concentration of O, less than 100 ppm. Another suggestion is
to use noncorrosive solvent necessary to dispense activators. That is the way to
establish no-clean flux TCB with no-deflux process by minimizing the inescapable
corrosive flux residue.

7.3.3 Capillary Underfill

Capillary Underfill (CUF) is still an important process material for the building
block with mass reflow process using water-soluble or no-clean fluxes in 2.5/3D
process. The building block can be applied to attach a 2.5D interposer to a substrate.
CUF could flow the extreme fine gap as shown in Fig. 7.28 as long as viscosity and
filler size are well optimized. The figure even shows underfill encapsulation in a
3 pm Si and Si gap. Technically speaking, CUF has no barrier in filling a gap.
However, CUF is limited to use below 120 pm pitch flip chip application due to flux
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Fig. 7.28 Capillary underfill evaluation [29]

residue. Below 120 pm pitch, deflux process cannot guarantee flux residue free in
high volume manufacturing process and the residue can impede flow characteris-
tics, resulting in underfill voids and underfill delamination. Such defects will
negatively affect reliability performance. Therefore, industry has been developing
both advanced cleaning process and no-clean flux in order to overcome this
issue [29].

Continuous demand on Keep Out Zone (KOZ) reduction combined with thin die
thickness would be another technical challenge in CUF so that Molded Underfill
(MUF) was introduced for alternative encapsulation technique in flip chip applica-
tion. Due to above technical challenges regarding bump pitch, KOZ (or die-to-die
space), and die thickness (~50 pm), 3D packages stacking cannot implement CUF
process into microbumps interconnections. Instead, TCB technology assumes
pre-applied epoxy materials or epoxy flux for 3D stacking to accomplish
microbumps reflow and encapsulation through a single thermal process.

7.3.4 Epoxy Flux (No-Flow Underfill or Non-Conductive
Paste)

Epoxy flux can be called as no-flow underfill or non-conductive paste. TCB
technology with the process material will complete microbumped solder reflow
and encapsulation together. The material performs function of both flux and epoxy-
based underfill in process so that it is termed as epoxy flux and as a result, deflux
will be eliminated. In general, TCB with epoxy flux can offer ideal building block
thanks to process simplicity and assembly throughput. On the other hand, the
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Fig. 7.29 (a) A visual micrograph of typical open failure due to filler entrapment and (b) plot of
fatigue life with respect to weight percentage of filler [1]

material formulation limits its application because of concerns about reliability
performance and assembly yield, associated with filler concentration and package
configuration. An increase of filler concentration typically would improve solder
joints reliability performance while the increasing filler concentration will increase
the possibility of filler entrapment between bumps and pads (see Fig. 7.29), conse-
quently resulting in electrical open failures.

In addition to solder joint reliability associated with filler concentration, underfill
may need to protect fragile low-k dielectric layers. The demand on low-k protection
can be affected by package configuration including die to die (silicon to silicon) or
die to substrate or module to substrate. Die to package integration challenges are
most often observed on the flip chip packages with a large die where the differences
of CTE between the package and die become more pronounced [30]. In general,
solder joint reliability requires stiff and rigid underfills while more compliant
underfill properties are expected to protect low-k layers. Considerations for suc-
cessful material candidates include CTE, modulus, Poisson’s ratio, toughness, and
T,, which are covariant; a change to one property also changes the others. Underfill
CTE and modulus are loosely correlated at temperatures less than T, although the
modulus is changed to a certain extent with fillers and additives (see Fig. 7.30).
Higher T, materials generally have higher modulus and lower CTE over the
operating temperature. Mechanical properties also affect other characteristics
such as processability and reliability. The processability of a flip chip underfill is
impacted by viscosity and resin type while reliability is impacted by all mechanical
properties.

Aw et al. demonstrated TCB assembly process using NCP for 30 um pitch Cu
pillar microbumps die on organic substrate with Cu bond pads [31]. They also
address the technical challenge, filler entrapment-induced failure, in their research.
Figure 7.31 shows a typical failure, induced by filler entrapment, on microbump
interconnection.
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Jin-Ye et al. investigated process conditions and TV design impacts on entrap-
ment that is a well-known technical challenge in TCB assembly process using NCP
(see Fig. 7.32) [32]. They attempted to discover the interaction bond force with
bump design.

Apparently, epoxy flux process development looks simple. However, this pro-
cess development will be most technically complicated building block to define
process parameters in mass production. Solid understanding on polymer-based
material and TCB technology are necessary to apply epoxy flux to actual assembly
process. Even though a high yield process is achieved, poor reliability performance
can prohibit its use for certain package configuration.

7.3.5 Pre-Applied Epoxy-Based Materials (Non-Conductive
Film and B-Stage Material)

Non-conductive Film (NCF) and B-stage material also allow skipping flux cleaning
process because encapsulation happens on wafer. In addition, this pre-applied
materials include flux agent so that flux application is unnecessary like epoxy
flux. Pre-applying materials on wafer benefits to assembly cost reduction from
wafer-level assembly process.
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Fig. 7.32 SEM micrographs of open failure due to filler entrapment in TCB [32]

Figure 7.33 shows different configurations of pre-applied epoxy that has ever
been introduced to packaging industry. Figure 7.33a—c were designed to avoid filler
entrapment inducing open failures during TCB process. Both TSV HBM and
RDIMM selected configuration (d), NCF, for building block with TCB technology.
The NCF will be bonded to wafer through vacuum lamination process. The vacuum
lamination process can produce voided NCF (see Fig. 7.34a) caused by improper
process parameters or irrelevant material formulation. The pre-existing voiding can
grow and form macro size voids during TCB process. Poor process parameters also
can easily generate NCF voiding in bonding process as other epoxy-based materials
do exhibit. Figure 7.34b, c illustrate typical failures that occur in TCB mass
production. Indeed, Fig. 7.34b shows a unique NCF process signature, overflow
contamination, or compressed fillet, that is resultant from NCF building block with
TCB technology.

Assuming that epoxy flux is selected for the building block of memory or
Application Processor (AP), assembly process requires the material to sustain at
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Fig. 7.33 Schematics of NCF and pre-applied epoxy-based materials: (a) filled and unfilled
epoxy, (b) exposed bumps using cavity, (¢) exposed bumps, and (d) typical NCF
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Fig. 7.34 Schematics of failures of NCF: (a) NCF voids in lamination process, (b) NCF overflow
contamination in TCB, and (c) filler entrapment on interconnections
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high temperature on bonding stage and to pose an extreme long sit-time because a
unit will be bonded to multiple bonding sites on strip form substrate or wafer one by
one. Dispensing epoxy flux on each site right before bonding can be considered to
demonstrate the building block with TCB. Memory manufacturer has not reported
introduction of epoxy flux in mass production yet.

7.4 Assembly Process Design

7.4.1 Introduction

Figure 7.35 shows a typical schematic of 2.5/3D flip chip package comprising
vertically stacked High Bandwidth Memory (HBM) and an interposer with hori-
zontally mounted HBM. The interposer is attached to GPU using traditional flip
chip assembly process with mass reflow.

TCB technology adopts NCF to construct HBM by stacking TSV microbumped
flip chip. The stacking process also can consider no-clean flux or epoxy flux for an
alternative building block. Encapsulation material can be applied through wafer-
level packaging process or by dispensing epoxy flux on substrate. Both are
pre-applied methods possibly achieving encapsulation for even less than 100 pm
pitch interconnection. Table 7.4 describes details on major encapsulation building
blocks in terms of application, assembly process, and pitch limit.

This session explores major assembly building blocks compatible with TCB
technology, and reviews assembly process and materials ever used for commercial
3D TSV products. With technical insight on bonding technology with process
materials, this session will provide process development procedure in order to
share how to design assembly building blocks relevant to package configuration
and to optimize process parameters with the selected process materials.

Fig. 7.35 A schematic of Epox Flux/NCP
2.5/3D flip chip package NCF
CUF




190 S. Lee

Table 7.4 Major encapsulation building blocks and pitch limit

Process step Pre applied Post chip attach
Material Non-conductive film (NCF)/B- Epoxy flux Capillary underfill
stage Epoxy (CUF)
Application Lamination/spin coating on wafer | Dispensing on Dispensing on
method substrate substrate
Assembly TCB TCB Reflow or TCB
process
Pitch limit >10 pm >10 pm >100 pm
=) = aeees ™ e——

| NEENN Iy  EENNEN | | NN ENN Iy NENEEE |
Flux Dispensing TCB Flux Cleaning Underfill and Curing

Fig. 7.36 A schematic of TCB building block: water-soluble flux
— i -
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TCB

Fig. 7.37 A schematic of TCB building block: no-clean flux

]
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Underfill and Curing

Flux Dispensing

7.4.2 TCB Assembly Building Block

Figure 7.36 shows the assembly building block using water-soluble flux that TCB
technology can implement into mass production with no changes on its formulation.
Even though the water-soluble flux is applicable to microbump interconnection for
TSV stacking, this building block will not be adopted due to bump pitch limitation
in deflux and underfilling processes. A bonding completes in four steps: flux
dispensing, TCB, flux cleaning, and underfilling and curing.

Figure 7.37 shows the assembly building block using no-clean flux that requires
intensive research to offer formulation compatible with TCB process. A key
technical challenge results from enabling no-clean flux with no deflux process
before underfill dispensing. To overcome the challenge, two items should be met:
generating least amount of flux residue is first step to achieve and selecting underfill
well matched with flux residue can dissolve the residue during cross-linking in
order to avoid underfill delamination induced by flux residue. This building block is
theoretically compatible with TSV interconnections but packaging industry has not
reported technical data about the implementation of no-clean flux to 3D TSV
stacking.
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Fig. 7.39 A schematic of
epoxy flux deposited =
substrate on TCB bonding Stage temp: 140~160°C
stage

Stage temp: 140~160°C

Bonding order

Underfill or Flux

se s s C sw o=

Figure 7.38 shows the assembly building block using epoxy flux. In general,
epoxy-based building blocks are simpler than flux-based process in terms of process
steps. The assembly process comprises two steps: epoxy flux dispensing and TCB.
The two-step process completes a bonding cycle using underfill including flux
agent. On the other hand, the epoxy flux is complicated to design high, stable
yield process with a wide process window.

On exposing to heat, epoxy flux starts to cure (see Fig. 7.39). Even after the
epoxy curing process is activated, the material should maintain viscosity and slow
degree of cure prior to TCB bonding. Such time requirement is termed as sit-time.
The longer sit-time is provided, the wider process window can be achieved. The
sit-time with a bonding cycle time decides how many units can be placed on stage
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Fig. 7.40 A schematic of TCB building block: NCF

together or when epoxy flux can be dispensed. This building block is theoretically
compatible with TSV interconnections but memory manufacturers have not
reported its implementation to 3D TSV stacking.

Figure 7.40 shows assembly building block using NCF that is plan of record
(POR) process that two memory manufacturers have released their products to the
market. NCF will be attached to wafer through vacuum lamination process. TCB
head picks up individual unit from the wafer and the NCF pre-applied die is bonded
to die or substrate. Because of highly viscous NCF properties, the bonding cycle
time has been known to very slower than other building blocks.

7.4.3 TCB Assembly Building Block Design
and Development

Flow chart (see Fig. 7.41) recommends the procedure of process development for
the 2.5/3D package, including material characterization and fundamental
investigations.

First, simulation and historical data will define basic material properties such as
T,, viscosity, modulus, and filler concentrations. Note that the material properties
are covariant and will be compromised to be suitable with package configuration.
According to the preliminary results, material formulation is designed to meet
initial reliability and process requirement. Next, metrology measures behavior of
materials under thermal condition, predicting its performance in actual process.
Then, fundamental investigations designed to examine wetting and voiding will
characterize material formulation and provide baseline process parameters on TCB
HVM. The preliminary process parameters are optimized to meet process require-
ments in terms of voids and electrical yield, and the optimal process parameters will
be validated with large number of test vehicles, statistically sound number of units.
Reliability tests follows to confirm its performance. Aforementioned systematic
studies will be most effective method to demonstrate high, stable assembly process
by reducing iteration between process and material developments.
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Fig. 7.41 Flowchart of material formulation characterization

7.4.3.1 TSV Memory Stacking

High Bandwidth Memory (HBM) will be first commercially available product and
Table 7.5 describes its specification. NCF with TCB is current POR building block
in mass production of top two DRAM manufacturers, Samsung and SK Hynix, who
ever produced 3D TSV DRAM.

The fine pitch I/O and low gap height restrict to apply the traditional underfilling
process for encapsulation of 3D TSV DRAM (see Fig. 7.42), resulting from the
limit of deflux process, known as greater than 100 pm. Consequently, the
underfilling process combined with the limit of flux cleaning process downselects
two flux-based materials among four major materials designed for TCB assembly
building blocks.

In addition, stacking die will expose interconnections to undergo multiple times
of solder reflow. Namely, first bonded die can be more compressed in the following
reflow process of second die if displacement is proportion to applied force when no
encapsulation was made (see Fig. 7.43). As a result, stacking with no encapsulation
can result in solder bridge during TCB process.

As Fig. 7.42 indicates, TCB can select epoxy flux or NCF for stacking process of
fine pitch thin die with microbump and TSV. Enabling epoxy flux would create
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Table 7.5 Samsung 3D TSV ".". o <6.0 % 6.25 mm

Bump pitch

~60 pm

DRAM ificati
spectiication Die thickness ~50 pm

Gap height

~15 pm

* Water soluble flux
* No clean flux

* Epoxy flux

* NCF

* Epoxy flux?
* NCF*

Fig. 7.42 Flowchart of building block selection

_ 1. Pitch — underfill process
2. Stacking —accumulated thermal damage

______________ ___ 3. Underfill process: dispensing weight and sit-time
4. Process throughput, solder sweep, NCF overflow

Fig. 7.43 A schematic of solder bridge during stacking due to multiple times of solder reflow

technical challenges mostly in underfill process: how to precisely dispense epoxy
flux less than 2 mg enough to fill typical HBM package and how to design entire
process sequence to compromise between sit-time of material and process through-
put or to develop material to meet a long sit-time requirement in TCB process.
Suppose that density of epoxy is 1.6 cm/g>, calculate volume required for underfill
dispensing process (Table 7.5) [10]. The amount required is roughly 1.7 mg to fill
the gap height between die and bonding site. To dispense such small amount of
epoxy flux with high repeatability and reproducibility not to cause underfill over-
flow on thin die would be an extremely difficult task compared with underfill
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Fig. 7.44 Material property plot: (a) modulus and CTE as a function of temperature and (b)
viscosity of epoxy flux verse time found by Rheometer [21]

process for typical flip chip packages. Dispensing excessive amount of epoxy will
overflow on the top of die, possibly causing damage on TCB head, which is most
important component in TCB equipment. While dispensing process is being opti-
mized, fundamental investigations such as wetting and void studies are
recommended to conduct on material candidates, meeting reliability requirements,
to choose good materials. Use properties of a sample material to know how to
define process parameters. First, review glass transition temperature of the mate-
rials (see Fig. 7.44a) to define baseline stage temperature range that is greater than
and equal to 120 °C. With the initial thermal condition, sit-time impact on viscosity
(Fig. 7.44b) can determine the stage temperature. Suppose that a bonding cycle
takes 5 s and ten bonding sites exist on stage, total 50 s are expected for sit-time,
possibly allowing bonding stage to heat up to 160 °C. The temperature should be
reevaluated on TCB tool in order to optimize process parameters with interactive
effects. NCF also can use the same method to determine temperature at bonding
stage.

Table 7.6 proposes baseline process parameters of epoxy flux on the properties
of material, described as Fig. 7.44, in TCB process. Unidentified recipe parameters
can be optimized through series of Design of Experiment (DOE). The DOEs should
be statically designed to decouple thermal impact on mechanical parameters such as
bond force and Z-height chase. All mechanical events should occur sequentially
well to isolate interactive effects between thermal and mechanical parameters. In
detail, Z-height chase should not be made when bond head will expand according to
CTE of the bond head while the head ramps up to the peak temperate. The Z-height
chase is recommended to happen at constant temperatures. DOEs still count on
typical process metrics: electrical continuity, voids, and solders joint integrity.

Aforementioned procedure could be applied to NCF process development as
well. Figure 7.45 shows micrographs of Samsung RDIMM assembled using TCB
with NCF, which two leading DRAM manufacturers ever developed TSV products
selected in mass production process. Figure 7.45a shows flat underfill fillet which is
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Table 7.6 Recommended baseline process parameters
Process
parameter Recipe parameter Value
Force Contact force ~3N recommended
Bond force DOE
Temperature Bond head contact temperature <160 °C
Bond head peak temperature 300 °C
Bond head release temperature DOE/Above or equal to contact
temperature
Bond stage temperature <160 °C
Time Dwell time at peak temperature of bond | DOE
head
Displacement Melting detection setting ~5 pm recommended

Z-height chase (optional)

DOE

)

Fig. 7.45 Visual micrographs of side view of Samsung TSV RDIMM : cross-sectioned (a) TSV
module and (b) microbump interconnection [11]

unordinary shape and has not seen in flip chip packages. The shape of fillet may be a
unique signature of TCB process with NCF to avoid NCF contamination of the top
surface of 50 pm thickness of die because highly viscous NCF will be squeezed out
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Table 7"7 Configuration of Die Dimensions (mm) 10 x 12 x0.2
test vehicles Bump pitch (pm) 60/120
No. of bumps 7744
Bump height (um) 35
Interposer Dimensions (mm) 27.05 x 19.25 x 0.1
Bump pitch (pm) 180
TSV dimensions (pm) 10 x 100

Fig. 7.46 X-ray image
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of packages while TCB head is applying a controlled heat to packages with a high
force. The overflow could be prevented by compressing the NCF extrusion using an
oversized collet mounted on TCB head. Solder sweeping observed on Fig. 7.45b
also confirms that NCF flow is so viscous to push molten solders to the direction of
NCEF flow. Due to the high viscosity of NCF, a high bond force compared to other
building blocks is expected to apply to package during TCB bonding process in
order to ensure good contact between microbumps and pads by penetrating NCF
and to avoid filler entrapment inducing open failures. As a result, process cycle time
was known to take much longer than other building blocks.

7.4.3.2 Memory Module to Logic or Silicon Interposer Attachment

This session reviews another building block, TCB with no-clean flux, to attach
microbump die to the Si interposer. Woychik and Lee et al. [18] demonstrate
no-clean flux process with the 60 pm pitch periphery array of the microbump die
to the interposer. See table for details about test vehicles used for their studies
(Table 7.7).

Figure 7.46 shows an X-ray image of solder bridges in the 60 pm pitch periphery
array of the microbump die after assembly to the Si interposer. In the 3D stacking
processes development using no-clean flux, Woychik and Lee et al. encountered
solder bridges that are typically induced by the failure at decoupling thermal and
mechanical process parameters in TCB process. To achieve the final acceptable
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Table 7.8 DOE]L: thermal process parameters

Dwell time at peak Head release
Leg Stage temp (°C) temp 305 °C (s) temp (°C) Yield
1 100 5 80 1 open in 1 die
2 130 5 80 1 open in 2 die
3a 130 1 80 2 opens on 1 die
3b 130 1 130 2 opens on 1 die

process window, they performed two different DOEs: to identify significant thermal
and mechanical process parameters affecting solder bridging of the microbump die
in order to design high yield assembly process and to validate stability of the
assembly process with large number of builds.

In the first task, the three variables to evaluate were stage temperatures, time at
peak temperature, and cool down temperature (see Table 7.8) and the other param-
eters selected baseline process parameters used for parts showing solder bridges in
Fig. 7.46. For example, the peak temperature was 305 °C and melting detection was
5 pm.

The results of this task have shifted the failure mode to solder opens. Namely,
this DOE designed to decouple thermal and mechanical parameters accomplished
the primary objective and found upper limit of thermal process not resulting in
solder bridges. With the findings, second DOE investigated a primary mechanical
parameter, displacement of bond head in z-axis, to avoid open failures by travelling
further deeper. For all four legs of the DOE there were solder opens as shown in
Table 7.8, which implies that the thermal process window is stable enough not to
result in short failures and mechanical process window is independent of thermal
process parameters because no short failures were observed at even higher temper-
ature and longer peak. From this build cross sectioning of the microbump solder
interconnects was done and it was found that there was a slight bow of the die as
shown in Fig. 7.47. Figure 7.47 shows the edge microbump die solder joints having
a height of 40 um and the center die solder joints having a height of 42 pm. It is
believed that this bow is due to a temperature gradient across the microbump die
that causes an uneven gap height.

DOE2 selected upper limits of thermal process window identified in DOEI,
which do not induce short failures, to guarantee stable solder interconnection. The
mechanical process condition, melting detection, to eliminate solder opens is
described in Table 7.9. In order to prevent total or insufficient collapse of molten
solders, there is a z-displacement setting on the TCB tool to control the amount of
z-displacement of the head. Remind that this amount of controlled z-displacement
after solder reflow terms the “Melting detection.” This is a tool parameter sensitive
to yield and the parameter mainly depends on equipment’s characteristics. Here the
major variable was to control the melting detection height ranging from 6 to 10 pm.
From this work, the electrical testing confirmed no solder opens and no shorts when
using a melt setting height of 10 pm

Only a melt setting of 10 pm yielded a nominal joint height of about 32 pm
without any opens or bridges. Figure 7.48 shows a comparison of the nominal MBD
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Fig. 7.47 Comparison of
edge and center microbump
die interconnect height
using DOE1 bonding
conditions [18]

Table 7.9 DOE2: mechanical process parameters

Stage | Contact | Dwell time at Head Bond | Melting

temp temp peak temp release force detection
Leg | (°C) °C) 305 °C (s) temp (°C) | (N) (pm) Yield (%)
1 130 130 5 130 2.8 6 ~90 (open)
2 130 130 5 130 2.8 8 ~90 (open)
3 130 130 5 130 2.8 10 100

(a) (b)

Fig. 7.48 Comparison of microbump die nominal joint heights: (a) melting detection of 6 pm and
(b) 10 pm using DOE2 [18]

interconnect heights when a melt setting of 6 and 10 pm was used. For the 6 pm
melt setting a nominal joint height of 42.6 um was achieved, and for a 10 pm melt
setting a nominal joint height of 31.8 pm was achieved (Fig. 7.48).
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7.5 Summary and Discussion

This book chapter mainly reviews bonding technology, TCB, designed for 3D TSV
stacking with perspectives of process, equipment, and materials to provide its
fundamentals and engineering sciences that still remain undiscovered and insuffi-
cient even after two leading DRAM manufacturers such as Samsung and SK Hynix
released the TSV products into market. Therefore, comparison study between TCB
and the conventional process supplies unique process signatures, which can be
found on units only assembled using the TCB process in order to emphasize process
characteristics and technical challenges of 3D stacking process.

Aforementioned technical details are also limited because a few manufacturers
only have infrastructure of TSV manufacturing process, which is indispensable for
research and development. To minimize the technical gap between the leading
manufacturers and the others, this chapter explores four major building blocks,
water-soluble flux, no-clean flux, epoxy flux, and NCF, providing advantages and
disadvantages of each process materials. The understanding on major assembly
building blocks could help to improve assembly process quality in terms of
throughput and cost, close to traditional flip chip process using mass reflow.
Furthermore, the understanding with proposed methodology to develop assembly
process will benefit how to design a building block that is most compatible with
package configuration. Indeed, NCF is the building block that two leading DRAM
manufacturers selected for TSV 3D stacking technology. A primary drawback from
TCB with NCF is poor throughput because of a long bonding cycle time induced by
NCF material properties, so that several multimillion dollar capital investment is
required to produce wanted quantities, consequently increasing overall assembly
cost. In detail, a high bond force is necessary to apply to package to penetrate highly
viscous NCF by microbumps on die in order to contact full to pads, consequently
guaranteeing good wetting and no filler entrapments. To improve throughput of 3D
stacking process, TCB using epoxy flux can be considered as a good alternative
building block. This chapter also reviews 2.5/3D research using no-clean flux with
TCB to guide how to develop assembly process through systematic DOEs.

Figure 7.49 illustrates a concept of hybrid process attaching die using a high
accuracy TCB tool in less than a second to guarantee high placement accuracy and
reflowing the pre-aligned multiple die together followed by low-cost multi-heads
flip chip bonders. The hybrid assembly process could overcome the throughput

a b
Single head, high accuracy <+/-2pm Multi heads, low accuracy <+/-10pm

Fig. 7.49 Schematic of hybrid assembly process: (a) pre-alignment placement and (b) post TCB
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challenge while advantages of NCF are still maintained [33]. Namely, the assembly
process will help move the industry toward a process that can deliver advanced
assembly design rules at a cost competitive position.

This chapter also highlights the mostly unexplored area in 3D bonding technol-
ogy, interactive effects among process, material, and equipment. A few leading
packaging companies which drive both material and equipment suppliers can
conduct research and development (R/D) efforts on investigation of the interaction
to improve 3D TSV bonding technology including suggested hybrid process
research. Academia is recommended to provide fundamentals of all three fields to
answer technical challenges resulting from intrinsic mechanism of TCB, fasting
heating and cooling. For example, academia can advise how to eliminate the
temperature gradient on package during TCB bonding, possibly lowering a peak
temperature beneficial to reduction of a bonding cycle time. Comprehensive studies
intend to examine orientation and size of solder grains under reflow condition with
one directional heat flux from head to stage. This chapter may deliver fundamentals
of bonding technology and process materials, which are contingent just leaving R/D
phase, and lead packaging industry to enable high-throughput, low-cost 3D assem-
bly process even when compared to conventional 2D technology.

Acknowledgement The editors would like to thank Paul Vianco from Sandia National Labora-
tory, Yonghao Xiu and Yuying Wei from Intel Corporation for their critical review of this chapter.
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Chapter 8
Fundamentals of Solder Alloys in 3D
Packaging

Kwang-Lung Lin

8.1 The Microbumping Process

The microbump material reactions may occur during assembly process and perfor-
mance. The assembly process is typically the reflow operation which involves
liquid solder/solid metallization interaction. A microbump experiences a couple
of times of reflow throughout the production of the bump itself and the afterwards
joining process. The performance, i.e., the product functioning, of the microbumps
may encounter thermal cycling and longtime thermal ageing. Besides, the
microbumps certainly experience electrical current stressing during product appli-
cation. There is a chapter dealing with electromigration. Thus, the discussion in this
chapter will not involve the materials reaction under electric current stressing.
Readers are referred to Chap. 7 for electromigration-related subjects.

Flip chip bonding technology is one of the major interconnect technologies of
chip level packaging. The other two are wire bonding and Tape Automated Bond-
ing (TAB). Being an area array bonding design, the flip chip technology deserves
the highest I/O (input/output) numbers possible among the three designs gives rise
to larger pitch size than the peripheral bonding design of the wire bond and TAB.
These three chip level packaging technologies are adopting different bonding
materials. Au wire, coated Cu wire, and silver alloy wire of the dimension of
around 20 pm in diameter are the joining materials being used for the wire bonding
process. The discussion on the adoption of different materials is beyond the scope
of this chapter. Au bump produced on the electrode terminal (I/O) of the chip is
being used for the TAB bonding process. Both wire bonding and TAB bonding are
fabricated through thermal compressing. However, the flip chip bonding is
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fabricated via reflow process which involves the melting of solder bump to perform
liquid/solid interaction. Accordingly, the production of the solder bump is the
prerequisite for enabling the flip chip bonding process. In light of its highest I/O
capability, the flip chip bonding technology became the only and must choice for
the 3D package technology. The microbump is a modification based on the con-
ventional flip chip bump structure.

The conventional flip chip solder bump (or C4 bump, following the original
IBM-designed “control collapsed chip connection”) faces the challenge of current
crowding at the entry of electric current to the solder bump. The current crowding
may result in the formation of micro-voids which aggregate to form cracks prop-
agating at the interface between the solder bump and the UBM (under bump metal)
layer. A thought in the line of the C4 solder bump design by reducing the bump
height and the UBM area would be a simple approach to produce the microbump.
Nevertheless, the miniaturization of the solder joint in the 3D microbump faces the
challenge of increasing current density due to the shrinking contact area. It would
largely reduce the life time as a result of the high current density and the reducing
volume of the microbump. A very promising structure being adopted nowadays,
however, significantly eliminates the influence of current crowding behavior by
enlarging the thickness of the UBM. The Cu UBM of conventional C4 solder bump
is now replaced by Cu pillar in 3D microbump. The thickness of the Cu pillar can be
in the range of 10-30 pm instead of the thin film Cu UBM with shrinking diameter
of around 25 pm. The diameters of the Cu pillar and the associated UBM, for
example, Ti thin film, on the trace is much smaller than that of the conventional C4
solder bump. However, the high electrical conductivity of Cu and the high volume
of the Cu pillar enable the fast dissipation of the electric current through the Cu
pillar so as to avoid the current crowing at the UBM/solder interface.

Figure 8.1 presents an example of the bumping process [1] for producing
microbump. The process begins with the producing of RDL (redistribution line)
on the chip. The conductive RDL was produced with plating process on the
adhesive and seed layers Ti/Cu. After incorporation of the necessary passive
oxide layer, the Ti/Cu layer was sputtered again as the seed layer for the solder
plating. The Cu pillar and solder, Sn herein this case, were then produced with
plating. Appropriate UBM may also be applied between Cu pillar and solder to
reduce Cu consumption. The solder will be reflowed after plating to form a solder
cap for bonding height control. Figure 8.2 presents the in-line bump and the
magnified image of the microbump of which the bump dimension, including Cu
pillar, is less than 10 pm.

The microbumps on chip are bonded to the bonding pad or trace line on the
substrate in the 3D packaging process. There are various structures available for the
substrate metallization. Regardless of the design, the metallization layers on sub-
strates are mostly following the structures of the conventional C4 substrate or even
the BGA (ball grid array) substrate. These may include OSP (organic solder
preservative) Cu, Cu with barrier layers such as Ni/Pd/Au (ENEPIG, electroless
nickel electroplating palladium immersion gold), etc. The top layers of these
structures, either Cu or Au, are not feasible for direct bonding with the Cu pillar.
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Fig 8.1 Example of the microbumping process for producing Sn microbump [1]

Research is aiming for Cu to Cu direct bonding. A few options have been proposed
and are being moved towards the larger scale try run. Before the feasible industrial
process of Cu to Cu direct bonding becomes true, the Cu pillar is still joined with
the substrate metallization with solder. For the interest of miniaturization, the
thickness of solder layer is being kept as small as possible to be within
~10-30 pm. For the convenience of incorporating with the Cu pillar manufacturing
process and the concerns of productivity and technology feasibility, the solder layer
is being produced with electroplating. The plated solder is reflowed to form
sub-hemisphere dimension, mostly like arc, and is termed as solder cap. The entire
microbump produced on the chip is thus consisted of the adhesive/conductive
layers (in the thickness range of hundred nanometers) on top of Al trace, the Cu
pillar, and the solder cap.

Microbump can be joined on TSV (through silicon via) Cu, substrate Cu pad, or
Cu trace on substrate. The bump on trace process applied thermal compression
bonding to join the microbump on Cu trace line. The Cu trace line being proposed
may adopt OSP-Cu. The OSP can be removed with plasma treatment or with the
embedded flux in the non-conductive paste (NCP). Figure 8.3a presents the Cu trace
on substrate. The FIB-SEM image, Fig. 8.3b, shows the thickness of the OSP layer
is around 300~450 nm [2].

Figure 8.4 presents the Cu pillar on the top and the Cu trace line on the bottom
substrate [2]. Thermal compression operation melts the solder which forms
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Fig. 8.2 The SEM image of the Cu/Sn microbump produced following the process of Fig. 8.1
[1]. (a) In-line microbumps, (b) magnified image of microbump

intermetallic compounds with the Cu pillar and Cu trace. The table below Fig. 8.4
presents the compositions of the compounds formed and indicates the formation of
Cu;Sn and CueSns in the As-bonded microjoint. The thin Cu3Sn was formed
between CugSns and Cu (pillar or trace). Filler was introduced by the paste of the
TCNCP (thermal compressive non-conductive paste) process.
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Fig. 8.3 (a) The FIB-SEM image shows the Cu trace on substrate with OSP coverage, the thin
dark line region across the cut trace is the OSP. The top thick coating on the OSP is the Pt deposit
for FIB purpose, (b) the enlarged image of the region 1 of (a) shows the thickness of the OSP layer
[2]

EDX analysis result

Point 1 CuszSn
Point 2 CugSns
Point 3 & 4 Filler particle

Fig. 8.4 The TCNCP process bonds Cu pillar/solder microbump on Cu trace on substrate [2]
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8.2 The Solder Alloys in Microbump

A variety of solder alloys have been commercialized and in use for the conventional
C4 solder bump and the BGA solder ball. The solder balls are discrete products of
which the compositions are adjusted by molten alloying. The alloying technologies
are feasible for producing whatever the desired compositions. Accordingly, a
number of solder ball compositions have been commercialized, especially after
the patent concern of the Sn-Ag-Cu solder no longer exists. The C4 solder bump is
being produced via WLP (wafer level packaging). The WLP can adopt either stencil
printing using solder paste or electroplating. The solder in the stencil printing
process is in the form of solder powder of which the composition is generally
alloyed by molten technology and thus can feature a variety of composition.
However, the composition of the electroplated C4 solder bump and similarly the
solder cap of 3D microbump produced by electroplating is restricted by the redox
potential of the elements especially when alloying is proposed. Accordingly, there
are limiting compositions of the solder cap reported. Table 8.1 lists the solder alloys
reported for microbump. It is apparent that the composition of the microbump is
very much restricted. The most frequently mentioned solders for the microbump are
pure Sn or Sn-xAg. The plating process of Sn and Sn-xAg is commercially mature
in terms of plating bath and plating conditions. Pure Sn bump is rarely used for C4
bump, while the Sn-xAg with relatively low Ag content has been familiar to the
electronic industry especially for the ductility consideration.

Sn-Ag is eutectic system with intermetallic compound. The eutectic composition
is Sn3.5Ag. In the high Ag content region, with Ag content greater than 3.5 %, the
system will form Ag;Sn intermetallic compound. A high fraction of the compound
in the solder tends to downgrade the ductility of the solder joint. Thus, the Sn-Ag
solders being adopted are in the low Ag content range, e.g., with Sn2.5Ag or less Ag
contents. Some investigations even applied pure Sn. The Sn-Ag-Cu ternary solder
in 3D IC practice is seen less mentioned than in conventional C4 bump. The Cu
content may complicate the intermetallic compound formation. The Sn-Bi solder is
applied only when very low bonding temperature, reflow or thermal compressing
bonding is needed. The incorporation of Bi may raise the concern of embrittlement.

8.3 The Formation of Intermetallic Compounds
in the As-Produced Microbump

In comparison with traditional solder joints, the solder compositions of the
microbump are relatively simplified as shown in Table 8.1. However, the metalli-
zations of the chip terminal and substrate may still similar to what have been
adopted in the pass. There is not really much new metallization combinations
beyond the reported C4 and BGA systems for the microbump application. On the
one hand, the reaction products formed in the microbump joint are more or less
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Table 8.1 The solder alloys and structures for microbump
Microbump structure Bonding technology Ref.
5.4 pm Cu/3.6 pm Sn/9.5 pm Cu TCB 240, 260 °C [3]
Cu/Sn/Cu TCB [4]
20 pm Cu/SnAg/3 pm Ni Reflow [5]
Cu/Ni/Sn2.5Ag/Ni/Cu TCB [6]
Cu/Ni/SnAg/Ni/Cu Reflow [71
300 A Cr/500 A Cu/35 pm Cu /35 pm SAC405 Not available [8]
Ti/Cu(seed)/Cu(wire)/3.0 pm Cu/3.5 pm SnAg TCB at 280 °C [9]
Cu/Ni/Sn TCB at <250 °C [10]
Cu/Ni/SnAg TCB [11]
30 pm Cu/3 pm Ni/25 pm SnAg Reflow [12]
33 pm Cu/25 pm SnAg Reflow [12]
50 pm Cu/20 pm SAC305 TCB [13]
42 pm Cu/3 pm Ni/35 pm Solder TCB [14]
28 pm Cu/2 pm Ni/15 pm SnAg TCB [15]
Cu/Ni/Sn 2.5A¢g TCB [16]
5 pm Cu/2 pm Ni/8 pm Sn57Bi Reflow at 180 °C [17]
5 pm Cu/2 pm Ni/8 pm SAC305 Reflow [17]
Cu/Ni/Sn Not available [18]
100 nm Ti/200 nm Cu/12 or 8 pm Cu/10 or 25 pm SAC305 Reflow [19]
100 nm Ti/200 nm Cu/12 pm Cu/2 pm Ni/10 pm SAC305 Reflow [19]
NiFe/Pb-free solder (undefined) Reflow [20]
NiFe/Cu/Pb-free solder (undefined) Reflow [20]
8 pm Cu/SnAg Reflow [21]
8 pm Cu/Ni/SnAg Reflow [21]
5 pm Cu/3 pm Ni/5 pm Sn 2.5Ag TCB [22]
2 pm Cu/5 pm Sn (on substrate) TCB [23]
Cu/Sn/Ni/Cu (TSV) TCB [24]
Cu/Ni/Sn/Ni/Cu (TSV) TCB [24]
Cu/Sn/Cu (TSV) TCB [25]
Cu/Sn/Au/Ni/Cu (TSV) TCB [25]
Cu/Ni/Sn/Au/Ni/Cu (TSV) TCB [25]
50 nm Ti/120 nm Cu/3 pm Cu/3 pm Sn TCB 260 °C [26]
10 pm Cu/10 pm SnAg TCB 250 °C [27]
Cu/Sn/Cu (TSV) Reflow [28]
Cu/Sn/Ni/Cu (TSV) Reflow [28]
Cu/Ni/Sn/Ni/Cu (TSV) Reflow [28]
10 pm Cu/10 pm SnAg Reflow [29]
5 pm Cu/3 pm Ni/5 pm Sn2.5Ag TCB 300°C [30]
16 pm Cu/10 pm SnAg/Cu Reflow 240 °C [31]
2 pm Ni/1 pm Cu/4 pm Sn Reflow 245 °C [32]
2 pm Cu/5 pm Sn TCB 300°C, 350 °C [33]
25 pm Cu/15 pm Sn58Bi TCB 170 °C [34]
20 pm Cu/12 pm Sn TCB [35]

TCB thermal compression bonding, 7SV through silicon via; SAC SnAgCu
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predictable. On the other hand, the miniaturized joint volume may affect the
relative proportion of compounds as well as the microstructure of the joint.

The joining of microbump is generally carried out through traditional reflow
process or thermal compressing bonding (TCB) as stated in Table 8.1. Both
processes involve solid (Cu pillar and metallization on substrate)/liquid (solder)
interaction. Some reports referred this as solid liquid interdiffusion (SLID) [3]. The
interactions in the microbump system generally belong to the same reactions as
were observed for BGA and C4 bump. However, the solder volume in the
microbump is much reduced. For instance, the volume of 80 pm C4 bump is
55 times as that of a microbump of 25 pm diameter and 10 pm height [3]. In light
of the same reaction conditions, time and temperature, the volume ratio of the
intermetallic compound in the microbump will be much more than that in the C4
bump and the BGA solder joint. The Sn cap of the 9.5 pm Cu/3.6 pm Sn microbump
bonded on Cu substrate will form thin CusSn at the Cu surface, large volume of
CueSns between CuszSn and Sn, and residual Sn at the center, Fig. 8.5a, when
bonded for 10 s. The Sn almost completely converted to CugSns after 1 min of
bonding operation at 240 °C, Fig. 8.5b [3]. Tiny amount of Sn may exist within the
intermetallic compound regions which form voids after longer reaction time,
Fig. 8.4c, d.

In the case of Cu/Sn/Cu joint, the Cu3Sn intermetallic compound will be formed
attaching to the Cu at longer reaction time, meanwhile, the CugSns became porous.
The pore volume grows at higher bonding temperature. The joint starts forming

Fig. 8.5 The formation of IMC in the Cu/Sn/Cu microbump produced by thermal compression
bonding at 240 °C for (a) 10 s; (b) 1 min; storage after bonding for (¢)10 min; (d) 3 h [3]
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CugSns within the bulk Sn solder and CusSn at the solder/Cu boundaries. The
CugSns converts to CuzSn during longer bonding time which left behind pores
within the CugSns region. The solder joint with both intermetallic compounds
formed at shorter reaction time or lower reaction temperature will further exhibit
the transformation from CugSns to CuzSn during high temperature storage,
Fig. 8.5c. The conversion will result in the formation of void at the central region
where the top and bottom conversion reactions meet, Fig. 8.5d. The pore volume
formed corresponds to the volume shrinkage (theoretically 40.9 %) for the CugSns
to CusSn transformation [3].

Ni layer is a common diffusion barrier for reducing the interaction between Cu
and solder during reflow and afterwards operations. The Ni deposit on both Cu ends
of the SnAg microbump will form Ni3Sn, [7] intermetallic compound after thermal
compression bonding. The growth of the Ni3;Sny through the thermal compression
bonding process has an activation energy of 127.8 kJ/mol. The thickness of the
NizSn, grows exponentially with respect to the bonding time in the temperature
range of 250-300°°C. The mechanical properties of the NizSn, formed shows
elastic anisotropy. The compound exhibits much less elastic anisotropy in the a—c
plane than others. The Young’s modulus and Linear Coefficient of Thermal Expan-
sion of the compound are highly temperature dependent, while not the Poisson’s
ratio [7]

Ni exhibits face centered cubic structure, with similar atomic dimension and
continuous solid solubility with Cu [36]. The solder joints with Ni or Cu metalli-
zation commonly formed (Cu,Ni)¢Sns or (Ni,Cu);Sn, intermetallic compound
depending on the combination. For instance, The SnAgCu solder in contact with
Ni metallization may form (Ni,Cu)3;Sn4 at the interface. In an asymmetric metalli-
zation structure of Ni and Cu on counter chips, respectively, the as-reflowed Sn-Ag
solder joint formed (Cu, Ni)¢Sns at the Ni/solder interface and CugSns at the
Cu/solder interface after reflow [5, 12], Fig. 8.6. The Cu inclusion in the (Cu,
Ni)gSns on the Ni metallization side is resulted from the diffusion of Cu from the
trace or substrate, where no Ni barrier layer was provided. The short diffusion
distance within the microbump allows the migration of Cu to reach the Ni layer

Cu Pillar \ Cu Pillar
(Cu, Ni),Sny Ni barrier
w F

SnAg Solder

Cutrace CUsSNs
Cu,;Sn
IST 10,06V, 12.1mm x2.50k 3 | 20um | . B 30Lum |

Fig. 8.6 The IMC formation in the bump on trace of microbump joint (a) without Ni barrier on the
Cu pillar, (b) with Ni barrier on the Cu pillar; no barrier on the Cu trace [12]
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surface during bonding that results in the formation of the ternary intermetallic
compound. The CuzSn was formed only when no Ni layer was incorporated [12],
Fig. 8.6a. Ag;Sn particles will also form during the reflow process for microbump
[19]. The satisfactory Ni barrier layer in a microbump between Cu(5 pm) and
Sn2.5Ag(3 pm) forms NizSny at the interface after reflow. The microbump still
consists of residual solder at the center of the joint [30].

While Ni has been widely recognized as good diffusion barrier, there were
efforts to modify the under bump metal (UBM) or ball limiting metal (BLM) to
further suppress the growth of the intermetallic compound. NiFe was introduced in
a microbump study [20]. A 2 pm Ni/2 pm NiFe combination as BLM showed
effectively suppress the formation of Cu-Ni-Sn intermetallic compound. A thin
layer of FeSn,, less than 0.2 pm, was formed at the interface between solder and
BLM that provides the function of reaction barrier.

The low temperature eutectic Sn57Bi solder joints can be reflowed at 180 °C for
a fine pitch assembly. The dimension of the bump was found to affect the micro-
structure of the as-reflowed solder joint. The microbump consists of Cu pillar/Ni on
Si chip while Cu pad/Ni/Au on the Si substrate [17]. The 250 pm diameter BGA
solder joint, Fig. 8.7a, and the 100 pm diameter Cu pillar solder joint, Fig. 8.7b,

Eutectic Sn-Bi

10pum

Fig. 8.7 The effect of dimension on the microstructure of the as-reflowed Sn57Bi solder joint (a)
250 pm BGA solder ball, (b) 100 pm diameter Cu pillar solder bump, (¢) 25 pm diameter Cu pillar
microbump [17]
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exhibit eutectic microstructure after reflow. However, the fine pitch 25 pm diameter
microbump form Cu3Sn and CugSns by consuming all the Sn atoms of the Sn57Bi
solder, Fig. 8.7c [17]. Bi phases precipitate in the CugSns region [17]. Bi and Cu
exhibits nearly zero mutual solubility [36]. Bi and Sn form eutectic at the compo-
sition of Sn57Bi, yet exhibit very limiting mutual solubility [36]. The small solder
volume of the microbump allows the rapid consumption of Sn to form intermetallic
compounds. The Bi, as exhibiting nearly zero solubility in Cu and Sn, are expelled
to precipitate in the large CugSns intermetallic phase, Fig. 8.6c. An Sn58Bi
microbump formed CugSns on Cu pillar side and NizSny on the Ni(5 pm)/Au
(0.3 pm) metallization of the substrate. Meanwhile, the Bi-rich phases were dis-
persed in the joint [34].

The electroless Au deposit was applied as wetting layer in conventional C4
bump or BGA solder joint. The thin Au layer provides fast wetting interaction so as
to assist the formation of the joint. In the microbump, however, the volume of the
Au layer becomes an important factor in determining the microstructure of the
solder joint [22]. A Cu(5 pm)/Ni(3 pm)/Sn2.5Ag(5 pm) top chip was bonded on Si
substrate with TCB, where the metallization was either Cu(5 pm)/Ni(3 pm)/Au
(0.5 pm) or Ni(2-3 pm)/Pd(0.05-0.1 pm)/Au(0.02 pm). The Cu/Ni/Au metalliza-
tions gave rise to (Ni, Au),Sny, compound in the joint. The extent of Au in the
compound decreases from the Cu/Ni/Au deposited substrate to the Cu/Ni deposited
chip. The rapid reaction and the small volume of the microbump render the solder
completely transformed into the ternary compound after bonding. The microjoint
becomes intermetallic dominated joint after bonding [22]. The Ni/Pd/Au combina-
tion in the investigation has much thinner Au layer. Instead, it applied a slightly
thick Pd layer. The Au and Pd layers were all consumed after bonding. The Pd layer
retards the growth of Ni3;Sny layer on the substrate side while forms large (Pd, Ni)
Sny IMC in the joint [22].

8.4 Microstructure Variation of Microbump Under
Thermal Mechanical Conditions

The thermal mechanical conditions referred herein include the high temperature
storage and thermal cycle treatment of the joint. The phase transformation induced
by thermal ageing is influential on the final microstructure of the microbump due to
the small solder volume. The Cu/Sn/Cu microbump formed Cu/CuzSn/CugSns/Sn/
CueSns/CuzSn/Cu structure after reflow [3]. The residual Sn is of limiting volume
which may not exist for some joints. Thermal ageing of the joint at 240 °C gradually
converted the CugSns into Cu3Sn. The long time storage, 3 h, made the microbump
a CuzSn only joint, Fig. 8.5b [3]. A Cu pillar bump with Sn4Ag0.5Cu solder cap
forms scallop CugSns IMC in the as fabricated microbump. The CugSns IMC
transform from scallop structure to planar structure after ageing of the microbump
at 180 °C. The discontinuous Cu;Sn IMC formed between the CugSns and Cu pillar.
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Voids were formed between Cu;Sn and Cu pillar, where the fracture occurs after
the shearing test [8].

The high volume fraction of the intermetallic compound in the microbump
indicates that the intermetallic compound may be determinant for the performance
of the joint. The thermal fatigue life, assessed by thermal cycle testing, of a
microbump joint was found to be affected by the microstructure and types of the
intermetallic compound. A theoretical simulation indicates that the thermal fatigue
life is disproportional to the Young’s modulus of the IMC [7]. However, a combi-
natory effect of the modulus and the coefficient of thermal expansion (CTE) seems
to actually determine the fatigue life. The microbump of high volume of IMC may
show fatigue life in the order of NizSny (136 GPa, 13.7 ppm) > CueSns (124 GPa,
19.0 ppm) > Cu3Sn (143 GPa, 18.2 ppm), the values in the parenthesis are (Young’s
Modulus, CTE) [7]. The volume fraction of the IMC affects the fatigue life of the
microjoint. An increasing IMC thickness or fraction in the microjoint will increase
the thermal fatigue life of the joint. The thermal fatigue life reaches the minimum
value at 42.8 % volume fraction of the NizSny, IMC [7].

The growth of intermetallic compound in the microbump is controlled by the
intrinsic diffusion coefficients of the elements. The diffusion coefficient of element
in dilute solution can be measured with tracer method. However, it is difficult to
measure the diffusion coefficient in concentrate volume such as intermetallic com-
pound with similar approach. A simulated annealing numerical method was devel-
oped for estimating the diffusion coefficients in intermetallic compounds. The
intrinsic diffusion coefficients of the constituent elements in the commonly encoun-
tered intermetallic compounds and the pure metals are listed in Table 8.2. These
values indicate that diffusion of Cu is slightly faster than Sn in CusSn, while of
similar speed in CueSns. The diffusion of Ni in Ni3Sny is faster than Sn. During high
temperature annealing of a Cu/Sn/Ni/Cu microbump, the CueSns formed at the first
place after reflow will convert to CuzSn at the expense of Cu. The diminishing of

Table 8.2 Intrinsic diffusion coefficients of elements in different phases

Phase Element D(m?/s), 170 °C Ref.
Cu Cu 1.07 x 107%°,3.46 x 107%° [38]
Sn 3.98 x 10726 [39]
Sn Cu 1.06 x 1072 (//c), 3.04 x 107! (Lc) [40]
Sn 1.81 x 1071%(//c), 4.43 x 1071 (Lc) [38]
Ni Ni 8.95 x 1078, 1.61 x 107 (38]
Sn Ni 1.47 x 10~%(//c), 7.73 x 10" (Lc) [41]
CusSn Cu 5.12x 10716 [24]
Sn 1.46 x 10716 [24]
CueSns Cu 9.42 x 10716 [24]
Sn 9.44 x 107'° [24]
Ni;Sny Ni 1.36 x 107" [24]
Sn 6.81x 10718 [24]

//c parallel to c-axis; Lc perpendicular to c-axis
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Table 8.3 The atomic/ Phase Atomic/molecular volume (1072 m?)
molecular volumes of C 118
metals and intermetallic u .
compounds [24] Sn 2.70
CuzSn 1.44
Cu(,Sns 1.77
Ni 1.09
NizSny 1.78

CueSns and the growth of CuzSn follow diffusion control kinetics [24]. In the
meantime, Kirkendall voids were found in the Cu3Sn layer. The formation of
Kirkendall voids was attributed to the difference in diffusion rate of Cu, D, Cusg,,
and Sn, Dg;, Cuss,,, in the CusSn. The vacancy flux in CusSn, J, cy3sn, is given by [24],

0Ccu,cuss
Jv, Cu3Sn — 7(JCu,CU3Sn +JSn,Cu3$n) = (DCu,CU3Sn - DSn,Cu,;Sn)% (81)

According to Eq. (8.1), there is a net vacancy flux from the Sn-rich side to the
Cu-rich side. Similar behavior of vacancy flux was also found for the annealing of
the Ni/Sn/Ni microbump, yet with much smaller vacancy flux as the element
diffusivity is smaller in NizSn, compound. The voids were found at the center
after long time annealing, indicating the voids may form as a result of the impinge-
ment of IMC from top and bottom. In addition to the effect of diffusion rate
difference, the atomic volume decrease on the formation of intermetallic compound
(Table 8.3) from pure metal will also induce voids or even cracks.
The IMC growth rate during thermal ageing is generally described by,

d = k" (8.2)

where d is the thickness, ¢ is reaction time, 7 is 0.5 for diffusion-controlled kinetics
and is 1 for reaction-controlled process, k is reaction constant. This general expres-
sion is valid regardless of the bump dimension. The growth of Ni3Sn, in Ni/SnAg/
Ni microbump during annealing at 180 °C was found to have a rate constant of
8.0 x 107 '* cm?/s and n=0.5 [37]. The consumption of Ni layer is also diffusion
controlled with a rate constant of —2.7 x 10~ '* cm?/s.

8.5 The Microstructure and Failure Mechanism
of Microbump

The volume of microbump is largely reduced comparing with conventional C4
bump [22, 28]. The microbump solder is generally a cap on Cu pillar after reflow.
The volume of the microbump is at least one order of magnitude smaller than that of
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the C4 bump. The afterward reflow treatments like thermal ageing, electrical
current stressing will convert almost the entire volume of the solder to intermetallic
compound even with Ni barrier layer. The intermetallic compounds formed will
fully occupy the solder joint to give essential intermetallic-like joint. The Cu/solder
joint was completely transformed to intermetallic compound after reflow when the
solder thickness was less than 20 pm [42]. A micro-tensile test investigation
indicates that the as-reflowed solder joint will behave brittle when the joint thick-
ness is 70 pm or less. The mechanical property of the joint of 15 pm thickness
dominated by the intermetallic compound current stressing [42] shows potential
brittle failure behavior. The Young’s modulus of various intermetallic compounds
and solder are 133.3 GPa (Ni3Sny), 108.3 GPa (CusSn), 85.56 GPa (CugSns), and
52.73 GPa (Sn3.5Ag) [25]. These values indicate the potential high brittleness of
the intermetallic-like microjoint. The failure mechanism of microbump under
current stressing very much depends on the original metallizations that affect the
following reaction within the bump. A Cu pillar/SnAg cap/Cu trace structure will
become Cu/CuzSn/CugSns/solder/CugSns/CusSn/Cu after assembly. The structure
converted to Cu/Cu3Sn/CugSns/CuzSn/Cu after current stressing. The Cu;Sn layer
kept growing during current stressing at the consumption of CugSns and Cu sources
on both end. The continuing growth of Cu3Sn resulted in the extensive formation
and coalescence of Kirkendall voids to form crack that leads to failure [12]. On the
other hand, when the Ni barrier is introduced between Cu pillar and solder, the Ni
barrier retarded the consumption of Cu pillar during current stressing, partly due to
the slow reaction rate of the Ni layer. The solder was completely converted to a
mixed layer of CugSns and (Cu, Ni)sSns. Meanwhile, the Cu3Sn layer grew rapidly
at massive consumption of the Cu trace layer and induced Kirkendall voids. The
failure at long time current stressing was mainly due to the consumption of most of
the Cu trace [12].

Kirkendall void is a typical defect formed at the interface when the diffusivities
of counter diffusing elements are different. The diffusivities of Cu and Sn are
different in Cu3Sn while similar in CugSns, Table 8.2. The formation rate of
CueSns is larger than CuzSn. Accordingly, in the case of microbump where
CueSns and CusSn are formed sequentially, Kirkendall void will more likely
form in the CusSn layer or at the interface between CusSn and Cu. Void was
generally not observed in the CugSns intermetallic compound. One of the potential
methods of avoiding the formation of Kirkendall void is by removing the voids
from the diffusing media Cu3;Sn. The manufacturing of nanotwinned Cu pillar by
electroplating was able to sink the void formed in the above-mentioned interme-
tallic transformation reaction in a Cu pillar/Sn/Cu pillar structure [43]. No void was
observed in the structure during the transformation of CugSns to CuzSn under long
time thermal ageing. The nanotwinned Cu pillar was produced by appropriate
controlling the electroplating conditions [44].

Both Pd and Au form intermetallic compounds with Sn when adopted as
metallization. PdSn, grows faster than AuSny. A large columnar (Pd, Ni)Sn, may
form in the Cu/Ni/Pd/Au/Sn/Ni/Cu microbump structure, Fig. 8.8a [45]. The ther-
mal cycle test or electromigration test of such joint eventually convert the (Pd, Ni)
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(a) As jointed

Fig. 8.8 Cross-sectional BSE images (a) as-jointed; after stressing with 1.8 x 10* A/em? at
100 °C for 100 h (b) current from Cu pillar/Ni to ENEPIG, (c¢) current from ENEPIG to Cu
pillar/Ni, (d) enlarged view of the micrograph shown in (b), (e) enlarged view of the micrograph
shown in (c¢) [45]

Sny to Ni3Sny. The molar volume difference between the intermetallic compounds
will induce void or crack at the interface between the converting intermetallic
compounds [22], Fig. 8.8b—e [45] (readers are referred to Chap. 7 for the detail
discussion regarding electromigration). The molecular volumes are 71.13 cm®/mol
for PdSn, and 75.25 cm?/mol for NiSny. The compounds conversion actually
involved (Pd, Ni)Sn, and (Ni, Cu);Sn,4. Thus, a volume difference of 9.65-22.3 %
is expected that causes the volume shrinkage during the conversion [45]. The
volume shrinkage will result in the formation of voids or cracks at the interface
between the intermetallic [45].

8.6 Summary and Future Challenge

The industrial microbumping and bonding process has been mature and promising.
In light of the massive shrinkage in bump dimension comparing with conventional
flip chip solder bump, the solder materials compositions have been kept as simple as
possible. Sn or Sn-Ag have been the predominant solder constituents of the
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microbump. Electroplating is the major deposition method for the solder bump
because of the small dimension of the microbump with Cu pillar design and the
productivity concern. The reduced volume of the solder joint results in high volume
fraction of intermetallic compound in the as-reflowed and prolonged thermal-aged
microbump joint. One of the challenges for reliability concern will be the manip-
ulation of the vacancy formed as a result of the intermetallic compound formation.
The molar volume difference between solder and intermetallic compound formed
during the bumping process and product performance will induce void, vacancy,
and crack at the UBM/solder, substrate metallization/solder, and TSV/solder inter-
faces. Appropriate adoption of metallization and UBM may help reduce the
undesired defects. The ever shrinkage of the electronic products and the idea of
the 3D IC are always pushing for finer pitch and reducing joint volume. The
microbump technology is facing the challenge for further volume reduction and
bump structure simplification.

Acknowledgment The editors would like to thank Pilin Liu from Intel Corporation for his critical
review of this chapter.
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Chapter 9
Fundamentals of Electromigration
in Interconnects of 3D Packaging

Pilin Liu

9.1 Introduction

To meet the demands for higher packaging density, better performance, and smaller
form factors, microelectronics industry is currently transitioning from traditional
flip chip technology to 3D (or 2.5D) integrated circuits (ICs). In 3D ICs, several Si
chips are jointed together by micro bumps and through Si vias (TSV). Redistribu-
tion layer (RDL) is used in the TSV chip to connect TSV with micro bumps
[1, 2]. The diameter of the micro bumps is about 10-20 pm, which is almost one
order of magnitude smaller than flip chip first-level interconnect (FLI). The current
density in micro bumps will increase dramatically with the same power demand and
the joule heating will also be much higher when all the Si chips are stacked
together. It can be seen that EM in micro bumps, TSV, and RDL will be a key
reliability concern in 3D ICs. High joule heating may also induce large thermal
gradient and local high temperature, inducing thermomigration failure or circuit
burn [1-5].

Micro bumps in 3D packaging are Pb-free solder joints with Ni or Cu metalli-
zation [3-5]. The general mechanisms about the EM for larger FLI solder joints will
also apply to the micro bump solder joints. On the other hand, Cu TSV and its
connected metal lines are electroplated Cu. Their EM mechanisms should be the
very same as those for damascene Cu interconnects in Si die.

In this chapter, the general EM factors in solder joints that are applicable to
micro bumps will be briefly summarized in Sect. 9.2, followed by review of the
unique EM behaviors in micro bumps in Sect. 9.3. Thermal migration induced
failure modes will also be included in this section. EM in Cu TSV and its connected
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metal layers will be discussed in Sect. 9.4 with the brief summaries about the key
EM factors of Cu damascene interconnects.

9.2 Key Modulators for EM in Solder Joints

EM can cause solder joint failures at IMC/solder interface due to flux divergence
induced by Sn self-diffusion, which is a very common EM failure mode and has
been well discussed [6—8]. On the other hand, electron wind can also accelerate the
dissolution of under-bump metallization (UBM) on cathode side and cause failures
due to depletion of UBM [9, 10]. It has been reported that metallization dissolution
is closely related to Sn grain orientations [9, 10].

9.2.1 Typical EM Fail Caused by Sn Diffusion

In general, EM can induce failures through a void nucleation and propagation
mechanism. Voids nucleate near the entrance of electrons due to moving away of
the predominant diffusion species, which is caused by the momentum exchange
between electron wind and metal ions. The fundamental force equation governing
electromigration is given by Eq. (9.1) [11].

Fpy =Z eE = (Z,,+ Z,,)epj (9.1)

where Fpy, stands for electromigration driving force, Z" is effective charge
representing transfer of momentum from electrons to atoms, e is electron charge,
p is resistivity, j is current density, Z}; is nominal valence of the diffusing ion for the
direct force, and Z;,, is the effective valence for the electron wind force.

In Sn-based Pb-free solders, the predominant diffusion specie is Sn atom and the
EM failure is between IMC and solder on cathode side. Figure 9.1 shows the typical
EM fail on substrate side of a Pb-free solder joint when the electron flow goes from
substrate to Cu bump. Sn flux divergence happens at the Sn/IMC interface on
substrate side during EM and causes the void nucleation and propagation along
that interface.

Solder systems are quite complex metallurgical systems. The dissolution of
solutes (Cu, Ni, Pd, Au) from the substrate surface finish and Cu bumps into the
solder during reflow makes the solder alloys extremely complex multicomponent
thermodynamic system. The solute elements dissolved in the solder are interstitial
in nature and hence diffuse substantially fast in the solder matrix. Additionally,
solders are multiphase alloys and undergo several intermetallic reactions at the
interfaces. This makes the solder joint EM more complex than Al or Cu traces in
electronic packaging.
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Fig. 9.1 Typical solder
joint EM fail induced by Sn
diffusion flux divergence
between IMC and Sn solder
at cathode side [7]

Many factors can impact the EM failure induced by Sn diffusion, including
solder alloying, IMC formation, current crowding, metallization dissolution, and
solder joint height. All these factors are applicable to micro bumps in 3D packaging
also.

A. The impact of IMC reaction and solder alloying

One unique feature for solder joint EM is its very dynamic nature under
electron wind and high temperature. Metallization from both cathode and anode
will keep dissolving into the solder alloy and react with Sn to form IMCs. This
will either coarsen the existing IMC particles in the solder matrix or increase the
thickness of the IMC on anode side. The IMC reaction between metallization
(typically Cu or Ni) and Sn causes volume shrinkage, which will generate Sn
vacancies during the reaction. This will increase the probability of solder voids
nucleation and growth at IMC/solder interface on cathode side, where Sn atoms
flux divergence happens. From this point of view, IMC reaction and the
instability of the solder system can reduce the EM capability. This IMC reaction
impact on EM fail will be even more dramatic in smaller 3D packaging micro
bumps since the Sn volume is very limited and easy to be exhausted.

Solder alloying can also impact the stability of the solder system. Seo
et al. [12] compared Sn-1.8Ag and Sn-0.5Cu with different joining path to
control the Ni and Cu dissolution in the solder system. They found Sn-1.8Ag
shows much more stable grain structure and stable Ag;Sn particles, which slow
down Cu dissolution into the solder. Stable microstructure can benefit both Sn
diffusion and metallization dissolution failure modes. Lu et al. [13] studied the
effect of Zn doping on SnAg solder microstructure and EM stability. They
found that Zn reacts strongly with alloying elements, such as Cu, Ag, and
Ni. Zn-doped solders improve the stability of the interface as well as the bulk
microstructure. Stable microstructure in a Zn-doped solder can effectively
suppress EM failure induced by Sn atom flux divergence.



P. Liu

Overall, it can be seen that factors that can slow down the IMC reactions or
metallization dissolution can increase the stability of the solder joint and
improve EM.

. The impact of solder joint height

Based on Al EM experiments, Blech [14] observed a threshold current density
under which no EM damage happens. This threshold is inversely proportional to
the length of the strip. This so-called Blech effect has since been well studied in
different systems including solder joints [15—17]. It is a result of back stress
gradient induced by accumulation of atoms at anode and extra vacancies at
cathode, balancing out the electron wind force. Since the current density
threshold is inversely proportional to the length of the stressed conductor, the
Blech effect states the existence of critical Blech product (j x L). (current
density times conductor length), below which the conductor will be never failed
by EM. This critical product tells that at given current density, EM damage can
be eliminated when the conductor length is short enough. Efforts to measure the
critical Blech product in solder joint have been made using either edge dis-
placement method [16, 17] or plot of time to fail (TTF) vs. Blech product
[15]. The results are summarized in Table 9.1.

In general, the critical product decreases dramatically with tempera-
ture increases. This raises a new challenge to Black’s law [18] based reliability
model used across industries, in which the current density factor (n) and
activation energy (Q) are used as the key reliability projection parameters.
Blake’s equation doesn’t include the (jL). term, assuming nonexistence of
critical current density. EM damage will happen as long as current is present.
This will underestimate the solder joint EM capability and make the reliability
risk assessment too conservative. In order to consider the length and critical
product impacts on EM lifetime, Black’s equation can be modified as follows:

where MTTF is the mean time to failure, j is current density, L is solder joint
height, n is current density exponent, and Q is activation energy.

This modified Black’s equation includes the solder joint height impact, which
is very important for 3D packaging because solder joint height can vary from

Table 9.1 Pb-free solder critical products at different temperatures

Solder Temp (°C) L (pm) Critical product (A/cm) References
SnAgl.8 145 50-150 30 [15]
SnAgl.8 145 75 26 [15]
SnAg3.8Cu0.7 80 350 1505 [16]

100 1120

120 490
SnAg3.0Cu0.5 140 100, 200, 500 253 [17]
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several hundred microns to several microns in one component. A reliability
model that considers the solder joint geometry change is highly needed. The fact
that critical product changes with temperature suggests that at higher tempera-
ture, for the same height of solder joint, the critical current density will be much
smaller than that at low temperature. This makes EM reliability lifetime very
hard to be projected based on accelerated high temperature testing. More efforts
are needed to fundamentally understand the physics of temperature impact on
(JL). so that a more accurate reliability model can be established for solder
joints in 3D packaging.

9.2.2 EM Fail Caused by Metallization Dissolution

EM can accelerate the cathode metallization dissolution and promote the formation
of thicker IMC on anode side. When the cathode metallization is thick enough, the
joint can be eventually transformed to a full IMC joint or a joint with very short Sn
height and the EM resistant of the joint can be high. However, when the cathode
metallization is thin, EM can dissolve the entire metallization layer and induce
solder joint open [9, 10]. This is a different failure mode from Sn diffusion induced
IMC/solder separation discussed in Sect. 9.2.1. One interesting phenomenon related
to this failure mode is its sensitivity to Sn grain orientations [9, 10, 19-21]. It has
been reported that [20] the time to dissolve 2 pm Ni UBM can vary from 100 h
(when Sn c-axis is in parallel to electron flow direction) to 1800 h (when c-axis is
perpendicular to electron flow) at given temperature and current density. Figure 9.2a

Fig. 9.2 SEM and EBSD show very good correlation between c-axis of Sn and cathode side Ni-P
EM damage. (a) Fast Ni dissolution when c-axis is in line with the electron flow direction; (b) slow
Ni dissolution when c-axis is perpendicular to the electron flow direction [21]
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[21] shows the EM failure caused by Ni dissolution of the electroless Ni-P surface
finish on cathode side of the stressed solder joint. EBSD clearly shows c-axis of Sn
solder aligns well with the electron flow direction in this joint. Figure 9.2b is
another solder joint that stressed together with Fig. 9.2a with exactly the same
current and temperature. No any sign of EM damage can be seen at the cathode side
and the c-axis of Sn is perpendicular to the e-flow direction. It is clear that Sn grain
orientation is the key modulator for fast UBM dissolution during EM. It is also
found that the key assembly process parameters such as cooling rate and Cu
dissolution in the solder can modulate Sn grain orientation distributions.

A. The impact of assembly cooling rate

Solder joints with cooling rate about 1 and 50 °C/s are studied [21]. EM
testing shows that MTTF for those with faster cooling rate is about three times
shorter than those with slower cooling rate and the cross section on the EM
damaged parts shows Ni dissolution is the main cause for fail. This data clearly
shows that faster cooling rate increased the chance of Ni dissolution in
EM-stressed solder joints. To understand the impact of cooling rate on grain
orientation distributions, statistic EBSD analysis has been done to compare
solder joints with different cooling rates. The angles between c-axis and the
substrate normal were calculated and statistically analyzed as shown in Fig. 9.3.
It is found that the solder joints with faster cooling rate show higher chance of
forming c-axis oriented Sn grains along the substrate normal or the electron flow
direction and this directly correlates to the worst EM performance in contrast to
the joints formed with slower cooling rate.

35

M50 °C/sec W1°C/sec

Percentage (%)

N

& 15 25

-
i

Angle between c-axis and substrate
normal (degree)

Fig. 9.3 Statistical EBSD results on solder joints before EM shows that faster cooling rate
increases the percentage of c-axis along with substrate normal [21]
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This EBSD data in general explains the result that solder joints with faster
cooling rate show higher chance of Ni dissolution. Further studies indicated that
the critical angle between the c-axis Sn grains and substrate normal for fast Ni
dissolution is about 40°. It is found that the angle between 0° and 40° is the
range for the fast metal dissolution which results in EM fails. Based on this, the
probability for EM fails caused by fast Ni dissolution is measured as ~25 % for
fast cooling rate and ~15 % for slow cooling rate.

The reason that fast cooling rate can cause the Sn orientation distribution
difference is related to the fact that solder orientations are not randomly
distributed. The angles between 0° and 40° are always in small percentages
for both cooling rates. Inverse polar results indicate that [110] is the preferred
direction aligned with substrate normal. Given the fact that the thermal profiles
during solidification are normal to the substrate or Si die, it can be concluded
that [110] is the preferred grain growth direction following the thermal flow
direction during solidification, as reported in another study [22]. Since c-axis of
the tetragonal Sn is always perpendicular to its [110] direction oriented along
the substrate normal direction, the c-axis of the grain remains perpendicular to
the normal direction. This explains the unique percentage distribution of the
angles of the c-axis solder grains for their preferred perpendicular direction to
the substrate for both fast and slow cooling rates. During solidification, it can be
assumed that slower cooling rate would allow the system to have enough time to
grow grains along their favored directions. On the other hand, fast cooling rate
would make the grain orientation more random, which means more grains with
smaller angles between c-axis and substrate normal. This explains the cooling
rate impact on Sn grain orientation distributions.

B. Impact of alloying

While solder solidification rate is the key parameter to impact Sn grain
orientations, solder alloying is another factor that impacts the Sn grain size
and orientation distribution. Sylvestre et al. [23] studied the impact of Ag
content on the cyclic twin formation for SAC solder alloys and showed that
2.2 wt% Agin SAC alloy can dramatically increase the chance of forming cyclic
twins, which commonly occurs during solidification of SnAg, SnCu, and SAC
alloys [24, 25]. This is a very unique type of twinning and very less frequently
observed in other metal systems. The formation of cyclic twins in Pb-free solder
can possibly impact the distribution of c-axis along with substrate normal
direction. We know that cyclic twins share the [100] or [010] common direc-
tions, but not in the direction of [001]. If one of the three cyclic twins happens to
have its c-axis in the direction of electron flow, the c-axis of the other two grains
cannot align with the electron flow because their common axis is not of [001]
orientation. In other words, for cyclic twinning structures, three orientations are
bundled together and they cannot have all their c-axis align with the electron
flow direction. This scenario of Sn crystalline structure will reduce the chance of
c-axis aligns with substrate normal. Therefore, adding Ag to the SnCu system
can improve the EM performance induced by metallization dissolution, which
has been experimentally observed [12, 15].
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On the other hand, Cu atoms in the liquid solder can possibly play the same
role as Ag. It is reported that the formation of the cyclic twin structure initiates
from a small hexagonal cluster of Sn atoms centered on a Cu or Ag atom in the
molten solder [25]. The quick dissolution of Cu from Cu column into the solder
system during assembly can reduce the possibility of c-axis of Sn grain align
with substrate normal, which can delay the metallization dissolution during
EM [21].

. Impacts of Solder Joint Height

Besides Sn grain orientation and solder alloying, solder joint height can also
impact metallization dissolution during EM. However, the effect of solder joint
height on metallization dissolution under EM has been seldom reported. Lu
et al. [19] observed that the resistance change vs. stress time plot of SnAg solder
joint during EM can reach a plateau and they considered that as an evidence of
Blech effect in SnAg solder joint controlled by Sn diffusion failure mechanism.
They further concluded that solder joint height should not impact metallization
dissolution since no such plateau was observed in SnCu solder joints, which
were mainly dominated by Ni dissolution failure mode. However, no direct
comparison has been done between longer and shorter solder joints in their
study.

Zhang et al. [26] studied the solder joint height impact on Cu dissolution of
Cu/SAC305/Cu joint with same volume but different height. They observed that
the Cu dissolution rate increases with the solder joint height increase, as shown
in Fig. 9.4.

The same phenomenon is also observed on Ni dissolution in Cu/Sn0.7Cu/Ni
solder joint [21]. In one controlled DOE, the solder joint height was purposely

18 —=— H1=300um
—e— H2=420um
16 o H3=520um
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Fig. 9.4 Cu dissolution rate increase with the increase of solder joint height [26]
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stretched during reflow while the solder volume was fixed, which ended up with
two DOE legs with about 20 pm solder joint height difference. EM testing
indicates the MTTF for the shorter solder joint height is about three times longer
than that with higher solder joint height. The EM failure mode is mainly caused
by Ni dissolution.

Solder joint height impact on EM failure dominated by Sn diffusion flux
divergence has been discussed in Sect. 9.2.1. However, the back stress theory in
Sn diffusion cannot be applied to explain the observed phenomena that Cu or Ni
dissolution is dramatically accelerated during EM in longer solder joint height
because both Cu and Ni diffusion path are through the interstitials [27] and the
back stress impact should be low in contrast to Sn self-diffusion. Moreover,
back stress is hard to be built up with interstitial diffusion because no vacancies
will be generated during the diffusion. The impact of the solder joint height on
metal dissolution can be discussed from the diffusion point of view instead of
back stress.

In order to promote fast metal dissolution mechanism, the dissolved Ni atoms
need to be quickly removed from the interface. The schematic for the process of
Ni dissolution is shown in Fig. 9.5 [21].

Fast Ni dissolution flux (Jgissorution) N€€ds quick and effective Jy; (Ni flux that
quickly removes Ni from the cathode interface). If the solder joint height is
short, when the electron wind blows the Ni atoms away from the cathode
interface, they will quickly meet the anode side of the solder joint and will be
subjected to back diffusion. In other words, the anode side acts as a barrier for Ni
atoms to diffuse further away. In this case, Ni atoms cannot be effectively
removed from the interface and the deficiency of metallization at the cathode
interface is hard to be established for a quick Jgissoution, SINCE Jpack (flux of Ni
atoms diffuses back to cathode) diffusion can reach to that interface. On the

Fig. 9.5 Schematic of a
solder joint shows the Ni
diffusion fluxes during EM
[21]
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other hand, if the solder joint is long, the back diffusion atoms will be hard to
come back to increase the Ni concentration at the cathode side interface. The Ni
deficiency at the interface can be easily established.

9.3 EM in Solder Joints of 3D Packaging

9.3.1 EM Damage due to Sn Flux Divergence in Micro
Bumps

Compared with larger solder joints in C4 flip chip and BGA packaging, unique EM
behaviors happen in micro bumps of 3D packaging due to their smaller dimensions.
Failure between solder and IMC as shown in Fig. 9.1 is hard to find in micro bumps.
This can be simply because of the Blech effect that the back stress for short micro
bumps is high enough to dramatically delay or eliminate the EM damage caused by
Sn flux divergence. Take an example of Sn1.8Ag solder, its critical product (jL).. is
about 30 A/cm at 145 °C, as shown in Table 9.1. Based on this, the critical length at
5% 10* A/em? is 6 pm, which is about the typical solder joint height of micro
bumps. This indicates Sn1.8 Ag micro bumps with 6 pm solder joint height will not
have any EM damage induced by Sn flux divergence when stressed at 5 x 10* A/cm
*and 145 °C.

It is worthy to note that some studies report the partial failure of micro bumps
with almost full transformation to IMC joints, as shown in Fig. 9.6 [28]. The authors
comment this partial damage is close to the cathode side and can be the result of Sn
flux divergence. Since the remained Sn is very minimal next to the partial cracks, it
is less possible that they are induced by Sn flux divergence from the back stress
point of view. EM back stress for Sn diffusion is closely related to the height of
remaining Sn. It will be dramatically increased and can easily balance the electro
wind force when nearly full IMC joint is formed. The partial crack close to the
cathode in Fig. 9.6 can be explained as following.

Fig. 9.6 Cross-sectional SEM images for the micro bump stressed at 0.12 A at 150 °C for 350 h
(a) with upward electron flow and (b) with a downward electron flow [28]
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Fig. 9.7 Big gap is formed
in the middle of micro bump
when Sn is totally
consumed by IMC reactions
after 20 min reflow at

260 °C [29]

During EM, electron wind can accelerate the metallization dissolution on cath-
ode side. The dissolved metallization (Ni in this case) is quickly removed from the
cathode by electron wind and diffused to anode. Thicker IMC can be formed on
anode side due to electron wind-assisted quick metallization dissolution. The
formation of the thick IMC on anode side can reduce the effective Sn-based solder
height and delay or eliminate the EM damage due to Sn flux divergence. However,
the IMC reaction is volume shrinkage process. During EM stressing, thicker anode
side IMC and thinner cathode side IMC will eventually merge together with the
consumption of Sn. When more Sn are exhausted, the gap can be formed close to
cathode side because IMC on anode side is thicker.

The similar phenomenon is also observed in micro bumps after long time reflow
[29]. Figure 9.7 is a bump after 20 min reflow at 260 °C, Sn is totally exhausted by
the IMC reaction, and a gap is formed between IMCs on upper and bottom sides.
The gap is in the middle because the IMC thickness is the same on upper and bottom
sides.

9.3.2 The Transformation of Full IMC Joint Under EM

Micro bump under EM has another unique behavior comparing with larger solder
joints. It typically has smaller solder to metallization volume ratio, which can form
a full IMC bump before the metallization is fully consumed. This is the reason that
metallization dissolution as discussed in Sect. 9.2.2 is not the key reported failure
mode in micro bumps.

The threshold volume ratio of metallization to solder to form full IMC instead of
induce metallization dissolution failure mode can be simply calculated based on the
IMC reaction equation. Take Cu/Sn reaction as an example, CugSns IMC is always
formed first with the dissolution of Cu under EM. It can be calculated that when Cu
to Sn volume ratio is larger than 0.52, a full CugSns IMC bump will be formed. In
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other words, as long as the Cu height is longer than half of the solder height, a full
IMC joint will be formed before it failed as Cu dissolution.

At typical solder joint EM testing conditions, full IMC micro bumps are found to
be almost immortal [30, 31]. Chen et al. [30] reported that a full IMC micro bump
has no resistance increase after 5000 h of stressing at 1.4 x 10° A/cm?® and 170 °C,
as shown in Fig. 9.8. The later resistance increase in the plot is found to be related to
Al trace damage instead of IMC damage. They further estimated that the IMC
critical current density in their micro bumps is about 3 x 10°> A/cm?. This means the
test current density is below the threshold and no EM damage can be induced no
matter how long to test in this condition.

Wei et al. [32] studied the EM behavior in Sn-Cu IMCs using edge displacement
method as shown in Fig. 9.9. They found CugSns is more susceptible to EM than
Cu;Sn, which is related to the lower solidus temperature and higher resistivity of
CueSns. They also observed Blech effect in the strips of various length of IMCs.
The critical product for CugSns IMCs is between 2.5 and 5 A/cm at 225 °C. Just as
typical EM fails, voids are formed at cathode side interface where the atomic flux
divergence is present. However, the predominant diffusion specie could not be
determined in their report because no Cu-rich or Sn-rich areas are found under
SEM/EDS examinations after EM testing. The critical product for CugSns IMC
cannot be directly compared with solder critical products listed in Table 9.1 since
big temperature difference. It is expected IMCs should have much higher critical
product than Pb-free solders at the same temperature because all the studies indicate
that solder joint EM can be dramatically improved once a full IMC joint is formed
[30, 31].

While the intrinsic EM resistance of full IMC bump is very high, in some cases it
can fail at CusSn/Cu interface, as reported in Cu/SnAg/Cu micro bumps
[33]. Figure 9.10 shows the failure of the solder joints between Cu3Sn and Cu
under EM test. The separation only happens on one side of the solder joint
regardless of the EM polarity. The same fail was also observed in the baked joints
in the same study.

The results indicate this failure is not purely resulted from EM but more related
to baking. In fact, it has been well reported that Cu/CusSn separation is mainly
caused by the impurities (such as S) from Cu plating [34, 35]. The formation of
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Fig. 9.9 SEM images shows CugSns EM damages at the cathode side of interface where flux
divergence is present [32]
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Fig. 9.10 Cu/Cu;Sn separation can be observed on one side of the full IMC joint regardless of the
EM electron flow direction [33]

Cu;Sn can have two reaction fronts. Cu can diffuse through the IMC and react with
Sn, and at the same time, Sn can diffuse through the IMC and react with Cu. Since
Cu diffuse through Cu3Sn is several times faster than Sn through it [36], vacancy
flux is formed towards the Cu during the reaction. Vacancy flux towards Cu can
condense to form voids and induce Cu3Sn/Cu separation when impurities are
present at the interface. Normally, the interface can be viewed as dislocation
networks and are actually very good vacancy sinks. The vacancy condensation
follows the classic condensation theory that needs nucleation and growth. If the
interface is a good vacancy sink, it is very hard to cumulate enough vacancies for
voids nucleation. However, when impurities are present at the interface, they can
pin the dislocations at the interface and cause the interface less movable. In this
case, the interface will not be an effective vacancy sink anymore and voids will be
formed due to vacancy condensation. Only monolayer of impurities at interface can
trigger this mechanism [37]. Actually, a more intuitive way to view this can be as
following. Interfacial voids cannot be generated when the reaction interface is
smoothly moveable and follows well with the reaction front. However, if impurities
pin the interface and make it less moveable, the interface can not follow well with
the reaction front and voids have to be generated. The reason that the full IMC joint
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only failed at lower side regardless of the EM polarity can be due to the Cu impurity
difference between upper and lower Cu bumps.

In general, EM resistance in micro bumps is more robust because of the
transformation of full IMC joint. However, impurities from Cu plating should be
avoided to prevent the solder joint from Cu/Cu;Sn failure. While this is mainly a
backing-related phenomenon, EM can definitely increase the failure rate due to its
acceleration of cathode side Cu dissolution.

9.3.3 Thermomigration Accompanied by EM

When current is applied to solder joints in electronic packaging, electron wind can
induce EM damages as discussed above. Meanwhile, Joule heating due to the high
current density can result in thermal gradient and induce thermomigration of the
solder joint [38—40]. The thermal gradient is closely related to the geometrical
configurations of the electronic packaging. Typically, joule heating on the substrate
side of the solder joint is much less than that from the chip side where transistors
and finer interconnects will generate more heating. It is reported that a temperature
difference of 10 °C across a 100 pm diameter solder joint (1000 °C/cm) is sufficient
to induce thermomigration and elements redistribution [38]. The large thermal
gradient is expected to be worse in micro bumps of 3D packaging since its diameter
is more than one order of magnitude smaller and stacked Si could generate more
heat due to bad thermal dissipation.

Similar to EM force, solder joint under thermal gradient force can also result in
two impacts on diffusion species. One is the migration of Sn atoms; the other is
metallization (Cu, Ni) dissolution.

Ouyang et al. [39] studied the thermomigration behaviors of micro bumps in 3D
packaging and compared them with flip chip solder joints. They observed that Sn in
solder alloy migrated to the hot side in the flip chip solder joint, but no Sn
thermomigration was observed in micro bumps of 3D packaging, as shown in
Figs. 9.11 and 9.12. They attribute this to the back stress gradient difference caused
by solder joint height. Just as mentioned in Blech effect, shorter solder joint height
will result in larger back stress gradient which can balance out the thermal migra-
tion force on Sn atoms induced by thermal gradient. They further calculated the
back stress (Fgs) and the driving force from thermal gradient (Fry) in their tested
3D packaging based on the simulated temperature gradient of 5345 °C/cm across
the micro bumps and the working temperature of about 134 °C. It is concluded that
Fgs is about 3—4 times larger than F'y;, which explains why no Sn thermomigration
happens in their tested micro bumps. In other words, in order for Sn
thermomigration to happen in the micro bumps, the temperature gradient needs to
be larger than about 20,000 °C/cm. Compared the fact that 1000 °C/cm thermal
gradient will induce thermomigration in flip chip solder joint [38], micro bumps are
more resistant to Sn thermomigration due to the back stress effect. It can be seen
that both thermomigration and EM risks due to Sn flux divergence are low for micro
bumps.
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Fig. 9.11 Sn protrusions on hot end and voids on cold end are observed in flip chip solder joint
under thermal gradient [39]

Cold end Cold end
Hot end Hot end

Cold end - Cold end

Fig. 9.12 No sign of Sn migration is observed in a micro bump under thermal gradient. Ni and Ag
migration can be seen from hot end to cold end [39]
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While thermomigration damage due to Sn diffusion can be minimal in micro
bumps due to back stress effect, metallization dissolution induced by thermal
gradient could be another concern that needs to be addressed. Chen
et al. summarized the thermomigration of Ni, Cu, Ag, and Ti in solder joints
[38]. It is noted that they all migrate to the opposite direction of Sn atoms under
thermal gradient. Sn migrates from cold end to hot end, while Ni, Cu, Ag, and Ti
move from hot end to cold end. This correlates to the positive or negative sign of
heat of transport Q", which is defined by the difference between heat carried by a
moving atom per mole to the heat of atoms per mole at the hot end. When Q" is
negative, the diffusion specie moves from cold to hot (i.e., Sn), and when Q' is
positive, atoms move from hot to cold (i.e., Ni, Cu, Ag, Ti). Cu thermomigration in
solder joint is much easier than Ni. Part of the reason can be related to the low Ni
solubility in solder alloy. It is reported that the solubility of Ni is only 0.28 wt% in
Pb-free solder at 250 °C, while the solubility of Cu is 1.54 wt% at 260 °C [41]. Cu
migration was observed at thermal gradient of 1000 °C/cm in flip chip solder joint
[42], however, no Ni migration at thermal gradient of 1429 °C/cm [43]. When
thermal gradient is 5345 °C/cm, Ni thermomigration was observed in micro bumps
as shown in Fig. 9.12 [39]. In a recent study, Ouyang et al. [44] reported that AgzSn
IMC particles or plates can suppress thermomigration of Cu. They can inhibit the
dissolution of Cu at the hot end and abnormal accumulation of IMCs at the cold end.
The ability of Ag;Sn to against thermomigration of Cu is speculated to be related to
the less susceptibility of Ag atoms to temperature gradient.

Thermomigration can induce the fast metallization dissolution and cause reli-
ability concern. However, similar to the discussion in EM case, metallization
dissolution will eventually transform the solder joint into full IMC joint when the
volume ratio of metallization to Sn is optimized. In this case, both thermomigration
and EM concerns should be minimal in micro bumps.

9.4 EM in TSV of 3D Packaging

In 3D packaging, micro bumps that we discussed above are interconnects between
Si dies. Inside a Si die, TSV, RDL, and metal layers connected to TSV are also key
3D packaging interconnects that may have EM reliability concerns due to their
small dimensions. Similar to Cu interconnects in typical Si die, this TSV-related
interconnects are also using damascene process. Passivation layers and barrier
metals are used as well for the electroplated Cu TSV and its connected metal
layers. The EM fundamentals that summarized from Si die Cu damascene inter-
connects will be also applicable to TSV-related interconnects.
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9.4.1 EM for Cu Damascene Interconnects

EM for Cu damascene interconnects in Si die has been well reported [45-47]. Dif-
ferent from Al-based interconnects that are grain boundary dominated failure, EM
damage in Cu-based metal lines is interface dominated. The interfaces at via
sidewalls or between Cu line and barrier/passivation layer are the fast diffusion
paths and hence the failure locations. Several key EM factors summarized from Cu
damascene interconnects, which are believed also applicable to TSV-related inter-
connects, are listed as follows:

1. Current crowding: because of the nonuniformity of interconnect dimensions and
complexity of routing, the current density is not uniform along the interconnects.
It has been found that higher current density can be achieved at the inner corner
of a bend conductor, where the EM failure starts to happen [48]. Current
crowding can also induce local self heat increase and generate the thermal
gradient and thermal mechanical stress gradient; both are the key driving forces
for Cu diffusion hence can impact the EM failure also.

2. Influence of passivation layer: since Cu EM is interfacial diffusion dominated,
the passivation layer plays very important role on the EM damage. Ways that can
improve the Cu/passivation adhesion and slow down the interfacial Cu diffusion
will help to improve the EM lifetime. It has been reported that the EM MTTF for
Cu interconnects coated with SiNj is about 12 times longer than those coated
with SiC [46]. This correlates very well with the experimental results that the
debond energy for Cu/SiC is much less than Cu/SiN [49].

3. Reservoir effect: Extensions of metal lines next to via connections (also
described as overhang region or reservoir) can delay the EM failure of intercon-
nects in Si die because the extensions serve as reservoir for void growth
[50]. Lower levels of stress and vacancy concentration in the extension are
believed to contribute to the better EM performance. Gan et al. [47] calculated
the current density distributions with different length of M2 extensions in dual-
damascene Cu interconnects. They observed a low current density zone in the
M2 extension corners above the cathode, which retards the void migration into
the extensions. Based on this, they proposed that there is a critical extension
length beyond which increasing extension lengths will not lead to longer EM
lifetimes.

4. Thermal mechanical stress impact: as described in Blech effect, stress gradient
can be the driving force for atomic flux [51]. The stress gradient in Blech effect
arises from electron wind force induced vacancy density difference between
cathode and anode. Besides that, the complexity of design structures, manufac-
ture processes, and dielectric materials for Cu interconnects can also induce
thermal mechanical stress gradient due to thermal mismatch at high temperature
EM testing. It has been reported that passivation layer thickness [52] and
interconnect processing temperature [53] can dramatically modulate the thermal
stress gradients in metal lines and change their EM performance.
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9.4.2 EM Failure in TSV

In a recent study, Oba et al. [54] reported the EM testing on a typical TSV structure.
Figure 9.13 shows the schematic of the EM testing structures. The TSV is
connected to the top die back-end-of-line (BEOL) layer and bottom die redistribu-
tion layer (RDL). The RDL is bonded to bottom die BEOL through micro bumps.
Two patterns are tested as shown in Fig. 9.13. Type 1 is TSV +bump connection
and type 2 is TSV + RDL connection.

The EM failure modes in these testing structures are shown in Fig. 9.14. For
upstream electron flows, the failures are at the bottom of TSV for both type
1 (Fig. 9.14b) and type 2 (Fig. 9.14d) testing patterns. The micro bump is not EM
damaged in Fig. 9.14b even though current goes through it, indicating micro bump
in this testing is more EM resistant than TSV. It is mentioned in the report that the
bottom part of TSV is separated from RDL by barrier metal layers of PVD Ta and
PVD TiW. Under upstream e-flow EM, Cu flux divergence is expected at the
interface of bottom TSV and barrier metal layer where EM voids will be generated
to cause failure. For downstream e-flow testing, no TSV EM damages are observed
(Fig. 9.14a, c). In this case, flux divergence is not expected at the bottom of the
TSV, but expected in the RDL next to TSV. However, no RDL EM damage in
Fig. 9.14c, which is believed to be related to the reservoir effect because the left
RDL portion of TSV in Fig. 9.14c can be viewed as the Cu extension that discussed
in Sect. 9.4.1. It is noted that enough redundancy design of upper die BEOL

e—————

Bottom chip Bottom chip

Current

Current

Top die BEOL Top die BEOL

TSV TSV

RDL RDL

Bottom die BEOL : Bottom die BEOL
(a) (b)

Fig. 9.13 Schematic cross section of EM testing pattern: (a) TSV +micro bump connection
(type 1) and (b) TSV +RDL connection (type 2) [54]
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(c) (d)

Fig. 9.14 TSV EM failure modes: (a) downstream and (b) upstream e-flow with TSV +bump
connection (type 1) and (c¢) downstream and (d) upstream e-flow with TSV + RDL connection
(type 2) [54]

purposely makes the upper TSV/BEOL more robust and no EM damages are
expected.

While this study shows that EM damages are mainly within the TSV where flux
divergence happens, other researchers observed that the EM failure can be also
within the metal layers connected to TSV [55-57]. Figure 9.15 shows a tested TSV
structure and its failure mode reported by Frank et al. [57]. The voids initiated at the
Cu/SiN interface, which is known to be the typical failure interface in Cu dama-
scene interconnects [46]. They further studied the same TSV structures with thicker
metal lines and found the failure mainly happens at metal line/TiN interface next to
the TSV. Cu/SiN voids are also observed in thick metal line but not dominated. The
EM failures in metal lines are also observed in other studies [55, 56].

Only limited studies are reported about the TSV EM failure modes. It can be
seen that the failure can happen in the TSV or in the metal layers connected to TSV.
The reasons about the failure mode change are not very clear and more systematic
studies are needed. Metal line and TSV dimensions definitely play the role. Other
than those, all the factors discussed in Sect. 9.4.1 can also modulate the TSV failure
modes.
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Fig. 9.15 Failure modes show metal line void at Cu/SiN with thin line and thick processes (a, b)
thin line upstream; (c, d) thin line downstream; (e, f) thick line upstream; and (g, h) thick line
downstream [57]

9.5 Summary

In 3D packaging, the interconnects that have EM reliability concerns can be the
micro bumps, TSV, and its connected metal layers (i.e., RDL and BEOL). Micro
bumps are small solder joints that have the same basic EM fundamentals as in large
FLI solder joints. On the other hand, TSV and its connected metal layers are
electroplated Cu interconnects and they follows the mechanisms for damascene
Cu interconnects in Si die.

For solder micro bumps in 3D packaging, their unique features make them more
EM robust for failures induced by both Sn flux divergence and metallization
dissolution. (1) Short solder joint heights of micro bumps can induce large back
stress during EM and balance out the electron wind force on Sn atomic flux. This
largely reduced the risk of EM failure due to Sn flux divergence at IMC/solder
interface. (2) Typically, solder to metallization volume ratios for micro bumps are
large enough that a full IMC joint can be formed before metallization are totally
consumed to cause failures. This eliminated the metallization dissolution failure
mode that usually causes early EM fails in large FLI solder joints. Full IMC joints
are much more EM robust than solder joints. Overall, although higher current
density and higher joule heating are expected in 3D packaging micro bumps,
their EM risk should be low if they have no quality issues and the metallization
layer thickness is not very thin.

For TSV and its connected metal layers, EM experimental studies are limited.
Failures can be inside the TSV close to the connection interface where Cu flux
divergence happens, or in the metal layers adjacent to TSV. When failed in the
metal layers, EM behavior is very the same as that in well-reported Cu damascene
interconnects that the voids initiated at the interface between Cu and passivation
layer. The key factors that modulate the TSV failure modes are not very clear based
on the limited reports and more studies are needed. It is believed that the key
parameters that modulate the EM of Cu damascene interconnects, including current
crowding, Cu/passivation interface, Cu reservoir, and thermal mechanical stress
gradient, will be also the key factors for TSV-related EM failure.
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Chapter 10
Fundamentals of Heat Dissipation in 3D IC
Packaging

Satish G. Kandlikar and Amlan Ganguly

10.1 Introduction

A schematic of a 3D IC stack is shown in Fig. 10.1. It consists of individual chips or
chip stacks that are separated by cooling layers. The cooling layer consists of
microchannels or finned passages that provide increased surface area and enhance-
ment for heat transfer from the stack surfaces to the coolant flowing in the cooling
layers. The design of the cooling layer is restricted by the placement of the through-
silicon-vias (TSVs) connecting between adjacent chip stacks. Electrical and ther-
mal issues require a high degree of codesign for efficient electrical as well as
thermal performance of the 3D ICs.

Using a heat sink and an air cooled fin stack is the most prevalent and cost-
effective option available for cooling 2D ICs. Somewhat less stringent space
restrictions above the chip in the third dimension make the placement of a heat
sink with air flow passages readily feasible. Such an approach is generally feasible
for a two-chip stack, but introduces severe heat dissipation limits for stacks with
three or more chips. As the heat fluxes in 2D IC chips become large, air cooling is
no longer adequate, and various liquid cooling options such as embedded
microchannels [2], spray cooling [3], and jet impingement [4, 5] have been con-
sidered in the literature. Among these, the embedded microchannels, proposed by
Tuckerman and Pease [2] in early eighties, have received the greatest attention due
to their compactness, ability to contain the liquid, and superior thermal performance
in terms of higher heat dissipation rates, lower pressure drops, and higher heat
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Fig. 10.1 A schematic of a
three layer 3D IC structure
with an external heat sink.
Redrawn from [1]

Through
Silicon
Via

Bulk Substrate

Micro bumps

transfer coefficients [6]. A practical implementation of an IBM silicon chip cooler
was demonstrated by Colgan et al. [7] that is capable of addressing the >1 kW/cm?
cooling needs. Their chip cooler utilized offset strip fins instead of straight
microchannels to provide lower thermal resistance (determined to be ~1 x 107® m
2oC/W ) [8]. Kandlikar et al. [9] discuss various cooling options available for 2D and
3D ICs.

As the chips are stacked in a 3D IC package, the placement of the heat sink
becomes possible only above the outermost layer of the 3D IC stack. This approach,
often referred to as conduction cooling, introduces additional thermal resistance for
the interior chips placed in the second layer and further below the directly cooled
chip. The alignment of heat generating devices needs to be carefully evaluated to
avoid localized hot spots created by this stacking effect. Conduction cooling can be
combined with aggressive air cooling designs with compact heat exchangers, pool
boiling in vapor space or liquid cooled microchannels as shown in Fig. 10.2 [9].

10.2 Thermal Performance Parameters for 3D ICs

In an effort to address the effect of device placement on different layers, two factors
are introduced in converting the heat flux levels in a 3D chip to the corresponding
levels for the heat sink design [9]. The Thermal Intensification Factor, TIF, takes
into account the overlapping of heat generating devices from different layers along
the heat flow path.

TIF = 4301 (10.1)
q 3D-U
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Fig. 10.2 Integrated
conduction cooling of 3D
ICs with other cooling
systems: (a) aggressive air
cooling with compact HX,
(b) pool boiling with vapor
space condensation, (c¢)
microchannel cooling,

[9]. Redrawn from [9]

Aggressive air cooling

design with compact HX

Face-to-back packaging

Aggressive air cooling

design with compact HX

- .

Il N = = = .
Hybrid face-to-back and face-to-face packaging

b Coolant inlet and outlet

Pool boiling with vapor
space condensation

Hybrid face-to-back and face-to-face packaging

Top cover for Microchannels on the

microchannels\ / backside of a chip

I N = = = .
Hybrid face-to-back and face-to-face packaging

(7]

where q;D_U is the uniform heat flux based on the total power being dissipated at the
active cooling area and q;]} 7 1s the local value of heat flux apparent at the heat sink
at any given location. A TIF map can thus be generated at the heat sink level to
estimate the localized cooling needs over the chip surface adjacent to the heat sink.
A detailed three-dimensional conduction analysis would be needed to estimate the
actual values of TIF with multiple IC layers and distributed devices. This mapping
will enable generating a heat flux map of a 3D stack to its corresponding planar chip
profile, which can be used for designing or analyzing the cooling performance.
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The Thermal Derating Factor, TDF, accounts for the additional resistance
introduced by the interface between the heat generating device on a chip in a 3D
stack and the chip adjacent to the heat sink. This becomes especially important
when the adjacent chips are mechanically bonded together. The additional thermal
resistance is accounted for by increasing the heat flux that is apparent on the chip at
the heat sink level. This heat flux is used for estimating the device temperature map,
while the actual heat fluxes are used for coolant heat balance calculations.

"

TDF = &3p-U (10.2)
4ip-vu
Alternatively,
, q// -
dip-v = % (10.3)

where ¢, is the equivalent 1D heat flux that will result in the same device level
temperature profile corresponding to a uniform heat flux of q;D_U. Combining
Egs. (10.1) and (10.3), the maximum heat flux equivalent is given by:

"

p o , TIF

9ip-H = TDE 93p-U TDE

(10.4)

10.3 Air Cooling of 3D ICs

Stacking two or more IC chips under conduction cooled configuration allows using
conventional heat sinks on the face of the 3D IC chip stack. Since the heat flux
levels are higher than a single chip, advanced air cooling options may be needed.
The increased thermal resistance in the heat flow pathway also needs to be consid-
ered and can be compensated by a lower thermal resistance in the heat sink.

Advanced air cooling options utilize forced air cooling with air delivered over
the finned heat sink using a fan. As the heat flux (heat dissipation per unit heat sink
footprint area) increases, higher velocities may be needed. Utilizing ducted air
inlets and outlets reduces the noise level as well as the pressure losses at the
entrance and exit from the heat sink. Employing compact heat exchanger surfaces
(originally developed for automotive radiators) in the heat sink matrix results in
significantly higher heat dissipation rates as the heat transfer surface area is
significantly increased due to the secondary fins. Although the pressure drop and
fan power are increased, significantly higher heat dissipation rates are achieved as
compared to the natural convection cooled heat sinks. A comprehensive coverage
of compact heat exchanger design and performance is given by Kays and
London [10].
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10.4 Jet Impingement and Spray Cooling

High speed jets from a nozzle impinging on a target surface provide an effective
technique to dissipate high heat fluxes. A single jet provides cooling in the imme-
diate vicinity of the jet impingement area, while an array of jets could be used to
cover a larger area. Air or liquid can be used as the cooling medium, while liquids
are most suitable for higher heat flux dissipation levels.

Although the jets provide a high heat transfer performance, in general, they
require high pressure drops in the range of 50-500 kPa. Apart from the fabrication
and leakage issues, the high velocity jets may lead to vibrations and erosion of the
heat transfer surfaces.

The jet impingement technique cannot be readily applied to conduction cooled
3D ICs. Placing jets in the interlayers can also lead to very complex fluid distribu-
tion system design from the fabrication perspective. Leakage remains a critical
concern due to high pressures employed in delivering the high velocity jets.

Spray cooling involves spraying liquid droplets from a nozzle on a target surface
where they evaporate. This technique employs evaporation as against jet impinge-
ment cooling which is based on either on single-phase heat transfer or in some cases
forced convection boiling. The target surface may be coated with porous coatings or
microstructures to enhance the evaporation rate. The spray distribution pattern, the
effect of returning vapor on the droplet velocity, and controlling the flow rate to
avoid flooding are some of the issues that require careful design considerations.
Although the pressures required for generating sprays are considerably lower than
the jets used in impingement cooling, the fabrication issues still remain because of
the complex liquid distribution network required in 3D ICs. Additionally, the vapor
generated needs to be transported back to a condenser and resulting two-phase flow
due to condensation in the return lines may pose some instability concerns. A recent
review of spray cooling techniques provides an in-depth information about different
spray cooling techniques and their performance comparisons [11]. These systems
require higher pressures (from 100 to 300 kPa) and spray nozzle plates that require
periodic maintenance. This precludes their applicability to electronics cooling
where a high degree of reliability and simplicity in cooling system configuration
are important. The small passage dimensions in the 3D ICs also present challenges
for spray cooling systems.

10.5 Microchannel Cooling

Microchannels are generally classified as channels with their minimum dimension
in the range of 10-200 pm [12]. The microchannels are either etched directly into
the silicon substrate or etched or machined in a separate silicon or copper chip that
is bonded on the back side of the IC chip in case of conduction cooling. These
passages can also be etched between the interlayers in 3D ICs.
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Fig. 10.3 A schematic representation of a microchannel cooled three layer 3D IC structure.
Microchannels can be employed in both single-phase and two-phase (evaporative) modes.
Redrawn from [13]
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Figure 10.3 shows a schematic of a microchannel cooled three layer 3D IC
structure by Koo et al. [13]. This schematic shows how the flow passages and TSVs
(electrical vias) need to be configured in the cooling layer between adjacent IC
layers.

Microchannel cooling offers the most promising cooling method for 3D ICs.
Careful considerations are however needed to account for the placement of the
TSVs, and control the pressure drop and temperature nonuniformity. One of the
most important considerat