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Abstract

Abstract

3-dimensional (3D) semiconductor packaging and interconnection technology, which
involves vertically stack IC chips that are electrically interconnected by inter-layer vias and
solder joints, is being used to achieve better performance, lower power consumption, and
higher integration capability. As interconnects continue to shrink and become denser, it is
increasingly important to characterize their microstructure such as grain size and
crystallographic orientation, to ensure that these interconnects, are robust and able to
survive thermo-mechanical stresses during assembly, reliability testing as well as in field
usage. Furthermore, interlayer dielectric (ILD) cracking and delamination still remains a
concern. The use of brittle extreme-low k (ELK) dielectrics together with lead-free tin-
silver-copper solder and stiff copper (Cu) pillars can increase the risk of this occurrence.
A possible solution to mitigate this risk is to use a lower modulus solder. However, this
may favor the formation of brittle intermetallic compounds (IMCs) in the solder joints and
compromising the overall reliability performance of devices. Therefore, a study of the

IMCs in the solder joints would be necessary.

Electron backscatter diffraction (EBSD) is a technique which can be used to understand
the crystallographic structures of the IMCs, which may influence its reliability. For EBSD
analysis to be productive, useful data that allows the crystallographic information to be
extracted from must first be obtained from the sample. To achieve this, the analyzed sample
has to be optimally prepared. As conventional sample preparation methods for electron
microscopy inspection may not be sufficient for the stringent conditions that EBSD

samples require, a modified sample preparation workflow is explored and validated as well.

A study of the substrate side IMCs was carried out on SAC305 and Sn0.7Cu solders. A
comparison of the IMCs microstructure was done under temperature cycling as well as
high temperature storage with the use of energy dispersive x-ray spectroscopy (EDX) and
EBSD techniques. Results showed that no significant difference was observed between the
IMCs of both substrate solders, validating Sn0.7Cu solder as a viable alternative to

conventional SAC305 solder in mitigating ILD cracks and delamination risks.






Lay Summary

Lay Summary

With the advancement of semiconductor technologies, miniaturization of transistors and
components are becoming more prevalent. As the scaling of components such as solder
joints continue to shrink and become denser, it becomes increasingly important to better
understand their microstructure and how it may change during testing under conditions
similar to its working environment. This is due to the fact that cracking and delamination
in the dielectric layers of devices still remain a concern. A possible solution to mitigate this
risk is to use a more ductile solder in the solder joints. However, this may lead to the
formation of brittle intermetallic compounds (IMCs) in the solder joints and compromising
the overall reliability performance of devices. Therefore, a study of the IMCs in the solder

joints would be necessary.

Electron backscatter diffraction (EBSD) is a technique which can be used to understand
the microstructure of the intermetallic compounds in greater detail. In EBSD analysis,
useful microstructure data that provides insights to the properties of the material can be
extracted from the sample. However, EBSD analysis will require extensive sample
preparation to ensure that the sample surface finish is optimally prepared. As conventional
sample preparation methods for electron microscopy inspection may not be sufficient for
the stringent conditions that EBSD samples require, a modified sample preparation
workflow is explored and validated. This modified sample preparation was shown to be

suitable for EBSD analysis.

A comparison of IMCs formed at the substrate side was done between SAC305 and
Sn0.7Cu solders under temperature cycling and high temperature storage conditions. Using
the techniques of energy dispersive x-ray spectroscopy EDX and EBSD, the analysis
results showed that for both substrate solders, there was no significant difference observed
in the IMCs, confirming Sn0.7Cu solder as a suitable alternative in mitigating the risk of
ILD cracks and delamination.
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Chapter 1

Introduction

With the advancement of semiconductor technologies, miniaturization of
transistors and components are becoming more commonplace. This has
resulted in the shrinkage and densification of interconnects such as solder
joints. Consequently, it has become increasingly important to understand
interconnect microstructure and how it may change during testing under
conditions similar to its working environment. This is because cracking and
delamination in the dielectric layers in the back end of line (BEOL) of devices
remains a concern. A possible solution to mitigate this risk is to use a more
ductile solder in the solder joints. However, this may favor the formation of
brittle intermetallic compounds (IMCs) in the solder joints and compromising
the overall reliability performance of devices. Therefore, a study of the IMCs

in the solder joints would be necessary.
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1.1  Background

Over the years, there have been incredible advancements in the manufacturing of integrated
circuits (ICs), with feature size shrinking from 10 pm down to 7 nm. With each technology
node, feature size has shrunk by almost 0.7 times, with the number of transistors in a chip
doubling. This continuous scaling of device dimensions enables more devices to be packed
into the same area of a semiconductor microprocessor, thus allowing it to vastly improve
its performance [1]. As device dimensions scale down, interconnects will also have to scale

in size to keep pace.

With interconnect size continuously shrinking and getting denser, it is also increasingly
important that the interconnects remain reliable throughout its lifetime. During applications,
interconnects are likely to fail after a period of time due to repeated mechanical or thermal
influences. Therefore, in an effort to study and predict the long-term reliability of the
interconnects, reliability tests such as thermal aging or thermal cycling are commonly
conducted across the industry [2]. Studying the effects that these reliability tests have on
the microstructure of the interconnects and characterizing them will aid in the
understanding of failure mechanisms and the optimization of assembly processes to
develop more reliable interconnects. Furthermore, interlayer dielectric (ILD) cracking and
delamination continues to remain as a concern. To this end, exploration of possible
solutions to mitigate crack or delamination risk is crucial. One such possibility is through
the use of alternative solders in solder joints. Hence, with the exploration of alternative
solders, analysis techniques to allow for more detailed and accurate materials

characterization is necessary.
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1.2 Motivation

In order to understand if an alternative solder is possible in mitigating ILD cracks and
delamination, the study and characterization of the solder joint’s microstructure in greater
detail is necessary. Electron backscatter diffraction (EBSD) is one such technique which
allows the study and understanding of crystallographic properties such as crystal
orientation, grain size and grain boundary distribution in the solder joints. As such,
exploration into this analysis technique and building up its capability play a key role in the

study of interconnect reliability.

Prior to EBSD analysis, sample preparation is a crucial step of equal importance since
EBSD is a surface analytical technique where information is obtained from only a few tens
of nanometers of the sample surface [3]. It is therefore necessary to ensure that the sample
surface to be analyzed is of optimal quality and condition, with no deformation present, so
as to gather useful information from the EBSD analysis. Although most materials can be
prepared with a standard mechanical grinding and polishing workflow, preparation remains
a challenge for heterogeneous samples with a variety of materials present, such as solder
joints. As different materials respond differently to these standard preparation methods, the
sample of interest will usually need to be considered on an individual basis and prepared
accordingly. Hence, there is a need to understand how solder joint samples can be best
prepared for EBSD analysis. In addition to the standard sample preparation methods, ion

beam techniques will also be explored for sample preparation in this study.

Having successfully prepared a workflow for sample preparation that meets the
requirements for EBSD analysis, the technique of EBSD itself also has to be optimized for
the microstructural analysis of the interconnects. As most interconnect materials are
polycrystalline, it is essential to have techniques such as this to allow for the in-depth study
of the interconnect microstructures. Thus, in addition to sample preparation workflow and
techniques, this report will also document the building up of EBSD capabilities and the
analysis of the EBSD data collected to establish the relationship between the microstructure

and reliability of interconnects.
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1.3  Objective and Scope

The objective of this project covers the development of key sample preparation steps,
EBSD analysis workflow and the study of reliability testing such as temperature cycling
and high temperature storage on the solder joint-substrate IMC microstructure. Sample
preparation and EBSD study will be conducted on copper (Cu) pillar solder joints. Sample
preparation workflows, parameters and techniques used to achieve the sample finishes
required for EBSD analysis will be documented in addition to EBSD setup parameters and
analysis results. Comparison between SAC305 solder and Sn0.7Cu substrate solder IMCs
will also be done to determine if there are any significant differences between the IMC

formation in the two solders.

1.4  Expected Outcomes/Challenges

Current methods of sample preparation used for scanning electron microscopy (SEM)
inspection mainly employs mechanical sectioning, grinding and polishing techniques.
Though sufficient for most SEM analysis, surface finish conditions are more stringent for
EBSD analysis. Therefore, further exploration into techniques such as ion beam polishing
and modifications to the standard sample preparation workflow are being considered.
Furthermore, as EBSD is a newly procured capability in AMD, setup and parameters used
for analysis are based on knowledge and readings and built up from scratch. Hence, trials
on the various parameters in EBSD are essential before a suitable reference condition can

be determined and be used for the interconnect studies.

Sn0.7Cu is expected to be a possible alternative to SAC305 solder in mitigating ILD cracks
and delamination. Although having a slightly higher Cu content, Sn0.7Cu is expected to
show a comparable microstructure as SAC305 as the difference in Cu content is not

expected to drastically affect the microstructure, especially in IMC formation.
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Chapter 2

Literature Review

Interlayer dielectric (ILD) cracking and delamination remains a concern in
semiconductor devices, especially as silicon technology node continues to
shrink aggressively. The combination of brittle extreme-low k (ELK)
dielectrics, stiff copper pillars and lead-free tin-silver-copper solders
increases the risks of this occurrence. A solution to mitigate this risk is to use
a lower modulus solder. However, this may lead to the formation of brittle
intermetallic compounds (IMCs) in the solder joints, compromising the
overall reliability and performance of the devices. Thus, through electron
backscatter diffraction (EBSD) analysis, a study on IMCs in solder joints can

be done to aid in mitigating ILD crack and delamination risks.
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2.1 Dielectric Materials

Dielectric materials play an important role in the function of microelectronic devices by
electrically isolating conductive metal back end of line (BEOL) circuitry from one another.
In recent years, extreme low-k (ELK) dielectrics have been implemented in leading edge
silicon node devices to improve performances [1]. To attain such extreme-low dielectric
constant, these ELK materials tend to be highly porous, which results in them being brittle
with lower fracture strengths as compared to traditional dielectric materials [2]. When there
is temperature fluctuation during reliability testing such as temperature or power cycling
or even during field usage, thermal-mechanical stresses resulting from coefficient of
thermal expansion (CTE) mismatch between the die and substrate develop in the solder
joints. These stresses can also cause interlayer dielectric (ILD) cracking or delamination in
brittle ELK dielectric materials as shown in Figure 2.1. ILD cracks and delamination are
known to have caused electrical or functional failure of devices by forming shorts or
leakage paths at the metal layers [3]. As such, it is of paramount importance that the risk

of such ILD cracks and delamination are mitigated.

ILD Delamination

;::-{; [ mag O 1Y curr WD HFW mo det | dwe — 4 ym —
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VY1 15771 x | 5.00kV | 0.10nA | 3.8 mm | 16.2 ym | SE ETD | 10 ps AMD SGP DA Helios Sn5128

Figure 2.1: Cross section of sample with ILD delamination observed.



Literature Review Chapter 2

2.2 Thermal Cycling and Thermal-mechanical Stress

Reliability testing plays an important role in the development and implementation of
microelectronic systems. Amongst the many different tests used to assess the reliability of
microelectronic components, the most commonly employed test for characterizing
interconnects is the thermal cycling (TC) test [4]. The goal of the TC test is to determine
the ability of the interconnects like the copper-pillar solder bumps to withstand the rapid
temperature fluctuations in an environment that mimics the real operating conditions. This
test is designed so that the effects due to differences in CTE across materials are accelerated
[5]. Due to this large CTE mismatch between the die and substrate, the thermal-mechanical
stresses induced during thermal cycling becomes one of the contributing factors of ILD
crack or delamination [6]. With the increase in power dissipation and the growing trend of
decreasing chip sizes, thermal-mechanical stress-induced failures in interconnects are

becoming a significant reliability problem.

Thermal-mechanical stress induced at the solder joints can be represented by the following

equation:
Stress = % =-FadTl 2.1)
where E = Young’s Modulus of solder joint
a =CTE
dT  =temperature difference

From equation 2.1, it can be determined that the amount of stress induced on the solder
joints is proportional to its Young’s Modulus [7]. Therefore, to reduce the amount of
thermal-mechanical stress induced and hence reduce the risk of ILD cracks and

delamination, a possible solution is to use solder with a lower Young’s Modulus.

Besides the induced thermal-mechanical stresses, studies have shown that the process of

thermal cycling itself can influence the growth and microstructural evolution of the
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intermetallic compounds (IMCs) in the solder joints [8]. During TC tests, it has been
reported that the growth of IMCs is prevalent along the interconnects and the growth is
mainly controlled by diffusion mechanisms which often do not follow Fick’s diffusion law
[9]. Growth of the IMCs can significantly affect the reliability of the solder joints. Solder
joints observed after TC tests have been shown to have variations in their microstructures
that can affect the deformation properties of the joint [10]. Therefore, to allow better
anticipation and prediction of solder joints reliability, further examinations into the IMC
growth and microstructure evolutions, such as the IMC thickness and crystal orientation,

will be conducted.

Based on the JEDEC Standard, JESD22-A104-B, various TC test conditions are denoted
across a range of different temperatures as shown in Table 2.1. Test condition G is one of

such conditions used in the semiconductor industry.

Table 2.1: Thermal cycling test conditions based on JESD22-A104-B [5].

Nominal Nominal
Test Condition Ts(min) (°C) with Ts(max) (°C) with

tolerances tolerances
A -55(+0, -10) +85(10, -0)
B -55(+0, -10) +125(+15, -0)
C -65(+0, -10) +150(+15, -0)
G -40(+0, -10) +125(+15, -0)
H -55(+0, -10) +150(+15, -0)
I -40(+0, -10) +115(+15, -0)
J -0(+0, -10) +100(+15, -0)
K -0(+0, -10) +125(+15, -0)
L -65(+0, -10) +110(+15, -0)
M -40(+0, -10) +150(+15, -0)
S -40(+0, -10) +60(+15, -0)
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2.3  Solder Joints and Intermetallic Compound Growth

Lead free tin-based solders have been used as interconnect joints for many years, with one
of the most common being SAC305, where its composition consists of tin (Sn), 3% silver
(Ag) and 0.5% copper (Cu). The presence of Ag in the solder increases the bulk solder
modulus [11]. Therefore, an alternative solder with the absence of Ag would be expected
to have a lower Young’s modulus. A possible Ag-free candidate of lower Young’s modulus
would be Sn0.7Cu solder and it could be a potential alternative solder in mitigating ILD

crack and delamination risks.

In copper pillar solder joints, Sn-based SAC305 solder is commonly used alongside Cu due
to their excellent solderability properties. Interaction between the Cu and Sn-based solder
will lead to the formation of IMCs at the Cu/Sn interface. The formation of Cu-Sn IMCs is
one of the critical factors that significantly affect the reliability of the copper-pillar solder
bumps [12]. Presence of a thin interfacial layer of Cu-Sn IMC is essential for promoting
good wetting characteristics between the Sn and Cu [13]. However, if the IMC layer is too
thick, the joint may weaken and result in mechanical failure in the operating environment,
or during reliability tests such as thermal cycling. Due to the brittle nature of the IMCs, a
weakened interfacial Cu-Sn IMC will potentially become a preferential crack initiation site,

especially when the joint is subjected to thermal influences [14].

Interfacial Cu-Sn IMC layer grows in thickness over the course of its operational life. This
growth of the IMC layer degrades the mechanical strength of the bumps. Initially, the
interfacial IMC consists of mainly CusSns phase when Sn-based solders are connected to
the Cu pillars [15]. This formation of the CusSns IMC is due to Cu and Sn atoms diffusing
with one another under a concentration gradient [16]. Upon the introduction of a thermal
gradient, such as heating during reflow, the diffusion of atoms accelerates and a Cu bi-
metallic couple IMC will gradually result, with not only the growth of CusSns phase but
the formation of the CusSn phase as well [13]. Reflow typically takes place at elevated
temperatures between 230°C and 260°C. As observed from the phase diagram shown in

Figure 2.2, CusSns can exist as at least two different crystal structures, with hexagonal #-

11
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CugSns at temperatures above 186°C and monoclinic 1)-CusSns at temperatures lower than
186°C. IMCs formed at the bumps during reflow will mainly compose of scallop-shaped
n-CusSns. As it cools to temperatures below 186°C, there will be an allotropic
transformation of the IMC from #-CusSns to #'-CusSns [17]. On the other hand, CusSn has

an orthorhombic crystal structure as shown in Table 2.2.

1200 1 1 L 1 1 L 1 L 1

1000 4

800 4

O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Sn Mass % Cu Cu

Figure 2.2: Phase diagram of binary Cu-Sn system [18].
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Table 2.2: Crystal structures of intermetallic compounds #-CusSns, '-CusSns and CusSn [19-22].

Intermetallic
Crystal Structure Unit Cell Constants
Compound

a=11.022A
Monoclinic b=7.282 A

n'-CueSns
Space group: C2/c c=9.827 A
=98.84°
Hexagonal a=4.19 A

n-CusSns
Space group: P6s/mmc c=5.08A
a=5.618 A

Orthorhombic
CusSn b=4.367 A
Space group: Cmcm

c=4.835 A

However, with the typical cooling rates after reflow, there is usually insufficient time for

the transformation from #-CueSns to #'-CueSns. The high temperature #-CusSns remains as

a metastable phase in the as-reflowed bump [17]. On the other hand, upon prolonged

thermal influence, it could also result in cases where all solder in the interconnect is fully

converted into IMC [23]. This phenomenon will become more apparent as interconnects

shrink in size. An example would be in copper-pillar micro-bumps where the volume of

Sn-based solder is much less as compared to a regular copper-pillar solder bump, as shown

in Figure 2.3. As the IMCs are known to be very brittle, these conversion of solder into

IMCs poses a potential reliability risk in the bumps, especially under elevated temperature

conditions [15].

13
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10min ' 30min
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Kirkendall voids
20um

Figure 2.3: Cross-sectional SEM images of Cu/Sn/Cu micro-joints bonded at fixed elevated
temperature for: (a) 10 min, (b) 30 min, (c) 45 min, and (d) 70 min [24].

In addition, it has also been reported that micro-voids, also known as Kirkendall voids, are
able to form along the CusSn IMC interface as well as in the CusSn layer itself under
elevated temperatures [13]. These Kirkendall voids are a damaging factor that tend to lead
to the weakening of the interconnect joint and several studies have shown that these voids
in CusSn have led to the degradation of solder joint reliability in board level tests [25-27].
As both CueSns and CusSn IMCs encompass the characteristics of intrinsic brittleness and
microporous enrichment, its growth will greatly affect the physical and mechanical
properties of the copper-pillar solder bumps [13]. This may in turn degrade the long-term

reliability of the bumps when the IMC layer grows too thick, promoting brittle failure at

14
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the joint, as observed in Figure 2.4.

Figure 2.4: Brittle fracture through CusSns IMC [27].

Therefore, although Sn0.7Cu solder is Ag-free and is expected to have a lower Young’s
modulus, it has a higher Cu content at 0.7% as compared to 0.5% in SAC305 solder. This
higher Cu concentration fuels the concern of a thicker Cu-Sn IMC growth in the solder
joints. Hence, to determine if Sn0.7Cu solder is a suitable alternative in mitigating ILD
crack or delamination risk without compromising the joint integrity, there is a need to study
the Sn0.7Cu solder joints to observe if there are excessive IMC growth as compared to
SAC305 solder joints. This study would be possible with the use of the crystallographic

analysis technique known as electron backscatter diffraction.
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2.4 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) is a scanning electron microscopy (SEM) based
technique that provides crystallographic information about the microstructure of a sample
[28]. A typical EBSD setup is shown in Figure 2.5. When a primary electron beam interacts
with a tilted crystalline sample in the SEM, the accelerated primary electrons can be
diffracted by various atomic layers in the sample. These diffracted electrons will generate
lines known as Kikuchi bands or electron backscatter diffraction patterns (EBSPs) that are
captured on a fluorescent phosphor screen in the detector [29]. EBSPs are characteristics
of a crystal structure and orientation of the sample region where it is generated, effectively
projecting the geometry of lattice planes. Together with a software and data base of
crystallographic structure information, EBSPs can be indexed and information such as
orientation measurements, microstructure characterization, phase and strain analysis can
be determined [30].

a, b BSE detectors
¢, c',d FSE detectors

lens

EBSD detector

tilted
specimen

Figure 2.5: Typical setup of an EBSD system showing back-scattered electron (BSE) detectors,
fore-scattered electron (FSE) detectors and phosphor screen in the EBSD detector [31].

16



Literature Review Chapter 2

2.4.1 Generating and Interpreting EBSD Diffraction Patterns

In the SEM, a primary electron beam of typically 15 to 20 keV interacts with a tilted
sample, and a certain portion of these primary electrons will inelastically backscatter to
form a divergent source of electrons near the sample surface. Subsequently, some of these
electrons are diffracted at the lattice planes of the sample at angles that satisfy Bragg’s Law

[32] (see Figure 2.6), which is denoted by the equation:

2dsm b= A (2.2)

where A = wavelength of electrons
d = spacing of the diffracting plane

6 = angle of incidence of the electrons on the diffracting plane

Incident
electrons

Figure 2.6: Incident electron on the crystal at an angle (6) will produce coherent diffraction when

difference in distance travelled (2dsiné) equals to the wavelength (1) [33].
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These diffracted electrons form a coupled-set of large-angle cones, known as Kossel Cones,
which corresponds to each diffracting plane. Kossel Cones are projected onto a fluorescent
phosphor screen where an image containing the characteristic Kikuchi lines is produced
[34]. The resulting Kikuchi pattern observed is in fact a gnomonic representation of the

Kossel cones, as shown in Figure 2.7.

View Screen
e
Kossel Cone
« . 2020000000 = -----___
KikuchilLines
Diffracting 9 __
V N g
- A’ .
——

Figure 2.7: Kossel Cone and Kikuchi lines formation from a diffracting plane [34-35].

The center line within the Kikuchi bands reflect to where the diffracting planes intersect
with the phosphor view screen. Therefore, it is possible for each Kikuchi band to be
indexed by the Miller indices of the diffracting plane that forms the band. Intersections of
Kikuchi bands in a highly diffracting zone will correspond to the zone axes in the crystal

[36], as shown in Figure 2.8.
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D ¢
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- W

Figure 2.8: Zone axes and Kikuchi bands provide a roadmap of the crystal structure [36].

Lastly, the width of the Kikuchi bands that are close to the pattern center is given by the

following equation:

w=2l0=— (2.3)

where w = width of Kikuchi band
| = distance of sample to screen

d = spacing of the diffracting plane

From equation 2.3, it can be observed that for planes with a wider d, the Kikuchi band
width will be smaller. As diffraction pattern is determined by the crystal structure of the
sample, the pattern will change according to the different crystal orientations. Hence, the
positions of the Kikuchi bands can be used in calculating crystal orientations [37]. To
facilitate the maximum number of backscattered electrons diffracting out of the sample
surface, the sample is typically tilted at an angle of 70° during analysis. This tilt will result
in a sharp peak in backscattered electron energy distribution as shown in Figure 2.9. With
a much well-defined energy of backscattered electrons, the subsequent resulting diffraction

patterns generated will be much sharper [38].

19



Literature Review Chapter 2

70° tilt

- N

# Backscattered electrons

Energy (kV)

Figure 2.9: Effect of sample tilt on backscatter electron yield [38].
2.4.2 The Hough Transform

The Hough Transform determines the positions of the Kikuchi bands by converting the
images taken from the EBSD camera in the x-y image space into a representation in the p-

6 Hough space through the equation [39]:
p =xcosl +y sin (2.4)

where p = perpendicular distance from line to origin in x-y image space

6 = angle made with the x-axis in the x-y image space
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a) b)

Figure 2.10: Hough transform of lines from (a) image space to points in (b) Hough space [39].

As observed in Figure 2.10, through the equation, a line in the image space can be converted
and represented in the Hough space by a single point. In the Hough space, Kikuchi bands

will appear as bright points or peaks which can be distinguished easily and used to

determine the original band positions. This conversion can be observed in Figure 2.11.

a) b)

Figure 2.11: Kikuchi bands in the (a) original diffraction patterns corresponding to (b) bright

peaks in the Hough space and colored similarly [39].
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2.4.3 Diffraction Pattern Indexing

Modern EBSD systems have greatly improved in their indexing capabilities, making it
possible for Kikuchi patterns to be automatically indexed. After a pattern is captured on
the detector, a software is used to index the individual Kikuchi bands, where the Hough
transformation algorithm is introduced to the Kikuchi pattern [40]. The Hough transform
helps to identify the positions of the Kikuchi bands and after determining the locations of
several bands, it is matched against various possible solutions to determine a best fit
orientation matrix. A subsequent simulation of the pattern against a library database then
confirms the orientation of the grains and the identity of the crystal structure, allowing

various crystallographic information to be obtained for microstructure study [41].

Data acquired with EBSD can then be further processed to obtain information about the
sample. Common examples of such information include grain size, grain boundaries, phase
distribution and orientation data. By studying this information, links can be made to the
sample regarding its performance properties or even the processing history of the materials
[42].

2.4.4 Phase and Orientation Mapping

A valued application of EBSD is in obtaining data of the phase and crystal orientation. A
phase map can display the spatial distribution of phases that are present in a sample and is
useful in determining precipitates or IMC formation. Orientation data collected can be
displayed as orientations maps in the form of either a phase map or as a series of inverse

pole figure (IPF) maps.

Phase maps provide a representation of the different phases present in the sample while
IPF maps assign colors to the measured crystal orientations based on the viewing direction,
making visualization of preferred orientation easier [42]. Examples of phase and

orientation maps can be observed in Figure 2.12.
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Figure 2.12: (a) Phase map of a sample cross section, (b) SEM image of the same sample and its

(c) orientation map with corresponding (d) orientation triangle [43].

These maps will play a crucial role, especially in the analysis of the copper-pillar solder
bumps. The phase map will be able to identify the phases that makes up the IMC in the
bumps while the IPF maps will allow the study of the crystal orientations and to determine
if there is any preferred orientation or texture in the microstructure. As EBSD is mainly a
technique used in the study of crystallographic information, there are occasions where
phase identification becomes inconclusive with the limited crystallographic information
collected. Therefore, the combined use of EBSD and another technique known as energy
dispersive X-ray (EDX) spectroscopy can be applied in order to uniquely identify every
phase present [44]. This can be done by integrating the chemical information collected

from EDX with the crystallographic information from EBSD.
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2.5 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray (EDX) spectroscopy is a complementary characterization
technique to EBSD where it is used in determining the chemical composition of solid
materials. EDX systems are also generally attached to an electron microscope, and it is
based on the excitation of electrons and emission of characteristic X-rays from atoms [45].

A typical setup of the EDX is as shown in Figure 2.13.

Data
output
device

Amplifier

Detector

Computer

Electron beam

| 11 N

X-ray signal [ ]

Display Sample

Figure 2.13: Energy dispersive X-ray spectroscopy setup [45].

A simplified process to explain EDX spectroscopy starts from an incident electron beam
hitting the surface of a sample. This results in characteristic X-rays being emitted from the
sample which are then collected by the detector. The X-ray signals are then converted and
output through a software. As each element emits a unique set of X-ray frequencies,
measuring these X-ray signals will be able to provide qualitative and quantitative

information on the near-surface composition of the sample.
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2.5.1 Characteristic X-ray

An electron’s energy state in the quantum mechanical model of an atom is defined by the
primary quantum number, n. n describes the electron’s energy level and all sub-levels that
share similar primary quantum number forms an energy ‘shell’. These shells are labelled
using alphabetical labels, where K shell represents n = 1, L shell has n = 2, M shell has n
= 3 and so on. Increasing n corresponds with the increase in average distance from the
nucleus and increase in energy [46]. Electron transitions between the energy shells abides
to the law of energy conservation. The excitation of an electron to a higher energy state
will require an external input of energy while the relaxation of an electron to a lower energy
state will release energy into the environment. One of the most common methods of

releasing energy out of an atom is through electromagnetic radiation [46].

When an incident electron beam interacts with a sample, the incoming incident electrons
will interact with the core electrons inside the atom, transferring energy in the process. As
shown in Figure 2.14, when an incoming electron of sufficient energy from the electron
beam interacts with a core electron in the atom, the energy transferred from the incident
electron to the core electrons will be sufficient to eject them from the atom. This ejected
electron is subsequently known as a secondary electron. The removal of the core electron
will also leave behind a vacancy that higher energy electrons in the atom can fill. As a
higher energy electron begin filling the vacancy, it will release energy as it relaxes [47].

The energy is released in the form of X-rays.
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Figure 2.14: Electron beam interaction of an atom and the generating of secondary electrons and

characteristic X-rays [46].

As each of the elements has a different nuclear charge, the energies of the core shells vary
for each element. Therefore, with enough resolving power, the X-rays emitted from the
energy transitions can be considered characteristic of each element and can be used to
determine the composition of the sample [45]. Each characteristic X-ray peak of an element
is usually presented in a spectrum with keV on the x-axis and peak intensity on the y-axis,

as shown by an example in Figure 2.15.

M Map Sum Spectrum

Figure 2.15: EDX spectra showing the characteristic X-ray peaks of various elements.
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Chapter 3

Experimental Methodology

To study and compare the Cu-Sn IMC growth in the SAC305 and Sn0.7Cu
solders, scanning electron microscopy (SEM), energy dispersive X-ray (EDX)
spectroscopy and electron backscatter diffraction (EBSD) were employed.
EDX is a characterization technique to determine the elemental composition
of materials while EBSD provides crystallographic information about the
sample. Two sets of samples were analyzed, each utilizing a different solder
at the substrate side, namely SAC305 and Sn0.7Cu. Samples of each solder
type are reliability tested separately under different temperature cycling and
high temperature storage conditions. Subsequently, the samples are then

prepared and analyzed.
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3.1 Problem Statement

ILD crack and delamination continue to be of concern in the semiconductor industry. With
the combined use of the brittle ELK dielectrics and stiff copper pillar solder joints, the risk
of crack or delamination occurring increases, especially when there is a fluctuation in
temperature, such as during reliability temperature cycling or during field usage. The
thermal-mechanical stresses induced due to CTE mismatch between the die and substrate
can result in ILD crack and delamination, ultimately causing the failure of the devices. It
is therefore of interest to determine possible solutions to mitigate such crack and

delamination risks.

As mentioned in Chapter 2 section 2.2, the thermal-mechanical stresses induced at the
solder joints can be represented by equation 2.1, where the amount of stress induced on the
solder joint is proportional to its Young’s modulus. Therefore, to reduce the amount of
stress exerted on the ILD and hence in turn reduce the risk of ILD crack and delamination,
a possible solution is to use a more ductile solder with a lower Young’s modulus. One of
the most common lead-free tin-based solders in use as interconnect joints is SAC305,
consisting of Sn — 3%, Ag — 0.5% and remaining Cu. The inclusion of Ag in the solder
provides it with a good electrical and thermal conductivity as well as improving its
mechanical strength. However, the presence of Ag in the solder also increases its bulk
solder modulus [1]. As such, commercially available alternative Ag-free solders such as
the binary Sn-Cu solders would be expected to have a lower Young’s modulus. Among the
Sn-xCu solders, Sn0.7Cu is known to be one of the most promising in the area of

electronics packaging, due to its low cost and high electrical conductivity [2].

Sn0.7Cu solder is Ag-free and consists of 0.7% Cu as opposed to 0.5% Cu, in SAC305
solder. Due to the higher Cu concentration in Sn0.7Cu solder, there is a concern of
potentially thicker Cu-Sn IMC growth in the solder joints as a result. As mentioned in
Chapter 2 section 2.3, presence of the Cu-Sn IMC:s is essential in promoting good wetting
between Sn and Cu. On the other hand, because of the brittle nature of the Cu-Sn IMCs, if

the IMC layer is too thick, the solder joints may weaken and eventually result in mechanical
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failure [3].

Therefore, to determine if Sn0.7Cu solder is a suitable alternative in mitigating ILD crack
and delamination risks without compromising the solder joint integrity, there is a need to
study and compare the Sn0.7Cu and SAC305 solder joints to observe if there are excessive

IMC growth in Sn0.7Cu joints.

3.2 Experiment Samples

To determine if Sn0.7Cu solder would be a suitable alternative in mitigating ILD crack and
delamination risks as compared to the conventional SAC305 solder, a comparison between
the two solders will be made. Two sets of devices were prepared, each utilizing a different
solder at the substrate side, namely SAC305 and Sn0.7Cu solders, as shown in Figure 3.1.
The surface finish of the solder pads were electroless nickel-electroless palladium-
immersion gold (ENEPIG). The solder cap at the copper pillar side for both sets of devices
is SAC305 solder.

Cu Pillar Cu Pillar
Die Side —
SAC305 SAC305
Solder
composition
changed to
Sfjbstrate B S$n0.7Cu at the
Side substrate side

a) b)
Figure 3.1: Schematic cross section of devices using a) SAC305 solder at the substrate side and
b) Sn0.7Cu solder at the substrate side.
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From literature, it is also known that IMC growth in solder bumps during reliability testing
and field usage can ultimately affect the properties and hence the reliability of the solder
bumps. Therefore, in addition to comparing SAC305 and Sn0.7Cu solder, the two sets of
devices were also reliability tested under various conditions to study the IMC formation
and growth. Samples of each solder type are reliability tested separately under temperature
cycling — condition ‘G’ (TCG) and high temperature storage (HTS). As shown in Chapter
2, Table 2.1, TCG subjects the samples to a temperature range of -40(+0,-10) °C to
+125(+15, -0) °C.

Under the TCG condition, two samples were prepared for each solder used. One sample
was subjected to TCG conditions for an extended test point of 2000 cycles while the other
sample was subjected to the TCG conditions for an intermediate test point of 1200 cycles.
Together with a reference sample, the samples prepared under the two test points will allow
a better understanding of the IMC growth trends, if any. Similarly, under the HTS
conditions, two samples were also prepared for each solder. The first sample was subjected
to HTS for an extended period of 2000 hours whereas the second sample was subjected to
HTS for an intermediate period of 1000 hours. The temperature under HTS was kept at 125
°C.

For this study, the naming convention for each solder sample subjected to the various

reliability test conditions are denoted in Table 3.1 for ease of identification.

Table 3.1: Sample naming convention.

SAC305 Sn0.7Cu
Reference Sample Sample 0 Sample Z
TCG 1200 Cycles Sample 1 Sample A
TCG 2000 Cycles Sample 2 Sample B
HTS 1000 Hours Sample 3 Sample C
HTS 2000 Hours Sample 4 Sample D
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3.3 Sample Preparation Approaches

To study the Cu-Sn IMC growth in the solder bumps, Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray (EDX) Spectroscopy and Electron Backscatter
Diffraction (EBSD) were employed. However, prior to EBSD analysis, the samples must
undergo thorough preparation. Sample preparation for EBSD analysis is of utmost
importance as diffracted electrons escape from within approximately a few nanometers of
the sample surface. It is critical to ensure that the sample surface is devoid of any
contamination, oxidization, or damage, to acquire useful EBSD data. Furthermore, as the
sample is tilted at a high angle (typically 70 ©) during EBSD analysis, it is also equally
important to maintain the sample surface topography to a minimum. Generally, for simple
SEM analysis, standard sample preparation techniques up to the final polishing stage will
suffice. However, EBSD analysis has stricter requirements and furthermore, different
materials may behave differently during sample preparation. Hence, the materials of
interest should be prepared accordingly on a case-by-case basis. In this study, the samples
will be prepared via a series of steps that involved cutting of the sample, mounting of the

sample in epoxy resin as well as grinding and polishing of the sample.

3.4 Experimental Setup for EBSD Analysis

Although EBSD is able to provide crystallographic information on the IMC phases in the
samples, identification of these IMCs will not be conclusive based on crystallographic
information alone. To determine the chemical information of the IMCs, another
characterization technique, energy dispersive X-ray (EDX) spectroscopy, was used as well.
However, EDX used in isolation will be of little use due to the IMCs typically having
similar chemical composition. Therefore, in order to accurately identify the various IMC
phases, a combination of EDX and EBSD was used. By simultaneously acquiring the
chemical information from EDX and the crystallographic information form EBSD, phase

identification of the IMCs can be improved and made more accurate.
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Prepared samples were first mounted onto a sample stub using silver conductive paint and
the stub was placed on a hot plate heated to 120 °C for 5 minutes to allow the silver
conductive paint to set. This silver paint would form a thin and highly conductive layer
between the sample and stub, providing a conductive path that will reduce charging during
analysis in the SEM. After the paint has set, the stub-mounted sample was then placed onto
a 70 ° pre-tilt holder, secured and loaded into the Apreo SEM as shown in Figure 3.2. After
adjusting the working distance to 10 mm and navigating the sample to the region of interest,
the EBSD detector was then inserted. An accelerating voltage of 15 kV and beam current
of 1.6 nA was used in the EBSD data acquisition. EBSD data were collected and analyzed
through the AZtec software.

/

-

"EBSD

_Detector

RSN fvac

Figure 3.2: EBSD setup in Apreo SEM.
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3.5 IMC Analysis

To determine if Sn0.7Cu would be suitable as an alternative to SAC305 in mitigating ILD
crack and delamination risks, the IMC composition as well as the average IMC thickness
of the samples were determined and compared. The crystal orientations of the IMC were
also analyzed and compared to determine if there are any significant deviations from one
another. The IMC composition and crystal orientation information were extracted from the

EDX and EBSD data through the AZtecCrystal software.

As observed from literature, the interfacial IMC layers were mainly irregularly shaped.
Therefore, the average equivalent thickness of the IMC layers in this study was calculated
by dividing the total area of the IMC in the scan region by the length of the IMC layer in

the same region, as given by the following equation and illustrated by Figure 3.3:

tave = AlL (31)

where tave = average equivalent thickness of IMC
A = total area of IMC in scan region

L = length of IMC in scan region

-

Substrate Cu Pad

Figure 3.3: Close-up schematic cross section of copper pillar solder bump IMC region.
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Chapter 4

Sample Preparation

A customized sample preparation process flow was developed prior to EBSD
analysis to ensure that the EBSD data collected were as accurate as possible.
Several samples were prepared using different approaches to identify the best
sample preparation process. To determine if the sample finish is the most
suitable for EBSD analysis, the diffraction pattern quality and diffraction
band detection of the samples were obtained and compared. Overall,
mechanical polishing with diamond suspension followed by broad ion beam

rotary stage polishing produced the best surface finish for EBSD analysis.
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4.1 Sample Preparation Process

To study the Cu-Sn IMC growth in the solder bumps, Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray (EDX) Spectroscopy and Electron Backscatter
Diffraction (EBSD) were employed. However, prior to EBSD analysis, the samples will
have to first undergo thorough preparation. Sample preparation for EBSD analysis is of
utmost importance as diffracted electrons escape from within approximately a few
nanometers of the sample surface. It is critical to ensure that the sample surface is devoid
of any contamination, oxidization, or damage, to acquire useful EBSD data. Furthermore,
as the sample is tilted at a high angle (typically 70 ©) during EBSD analysis, it is also
equally important to maintain the sample surface topography to a minimum. Generally, for
simple SEM analysis, standard sample preparation techniques up to the final polishing
stage will suffice. However, EBSD analysis has stricter requirements and furthermore,
different materials may behave differently during sample preparation. Hence, the materials

of interest should be prepared accordingly on a case-by-case basis.

In this study, a customized sample preparation process flow that maximizes the formation
of EBSD diffraction patterns at the bump IMC region was explored. A generic SAC305
solder bump sample that was not part of the study was used in the sample preparation
process development. The sample were first prepared for EBSD analysis with a standard
workflow. A standard workflow is generally described as a preparation process that mainly
utilized mechanical cutting, grinding, and up to polishing to prepare samples for analysis.
After which, a subsequent final step of ion beam polishing of the exposed cross-sectioned
bump surface was performed. The surface finish of the cross-sectioned bumps was then
evaluated via a quick observation of the diffraction patterns to determine if any useful data
can be extracted. The 2-part sample preparation process can be observed as follows in

Figure 4.1.
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a) Standard Sample Preparation Workflow
! | Cutting of Sample | Mounting [—* Grinding » Mechanical Polishing |
E Diamond Cutting Wheel Epoxy Resin SiC Grinding Sheet Alumina solution / 3
i Diamond Suspension !
Analysis [« lon Beam Polishing

FIB / BIB milling

b) lon Beam Polishing Step

Figure 4.1: 2-part sample preparation process applying (a) standard workflow and (b) ion beam
polishing.

4.2 Standard Sample Preparation

In preparation of the solder bump sample for EBSD analysis, the sample size was first
reduced into a smaller sample of approximately 15 mm by 15 mm. This helped to facilitate
the subsequent steps of sample preparation such as curing of epoxy during the mounting
step as well as cross section grinding will be faster. At the same time, the sample remains
sufficiently large enough to clamp during grinding and a decent array of solder bumps were

still available for analysis.

It was crucial that the sample must not be damaged in the process, as any changes that
occurred in the sample would lead to inaccurate results later. A common concern of sample
damage is deformation due to excess heat during cutting. Cutting at extremely high speeds
or the use of excessive force can cause the sample to overheat locally. This unwarranted
heating may result in changes in the microstructure on the cut sample surface. Excess heat
has been known to cause bigger grain sizes in the materials, resulting in a very different
structure than the original [1]. The deformation may be so severe that it extends from the
surface, to deep inside the bulk material that subsequent grinding and polishing cannot
remove. EBSD analysis is especially sensitive to such damages, and therefore it is

important to avoid overheating and compromising the sample.
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In this study, to prevent overheating of the sample, the Struers Minitom precision cutter,
as shown in Figure 4.2, was used to cut the sample. The Minitom is a low speed, automatic
precision cutting machine designed for cutting samples that are sensitive to heat generated
by high-speed cutting. Together with its micrometer screw gauge, it allows the sample to
be cut as close as possible to the surface of interest, up to an accuracy of +0.01 mm, while

minimizing the risk of damage to the sample due to heating.

Figure 4.2: Struers Minitom Precision Cutter with customized safety casing.

After the sample was cut, mounting was done using Allied EpoxyBond 110. As shown in
Figure 4.3, this is a two-part (resin and hardener) epoxy resin. Upon low temperature curing,
this epoxy resin will become chemically resistant to etchants. It will also not outgas under
vacuum, which makes it suitable for EBSD analysis given that the mounted sample will be
analyzed under vacuum in an SEM.
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Resin Hardener

Figure 4.3: Allied EpoxyBond 110 set.

Mounting of the sample started with the sample placed in a mold. The two-part epoxy resin
was then mixed in a mixing cup in the ratio of 10:1 for Part A (resin) and Part B (hardener)
respectively, until the two liquids became homogeneous in color, after which the mixture
was poured over the sample in the mold until the sample was fully submerged. The epoxy
mixture was left to cure over a hotplate at a temperature of 100°C for 10 minutes. As shown
in Figure 4.4, marking the endpoint of curing, the fully cured epoxy resin would be visibly
noticed by its brick-red color, a unique feature of the EpoxyBond 110.

Fully Cured

Sample EpoxyBond

110 Resin

Figure 4.4: Sample mounted in fully cured EpoxyBond 110 resin.
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After the sample has been securely mounted in epoxy resin, cross-sectional grinding was
performed to expose the solder bumps. Grinding also removes any damage introduced
during cutting and should introduce less damage than the original cutting step, ultimately
levelling the sample surface. For the grinding setup, the sample was mounted onto a
customized jig, as shown in Figure 4.5. The customized jig was specially designed by AMD,
for the purpose of cross section grinding of samples. Risks of uneven sample surface due
to hand grinding are reduced with the use of the customized jig, as the clamped sample
would always be perpendicular to the grinding surface. In addition, a weight on the
customized jig also ensured that a constant force was exerted on the sample during grinding,

reducing the risk of sample overheating due to excessive force employed by hand.

Beta
GRINDER-POLISHER I

Figure 4.5: Sample grinding setup with (a) Buehler Beta Grinder-polisher tool and (b)

customized cross section jig.

46



Sample Preparation Chapter 4

With the sample securely clamped onto the jig, the sample was cross sectionally grinded
using the Buehler Beta Grinder-polisher tool and Allied SiC grinding paper. Several grits
of paper were used in this sample preparation and because the SiC grinding paper blunts
very quickly as well, it was replaced frequently to maintain efficient removal of material
and to preserve the sample surface. Grinding with a blunt paper might result in surface

damage to the sample such as smearing and localized heating.

600 grit (P-1200) grinding paper was first used to remove any damage resulting from the
cutting step. Each grinding paper used was replaced every 2 minutes of grinding at a speed
of 250 rpm to ensure that the sample was continuously grinded with a sharp abrasive
surface. The sample was periodically inspected under a light microscope to ensure that
damage from the cutting stage was removed. Subsequently, finer grit paper was used
progressively from 800 grit (P-2400) to finally 1200 grit (P-4000) for fine grinding.
Similarly, during each stage of paper grit used, the sample was inspected periodically under
light microscope to ensure that damages from the previous grinding grit was completely

removed.

At times, even after fine grinding with 1200 grit paper, the sample surface would still be
left with deformation and fine scratches. Hence, to reduce the chance of this occurrence,
the sample was further mechanically polished. Mechanical polishing has a similar action
to grinding and was performed using the same Buehler Beta Grinder-polisher tool, except
that the polishing medium holding the abrasive was now a polishing cloth with more shock
absorbing capability than the SiC grinding papers. The shock absorbing characteristics of
the polishing cloth would allow for a gentler removal of material from the sample surface,
greatly reducing the associated damages.

For mechanical polishing, generally two common types of polishing suspensions used were
alumina and diamond polishing suspensions. In this study, to observe each of their effects
on the final surface finish of the sample, two polishing suspensions, 0.05 um alumina
suspension and 0.05 pum diamond suspension were experimented with. Samples were

polished using each of the suspension for 1 minute.
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4.2.1 Standard Sample Preparation Surface Finish

During the grinding process, periodic inspection of the surface finish was done under a
light microscope. It can be observed from Figure 4.6 that as sample grinding progressed
from 600 grit to finer 1200 grit, scratches on the surfaces were gradually removed.
However, deformation such as fine scratches still remained on the surface even after
grinding to the finest abrasive size. Such surface finish was not optimal for EBSD analysis.
Thus, to ensure that damages induced during this grinding stage was removed as well,

further mechanical polishing was necessary.

c)
Figure 4.6: Surface finish of sample observed under light microscope at 500x magnification,
after (a) 600 grit, (b) 800 grit and (c) 1200 grit grinding.
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After fine grinding at 1200 grit, samples were separately polished using 0.05 um alumina
suspension and 0.05 um diamond suspension. The resulting surface finish after polishing
by each of the suspension can be observed from the optical light microscope images as
shown in Figure 4.7. It can be observed that both resulting surface finishes have improved,
with significantly reduced artifacts on the surfaces as compared to the previously grinded
surfaces. However, upon comparing the two polished surfaces, the surface finish after the
alumina suspension polishing still retains very prominent deep scratches on the surface,
whereas most deep scratches were observed to be removed after diamond suspension
polishing. This is to be expected since diamond is a harder material as compared to alumina

and hence able to achieve a more efficient removal of material for same duration of polish.

b)

10.00um)|

Figure 4.7: Surface finish of sample observed under light microscope at 700x magnification,

after (a) 0.05 um alumina suspension and (b) 0.05 um diamond suspension.
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Subsequently, the grinded and polished samples were analyzed under a Thermo Fisher
Scientific Apreo SEM and inspected using the UltimMax100 EDX and Symmetry EBSD

system from Oxford Instruments (see Figure 4.8).

Apreo SEM

UltimMax100 EDX

Symmetry EBSD

Figure 4.8: Thermo Fisher Scientific Apreo SEM and Oxford Instruments EDX/EBSD setup.

The goal of EBSD sample preparation is always to produce a deformation free surface that
maximizes the EBSD pattern quality from the entire sample surface. A quick indication to
determine if a sample has been sufficiently prepared and is suitable for EBSD analysis, was
to visually compare the EBSD diffraction patterns generated. A sample surface with the
optimal condition for EBSD analysis would generally be one that generates a diffraction
pattern with the best contrast against the background signal. A faint or noisy pattern cannot
be analyzed, and no useful crystallographic information can be obtained from it. However,
visual observation tends to be subjective, and the quality of patterns will vary depending

on each analyst.

50



Sample Preparation Chapter 4

Using Oxford Instrument’s AZTec software, the diffraction pattern quality can be
quantified by comparing the number of diffraction bands the measured pattern can match
against a calculated pattern in the software’s library. The software calibration was
performed using cobalt (Co) and Manganese (Mn) as the standard for system gain and
detector resolution respectively. A maximum of 12 diffraction bands can be identified using
the AZTec software. The more diffraction bands that can be matched, the better the sample
surface is for EBSD analysis. Another parameter that can be used to quickly quantify the
surface finish is the mean angular deviation (MAD) values. The MAD values indicate the
misfit between the measured and calculated angles between two bands. Hence the larger
the MAD value, the larger the misfit and overall indexing confidence will be lowered.
Typically, MAD values that are less than 0.6 are considered acceptable for EBSD analysis.
Diffraction patterns from various stages of sample preparation was obtained. At each
preparation stage, diffraction patterns were observed at several regions of the sample. To
observe and evaluate the results of the various grinding and polishing stages, the EBSD
diffraction patterns, average band detection values and average MAD values were acquired
after each stage. EBSD diffraction patterns were obtained at a 622 x 512 pixels resolution.
The average band detection and MAD values were determined from 10 random
measurement points with about 2 um spacing in between the points and averaging out the

values.

Results of the various grinding and polishing stages on the diffraction patten quality are
shown in Figure 4.9. Based on visual inspection, it was observed that grinding up to 1200
grit SiC paper produced very weak patterns. However, as further polishing was done with
0.05 um alumina and 0.05 pum diamond suspension, the diffraction pattern quality was
observed to have increased significantly. Through the visual observations, the diffraction
pattern quality after the 1200 grit SiC grinding stage was deemed unsuitable for EBSD
analysis as the patterns were barely visible for analysis. In contrast, diffraction patterns
were more visible after polishing with 0.05 pm alumina suspension and 0.05 um diamond
suspension. However, between alumina and diamond suspension, the surface finish after
polishing with diamond suspension produced a clearer diffraction pattern with better

contrast as compared to alumina suspension.
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b)

Figure 4.9: EBSD diffraction patterns after grinding with (a) 1200 grit SiC paper, polishing with
(b) 0.05 um alumina suspension and (c) 0.05 pm diamond suspension.
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Although visual observation of the diffraction patterns is one method of quickly evaluating
the sample preparation, this method of evaluation heavily depends on how each analyst
perceives the pattern quality, especially in cases with diffraction patterns of similar contrast.
As such, different analyst would have their own opinions on how good the patterns were.
Therefore, to minimize this ambiguity, the average number of diffraction bands detected,
and the average MAD value were used to quantify the pattern quality. A summary of the
average diffraction bands detected, and average MAD values acquired is shown in Table

4.1.

Table 4.1: Table of average diffraction bands detected, and average MAD value acquired after
sample grinding and polishing.

Grinding/Polishing Stage | Average Bands Detected Average MAD Value
1200 grit SiC paper 7 1.31
0.05 pm alumina suspension 8 1.01
0.05 pm diamond suspension 9 0.85

After grinding with 1200 grit SiC paper, the average number of diffraction bands detected
was 7 out of a maximum detection limit of 12 bands. The average MAD value obtained
after this stage was 1.31. As the deviation value was way over the acceptable limit of 0.6,
the diffraction pattern will not be useful for EBSD analysis as results obtained from
subsequent data processing may not be accurate due to the large angular deviation.
Similarly, after polishing was done with 0.05 um alumina suspension, only 8 diffraction
bands were detected from the patterns. However, there was a slight improvement in the
average MAD value at 1.01, which was lower as compared with the value obtained with
1200 grit SiC grinding. Although there was overall improvement in the angular deviation
value, it was still above the value limit of 0.6. Hence, further EBSD analysis would not be
deemed accurate as well. Lastly, with a final polish using 0.05 um diamond suspension, the
overall diffraction patterns acquired were significantly improved. The software was able to
determine an average of 9 diffraction bands from the patterns and the average MAD value
was determined to be at 0.85. As this MAD value was still more than 0.6, the diffraction

pattern obtained after the final polish stage was still insufficient for accurate analysis.
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Overall, with the standard sample preparation workflow, it was observed that a final
mechanical polish with 0.05 um diamond suspension produced the best diffraction pattern
quality as compared with fine grinding with 1200 grit SiC paper and mechanical polishing
with 0.05 um alumina suspension. This was in line with the fact that diamond being the
hardest material, was able to remove material more efficiently and hence produce the best
surface finish among the grinding and polishing steps. However, the diamond polished
surface finish was still insufficient for accurate EBSD analysis, with its MAD value still
above the acceptable limit of 0.6. Therefore, a further polishing technique known as ion

beam polishing was performed in a bid to acquire higher-quality diffraction patterns.

4.3 Ion Beam Polishing

Ion beam polishing was used as a final step in the sample preparation process. Generally,
ion beam polishing uses ions to bombard the top surface atoms of a sample and removing
them in the process to reveal a clean underlying surface. Ion beam polishing was
subsequently performed on 0.05 um diamond suspension polished samples. Two types of
ion beam polishing techniques, namely Focused Ion Beam (FIB) and Broad Ion Beam (BIB)
polishing, were used and the resulting surface finish of the samples after polishing by the

respective techniques were compared.

4.3.1 Focused Ion Beam (FIB) Polishing

Focused ion beam (FIB) is a technique that has been widely used in sample preparation for
TEM and SEM analysis. The gallium (Ga) ion beam used can remove material from the
sample surface to reveal regions of interest for EBSD analysis. The exposed surface can
then be subjected to EBSD analysis directly without the need for any further preparations,
making it especially useful as a final polish step. For this study, FIB polishing was
performed using a Thermo Fisher Scientific Helios NanoLab 450S (see Figure 4.10) and
the polishing setup of the FIB polishing is as shown in Figure 4.11, where the sample

surface to be polished was tilted 1.5 ° to the incident ion beam.
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Figure 4.10: Thermo Fisher Scientific Helios NanoLab 450S.
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Figure 4.11: Schematic of FIB polishing setup.
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During FIB polishing, high-energy Ga' ions strike the sample, sputtering atoms from the
surface to reveal a clean underlying surface. However, the Ga™ ions can also potentially
become implanted onto the top few nanometers of the sample surface, and in turn causes
the surface to become amorphous. This damage to the crystalline surface may result in
extremely poor quality EBSD patterns that would not allow useful data to be collected. To
minimize the amorphization of the sample surface as much as possible, a small probe
current of 1 nA was used. The use of a small probe current would also reduce the effects
of curtaining. However, with the probe current limited to a small value of no more than 1
nA, the polishing rate of the bump was slow. To fully polish a single copper pillar solder
bump, the amount of time taken was well over 10 hours. As such, FIB polishing to prepare
a row of bumps for EBSD analysis was not deemed efficient as a considerable amount of
time would be required. Therefore, an alternative technique of ion beam polishing known

as broad ion beam polishing was explored as well.

4.3.2 Broad Ion Beam (BIB) Polishing

In recent years, broad ion beam (BIB) polishing has become one of the most widely used
techniques for surface preparation. This technique utilizes high-energy argon ions to
bombard a sample, milling away materials in the process. Surface quality after BIB
polishing is known to be very good for surface sensitive studies, such as EBSD. As
compared to Ga* FIB polishing, BIB produces a surface finish with very minimal levels of
damage. Furthermore, BIB polishes over a wider area than FIB and is also able to avoid
issues that are associated with edge-on milling methods, such as curtaining [6]. In this study,
BIB polishing was done using a Leica EM TIC 3X Triple lIon Beam System miller (see
Figure 4.12). Following mechanical cross section grinding and polishing, the samples were
then loaded into the ion miller for the final surface polishing. Two different methods of
BIB polishing were performed in this study, namely slope cut polishing and rotary

polishing.
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Figure 4.12: Leica EM TIC 3X.

4.3.2.1 Slope Cut Polishing

Slope cut polishing is a method used in cross section sample preparations. In this method,
a sharp-edged mask is placed over the sample such that only a small region of the sample
of approximately 30 um is exposed above the mask. An ion beam from the direction of the
mask would strike the exposed sample region, removing material in the process. The
resulting surface finish of the sample would have minimal preparation artifacts due to the
parallel incidence of the ion beam. The setup and side view schematic of slope cut ion

milling is shown in Figure 4.13 and Figure 4.14, respectively.

For slope cut polishing of the copper pillar solder bumps, the mechanically prepared
sample was first mounted onto a standard stage sample holder and placed into the ion miller
with the surface to be polished exposed and orientated parallel to the ion gun. The sample
and the ion milling mask were then adjusted such that approximately 30 um of material

was exposed above the mask for the ion beam to mill away.
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Standard Sample Stage
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Figure 4.13: Leica EM TIC 3X standard stage slope cut polishing setup [2].
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Figure 4.14: Side view schematic of slope cut setup.
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An accelerating voltage of 5.5 kV to 6 kV was used for the surface polishing. However, at
that accelerating voltage, it required more than 20 hours to fully polish the entire copper
pillar solder bump. Polishing time could be reduced with an increase in the accelerating
voltage. However, increasing too high of the voltage may lead to redeposition of material
onto the sample surface as well. Therefore, to balance the accelerating voltage and
polishing duration, a two-step polishing setup was used. A larger accelerating voltage was
used first to remove most of the material before using a lower voltage for the final polishing.
As such, an accelerating voltage of 8 kV was first used to mill the sample for a duration of
12 hours before a final polish at 4 kV for 1 hour.

4.3.2.2 Rotary Stage Ion Polishing

In contrast to slope cut polishing, polishing with a rotary stage can uniformly process large
sample surfaces by employing a combination of two stage movements, rotation, and
translation as seen in Figure 4.15. The rotary stage also allows the sample to be tilted from
arange 0° to 48 °. By adjusting the sample tilt at various angles with respect to the incident

ion beam, the sample surface can either be polished, cleaned, or even contrast enhanced.

Rotary Sample Stage

Figure 4.15: Leica EM TIC 3X rotary stage [2].

59


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.leica-microsystems.com%2Fproducts%2Fsample-preparation-for-electron-microscopy%2Fp%2Fleica-em-tic-3x%2Fmedia%2F&psig=AOvVaw32ii0SOD4rdL3E9FRbDn52&ust=1610162301702000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCNCPxJOwi-4CFQAAAAAdAAAAABAD

Sample Preparation Chapter 4

For the final polishing of the Cu pillar bump sample via the rotary stage, the sample was
first mechanically polished to remove most of the surface artifacts. The quality of the
mechanical polishing should be as high as possible as the rotary ion cleaning is only the
final step in improving the surface finish quality. Due to the relatively low milling angle
used in this final cleaning step, the sample surface will not be affected too drastically. As
such, any deep scratches that are inherently present must be removed prior to the ion

cleaning to obtain a smooth surface finish. If not, even after the ion cleaning, the scratches

will remain.
a) Epoxy Resin- b)
Mounted
Sample
Sample
Holder

Eucentric
Height
Adjusting Jig

Figure 4.16: Rotary polishing setup with (a) mounting sample onto sample holder, (b) adjusting
sample surface to eucentric height, (c) loading sample on sample holder onto rotary stage, and (d)

setting the tilt angle for polishing.
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In rotary ion polishing, mask is not required. As shown in Figure 4.16, to ensure that the
sample surface and ion beam are aligned, the sample holder was set at an eucentric height
using an eucentric height adjusting jig, before loading onto the ion miller rotary stage. A
tilt angle of 4.5 °was first set for the initial milling. Given the large area milling capabilities
of the rotary stage, an accelerating voltage of 6 kV was used to polish the sample surface
for a duration of 1.5 hours. A translational distance of half the sample width was also set
to ensure that the sample surface was uniformly milled across. As the rotary stage has the
option of allowing the tilt angle to be varied during polishing, after the initial polishing at
4.5 °, the sample was set for a final polishing at a tilt angle of 10.5 °, at an accelerating
voltage of 4 kV for 15 minutes. Studies have shown that ion beam incidence angle
influences EBSD pattern image quality (1Q) [3]. As shown in Figure 4.17, average pattern
IQ increases to a maximum at around an incidence angle of 10 °, where it will start to
decrease at higher angles. This decrease at higher angles can be due to the channeling effect,

roughness of the sample surface and inhomogeneous sputtering [3].
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Ion beam incidence angle [deg]

Figure 4.17: Effect of ion beam incidence angle on average 1Q [3].
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4.3.3 Results and Discussion of Ion Beam Polishing

SEM images of the Cu pillar solder bump sample surfaces after FIB milling, ion miller
slope cut polishing and ion miller rotary stage polishing were observed as follow in Figure

4.18. and EBSD pattern quality of the samples are shown in Figure 4.19.
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Figure 4.18: SEM images of sample surface after polishing by (a) FIB, (b) slope cut ion miller

polishing, and (c) rotary stage ion miller polishing.
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b)

Figure 4.19: EBSD diffraction patterns after ion beam polishing with (a) FIB, (b) slope cut ion

mill polishing and (c) rotary stage ion mill polishing.
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From visual observation of the diffraction patterns, it was observed that after ion beam
polishing, the patterns obtained is significantly clearer and sharper as compared with
mechanical polishing. The summary of the average diffraction bands detected, and average

MAD values acquired by the ion beam polishing techniques is as shown in Table 4.2.

Table 4.2: Table of average diffraction bands detected, and average MAD value acquired after ion

beam polishing.

Polishing Technique Average Bands Detected Average MAD Value
FIB polish 9 0.72
BIB slope cut polish 10 0.68
BIB rotary stage polish 11 0.55

The average number of diffraction bands detected was 9 after the sample was polished with
FIB. The average MAD value obtained from this technique was 0.72. As for the average
number of diffraction bands and average MAD values obtained from the ion miller polished
samples, the slope cut polished sample has an average of 10 diffraction bands detected and
the average MAD value was 0.68. Lastly, the rotary stage polished sample obtained the
highest number of average diffraction bands detected amongst all the preparation

techniques at 11 bands and the MAD value obtained was the lowest at 0.55.

By comparing the SEM images obtained from the different ion beam polishing techniques,
it was observed that curtaining effect was present on the sample surface obtained from the
FIB polishing. Typically, curtaining effects is seen as vertical lines on the milled surface,
as seen in a close-up SEM image in Figure 4.20, and its occurrence can be due to various
reasons. Curtaining, or sometimes known as waterfall effect, occurs as a result of porous
materials or in this case of Cu pillar solder bump, a composite of different materials which
causes a spatial variation of the sputter rate in the material [4]. Curtaining effect is not a
desirable outcome for EBSD analysis as it results in the sample surface becoming uneven
and where subsequent EBSD diffraction signals will be weakened. For the ion miller

polished samples, no curtaining effects were observed.
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Therefore, this could be the reason the FIB polished samples were not able to attain as high

a diffraction pattern quality as the ion miller polished samples.

| — Curtaining Effect

i
o HV det ‘mag o WD HFW 11/21/2020 Ty —

10.00kV ETD 5000x 10.2mm 82.9 pym 10:43:54 AM Apreo AMD DA LAB

Figure 4.20: Close-up SEM image of a Cu pillar solder bump sample with visible curtaining
effect on FIB polished surface.

On the other hand, as compared to the 10.5 ° tilted sample in the rotary stage ion milling
polish, the slope cut ion milling polish sample surface was positioned parallel to the
incident beam. During the process of ion milling, incident ions will transfer energy to the
atoms on the target surface through series of collisions. If the target surface atoms manage
to gain enough energy to overcome the surface binding energy, then the atoms will be
removed from the surface. This removal of atoms will depend mainly on the surface
material and the energy density provided to the surface atoms, which is in turn, is affected
by the direction of incidence of the ion beam [5]. Hence, based on the relation shown in
Figure 4.17, the sample prepared with the rotary stage at a tilted angle will produce an

overall better surface finish for generating EBSD diffraction pattern.
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4.4 Sample Preparation Summary

In summary, it is possible to prepare and attain a better sample finish for EBSD analysis
with the use of BIB rotary stage polishing. The EBSD diffraction pattern quality obtained
with this technique was the best among all the techniques explored. Therefore, for the
sample preparation of copper pillar solder bumps for EBSD analysis in this study, diamond
suspension was used in the mechanical polishing step followed by BIB rotary stage
polishing in the ion beam polishing step, as shown by the workflow in Figure 4.21.

a) Standard Sample Preparation Workflow

Cutting of Sample [ Mounting [—* Grinding » Mechanical Polishing

Diamond Cutting Wheel Epoxy Resin SiC Grinding Sheet

mond Suspension

Dia

Analysis [« ! lon Beam Polishing

BIB Rotary Stage Polishing

b) lon Beam Polishing Step

Figure 4.21: Sample preparation workflow used for samples in subsequent EBSD analysis.
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Chapter 5

IMC Phase Identification at Solder Joint

Before analysis and studies can be done on the IMCs, it is important to first
determine if the IMC phases are accurately identified. Phase identification
was performed separately via EBSD and EDX and the results were compared.
EBSD provides crystallographic information on the IMC while EDX
determines the elemental composition of the IMC. By utilizing both EBSD and
EDX techniques together, the IMC phases could be identified with more
accuracy. A study of the substrate side IMCs was then done between SAC305
and Sn0.7Cu substrate solder samples. Comparison of the IMCs was also
done under temperature cycling and high temperature storage conditions to
determine the feasibility of Sn0.7Cu solder as an alternative in mitigating ILD
cracks and delamination risks. With the application of EDX and EBSD
techniques, the results showed that there were no significant differences in the
IMCs of both substrate solders, confirming Sn0.7Cu solder as a viable

alternative.

* This section is published substantially as “Application of EBSD Study of Cu-Sn IMCs
in SAC305 and Sn0.7Cu Solder Joints to Determine the Suitability of Sn0.7Cu Solder as
Alternative in Mitigating ILD Cracks/Delamination” in proceedings of the 23" Electronics
Packaging Technology Conference (EPTC), 2021. Reprinted with permission. © 2021
IEEE
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5.1 Phase Identification

The first step after obtaining the primary raw EBSD data is to determine if the phases
present in the sample are accurately identified. To determine this, a copper pillar solder
bump sample was prepared, comprising of commercially available SAC305 solder of 96.5%
Sn, 3.0% Ag and 0.5% Cu. The IMCs were observed under SEM at the interface between
the copper pillar and solder as shown in Figure 5.1. Typically, interfacial Cu-Sn based
solder IMCs mainly compose of CusSns (n phase) and CusSn (e phase). As seen from the
Cu-Sn system phase diagram from Figure 2.2 in Chapter 2, CusSn is Cu-rich and will tend

to form on the copper pillar side, while CusSns will form on the solder side.

T

Cu Pillar

| HV det ‘'mag O WD HFW b————10um——

10.00kV T1 15000x 10.0 mm 27.6 pm Apreo AMD DA LAB

Figure 5.1: Close-up SEM image of T=0 bump with IMC region indicated.

Morphology of CusSns grains is observed to be characteristically scallop-type. On the other
hand, CusSn in the IMCs is not easily identifiable, due to its small grain sizes and it consists
of the same elements as CusSns. As the anisotropic properties of both these IMC phases
can greatly affect the reliability of the interconnect joints, it is therefore important to
analyse the growth direction and orientation of each of the IMC phases. Thus, there is a

need to be able to distinguish between the two CusSns and CusSn IMC phases.
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5.2 Phase Identification by EBSD Indexing

In EBSD analysis, crystallographic information is obtained from diffraction patterns. This
extracted information is compared with information from a standard database to determine
the possible phases, after which a best-fit solution is determined. CusSns can exist as two
different crystal structures, namely hexagonal # phase CusSns at high temperatures, usually
above 186 °C and monoclinic ' phase CueSns at lower temperatures (refer to phase
diagram in Figure 2.2). CuzSn on the other hand, has an orthorhombic € phase.

EBSD was performed on the time = 0 (T = 0) bump with the focus at the IMC region. The
crystallographic information acquired was compared against crystallographic information
from the National Institute of Standards and Technology (NIST) Inorganic Crystal
Structure Database (ICSD) provided in the EBSD software. Generally, crystallographic
information obtained will allow the identification of the IMC phases easily. However, in
the case of the Cu-Sn IMC system, because of the small grain sizes of CusSn, it was a
challenge for the EBSD to get a good signal. The diffraction pattern quality of CuzSn
obtained was not optimal, as compared with the diffraction pattern quality of CusSns,
shown in Figure 5.2. However, as observed from Table 5.1, the average diffraction bands
detected for CueSns and CusSn were 11 and 9 respectively and the average MAD values
for both IMCs were 0.46 and 0.68, respectively.
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Figure 5.2: EBSD diffraction pattern obtained at supposed (a) CusSns IMC region and at (b)

CusSn IMC region.

Table 5.1: Table of average diffraction bands detected, and average MAD value acquired at the

supposed CusSns and CusSn regions.

IMC Phase Average Bands Detected Average MAD Value
CusSns 11 0.46
CusSn 9 0.68
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As expected, with a MAD value of greater than 0.6, the diffraction pattern obtained for
CusSn was not as accurate as CusSns. The resulting phase map obtained based solely on

EBSD indexing was not able to accurately identify the CusSn phase, shown in Figure 5.3.

a)
b)
Region 1
Region 2
c)
B sn
[ cugsng
I cu
Il ZeroSolutions
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Figure 5.3: (a) SEM image of scanned IMC region, (b) EBSD band contrast map and (c) EBSD

phase map overlaying band contrast map.
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As observed from the phase map in Figure 5.3, Sn, Cu and the CueSns phases were able to
be identified. The region between the Cu and CusSns phases (Region 2) is supposedly
where CuzSn phase was to be expected. However, from the phase map obtained, Region 2
where CuszSn was supposed to be present was indexed as Sn. Furthermore, it was observed
that small areas of CusSns were indexed within the Cu pillar region as well. This may not
be an accurate indexing as mentioned in Chapter 2, as IMC growth usually takes place at
the Sn side, where the Sn is slowly consumed and transformed into CueSns. Upon closer
inspection, it was observed that these areas of CugSns were along the grain boundaries of
the Cu pillar grains. A possible reason could be due to the fact that grain boundaries are
disordered regions that have a lower melting point than the grains [1]. During reflow, the
temperature of liquid Sn-rich solder may be high enough to melt the grain boundaries and
penetrate along these grain boundaries forming a Cu-Sn liquid. Upon cooling, the Cu-Sn
liquid then solidifies, forming Cu-Sn IMC. However, along the Cu pillar grain boundaries,
the Cu-Sn liquid formed would be expected to be rich in Cu. Hence, the IMC formed along
the grain boundaries was expected to be Cu-rich CusSn instead of CueSns as observed in
Figure 5.3. Therefore, indexing of the Cu pillar grain boundary region might not be

accurate as well.

Furthermore, a comparison between Region 1 and Region 2 shows very different
microstructures. Region 1 was indexed as Sn of very large grain size while Region 2 was
indexed as Sn with very small grain size. Comparing together with the CueSns grains and
Cu grains, the very small grains observed at Region 2 is consistent with literature where
CusSn is expected at that region. As such, it was noted that this method of phase
identification based purely on EBSD indexing was not an accurate method. However, by
gathering the chemical information with EDX, the phase identification process can be

improved.
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5.3 EDX Elemental Composition Analysis

To determine the chemical information of the phases present at the IMC region, EDX can
be carried out. According to the NIST database, the general elemental atomic percentage
(At.%) of CusSns and CusSn are as shown in Table 5.2, where CusSn is expected to be
more Cu-rich. By performing EDX at the IMC regions and comparing the composition of

the data collected with the database, it would be possible to distinguish the two IMC phases.

Table 5.2: General elemental composition of CusSnsand CusSn IMCs.

IMC Phase Cu (At.%) Sn (At.%)
CusSns 55 45
CusSn 75 25

Hence, EDX spectrum was collected at several regions of the sample to determine the
elemental composition at that position. Each region selected for EDX is denoted separately
asregions 1, 2, 3 and 4 as shown in Figure 5.4. For each of the EDX region, upon collecting
the spectra, the At.% of the elements was analyzed. Based on the At.% determined at the
region, EBSD phase indexing would be improved. EDX spectra for the four regions are as
shown in Figure 5.5 and the elemental compositions of each region are shown in Table 5.3-
5.6.
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Figure 5.4: Regions of the sample subjected to EDX analysis.
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M Region 4

Figure 5.5: EDX spectra from (a) Region 1, (b) Region 2, (c) Region 3 and (d) Region 4.
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Table 5.3: Elemental composition at Region 1 to Region 4.

Cu (At.%) Sn (At.%) Total (At.%)
Region 1 0.0 100.0 100
Region 2 100.0 0.0 100
Region 3 69.5 30.5 100
Region 4 82.8 17.2 100

From the EDX spectra observed in Figure 5.5 and the At.% observed from Table 5.3, it
was confirmed that Region 1 and Region 2 are Sn and Cu, respectively. For Regions 3 and
4, it was observed from the collected spectra that both Cu and Sn were present, suggesting
that the two regions are likely the Cu-Sn IMCs. The amount of Cu and Sn at Region 3 are
At.% 69.46 Cu and At.% 30.54 Sn while at Region 4, the composition was At.% 82.80 Cu
and At.% 17.20 Sn. This suggests that Cu-rich CusSn was likely the IMC phase at Region
4 due to the higher At.% ratio of Cu to Sn at that region as compared to Region 3. Hence
it is very likely that Region 3 was CueSns phase and Region 4 was CusSn phase.

Having determined the chemical makeup of the different phases from EDX, the EDX
information can then be used as reference spectrum and incorporated during EBSD analysis.

5.4 Phase Identification by Combination of EDX and EBSD

With the incorporation of the chemical information obtained from EDX, the software was
then able to utilize this information during EBSD indexing to allow for a more accurate
matching of phases with the database. With the additional EDX information, re-analysis of
EBSD at the IMC region of the sample was done, and the resulting phase map as compared

to the original EBSD phase map, are shown in Figure 5.6.
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Figure 5.6: (a) Original EBSD phase map overlaying band contrast map and (b) re-analyzed
EBSD phase map by combining EBSD and EDX overlaying band contrast map.

As observed in Figure 5.6, the new phase mapping is more consistent with the expected
phases present. With the chemical composition of the phases identified by EDX providing
as reference, the EBSD indexing was able to determine the presence of the CusSn phase
and identify the region it occupies, whereas in the original EBSD phase map, only the
CueSns IMC was identified. In addition, the mis-indexed CusSns at the Cu pillar region

were corrected as well.
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In summary, the original phase map obtained from EBSD indexing was only able to detect
and index the CusSns IMC phase. With EDX analysis, chemical information on the IMCs
can be obtained. By utilizing both EDX and EBSD techniques together, both the CusSns
and CusSn IMCs were able to be detected and identified. This combination will allow for
a more accurate phase identification which will aid in the subsequent study of the IMC

regions.

With this, the ten samples mentioned in Chapter 3 was prepared and the IMCs were

analyzed and compared.

5.5 IMC Phase Identity Comparison - SAC305 vs Sn0.7Cu at Time =0

EBSD and EDX data were collected to identify and compare the phases and composition
of SAC305 and Sn0.7Cu solder substrate side IMCs. From EBSD, phase and grain
orientation maps for the SAC305 solder sample (Sample 0) as well as Sn0.7Cu solder
sample (Sample Z) were collected and analyzed. EDX point spectrum was also obtained

from the two samples to supplement the EBSD results.

Figure 5.7 shows the EBSD phase map obtained for Sample 0. From this phase map, it was
observed that in Sample 0, the IMC phase present at the substrate side was determined to
be mainly (Cu, Ni)eSns with some AgsSn particles disperse in the solder matrix. Cu and Ni
are known to be mutually substitutable in the IMC lattice. As a result, (Cu, Ni)eSns will
typically be the dominant IMC phase [2-4], consistent to the observation in Figure 5.7. To
further confirm the identity of the (Cu, Ni)éSns IMC, EDX data was also collected at two
regions of the sample, Region 1 and Region 2, marked in Figure 5.7. The EDX spectra of
both regions is shown in Figure 5.8 and the individual elemental composition at each region
is shown in Table 5.4 and Table 5.5 respectively.
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Figure 5.7: EBSD phase map of substrate side IMC showing (Cu, Ni)sSns phase in Sample 0.

Figure 5.8: EDX spectra obtained from (a) Region 1 and (b) Region 2 in Sample 0.

Table 5.4: Region 1 EDX elemental composition.

Element At.%
Ni 81.3

P 18.7
Total 100.0
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Table 5.5: Region 2 EDX elemental composition.

Element At.%
Cu 63.4

Ni 2.8

Sn 33.5

Pd 0.3
Total 100.0

From Figure 5.8 a) and Table 5.4, Ni and P were detected from EDX at Region 1, which
suggests that Region 1 most likely consisted of the amorphous Ni-P layer. This is consistent
with the observation in Figure 5.7 where Region 1 was unindexed. As EBSD is only able
to index crystalline structures, amorphous phases like the Ni-P layer will remain as
unindexed. Furthermore, as the substrate side pad finish was ENEPIG, the absence of Au
and Pd at this region also suggested that the top-most Au and Pd layers of the ENEPIG
finish, as shown in Figure 5.9, had dissolved into the molten solder in the early stages of
soldering, leaving the electroless Ni-P layer exposed to the molten solder. As a result, the
reaction between the molten solder and electroless Ni-P layer resulted in the formation of

the (Cu, Ni)sSns IMC [5].

IG (>0.030 um)
EP (0.05-0.30 ym)
EN(3-6 um)

ENEPIG

Figure 5.9: Schematic of ENEPIG configuration showing the immersion gold (1G), electroless
palladium (EP), electroless nickel (EN), copper (Cu) and substrate layers [2].
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However, observations from Figure 5.8 b) and Table 5.5 also showed that small amounts
of Pd was detected within the (Cu, Ni)eSns IMC region (Region 2). 0.3 At.% Pd was
detected from EDX at Region 2. This implied that Pd had dissolved into the IMC region,
eventually resulting in the formation (Cu, Ni, Pd)e¢Sns. This is consistent with the
observations made in the study by Tseng et al. (2014) where it was confirmed that in
ENEPIG joints, the IMC that formed was indeed (Cu, Ni, Pd)sSns as opposed to (Cu,
Ni)sSns [7]. The Pd layer in ENEPIG pad finishes served as the nuclei for the heterogeneous
nucleation of (Cu, Ni, Pd)sSns. The enthalpy of formation of Pd-Cu and Pd-Sn were much
greater than Pd-Ni. These greater formation enthalpies served as the driving force for Cu

and Sn atoms to segregate with the Pd atoms, thus eventually forming (Cu, Ni, Pd)sSns.

IMCs that formed at the substrate side of interconnect joints are also known to be sensitive
to the Cu concentration in the molten solder. Depending on the Cu content in the solder,
the IMC formed may vary from one another. As the solder contains Cu that can contribute
to the formation of the IMC at the substrate side, the use of a solder with a different
concentration of Cu, such as Sn0.7Cu as compared to SAC305, might affect the IMC
formation at the ENEPIG joints. Hence, the EBSD phase map and EDX spectra was
obtained for Sample Z as well to compare if the slightly higher Cu content in Sn0.7Cu
solder will affect the IMC formation as compared to SAC305 solder.

The EBSD phase map for Sample Z was obtained and shown in Figure 5.10. Similar to
Sample 0, EDX data was also obtained at two regions of the sample, namely Region A and
Region B. EDX spectra of the two regions are shown in Figure 5.11. Individual elemental
composition at each of the regions are also shown in Table 5.6 and Table 5.7 respectively.

From the phase map shown in Figure 5.10, it was also observed that in Sample Z, the IMC
phase that was detected at the substrate side was mainly determined as (Cu, Ni)eSns. AgsSn
particles was observed to disperse in the solder matrix as well. From the results gathered
in Figure 5.11 a) and Table 5.6, Ni and P were once again detected at the unindexed region
of the sample, Region A. The At% of Ni and P were 77.6 and 22.4 respectively which is

relatively close in ratio to the composition of Ni and P at Region 1 of Sample 0. Hence, it
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is very likely that Region A is the Ni-P layer. On the other hand, at the IMC region, Region
B, the elemental composition detected was 51.2 At% Cu, 12.7 At% Ni, 35.6 At% Sn and
0.5 At% Pd. Similar to Region 2 from Sample 0, a small amount of Pd was also detected
at the IMC region of Sample Z. Hence the IMC phase present was (Cu, Ni, Pd)sSns.

Substrate Side sl

] AgsSn
B Sn
B (Cu, Ni);Sns

Figure 5.10: EBSD phase map of substrate side IMC showing (Cu, Ni)sSnhs phase in Sample Z.

Figure 5.11: EDX spectra obtained from (a) Region A and (b) Region B in Sample Z.
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Table 5.6: Region A EDX elemental composition.

Element At.%
Ni 77.6

P 22.4
Total 100.0

Table 5.7: Region B EDX elemental composition.

Element At.%
Cu 51.2

Ni 12.7

Sn 35.6

Pd 0.5
Total 100.0

Through the incorporation of the EDX spectra and EBSD phase mapping, the substrate side
IMC observed in both Sample 0 and Sample Z was identified as (Cu, Ni, Pd)sSns. Another
similarity observed in both samples was the absence of CusSn. This could be attributed to
the presence of Ni in the IMC region as findings described from literature suggest that Ni
atoms are believed to be able to suppress the formation of CuzSn [8]. Ni present in the (Cu,
Ni, Pd)sSns IMC lowered the Gibbs free energy of the phase, which as a result increased
the driving force for Sn atoms to diffuse through (Cu, Ni, Pd)sSns. This in turn caused more
Sn atoms to diffuse towards the more thermodynamically stable (Cu, Ni, Pd)sSns phase,

and resulting in less of the phase decomposition to CusSn [9].

Overall, the observed IMC phases formed at the substrate side in Sample Z were similar to
as those observed in Sample 0. Therefore, it can be seen that although Sn0.7Cu solder had
a slightly higher Cu content of 0.7 Wt.% as compared to SAC305 solder of 0.5 Wt.% Cu,

there were no significant differences in the IMC formation after soldering.
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5.6 IMC Grain Orientation Comparison - SAC305 vs Sn0.7Cu at Time =0

From the earlier study of the substrate side IMC phase, it was identified that the IMC
present was (Cu, Ni, Pd)sSns. Although it was observed that the same IMC phase was
present in both SAC305 and Sn0.7Cu substrate solder samples, it was not known how the
crystallographic structure of the IMC may differ between the two solders of Sample 0 and
Sample Z. Hence, to gain more insight into the crystallographic structure of the samples,
crystal orientation maps were also obtained from EBSD in addition to the phase maps.

The grain orientation map or inverse pole figure (IPF) map of the substrate side IMC region
was obtained and shown in Figure 5.12 and Figure 5.13 for Sample 0 and Sample Z

respectively.
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Figure 5.12: IPF-Z map of substrate side IMC showing randomly orientated (Cu, Ni, Pd)sSns
grains in Sample 0.
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IPF Coloring || 20
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Figure 5.13: IPF-Z map of substrate side IMC showing randomly orientated (Cu, Ni, Pd)sSns
grains in Sample Z.

Studies have shown that generally hexagonal CusSns IMC grains grow along the [0001]
direction (or c-axis) of the unit cell, suggesting a strong preference where the crystal c-axis
is orientated along the direction of the IMC growth. Even with the presence of Ni in (Cu,
Ni)eSns, grain growth orientation was not significantly deviated from CusSns [6]. (Cu,
Ni)sSns too grew with a preferred orientation with only slight deviations and the (0001)
plane of the (Cu, Ni)¢Sns grains are typically parallel to the substrate as illustrated by Figure
5.14.

CGro Gro
Directio Direction

C
[0001]

Figure 5.14: Schematic illustration of preferred crystallographic orientation of (Cu, Ni)sSns
where c-axis of the crystal tends to be parallel with the IMC growth direction.
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Hence, it was thought that the (Cu, Ni, Pd)sSns IMC grains in Sample 0 and Sample Z
would have the same observations of preferred grain orientation where the grains grew
with the c-axis along the growth direction. However, from the IPF maps obtained for
Sample 0 and Sample Z in Figure 5.12 and Figure 5.13 respectively, the (Cu, Ni, Pd)sSns
IMC grains were observed to be mapped in a wide variety of different colors. As the
different colors of each grain represent a different crystal orientation, this showed that IMC
grains of (Cu, Ni, Pd)sSns were randomly orientated with no orientation preference. This
was further supported by the (0001) pole figures shown in Figure 5.15 and Figure 5.16,
where various spots were observed to be distributed across the pole figure. This deviation
from the expected outcome of a preferred orientation could be due to the presence of Pd in
the IMC. Findings from literature have suggested that the presence of Pd in (Cu, Ni,
Pd)sSns can affect the texture of the IMC [7]. The presence of Pd lowered the surface
tension between the (Cu, Ni, Pd)sSns IMC and the solder. This subsequently enhanced the
nucleation of (Cu, Ni, Pd)sSns and as a result, caused the (Cu, Ni, Pd)sSns IMC to grow
with an elongated grain morphology that was also observed in both Sample 0 and Sample
Z. The enhanced heterogeneous nucleation in the ENEPIG joints thus also resulted in the

randomly orientated grains of the (Cu, Ni, Pd)¢Sns IMC.

1PF Coloring || 20

¥ (Cu, Ni, Pd)6SnS
0001 -12-10
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Figure 5.15: IPF-Z map of substrate side (Cu, Ni, Pd)sSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in Sample 0.
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Figure 5.16: IPF-Z map of substrate side (Cu, Ni, Pd)sSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in Sample Z.

As observed in Figure 5.15 and Figure 5.16, a random grain orientation texture dominated
the (Cu, Ni, Pd)sSns IMC growth. Earlier, it was mentioned that CusSns IMC grains grew
with a strong preferred orientation with the [0001] direction (or c-axis) along the growth
direction. Hence, the (0001) plane of the CueSns grains tend to be parallel to the IMC
interface. The (0001) plane of hexagonal CusSns is known for cracks to readily initiate due
to it being a basal slip plane [10]. Any cracks that form tends to propagate easily through
this (0001) slip plane. In a related study by Yang et al. (2014), it was reported that in the
(Cu, Ni)sSns IMC, the grains generally grew with (1010) planes parallel to the substrate as
opposed to CusSns. As such, it became more difficult for cracks to propagate through the
IMC as the path became less direct [9]. Therefore in (Cu, Ni, Pd)sSns, the random grain
texture would be expected to hinder crack propagation through the (0001) plane even more

effectively, resulting in stronger mechanical strength.
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Through the study of the grain orientations in Sample 0 and Sample Z, no significant
differences were observed between the two samples as well. However, to be able to provide
more confidence that the higher Cu content in Sn0.7Cu was not significant enough to
drastically affect the reliability of the IMC formed at the substrate side, further comparisons

of the IMC phase were made at conditions much closer to the working environment.

5.7 Effects of Temperature Cycling on IMC

To study the effects of temperature cycling on the substrate side IMC of Sn0.7Cu solder
against SAC305 solder, EBSD phase maps were collected at different temperature cycling
conditions, namely at TCG 1200 cycles and at TCG 2000 cycles. Comparing with the
respective solders at T=0 conditions, the phase maps for the SAC305 solder Sample 0
(T=0), Sample 1 (1200 cycles) and Sample 2 (2000 cycles) as well as Sn0.7Cu solder
Sample Z (T=0), Sample A (1200 cycles) and Sample B (2000 cycles) were obtained and

are as shown in Figure 5.17 and Figure 5.18 respectively.

EDX spectrum was also collected at the IMC regions of Sample 1, Sample 2, Sample A
and Sample B (Region 3, Region 4, Region C and Region D respectively) to determine the
elemental composition at those IMC positions. The EDX spectrum for the four samples
were as shown in Figure 5.19 and the elemental compositions at each region were as shown
in Tables 5.8 to Table 5.11.
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a)

b)
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B (Cu, Ni, Pd)sSns

Figure 5.17: Phase map of substrate side IMC showing (Cu, Ni, Pd)sSns phase in (a) Sample 0,
(b) Sample 1 and (c) Sample 2.
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Figure 5.18: Phase map of substrate side IMC showing (Cu, Ni, Pd)sSns phase in (a) Sample Z,
(b) Sample A and (c) Sample B.
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Figure 5.19: EDX spectra from (2) Region 3, (b) Region 4, (¢) Region C and (d) Region D.
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Table 5.8: Region 3 EDX elemental composition.

Element At.%
Cu 48.1

Ni 17.4

Sn 343
Pd 0.2

Total 100.0

Table 5.9: Region 4 EDX elemental composition.

Element At.%
Cu 64.5
Ni 2.6
Sn 324
Pd 0.5
Total 100.0

Table 5.10: Region C EDX elemental composition.

Element At.%
Cu 63.9
Ni 2.1
Sn 33.6
Pd 0.4
Total 100.0

Table 5.11: Region D EDX elemental composition.

Element At.%
Cu 533

Ni 13.0
Sn 33.1
Pd 0.6

Total 100.0
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For the SAC305 substrate solder Samples 1 and 2, as observed from Figure 5.19 a) and b)
as well as Table 5.8 and Table 5.9, a small amount of Pd was also detected from EDX.
Overall ratio of (Cu, Ni, Pd) to Sn in both Samples 1 and 2 did not deviate much from the
T = 0 samples at approximately 67.0 At.% to 33.0 At.%. By incorporating this EDX data
together with the earlier findings from the T = 0 samples, it was determined from EBSD
phase map that the IMC present was also (Cu, Ni, Pd)¢Sns, similar to Sample 0, as shown
in Figure 5.17. This indicates that no significant difference was observed in terms of the
identity of the IMC that is present after temperature cycling. The same observation was
made as well for the Sn0.7Cu substrate solder Samples A and B, as shown form the EDX
data from Figure 5.19 c) and d) as well as Table 5.10 and Table 5.11. A small amount of Pd
was also detected within the IMC region in addition to (Cu, Ni, Pd) and Sn having
compositions of approximately 67.0 At.% to 33.0 At.% as well, forming (Cu, Ni, Pd)sSns
IMC.

Figure 5.20 shows the grain crystallographic orientation maps for Sample 0, Sample 1 and
Sample 2. Comparison of the three samples was done to study if there is any texture
evolution during temperature cycling. However, observations from the grain
crystallographic orientation maps of the samples before and after temperature cycling
showed no significant changes in the grain orientations. Even after temperature cycling,
the (Cu, Ni, Pd)sSns IMC grains remained randomly distributed. The average IMC
thickness of the samples were measured as well, and the results are as shown in Figure
5.21. It was observed that with the increasing number of temperature cycles, the (Cu, Ni,
Pd)sSns IMC layer gradually grew and thickened from an average thickness of 2.92 um at
T=0 to the average thickness of 4.97 um after 2000 cycles.

The grain crystallographic orientation maps for Sample Z, Sample A and Sample B were
also obtained as shown in Figure 5.22. The average IMC thickness of the samples were
also measured and are as shown in Figure 5.23. As the number of temperature cycles
increased from T=0 to 2000 cycles, the average thickness of the (Cu, Ni, Pd)sSns IMC layer

was observed to increase from 3.27 pm to 5.04 um.
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Figure 5.20: IPF-Z map of substrate side (Cu, Ni, Pd)eSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in (a) Sample 0, (b) Sample 1 and (c) Sample 2.
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Figure 5.21: Average IMC thickness plotted against number of temperature cycles.
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Figure 5.22: IPF-Z map of substrate side (Cu, Ni, Pd)sSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in (a) Sample Z, (b) Sample A and (c) Sample B.
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Figure 5.23: Average IMC thickness plotted against number of temperature cycles.
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Overall, in both SAC305 and Sn0.7Cu substrate solder samples after thermal cycling, it
was observed that there was an increase in the substrate side IMC thickness in both samples.
Although there are few studies from literature that evaluate on the IMC growth as a
function of temperature cycling, it was known that temperature and time played a part in
the IMC growth during temperature cycling. It was suggested that the growth of the IMC

can be represented by equation 5.1 as shown below [12]:

X - Xo=1.78 x 107052 STI00RD (5.1)

where X = total IMC thickness after temperature cycling
Xo = initial IMC thickness before temperature cycling
t = dwell time in seconds (S)
R = gas constant, 8.314 J/mol K

T = temperature in Kelvin (K)

Under TCG conditions, the samples were cycled at temperatures from -40 °C to 125 °C.
Hence, from equation 5.1, it can be shown that for a fixed dwell time at the lowest
temperature of -40 °C, the IMC growth (X - Xo) was very low as compared to the IMC
growth at the highest temperature of 125 °C. This was consistent with the observations
reported by Pan ez al. (2009), where it was explained by the fact that at the peak temperature,
Cu dissolved much faster which resulted in the formation of more IMC [12]. Therefore, it
can be seen that the growth rate of IMC thickness was mainly determined by the dwell time
and higher temperatures during thermal cycling and that it was not significantly affected
by the amount of Cu content in the solder. In this study as the samples were subjected to
the same TCG conditions, the temperature factor remains constant. Hence, the IMC growth

can simply be approximated against time as equation 5.2.

(X - Xo) o\t (5.2)
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This was further supported by the average IMC thickness trend observed in Figure 5.21
and Figure 5.23, where a larger average IMC thickness was observed after TCG 2000
cycles as compared to 1200 cycles. In addition, comparison of the average IMC thickness
between the SAC305 substrate solder Sample 2 and Sn0.7Cu substrate solder Sample B,
determined that after TCG 2000 cycles, the average IMC thickness at the substrate side
was determined to be 4.97 um and 5.04 um respectively. This difference in average IMC
thickness between the two samples was only 0.07 um which was not a very significant

increase, which supports that the IMC growth rate is independent of Cu content.

There is another similar trend between the SAC305 and Sn0.7Cu substrate solder samples.
From Figure 5.21, it was observed that as the number of temperature cycles increased from
1200 to 2000 cycles, the gradient of the plot decreased, which suggested that the IMC
growth rate decreased with increasing temperature cycles. The same trend was also
observed from Figure 5.23, where the IMC growth rate decreased as the number of
temperature cycles increased. This decreasing IMC growth rate was because right at the
start of temperature cycling, the IMC layer was thin. This allowed more Cu and Sn atoms
from solder and Ni atoms from the ENEPIG substrate to diffuse across the interfacial IMC
layer very quickly to form more IMCs. As the IMC gradually thickened through the course
of temperature cycling, the diffusion of the Cu, Sn and Ni atoms will also become

increasingly obstructed. This eventually resulted in the decrease of IMC growth rate [13].

5.8 Effects of High Temperature Storage on IMC

In addition to temperature cycling, to study the effects of high temperature storage (HTS)
on the substrate side IMC of Sn0.7Cu solder against SAC305 solder, EBSD phase and
orientation maps were obtained from samples subjected to different HTS conditions, such
as at 1000 hours and at 2000 hours. The phase maps for the SAC305 solder Sample 0 (T=0),
Sample 3 (1000 hours) and Sample 4 (2000 hours) as well as Sn0.7Cu solder Sample Z
(T=0), Sample C (1000 hours) and Sample D (2000 hours) were obtained and is as shown
respectively in Figure 5.24 and Figure 5.25 respectively.
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From Figure 5.24 and Figure 5.25, it was observed that in both the SAC305 and Sn0.7Cu
solder samples, the substrate side IMC present was (Cu, Ni, Pd)sSns. The IMC phase was
determined after incorporating the EDX results that were obtained in the study of the
temperature cycling units into the EBSD phase map. Similar to the temperature cycling
samples, no CuzSn was detected as well in all HTS samples. In general, no significant
changes were observed in terms of the IMC formed after HTS as compared to temperature
cycling. Figure 5.26 shows the grain crystallographic orientation maps for Sample 0,
Sample 3 and Sample 4. Observations from the grain crystallographic orientation maps of
the samples before and after HTS showed no significant changes in the grain orientations
as well, with the (Cu, Ni, Pd)¢Sns IMC grains remaining randomly distributed. The average
IMC thickness of the samples were measured, and the results are as shown in Figure 5.27.
It was observed that the (Cu, Ni, Pd)sSns IMC increased from an average thickness of 2.92
um at T=0 to the average thickness of 6.43 pum after HTS 2000 hours. The grain
crystallographic orientation maps for Sample Z, Sample C and Sample D are obtained as
shown in Figure 5.28. The measured average IMC thickness of the samples are shown in
Figure 5.29. Similar to the SAC305 solder samples, the average thickness of the (Cu, Ni,
Pd)sSns IMC was observed to increase from 3.27 pm to 6.59 um after HTS 2000 hours.

Overall, from the data collected, in both SAC305 and Sn0.7Cu solder samples, it was
generally observed that the average IMC thickness increased with aging time. Consistent
with the observations reported by Sun et al. (2008), this growth in the IMC thickness was
promoted by HTS and can be attributed to the diffusion of Cu from the solder with time
[14-15]. In addition, as demonstrated by the results of the TCG samples and HTS samples,
it was observed that the average IMC thickness was larger in the HTS samples as compared
to TCG samples. In the case of the IMC thickness under HTS conditions, the larger average
IMC thickness was to be expected due to the longer exposure time to high temperature, as
compared to TCG where exposure to the high temperature end was much shorter [16]. This
larger increase in average IMC thickness observed in the HTS samples was a result of the
prolonged exposure to high temperatures, which resulted in the grain growth. A measure
of the average grain sizes for Sample Z, Sample C and Sample D as shown in Figure 5.30

supported this reasoning. As observed from Figure 5.30, the average grain size, measured
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in equivalent circle diameter, increased from 2.31 um at T=0 to 5.35 pm after HTS 2000

hours.

Furthermore, it was reported in literature that the presence of Pd can affect the behavior of
the grain growth in the IMC. As reported by Tseng et al. (2014), Pd is able to limit the IMC
growth by trapping Cu atoms among solder. This subsequently will further impede more
Cu from diffusing towards the IMC interface, limiting its growth and thickness [7]. The
depressed Cu diffusion was also be expected to suppress the nucleation of new IMC grains
in (Cu, Ni, Pd)sSns. Hence, with a reduced grain nucleation, the grain growth experienced
under HTS conditions would be dominated by the coarsening of (Cu, Ni, Pd)sSns, where

the smaller grains merged with the larger and more stable grains.
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Figure 5.24: Phase map of substrate side IMC showing (Cu, Ni, Pd)sSns phase in (a) Sample 0,
(b) Sample 3 and (c) Sample 4.
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Figure 5.25: Phase map of substrate side IMC showing (Cu, Ni, Pd)sSns phase in (a) Sample Z,
(b) Sample C and (c) Sample D.
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Figure 5.26: IPF-Z map of substrate side (Cu, Ni, Pd)eSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in (a) Sample 0, (b) Sample 3 and (¢c) Sample 4.
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Figure 5.27: Average IMC thickness plotted against number of HTS hours.
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Figure 5.28: IPF-Z map of substrate side (Cu, Ni, Pd)sSns IMC and (0001) pole figure showing
randomly orientated (Cu, Ni, Pd)sSns grains in (a) Sample Z, (b) Sample C and (c) Sample D.
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Figure 5.29: Average IMC thickness plotted against number of HTS hours.
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Figure 5.30: Average IMC grain size plotted against number of HTS hours.

In summary, EBSD and EDX analysis on the grain structure of the SAC305 and Sn0.7Cu
substrate solder samples revealed that there were no significant differences in the IMC
phases that formed at the substrate side of each type of solder sample. Furthermore, the
(Cu, Ni, Pd)sSns IMC that formed in both substrate solder samples showed no significant
differences in terms of IMC thickness between using SAC305 and Sn0.7Cu solder. The use
of either solders also exhibited the desired random grain orientations in the (Cu, Ni, Pd)sSns
IMC that aids in inhibiting crack propagation. Similarly, under TCG and HTS conditions,
no significant differences were observed in IMC thickness, chemical composition and grain
orientation between the SAC305 and Sn0.7Cu samples, concluding that Sn0.7Cu solder is

a viable alternative to SAC305 solder in mitigating ILD cracks and delamination.

This was further supported by Finite Element Analysis (FEA) simulation done internally
in AMD. Due to confidentiality of information, details of the FEA simulation will not be
discussed in this thesis. The findings obtained determined that with the use of Sn(0.7Cu
solder, there was a significant decrease in ELK stress of about 30% as compared to SAC305
solder, shown in Table 5.12. This is expected to result in significant improvements in terms

of ELK defects like cracks or delamination.
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Table 5.12: FEA simulation results.

SAC305

Sn0.7Cu

ELK Stress Ratio

1

0.69
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Chapter 6

Conclusions and Recommendations

A study of the substrate side IMCs was done between SAC305 and Sn0.7Cu
substrate solder samples. Comparison of the IMCs was also done under
temperature cycling and high temperature storage conditions to determine the
feasibility of Sn0.7Cu solder as an alternative in mitigating ILD cracks and
delamination risks. With the application of EDX and EBSD techniques, the
results showed that there were no significant differences in the IMCs of both
substrate solders, confirming Sn0.7Cu solder as a viable alternative.
Recommendations were also presented for future work that would provide
more understanding and further efforts into the study of IMCs and reliability

of solder joints.
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6.1 Conclusion

ILD cracking and delamination remain a concern in semiconductor devices even as silicon
technology node continues to shrink aggressively. With interconnect size getting smaller
and denser, together with the combination of ELK dielectrics, this can increase the risk of
failure occurring. Hence, the motivation behind this study was to explore the application
of EBSD as an analytical technique to determine the suitability of Sn0.7Cu solder as an

alternative to the conventional SAC305 solder in mitigating ILD cracks and delamination.

In Chapter 2, the formation of IMCs in solder joints was discussed along with the effects
of reliability testing on the IMCs. EBSD was explored as an analytical technique to study
the IMC phases as well as the grain orientation. The EDX analysis technique was also
discussed for its potential in providing chemical information that can support the

crystallographic data provided by EBSD to obtain a more accurate phase identification.

Chapter 3 discussed the experimental method to study the viability of Sn0.7Cu as an
alternative solder to SAC305 in mitigating ILD cracks and delamination. The samples
analyzed consisted of two sets of devices, with each set utilizing SAC305 and Sn0.7Cu
solders respectively. Each set of the samples were then reliability tested under TCG and
HTS conditions and analyzed using EBSD. In EBSD analysis, sample preparation is critical.
In this chapter, various sample preparation setups were explored as well to determine the
best surface finish that is most suitable for EBSD analysis. It was determined that after
grinding, a mechanical polish by diamond suspension followed by broad ion beam
polishing on a rotary stage resulted in the best surface finish that is suitable for EBSD

analysis.

Subsequently in Chapter 4, the use of EDX analysis to support EBSD data was explored.
In EBSD analysis, crystallographic data was obtained. However, without the support of
chemical data, there is a probability of mis-indexing phases in the sample. As such the

inclusion of chemical data can alleviate this risk of mis-indexed phases. Hence, with the
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use of EDX analysis simultaneously with EBSD, the IMC phases present in the samples

were able to be identified and analyzed with more accuracy.

Finally in Chapter 5, the SAC305 and Sn0.7Cu substrate solder samples were analyzed and
compared via the application of EBSD and EDX. The two sets of samples were also
analyzed at post-reliability tested TCG and HTS conditions to determine if there were any
significant differences in the IMCs that formed between the two solders. Overall, results
have shown that between SAC305 and Sn0.7Cu solders, there were no significant
differences in the IMCs that form, at T=0 as well as post-reliability testing. The IMC phases
in both solder samples were (Cu, Ni, Pd)sSns and exhibited a random grain orientation.
IMC thickness between the two sets of solder samples were not significantly different as
well, concluding that Sn0.7Cu solder is a viable alternative to mitigating ILD cracks and

delamination.

6.2 Future Work Recommendations

In this work, Sn0.7Cu substrate solder was mainly studied and compared against SAC305
substrate solder to determine its viability as an alternative to mitigating ILD cracks and
delamination. In addition to Sn0.7Cu solder, there are also other solder variants that may
be possible candidates as alternatives too. Like Sn(.7Cu, there are also other variants of
Sn-Cu solder with varying Cu content, such as Sn1.0Cu or Sn3.0Cu. Although different in
Cu content, these Sn-Cu solders do not contain Ag as well. Hence, like Sn0.7Cu, they
would also be expected to have a lower Young’s modulus as compared to SAC305, making
them possible candidates for IMC study. However, alternative solders are also not limited
to just Sn-Cu solder. Low temperature solders such as Tin/Bismuth (Sn-Bi) could also

potentially result in better solutions to mitigate ILD cracks or delamination.

Furthermore, with next generation interconnects getting smaller and flexible in form factor,
such designs will be used increasingly in wider and more unconventional environments [1].
As a result of the interest in such high performance and compact devices, the effects of

high-density current on solder joint reliability have become one of the most important
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challenges. Several reliability issues can occur due to the high level of current density. One
such reliability risk is the failure induced by electromigration (EM). Hence, it would also
be of interest to study the effects of electromigration on the various substrate solder joints

and how it may affect the reliability.

6.2.1 Low Temperature Solder

The use of low temperature solder has become more ubiquitous in the recent years. They
are often used in temperature sensitive applications where components cannot be subjected
to the peak temperatures that typical Pb-free solders are exposed to. In lead-free soldering,
temperatures can go up to 240 — 250°C. Furthermore, with the continued reduction in size
of electrical components and devices, the higher reflow temperature of solders like
SAC305 will result in thermal warpage of the components.

With the use of indium (In) or bismuth (B1i), the melting points of Sn-based solders can be
significantly lowered [2]. Sn-In and Sn-Bi solders are two examples of Pb-free solders that
have substantially lower melting points than Sn-Cu or Sn-Ag-Cu solder, as shown in Table

6.1.

Table 6.1: Melting temperature range and peak reflow temperature range of several solder alloys

[2].

Solder Alloy Melting Temperature (°C) | Peak Reflow Temperature (°C)
SAC305 219 240 - 250
Sn0.7Cu 227 245 — 255
89Sn-3Ag-5Bi-8In 200 — 205 220 -230
48Sn-52In 118 140 — 150
425Sn-58Bi 138 160 —170

Sn-Bi solder is one of the most commonly used low temperature solders and as shown from
Table 6.1, the peak reflow temperature ranges between 160 — 170°C, which makes it
suitable for temperature sensitive assemblies. Furthermore, Sn-Bi solder is also compatible

with other Pb-free solder. This makes it very well-suited in the step soldering process where
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successive joints in an assembly are combined using solders of gradually lower reflow

temperatures so as not to affect the previously soldered joints [3].

The low reflow temperature for Sn-Bi solder can also potentially minimize the IMC growth
in the joints. As shown in Equation 5.1 in Chapter 5, temperature is a factor that can affect
the IMC growth rate. Hence, for Sn-Bi, the low reflow temperature can potentially
minimize the growth of the brittle IMCs in the solder joints as it was observed that higher
temperatures generally contribute more towards the IMC growth. The IMC layer that
typically forms in the Sn-Bi solder system is reportedly similar in composition to the IMCs
generally observed in Sn-Cu solder systems, with the growth of CusSns IMCs and the
inhibition on the formation of CusSn layer at the substrate side [4]. The low soldering
temperature together with the similar properties of conventional Pb-free solder makes low

temperature solders like Sn-Bi worth exploring as potential solder alternatives.

6.2.2 Effects of Electromigration on IMC Evolution

Electromigration (EM) refers to a mass diffusion-controlled occurrence, where atoms are
transported under a high current density in solder joints. Conditions during intended field
usage would typically include electrical biasing as well, where failures can potentially
occur as a result of EM. In field conditions, the growth of the IMC can affect the overall
strength and mechanical properties of the solder joint [5]. Hence, another opportunity for
further work would be to study the growth of IMCs under the influence of an electric
current and understand how the electric current can affect the mass transportation in the

solder joints.

In the absence of an electric current, the IMC formation and growth at the substrate side of
the solder joints is driven by the difference in chemical potential between the substrate pad
and solder joint. With the introduction of a high current density, the current transport can
displace the ions and influence mass transport [5]. The transfer of momentum from
electrons to atoms is the driving force for the mass transport and this can affect the IMC

formation in the solder joint. Therefore, investigations of the IMC formations at the cathode
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and anode sides of the solder will allow a better understanding of the polarity effect as a

result of the electric current.

Lastly, comparison of the IMC formation in samples under the influence of EM can also
be done with the samples studied in this work. This will allow the determination of the
difference in effects of EM on IMC evolution against the effects of thermal influence on

the IMC and whether if current or heat plays a bigger influence on the solder joint reliability.
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