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Chapter 1

Research background

1.1 Electronic packaging

Electronic packaging refers to the method of hardware configuration to either electronic
components or finished electronic devices. In the fields of semiconductor and electronic packaging,
wire bonding and tape automated bonding (TAB) technologies were traditional mainstays of chip
bonding technology. However, these technologies had disadvantages of having a low chip integration
density and reliability problems such as delay in electrical signal transmission and a high heat
generation rate. To overcome these disadvantages, flip-chip technology was developed and has
attracted extensive research interest worldwide for its advantages of processing high-speed signals
using solder bumps and providing a large number of I/O pins. In line with this research trend, ball grid
array (BGA) packages make up a great proportion of market share. Given their high specific relative
to solder, which provides interconnections, studies have revolved around solder, such as solder
bonding properties, interfacial reactions with the underlying metal layer, and the deformation
behavior, thermomechanical properties, and thermal fatigue mechanism of solder joints.

Electronic packaging involves two major functions, one at the IC or device level and the



other at the system-level [1]. The hierarchy of electronic packaging is illustrated in Figure 1.1. The
electronic packaging is constructed by various interconnection methods ranging from first-level (chip
or single chip-level package) to second-level (printed circuit boards; PCBs) and third-level
(motherboard) packages. At first-level, three bonding technologies of wire-boding, tape automated
bonding (TAB), and flip-chip bonding are used. Generally, two bonding technologies are used at the
second level of reflow and flow soldering, using solder materials. Soldering is a metallurgical joining
method that uses a solder with melting point below 450 °C [2]. In the electronic packaging technology,
solder plays a crucial role in the interconnection of the silicon die (or chip). Recent developments in
electronic packaging tend to achieve a higher level of integration by utilizing new materials and
processes [3]. Because assembly and packaging has become more importance and is often a limiting

factor for cost and performance of electronic systems [4].

1.2 Solder alloys for electronic packaging

Until now, in electronic materials, solder materials have been used for the interconnection
between chips and substrates. Solders also have acted as joining materials, electrical and mechanical
interconnection in electronic packaging. Among solder materials, eutectic Pb-Sn solder is widely used
in electronic packaging to solder semiconductor chips and electronic components onto substrates;
however, Pb-free soldering materials with Sn as the main element containing Ag, Cu, or Bi have been
proposed for research and review in order to replace Pb, following international environmental
regulations such as the Restriction of Hazardous Substances (RoHS) [5]. The leading two alternatives
to Sn-Pb solder were Sn-Ag-Cu eutectic and Sn-Cu eutectic, both considered acceptable by academia
and industry. In the general electronics industry, eutectic Sn-Pb solder was successfully replaced with
SAC solders. In terms of wettability and operation temperature, the SAC305 solders perform well.
However, SAC305 exhibits poor drop and shock performance due to large AgsSn intermetallic
compounds (IMC) existing in the matrix [6]. Additionally, cost is another important factor that limits
the SAC solder application. As a result, the electronics industry has been looking for less expensive

alternatives to SAC305. Unfortunately, while there are numerous alternatives to SAC305, reliability
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studies on these alternatives have been minimal.

In general, the substrate materials in electronic packaging are Cu and Ni-based metals. This
means that the IMC formed at the joint are either Cu-solder system or Ni-solder system, as shown in
Figure 1.2. In previous studies, the reactions and IMC formation of Cu-Sn IMC [7] and Ni-Sn IMC
[8,9] were reported. When Cu-solder system, the reactions between Sn and Cu induce the formation
of CusSns and CusSn IMC [10]. Both IMCs are orthorhombic structures and CusSn has a long period
superlattice with 80 atoms per unit cell [11-13]. Kirkendall voids are also reported; these induce
failure of the joint in electronic packages when they form at the joint interface [14]. Moreover,
because of the rapid diffusion of Cu, thicker layers of IMC form at the interface and the growth of the
IMC layers can occur during multiple reflow or isothermal aging processes [15-17]. These IMC can
affect the reliability of the joints [18]. The rapid growth of IMC can cause degradation of the
mechanical properties and reliability of the joints because they decrease the fracture toughness [19]
and increase the likelihood of brittle fracture [20]. It has been reported that the properties of these
IMC, such as their composition, thickness, morphology, modulus, and hardness, affect joint reliability

[18,21,22].

- Chip
Level 1 - Single chip
package
o oag

Level 2 PCB
]

— Backplane
I I (equipment drawer) Level 3

Figure 1.1 Hierarchy of electronic packaging in computer.
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Figure 1.2 Interfacial IMC between SAC and (a)Cu substrate, (b)Ni substrate.

When Ni-solder system, ENIG was proposed to form a diffusion barrier layer on Cu [23].
However, the reliability degradation occurs at the joint interface, because P-rich layers such as NisP
and Ni-Sn-P are reported to form during the bonding process [24,25]. The galvanic corrosion in the
ENIG called “black pad” is also caused by the immersion Au solution [26]. Thus, ENEPIG was
recently proposed and researched as a barrier for Cu or Ni to prevent the formation of P-rich layers or
black pad [26—28]. Meanwhile, methods using various binary substrates such as Cu-Zn [29,30] and
Cu-Mn [31] for suppressing IMC growth have also been reported. The effects of various surface-
finishing materials on the properties and reliabilities of joints have been reviewed and reported [32—

35].



In previous studies, the effects of IMC thickness and growth at interfaces or joints on the
mechanical [36-38] and electrical reliabilities [38,39] of the joints were observed. Thicker IMCs and
faster IMC growth can degrade the mechanical and electrical properties of joints in electronic

packaging. Therefore, it is critical to suppress the growth of IMCs at such joints.

1.3 Lead-free solders in automotive electronics

Since 2002, because of environmental concerns, the European Union (EU) has been
implementing and enforcing regulatory legislation prohibiting the use of toxic substances, including
Pb, in electronic products [40]. For example, eutectic Tin-lead solder used in typical electronic
products has been successfully substituted with SAC305 lead-free solder. However, because of the
new restrictions on the use of Pb, such as the end-of-life vehicles (ELV) Directive, which prescribes
that lead-bearing solder may not be used in automotive electronic components as of January 1, 2016,
lead-free soldering has become a significant issue in the field of automotive electronic components
[41,42]. As is well known, the performance of SAC solder is superior in terms of its wettability and
operating temperature. However, owing to the presence of a AgsSn intermetallic compound (IMC)
with high brittleness in the matrix, SAC solder has poor thermal reliability, which is a serious threat
because solder joints are continuously exposed to thermal shock [43]. Basically, automotive electronic
components require a higher level of reliability because the environment they are used in is more
severe than that of typical electronic components. In particular, the electric control units (ECUs) in
vehicles are exposed to more severe thermal shocks and thermal vibration conditions. For example,
ECUs around the transmission and engine are subject to vibrations of 3 Grms to 20 Grms, and their
operating temperatures are approximately 130 °C [44]. General Motors Global Research and Delphi
Delco Electronic Systems described the automotive environment for electronics and actuators as
shown in Table 1.1. In particular, the temperature range in the underhood is -40 to 125 °C. Therefore,
Some Pb-free solders have been suggested to replace SAC solder, like Sn-3.5Ag, Sn-Au, Sn-Sh, Sn-
Cu, and Sn-Zn solders. However, these have all had problems under actual operating conditions. For

example, Sn-Au alloy has a high cost for raw materials due to usage of Au metal. Zn and Al-based
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alloys exhibit poor wettability due to their strong susceptibility to oxidation [45,46]. Bi-based alloy
has limited uses because of poor mechanical properties and a low melting temperature [47]. Cost is
another important factor in the adoption of solders for practical electronic applications [48,49]. Sn-Cu
solder has a low cost, relative high melting temperature and moderate mechanical properties.

However, disadvantages of the Sn-0.7Cu solder are a relative low wettability and reliability.

1.4 Issues on solder joints reliability in automotive electronics

The Sn-Ag-Cu system is used as a Pb-free solder alloy composition in automotive
electronics, as in the electrical and electronics industry. However, this composition exhibits lower
ductility compared to the conventional Sn-Pb solder composition and forms highly brittle joints due to
the rapid growth of AgsSn, making it unsuitable for automotive solder application exposed to
continuous vibration [50]. Therefore, there is an urgent demand for alloy development that addresses
the complex destructive conditions applied on automotive electronics solder joints by simultaneously
improving high-temperature reliability, thermal cycling and high vibration characteristics. Recent
studies have actively investigated solder alloys doped with a trace of multiple elements [51-56].
Particularly, it is known that doping alloying elements is only effective when an amount within a
specific range is introduced. In other words, doping alloying elements more than necessary forms
precipitates with Sn in the solder, which enlarge through the subsequent aging process and promote
brittle fracture [57-60]. Therefore, it is preferable to add minor doping elements only in small
guantities to the extent of their solubility limit in the Sn base, or to disperse them in the matrix
without dissolving them in the base metal, resulting in dispersion strengthening [61-63]. In addition,
as it is difficult to improve high-temperature reliability, thermal cycling and high vibration
characteristics simultaneously by adding only one alloying element, a combination of alloying
elements must be added. In this case, it is important to note that the solubility limit of each element
may change. In specific compositions of alloying elements, very unusual mechanical properties of
decreased hardness and increased ductility are observed; such properties may serve as an effective

factor for thermal cycling, high vibration and other characteristics [64].
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Meanwhile, the type of pad finish is another key factor in determining the reliability of
solder joints [65]. Since a thick Au finish or a pad finish containing Au significantly increases the
brittleness of the solder joint, it is desirable to restrict its usage. Therefore, the OSP finish, low in
production cost and free of Au, is recommended as a pad finish for application to automotive
electronics. However, when an OSP/Cu pad is used, special measures are required to suppress the

Kirkendall void [66—69].

1.5 Effect of trace elements on properties of solder

Many control methods have been proposed to suppress IMC growth at solder joints in
electronic packaging. Tsao added TiO; particles to a Pb-free solder alloy and reduced the diffusion
coefficient [70]. Methods for suppressing IMC growth by adding minor elements such as In [71] and
Zn [72,73], Cr [74,75], AISi [76] to Pb-free solder alloys have been proposed. Jee et al. [77,78]
reported the effect of Zn on suppressing IMC growth and improving the reliability of solder joints.
The effects of impurities and minor alloying elements in Pb-free solders on interfacial reactions and
IMC growth were reviewed [79-81]. The influence of nanoparticles reinforcing Pb-free solders were
also examined [82]. Various Pb-free solders containing minor elements and particles are shown in
Table 1.2 [81]. In this study, the joint properties were evaluated after the addition of trace elements to

improve the performance of the Sn-Cu solder.

1.6 Characteristics of Sn-Cu alloy system with Cr and Al additions

Sn-Cu eutectic alloys exhibit two intermetallic compounds, CusSns and CuzSn, as shown in
Figure 1.3, at typical soldering temperatures of 300 °C or below [83-85]. Through a preliminary
investigation, elements possibly inducing precipitation or dispersion strengthening without
considerably affecting the liquidus and solidus when added to the Sn-Cu eutectic composition were

considered.



Table 1.1 The automotive environment [44].

Driver interior

40T to+85T

Underhood

-40C to+125T

Temperature On-engine

-40TC to+150C

In the exhaust and
Combustion areas

-40C to +200-600C

During assembly (drop

Mechanical Shock test) 3000g

On the vehicle 50-500g
Mechanical Vibration 159, 100Hz to 2kHz
Electromagnetic Impulses 100 to 200V/m

Common

Humidity, salt spray

Exposure to A
In some applications

Fuel, oil, brake fluid,
transmission fluid, ethylene
glycol, exhaust gases

Table 1.2 Various Pb-free solders added minor elements and particles [81].

Melting Solidus Liquidus
Solder (weight per cent) temperature, Ty, (°C) temperature, T (°C) temperature, T, (°C)
60Sn-40Pb 183 183 187
Sn-3.5Ag (SA) 223 221 221
Sn-3.8Ag-0.7Cu (SAC) 217 217 217
Sn-3.9Ag-0.1Cu (SAC) 220.40 217.31 222.71
Sn-3.0Ag-0.5Cu 217.64 217.64 217.64
Sn.3.5Ag-0.5Cu (SAC) 221.58 - 216.92
Sn-3.8Ag-0.7Cu (SAC) 217.73 - -
Sn-1.1Ag-0.45Cu-0.25Mn - 217.39 227.63
Sn-1.07Ag-0.58Cu-0.037Ce - 217.65 226.14
Sn-3.8Ag-0.7Cu-0.5Zn 216.23 212.06 -
Sn-3.8Ag-0.7Cu-1Zn 216.65 212.61
Sn-3.8Ag-0.7Cu-1.5Zn 216.86 21332 -
Sn-3.0Ag-0.5Cu-0.25Al,0, 2223 - -
Sn-3.0Ag-0.5Cu-0.5Al,0, 222.7 - -
Sn-3.0Ag-0.5Cu-1Al,0, 223.0 - -
Sn-3.8Ag-0.7Cu-2Bi 213.08 - -
Sn-3.8Ag-0.7Cu-4Bi 206.48 - -
Sn-3.0Ag-0.5Cu 0.25Ti 220.95 - 216.73
Sn-3.0Ag-0.5Cu-0.5Ti 220.86 - 216.75
Sn-3.0Ag-0.5Cu-1Ti 219.47 - 216.59
Sn-3.5Ag-0.7Cu-0.5TiO, 2241 217.7 -
Sn-3.0Ag-0.5Cu-0.5Zr0, - 217.08 221.63
Sn-3.0Ag-0.5Cu-1Zr0, - 21712 221.65
Sn-3.0Ag-0.5Cu-3Zr0, - 217.25 221.95
Sn-3.0Ag-0.5Cu-0.55rTi0, 217.7 - -




In this study, the improvement of the mechanical properties due to the increased melting
temperature and modified microstructure of the alloy with the addition of trace elements such as Cr

and Al(Si) compounds was expected.

While Cr has a density similar to that of Sn, it has a high melting point and is known to
provide high oxidation resistance in Fe, Zn and Ni-based alloys [86,87]. Moreover, a study has
reported that the addition of Cr to the SnBi solder in the range of 0.1-0.2 wt.% noticeably inhibits the
growth of intermetallic compounds [88]. Based on the Cr-Sn binary phase diagrams reported in

previous studies, there is no Cr solubility in Sn at room temperature as shown in Figure 1.4 [89,90].

In the case of Cr-doped alloys, several methods for producing master alloys have been
proposed [91,92]. However, the conditions for producing the master alloy differ with the amount of
base alloy and additives. Nevertheless, the common point between these methods is that the material
is melted in an induction furnace in an inert gas atmosphere and homogenized at a constant

temperature.

It has been reported that the addition of Al improves the wettability and increases ductility
and toughness, enhancing the drop property [93-95]. Si is reported to have the effect of suppressing
the voids generated between Cu and CusSn when alloyed to Sn base solder [96]. The method of
alloying AI(Si) does not significantly differ from that of Cr [97]. However, the process conditions
must be set in consideration of the melting point and the oxidation properties of the doping elements.
Figure 1.5 is a Sn-Cu-Al binary diagram [98]. The eutectic temperature is approximately 226.8 °C
and is calculated as 229.2 °C, 229.4 °C and 230.1 °C according to 0.01 wt.%, 0.03 wt.% and 0.05

wt.% of AI(Si), respectively.
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1.7 Research purpose

As described, there are many issues in electronic packaging. Interfacial reactions and
intermetallic compounds (IMCs) can affect the properties and reliability of joints between solder and
substrate. The immoderate growth of IMCs can degrade the joint properties and reliability. Therefore,
it is important to control and suppress interfacial reactions and IMC growth. In this dissertation, new
approaches are suggested to improve the interfacial characteristics of solder joint in electronic

packaging for automotive.
Chapter 1, described the research back ground of my study.

Chapter 2, proposed a method of producing master alloys by adding a small amount of Cr
and AI(Si) to the Sn-Cu eutectic solder. The master alloy was fabricated in a solder ball shape to

produce bonding samples. This chapter also evaluated the basic properties of the alloy containing

-1 -



trace alloying elements and discussed the results.

Chapter 3, discussed the doping effects of Al(Si) on the Sn-Cu eutectic solder, focusing on
the interfacial intermetallic compound behavior. This chapter also discussed the interfacial
intermetallic compound’s formation, growth and mechanical properties regarding the AI(Si) doped
solder on the Cu substrate under various thermal stresses after fabricating the test coupon through

reflow.

Chapter 4, discussed the doping effects of Cr on the Sn-Cu eutectic solder, focusing on the
interfacial intermetallic compound behavior. This chapter also discussed the formation and growth
behavior of the interfacial intermetallic compound regarding the Cr doped solder on the Cu substrate

under various thermal stresses after fabricating the test coupon through reflow.

Chapter 5, discussed the calculation of the activation energy using the intermetallic
compound growth results in the SC-Cr/Cu joint. In addition, after the activation energy calculation,
the acceleration factor was calculated based on the intermetallic compound growth behavior under

thermal shock.

Chapter 6, the shear strength of SC-Cr/Cu joint was evaluated after thermal treatment. In

addition, after the shear tests, fracture behavior of interface was analyzed.

In Chapter 7, an overall summary and conclusion of this dissertation are given.
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Chapter 2

Fabrication of trace element addition solder alloys

2.1 Introduction

As mentioned in Chapter 1, in lead-free solder alloys, various elements are added to the Sn
base solder to control the properties of the alloy [1-9]. The additive elements should be easy to obtain
and inexpensive, and should not deteriorate the basic properties of the alloy when added.

This chapter proposes that Cr and AIl(Si), which can be more easily supplied than noble
metals, are added in small amounts to the Sn-Cu solder to obtain the effect of dispersion hardening or
precipitation hardening [10,11]. After fabricating the Sn-Cu solder alloy to which Cr and Al(Si) were
added, we analyzed the components and confirmed that Cr and Al(Si) showed the desired alloy
composition. A solder ball was additionally fabricated to fabricate the reflow samples. We then

measured the melting point and hardness to evaluate the basic properties of the fabricated solder alloy.

2.2 Experimental procedures

2.2.1 Fabrication of Sn-Cu-Cr alloy
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Pure Sn (99.9 %), Cu (99.9 %), and Cr (99.9 %) were used to prepare a parent alloy, and the
amount of Cr was controlled at 0.2 wt.%. Because these three elements have different densities and
specific gravities, problems may occur during the casting process. Thus, more precise compositional
control is required. First, to prepare a Sn-Cu alloy, pure Sn and Cu were dissolved at 500 °C in a
vacuum furnace filled with argon gas, and further cooled in air. The Sn-Cu alloy and Cr were then
dissolved together. The alloy was heated to 1,100 °C and mixed thoroughly for 20 min. The alloy was
then cooled to 600 °C, and then subsequently air cooled to 50 °C, the heat treatment profile of which
is shown in Figure 2.1. After the alloying procedure, the molten solder in the crucible was
homogenized at 600 °C for 1 h. The chemical composition of the prepared alloy was analyzed using

Inductively Coupled Plasma Spectrometer (ICP) and the results are shown in Table 2.1.

2.2.2 Fabrication of Sn-Cu-Al(Si) alloy

Pure Sn (99.9 %), Cu (99.9 %) and 0.01-0.05 wt.% AI(Si) alloy were used as raw materials.
The Al contents was controlled in the range of the ppm level. Pure Al has poor machinability to
weight and alloy during the casting process. Here, the commercial Al alloy 4047 (MKE Co., Ltd) was
selected to easily alloy minor Al(Si) contents due to its high machinability. In addition, it decreases
the alloying cost and reliability issue together with eliminating the use of Ag. First, pure Sn and Cu
were melted at 500 °C to produce Sn-0.7Cu alloy in a vacuum furnace charged with argon gas, and
cooled in air. Then, Sn-0.7Cu alloy and AI(Si) alloy were melted together. The profile of the heat
treatment is shown in Figure 2.1. The alloy was heated to 900 °C and melted completely and mixed
for 20 min. Then, the alloy was furnace-cooled down to 600 °C and air-cooled down to 50 °C
sequentially. After the alloying procedure, the molten solders in the crucible were homogenized at
600 °C for 1 h. Four systematic solder alloys were produced: the Sn-0.7Cu reference alloy, together
with  Sn-0.7Cu-0.01AI(Si), Sn-0.7Cu-0.03Al(Si) and Sn-0.7Cu-0.05Al(Si). The chemical
compositions of the produced alloys were analyzed using Inductively Coupled Plasma Spectrometer

(ICP) and the results are shown in Table 2.1.
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Table 2.1 Composition of solder alloy with minor Cr and Al(Si).

Solder alloy Cu Cr Al Si
(wt. %) (wt. %) (wt. %) (wt. %)

Sn-Cu-0.2Cr 0.6640 0.1750 - -
Sn-Cu-0.01AI(Si) 0.6527 - 0.0140 0.0014
Sn-Cu-0.03AlI(Si) 0.6620 - 0.0307 0.0030
Sn-Cu-0.05AlI(Si) 0.6857 - 0.0473 0.0056

Table 2.2 Results of wetting balance test.

Solder alloy Wetting time(sec) Wetting force(mN)
Sn-Cu 2.71 5.81
Sn-Cu-0.2Cr 2.82 5.13
Sn-Cu-0.01AI(Si) 2.81 5.26
Sn-Cu-0.03AI(Si) 2.55 5.58
Sn-Cu-0.05AI(Si) 2.54 4.63

2.2.3 Sample preparation for evaluation of basic properties

The master alloys were made by induction heating in a high-vacuum argon atmosphere.
Then, solder balls with diameters of 300 pum were fabricated. The test modules were fabricated by
reflow process with the solder balls. As shown in Figure 2.2, the sample was prepared by extruding
alloys with punching. To measure the melting temperatures of the three solder materials, differential
scanning calorimetry (DSC, Perkin-Elmer, Inc, TA Q10) analysis was performed. Approximately 8 mg
samples of the three solder alloys were used for the DSC analysis. The measurement was carried out
in three steps. First, the sample temperature was stabilized at 50 °C, and then it was increased up to
300 °C at a rate of 10 °C/min. Finally, the temperature was cooled down to 100 °C at a rate of
10 °C/min to check the heat flow and analyze the endothermic and exothermic reactions. The
hardness of the trace elements added alloys was measured using a vicker’s hardness tester (Mitutoyo,

Inc, HM-210A).
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Figure 2.1 Temperature profile of Sn-based solder with added Cr and Al(Si).
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Figure 2.2 Schematic diagram of cold-rolling and punching.

2.3 Results and discussion

2.3.1 Melting behavior

As is well known, the melting point of Sn-Cu eutectic composition is 227 °C [12,13] and
SAC305 is 217 °C [14,15]. The addition of Cr and AI(Si) to Sn-Cu resulted in 3 to 4 °C increase in
melting temperature due to reduction of under-cooling. DSC curves for each alloy are shown in

Figure 2.3 and Figure 2.4.
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2.3.2 Wetting Characteristics

To quantitatively evaluate wettability, the wetting force and wetting time of the alloys
were measured using the wetting balance method. The 0.2 wt.% of Cr-added solder showed slightly
lower wettability than the Sn-Cu solder. Similar wettability was seen with 0.01 wt.% and 0.03 wt.%
of Al(Si) doping, and rather decreased at 0.05 wt.% (Table 2.2). In addition, the 0.05 wt.% of Al(Si)
composition caused a problem of deteriorating the fluidity of the alloy and of increasing oxidation
properties in the remelting process for the fabrication of solder balls. Therefore, this study evaluated

the compositions of 0.01 wt.% and 0.03 wt.%, excluding 0.05 wt.%.

The spreadability evaluation of the solder through the contact angle measurement can be

expressed by the following formula [16]. (JIS Z 3197 Standard):

_D-H

S e (L (2.1)

where S is the rate of solder spreading, H is the height of spread solder, and D is the
diameter when the solder used is assumed to be a sphere. 1.2407V'? is thus applied, where V is the
mass/specific gravity. Figure 2.5 is a result of measuring the wetting angle of Sn-Cu-Cr and Sn-Cu-
AI(Si) using a contact angle tester. As a result, Sn-Cu-Cr and Sn-Cu-Al(Si) were 81 % and 83 %,

respectively, exhibiting slightly higher spreadability in the Al(Si) added solder.

2.3.3 Microstructure and hardness

After solidification, the solder matrix is composed of B-Sn dendrites, eutectic areas, and
some large precipitated IMC [17,18]. Figure 2.6 and 2.7 shows the typical microstructures of the as-
solidified Sn-Cu alloys. Initial microstructures are composed of B-Sn regions surrounded by eutectic
networks with spherical Cue¢Sns IMC particles. However, with the increasing Cr and Al(Si) content,
refined eutectic B-Sn + Cu-Sn IMC networks were observed (Figure 2.6, 2.7). Although the trace
element content was very small, the Cr and Al(Si) effectively disturbed the formation of the eutectic

B-Sn + Cu-Sn IMC networks. Because of the small amount of additions, Cr and Al(Si) could not be
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observed the IMC particles or precipitation using SEM. Therefore, observations of Cr and Al(Si)

using STEM are described in Chapters 3 and 4, respectively.
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Figure 2.3 DSC curve of Sn-Cu-0.2Cr solder.
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Figure 2.4 DSC curve of Sn-Cu-0.01AlI(Si) and Sn-Cu-0.03AlI(Si) solder.
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Figure 2.7 Microstructure of Sn-Cu, Sn-Cu-0.01AI(Si) and Sn-Cu-0.03AI(Si).
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Figure 2.8 Hardness of SAC305, Sn-07Cu, Sn-Cu-0.2Cr, Sn-Cu-0.01AI(Si) and Sn-Cu-0.03AlI(Si).

In case of SAC305, during soldering, Cu and Ag are dissolved in solder matrix, and due to
the great difference in solubility, they precipitate during cooling in the form of AgszSn and CueSns
IMC, dispersing in solder matrix to form eutectic areas, as shown in Figure 2.6 and 2.7. Because
these IMC is much harder than the solder matrix, these dispersed IMC could act as second-phase
particles to pin the dislocation and block the crack propagation generated in shear test process,
therefore enhancing the joint strength. It is known that more IMC exist in SAC305 solder than that in
SC07 and SC-Cr solders. Correspondingly, Figure 2.8 shows the SAC305 solder exhibited higher

hardness and strength than the other two solders in the case of a low shear speed.

2.4 Conclusion

In order to improve the properties of the Sn-Cu eutectic solder, alloys containing Cr and
AI(Si) were prepared. The alloys were produced using a vacuum induction furnace; the content of Cr
was 0.2 wt.% and the content of Al(Si) was 0.01 wt.% to 0.05 wt.%. The alloys were then fabricated

in the form of solder balls for reflow samples. The melting point of the alloy doped with Cr and Al(Si)
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was approximately 230 °C, approximately 3 °C higher than that of the Sn-Cu eutectic alloy. The
wettability evaluation using the wetting balance method showed similar wetting characteristics to the
Sn-Cu eutectic alloy. In the spreadability evaluation using the contact angle test, Al(Si) was slightly
higher than Cr. For the microstructure of the solder, the -Sn + Cu-Sn IMC networks were observed to
be effectively dispersed after the addition of Cr and Al(Si). Hardness was similar to the Sn-Cu eutectic

and lower than SAC305. SAC305 showed the highest initial hardness as Ag;Sn was finely dispersed.
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Chapter 3
Interfacial reactions and mechanical properties of SC-AI(Si)/Cu solder

joint

3.1 Introduction

In this chapter, the eco-friendly Sn-0.7Cu-(0.01, 0.03 wt%)AI(Si) solder composition with a
melting point of 230 °C was developed as a highly reliable joint material, and its thermal reliability
and the characteristics of the joint were analyzed according to the Al(Si) content. Moreover, the inside
of the solder was analyzed and the joint interface response was observed to evaluate the applicability

of the developed solder as a high-temperature joint material for automotive electronic components.

3.2 Experimental procedures

3.2.1 Fabrication of solder joint sample
The solder joint samples were fabricated by reflow process with the solder balls. The
substrate material of test module was FR4 PCB, and the metal pad was Cu with an organic
solderability preservative (OSP) surface finish. Figure 3.1 shows the schematic illustration of the

assembling process for the solder ball mount sample. The thickness of the OSP layer was
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approximately 0.3 um. The size of Cu opening pad was approximately 230 pm, and its thickness was
about 20 pm. To avoid oxidation during the reflow process, flux was coated on the Cu pad. The reflow
process was carried out by using an infrared 9-zone reflow machine. The conditions of reflow process
are shown in Table 3.1. The peak temperatures of the Sn-0.7Cu and Sn-0.7Cu-Al(Si) solders were 255
and 260.5 °C, respectively. After the reflow process, the test samples were cooled to room temperature
in air. Figure 3.2 shows the schematic graph of the reflow profile for the Sn-0.7Cu-Al(Si) solder.

Figure 3.3 shows the image of actual soldering sample after reflow process.

3.2.2 Multiple reflow processes

Because a solder joint is typically exposed to a multi-reflow process owing to the
characteristics of the manufacturing of the electronic component module, the characteristics of the
solder joint were evaluated by repeating the reflow process up to 10 times. For the interfacial reaction,
the reflow process was performed for 40 s above 227 °C, the melting temperature of Sn-Cu-Al(Si),
with a peak temperature of 260.5 °C in a N2 atmosphere in a reflow oven (1809EXL; Heller, Florham

Park, NJ, USA).

3.2.3 Analysis of interfacial reaction and IMC growth

The microstructure of the IMC was observed using scanning electron microscopy (SEM,
Hitachi S-4700) and energy dispersive X-ray spectroscopy (EDX, EDAX Genesis XM2 60). For the
cross-sectional observations, the reflowed samples were polished with SiC paper and an Al.O;
polishing solution and then etched with a solution of 95 % C,HsOH—3 % HNOs—2 % HCI (in vol %).
To further observe the thermal stress, the thickness and microstructure of the IMC were measured
using cross-sectional images according to the following procedure [1]: (i) an SEM image of each
sample was obtained at the appropriate magnification, (ii) the grayscale SEM image was enhanced
using Adobe Photoshop to identify the interfaces between the different layers, and (iii) the mean

thickness (Hmc) of the individual layers was calculated using the following equation:
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HlMC=HSEMxN|MC/NSEM ..................................................... (3.1)

Where Hsgy is the actual height of the SEM image, and Nivc and Nsgm are the numbers of
pixels in the IMC layers and the entire image, respectively. In addition, top-view images of the
interface were obtained by deep-etching the samples with a solution of 10% HNOs—90 % deionized

water (vol. %).

Table 3.1 Reflow conditions for each solder.

. . Duration time above Peak reflow
Solder Pre-heating Time(s) melting temperature(s) temperature(°C)
Sn-0.7Cu 73 47 255
Sn-0.7Cu-Al(Si) 73 47 260.5

o

Flux coat

4

Reflow Solder ball mount

Figure 3.1 Fabrication of ball mount sample.
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Figure 3.2 Reflow temperature profile for Sn-Cu-Al(Si) solder.
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Figure 3.3 Images of actual sample for (a)Sn-Cu-0.01A1(Si) and (b)Sn-Cu-0.03 Al(Si) after reflow.
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Figure 3.4 Schematic illustration of solder ball shear test.
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3.2.4 Evaluation of mechanical properties

To evaluate the mechanical properties of solder joints after thermal storage and multiple
reflows, ball shear tests were conducted at shear heights of 50 um with shear speeds of 0.01, 0.1, and
1 m/s using a bonding tester (PTR-1101, Rhesca Co.). Figure 3.4 showed Schematic illustration of
solder ball shear test. The shear force value was estimated based on the average of 20 trials or more.

After shear testing, the fracture surfaces were observed in top and cross-section views using SEM.

3.2.5 Isothermal aging

Electric furnace was used for isothermal aging, and the temperatures was 100 °C, 125 °C,
and 150 °C. And then the IMC growth and mechanical properties of the interface was observed after

aging and multi-reflow (1809EXL; Heller, Florham Park, NJ, USA).

3.3 Results and discussion

3.3.1 IMC formation and growth under various thermal aging conditions

Figures 3.5 — 3.7 show the IMC growth kinetics of SC-0.01AI(Si) and SC-0.03AI(Si)
solders during isothermal aging. Previous studies suggest that adding approximately 1 wt.% of Al to
the Sn-base solder inhibits the growth of IMC and increases its mechanical strength [2,3]. With As-
reflow, the solders with Al(Si) added showed the reduced total IMC thickness in comparison to
SCO07/Cu. This difference was most pronounced at temperatures of 100 °C and 125 °C. At 150 °C
however, all three systems did not show any large differences. This is attributed to the accelerated
interdiffusion of Sn and Cu due to the formation of CueSns micro grains on the interface, which is
further expected to be emphasized at higher temperatures [4,5]. Furthermore, increased aging duration
results in the formation of Kirkendall voids at the interface of the Cu substrate and CusSn [6-10]. The
three systems did not show any noticeable differences of this phenomenon. Figures 3.8 — 3.10 show
the changes in the IMC thickness with respect to duration at different aging temperatures.

The initial total IMC thickness at all aging temperatures was 2 to 3 um. As the aging time
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increased, the total IMC thickness increased due to the growth of the IMC; the growth rate increased
with increasing temperature. There was no large difference in CusSn thickness between the SC07/Cu
and SC-AI(Si)/Cu joint. While CusSns was slightly thinner in the SC-AlI(Si)/Cu joint than the
SCO07/Cu joint at 100°C and 125°C, at 150°C, no difference was measured. One characteristic is that
the CueSns IMC did not show much growth after aging, whereas the rapid diffusion of Cu greatly
accelerated the growth of CusSn. As a result, under aging, compared to the CusSns, the growth of

CusSn led to the growth of the total IMC, results similar to that observed in the SC-Cr/Cu joint in

Chapter 4.
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Figure 3.5 Cross-sectional microstructures of solder joints during isothermal aging at 100 °C.
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3.3.2 IMC formation and growth under multi-reflow conditions

Figure 3.11 show the IMC growth kinetics of SC-0.01Al(Si) and SC-0.03AI(Si) solders
during multi-reflow. Compared to the SC07/Cu joints, the SC-AI(Si)/Cu joints showed thinner initial
IMC thicknesses. The growth rate, which is dependent on the number of reflows, was also shown to
be slower. This is in agreement with studies that suggest adding Al to Sn-based solders inhibits the
IMC growth in multi-reflow environments [11]. Furthermore, the shape of IMC layer changed from
an initial scallop shape to a flat shape. The thickness of CusSn did not differ among the three systems,
suggesting that the total IMC thickness is solely dependent on the growth of CugSns.

Previous studies have demonstrated that diffusion through CueSns grain boundaries is much
faster in liquid solder/solid copper reactions than in solid solder/solid copper reactions [12,13].
Multiple reflow is a liquid/solid reaction and isothermal aging is a solid/solid reaction. Therefore, the
IMC growth rates should be compared in different reaction systems. The initial total IMC thickness
was thinner in the SC-AI(Si)/Cu joint than the SC07/Cu joint in both reaction systems. In addition, in
isothermal aging, the SC-AI(Si)/Cu joint showed a total IMC thickness of approximately 4 pum at
approximately 700 hours and 125 °C and at 100 hours and 150 °C. However, in multi-reflow, the
thickness grew to 4 um after only 10 cycles. Ten reflow cycles corresponds to approximately 1 hour.
As a result, in all systems, multi-reflow (liquid/solid reaction) showed a much faster diffusion rate

than isothermal aging.
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Figure 3.11 Cross-sectional images at the interface during multi-reflow process.
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3.3.3 Shear strength of solder joint and fracture mode

Basically, the shear strength of the solder joint is affected by the solder material and the
surface properties. Ductile failure occurs when the strength of the solder is lower than the strength of
the interface, whereas brittle failure occurs when the strength of the solder is higher than the strength
of the interface [14]. To evaluate the effects that the Al(Si) had on the internal structures of the solder
and the interface, the shear strength was measured at various shear speeds. Figures 3.12 — 3.14 show
the shear strength with respect to shear speed during aging. Due to the IMC thickness and Kirkendall
voids, the shear strength did not vary much among the three systems. With post multi-reflow,
however, higher shear strengths were observed at shear speeds greater than 0.1 m/s for SC-0.01AI(Si)
and SC-0.03AI(Si) joints in comparison to SCO7/Cu. Figure 3.15 shows the shear strength

measurements with respect to shear speeds.

Figure 3.16 shows the results of fracture surface analysis after shear-strength measurements
according to multi-reflow. At lower speeds (0.01 m/s), all the joint systems underwent ductile failure
in the solder. At speeds of 0.1 m/s or more, an increased number of brittle failures were observed.
This is attributed to the brittle nature of the thick IMC layer formed at the interface, which displays

lower strengths at higher shear speeds where the shear stress is concentrated at the interface [15].
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Figure 3.16 Fracture surfaces of the solder joints under various shear speeds during multi-reflow.

3.3.4 Effect of Al(Si) addition on interfacial IMC

Figure 3.17 shows the EMPA mapping results of the As-reflow sample. The joint systems
with AI(Si) added show a wider spread of CueShs particles in comparison to the SC07/Cu system.
Furthermore, increased instances of Al(Si) particles were observed within the solder for samples with
higher AI(Si) content. Previous studies suggest that adding Al to Sn-Cu binary solders or SAC solders

results in the preliminary solidification of CussAli; phase, which further aids in the formation of
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refined B-Sn + CusSns network [16]. Figure 3.18 is the SAED pattern image of the IMC within the
SC-AI(Si) solder prepared using TEM. Components such as Al.Cu, Sn-Cu-Al, and CugSnhs were

observed.

SC07/Cu

SC-0.01AI(Si)/Cu

SC-0.03AI(Si)/Cu

Al,Cu (tetragonal, 14/mcm) Cu;(Al0.758n0.25) (cubic, Fm-3m) CugSn; (monoclinic, c2/c)
ZA=[2-43] ZA=[-332] ZA=[335]

Figure 3.18 Result of SAED pattern analysis for Sn-Cu-Al(Si).
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3.4 Conclusion

In this chapter, the IMC growth mechanism and the mechanical properties of SC-Al(Si)/Cu
interface were evaluated. Under As-reflow conditions, the SC-AI(Si)/Cu joints showed inhibited IMC
growth in comparison to SC07/Cu joints. This is attributed to the delayed formation of CusSns due to
the Cu-Al phase solidification. Thermal aging and multiple reflow techniques were used to treat the
solder joint samples. SC-Al(Si)/Cu joints and SC07/Cu joints did not show any significant differences
in both the IMC growth speed and Kirkendall void formations during the aging process. With multi-
reflow, however, the total IMC growth rates were observed to be slower for SC-Al(Si)/Cu joints. The
inhibited IMC growth for SC-Al(Si)/Cu joints resulted in higher shear strength compared to the
SCO07/Cu joint. In summary, the SC-AI(Si)/Cu joint did not show excellent performance compared to
the SCO7/Cu joint in isothermal aging, and shear strength greatly decreased as aging time and
temperature increased due to the Kirkendall voids. However, an inhibition effect on IMC growth was
observed in multi-reflow, resulting in slightly higher shear strength compared to the SC07/Cu joint.
As shear speed increased, the difference in strength widened. Through EPMA mapping, compounds
such as Cu-Al and Cu-Sn were observed throughout the internal structure of the solder. Additionally,
the SAED pattern analysis using TEM showed that there exist other phases in the solder other than

CusSns, which were determined to be compounds such as Al,Cu and Sn-Cu-Al.
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Chapter 4

Interfacial reactions and mechanical properties of SC-Cr/Cu solder joint

4.1 Introduction

Recently, several research groups have focused on developing composite electronic
interconnect materials doped with metallic [1-7] and ceramic [7-9] particles to control their
interfacial microstructure and mechanical properties. For example, a trace amount of Cr in lead-free
Sn-Zn solder could repress the atomic diffusion and therefore reduce the interfacial IMC growth [5,6].
However, the effect of Cr addition in the Sn-Cu/Cu joint has not been systemically evaluated in the
literature.

In this chapter, to be better consistent with the practical application environment, the Sn-
0.7Cu-0.2Cr solder was fabricated as BGA (ball grid array) solder balls and soldered on the prototype
modules. After cycles of thermal shock testing, the microstructure evolution of the BGA solders was
observed and the shear strength of the solder balls was measured. In addition, to evaluate the
reliability of the Sn-0.7Cu-0.2Cr solder for the automobile electronics application, the microstructure
and shear strength variation of the commercial SAC305 and SCQ7 solders under multi-reflow, thermal

aging and shock conditions were evaluated for comparison.
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4.2 Experimental procedures

4.2.1 Fabrication of solder joint sample

The solder joint samples were fabricated by reflow process with the solder balls. The
substrate material of test module was FR4 PCB, and the metal pad was Cu with an organic
solderability preservative (OSP) surface finish. Detailed information of experimental procedures on
the reflow assembling process of Sn-Cu-Cr solder can be found in Chapter 3.2.1. The conditions of
reflow process are shown in Table 4.1. The peak temperatures of the Sn-3.0Ag-0.5Cu, Sn-0.7Cu, and
Sn-0.7Cu-0.2Cr solders were 250, 255, and 260.5 °C, respectively. After the reflow process, the test
samples were cooled to room temperature in air. Figure 4.1 shows the schematic graph of the reflow
profile for the Sn-0.7Cu-0.2Cr solder. Figure 4.2 shows the image of actual soldering sample after

reflow process.
4.2.2 Multiple reflow processes

Because a solder joint is typically exposed to a multi-reflow process owing to the
characteristics of the manufacturing of the electronic component module, the characteristics of the
solder joint were evaluated by repeating the reflow process up to 10 times. Detailed information of
experimental procedures on the multi-reflow method of Sn-Cu-Cr solder can be found in Chapter

3.2.2.
4.2.3 Analysis of interfacial reaction and IMC growth

The microstructure of the IMC was observed using scanning electron microscopy (SEM,
Hitachi S-4700) and energy dispersive X-ray spectroscopy (EDX, EDAX Genesis XM2 60). For the
cross-sectional observations, the reflowed samples were polished with SiC paper and an Al.O;
polishing solution and then etched with a solution of 95 % C,HsOH—3 % HNOs—2 % HCI (in vol %).
Detailed information of experimental procedures on the analysis method of interfacial IMC of Sn-Cu-

Cr solder can be found in Chapter 3.2.3.
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Table 4.1 Reflow conditions for each solder.

. . Duration time above Peak reflow
Solder Pre-heating Time(s) melting temperature(s) temperature(°C)
Sn-3.0Ag-0.5Cu 107 53 250
Sn-0.7Cu 73 47 255
Sn-0.7Cu-0.2Cr 73 47 260.5
280 oo — Set temp.
260.5 |- e —— Real temp.
o
Q_ 210 [---mmemmmmemem e .
=¥} '
h L]
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Figure 4.1 Reflow temperature profile for Sn-Cu-Cr solder.

Figure 4.2 Images of actual sample for SC-0.2Cr solder after reflow process.
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4.2.4 Isothermal aging and thermal shock

The aging temperatures were set to 100 °C, 125 °C, and 150 °C. The thermal shock
conditions were set to -40 to 85 °C, -40 to 125 °C and -40 to 150 °C. The IMC growth and mechanical
properties of the interface was observed after high-temperature shock. Furthermore, Solder joint
samples were tested in a VT 7006 chamber (Votsch, Berlin, Germany) for 500 to 2,000 cycles with

each shock lasting 20 min (JESD22-104; JEDEC, Arlington, VA, USA).

4.3 Results and discussion

4.3.1 IMC formation and growth under various thermal aging conditions

As previously reported, a typical Sn/Cu soldering system has two IMC phases, namely,
CueSns and CusSn phases [10-12]. Figure 4.3 shows a phase diagram for Sn-Cu system. As the phase
diagram shows, two intermetallic layers with CusSns and CusSn phases are clearly observed at a
soldering processing temperature of 350 °C or less, whereas other IMC phases such as Cu4i-Sni; and
Cu10Sns3 are observed at higher temperatures. The CusSns IMC is generated by the reaction between
the Sn atoms present in the solder and the Cu atoms in the substrate (4.1). Because CusSns (77-phase)
has the largest driving force for precipitation at the Cu/Sn interface [13]. In Cu-Sn soldering system,
CusSns (n-phase) precipitates firstly at the solder/Cu substrate interface followed by the precipitation
of CusSn (e-phase) at the CueSns/Cu substrate interface. The growth of the CuzSn IMC layer during
thermal aging is mostly controlled by the interdiffusion between Sn atoms diffused through the
CueSns IMC layer and Cu atoms from the Cu substrate (4.2). The growth of the CuzSn IMC layer may
also be contributed to by Cu atoms diffused through the CusSn to CuzSn/CueSns interface (4.3). Due
to the reaction in equation (4.3), the amount of Cu atoms diffused from the Cu substrate to the

CueSns/solder interface is significantly reduced as the CusSn layer thickens with aging time:

O6CU +5Sn = CUugSng «+oereerrrmrinii (41)

B3CU+ SN — CU3SN «rerreererrrmini e, (42)
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CueSns + 9Cu — SCUZSH srrererrrrrmi (4.3)

Figures 4.4 — 4.6 show the cross-sectional microstructures of the IMC layers formed at the
SAC305/Cu, SC07/Cu, and SC-0.2Cr/Cu interfaces during the thermal aging test. Overall, the
interfacial IMCs became thicker and flatter as the thermal aging increased, and the higher the

temperature, the greater the effect.

At all aging temperature conditions, the SAC305/Cu joint exhibited the thickest total IMC
while the SC-0.2Cr/Cu joint was the thinnest. In the SC07/Cu joint, CusSn grew greatly with aging
time, while the CusSns thickness tended to decrease. However, in the SC-0.2Cr/Cu joint, CuzSn
showed barely any growth and CusSns only slowly increased. In particular, in the SC-0.2Cr/Cu joint,
the CusSn layer grown at 100 °C and 125 °C could not be observed, and could only be observed after
500 hours at 150 °C. The Kirkendall voids that formed in the CusSn and Cu substrate interface were
not observed at 100 °C, though they increased greatly in the SAC305/Cu and SCO07/Cu joints above
125 °C. As a result, under isothermal aging, the SC-0.2Cr/Cu joint showed more effective inhibition

of CuzSn growth than the SAC305/Cu and SC07/Cu joint.
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Figure 4.3 Sn-Cu Phase diagram.
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Figures 4.7 — 4.9 show the changes in grain structures of CueSns according to the thermal
aging time. The results indicate that more smaller grain size is identified in the SC-0.2Cr/Cu joint than
in the SAC305/Cu and SCO07/Cu joints. The scallop-shaped CusSns grains laterally grow until the
CueSns contacts with neighboring grains, and then they grows to vertical direction [14]. The reason of
smaller grain size of CusSns of SC-0.2Cr/Cu joint is seemed that addition of Cr leads to form more

nucleation site during the solidification [15].
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Figure 4.4 Cross-sectional microstructures of solder joints during isothermal aging at 100 °C.
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Figure 4.8 Top views of CugSns IMC during isothermal aging at 125 °C.
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Figure 4.9 Top views of CusSns IMC during isothermal aging at 150 °C.

4.3.2 IMC formation and growth under various thermal shock cycles

Figures 4.10, 4.11 and 4.12 shows the cross-sectional microstructures of the IMC layers
formed at SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu interfaces during thermal shock testing. Generally,
the interfacial IMC became thicker and flatter with increasing thermal shocks. At -40 to 85 °C, neither
CueSns nor CuszSn showed a large increase. However, at -40 to 125 °C and -40 to 150 °C in all three
systems, the total IMC thickness tended to increase due to the rapid growth of CusSn. In the SC-
0.2Cr/Cu joint, despite the increase in thermal shock cycle, though the CusSns thickness tended to
remain steady, the CueSns thickness decreased in the SC07/Cu joint and CusSn greatly increased,
leading the growth of the total IMC. Conversely, the SC-0.2Cr/Cu joint more dramatically inhibited
CusSn growth than the SCO07/Cu joint. Compared with the interfacial IMC formed in the three
reaction systems, the addition of Cr effectively inhibited interfacial IMC growth, especially the CuszSn
IMC growth. Specifically, very few Cu3Sn IMC and Kirkendall voids were detected at the SC-

0.2Cr/Cu interface, even after 2,000 cycles of thermal shock testing, whereas the CusSn and
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Kirkendall voids were significant at the SAC305/Cu and SC07/Cu interfaces after 1,000 cycles.

Fundamentally, the formation and growth of the interfacial IMC growth is caused by the Cu
and Sn diffusion through the interface. To figure out how Cr inhibits the interfacial IMC growth, its
effects on the Cu and Sn diffusion must be clarified. Next, the amounts of Cu and Sn atoms in the

interfacial IMC layers were separately calculated for comparison as follows [16].

Mcy = Teugsng * Pcugsns * Veuscugsns T Tcussn * Pcussn * Vcujcussn  (4.4)

Mspn = Tcugsns ° Pcugsns * Usn/cugsns T Tcussn ° Pcussn ° Usn/Cussn'™ (4.5)

In which M is the total weight of the Cu or Sn element per unit area, T is the thickness of the
CusSns or CusSn layers, v is the weight fraction of Cu or Sn in the CugSns or CusSn molecule and p is
the density of the CuegSns or CusSn IMC, which is 8.45 or 8.97 g-cm?®, respectively [17,18]. The
calculated diffusion rates of Sn and Cu were summarized in Figure 4.13. The Sn diffusion rate are
0.38, 0.14 and 1.49 pg-mm ?/K-cycles in SAC305/Cu, SCO07/Cu and SC-0.2Cr/Cu reactions,
respectively. Correspondingly, the Cu diffusion rates are 3.13, 5.36 and 0.96 ug-mm *K-cycles in
SAC305/Cu, SCO0.7/Cu and SC-0.2Cr/Cu reaction systems, respectively. The addition of Cr slightly
increased Sn diffusion but significantly repressed the Cu diffusion under thermal shock test. From
these results, we believe that Cr inhibited the solid-state interfacial IMC growth primarily through
slowing down the Cu diffusion through the interface. Detailed discussion of this mechanism is
showed in chapter 4.3.5.

It is well known that only the CusSn and CueSns phases are formed at the SAC305/Cu
interface. Therefore, under similar Sn diffusion conditions, a lower Cu diffusion flux leads to
repression of the CusSn layer growth and the Kirkendall void formation at the interface in the SC-
0.2Cr/Cu reaction system, as shown in Figures 4.11 and 4.12. Generally, many Kirkendall voids

would be formed in the interfacial IMC layers, especially in the CusSn layer, with prolonged thermal
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treatment. This is because Cu is the dominant diffusing species in the reaction and the competition in
growth between CusSns and CusSn tends to favor the latter when the ratio of Cu to Sn is large in the
sample [19]. The transformation of 1 molecule of CusShs into 2 molecules of CusSn will leave behind
3 Sn atoms, which will attract 9 atoms of Cu to form 3 more molecules of CusSn. The vacancy flux
needed to transport the Cu atoms will accumulate at the CusSn and Cu/CusSn interface to form
Kirkendall voids, which are undesirable in device applications [19]. Combined with the brittle nature
of the IMC, such void defects could further deteriorate the interfacial connection of the solder joint
under mechanical stress. In this regard, control of CusSn IMC formed at the interface is important.
Therefore, the inhibition of CusSn IMC growth and the Kirkendall formation in the SC-0.2Cr/Cu
reaction system is expected to improve the joint reliability, which will be discussed in the following
section.

Additionally, the Tendency of IMC growth after aging and thermal shock was discussed.
First, the total IMC of the SC-0.2Cr/Cu joint grew to approximately 1.3 um after aging at 100 °C and
125 °C for 1,000 hours. However, at 150 °C, the thickness greatly increased to approximately 4.5 um.
In contrast, under thermal shock, the thickness increased by 0.2 um and 0.5 pm after 2,000 cycles at -
40 to 85 °C and -40 to 125 °C, respectively, and by approximately 2 um at -40 to 150 °C. As a result,
the effect obtained after 2,000 cycles in thermal shock at temperatures of -40 to 150 °C was the same

to that obtained after 500 hours of aging at 150 °C.

- 67 -



SAC305/ Cu

500 cycle

1000 cycle

/ CugSns

10 gm

1500 cycle

2000 cycle

s CugSns
»

10 gm

SC07/ Cu SC-0.2Cr/ Cu

As-reflow

As-reflow

/ CugSng

500 cycle 500 cycle

Cu68n5

>l )
Cu;Sn 10 gm

/ CugSns

10 gm

1000 cycle 1000 cycle

Cu;Sn

1500 cycle 1500 cycle

/ CugSns

CusSn 10 gm

2000 cycle 2000 cycle

/ CugSns

-

10 gm

Figure 4.10 Cross-sectional microstructures of solder joints during thermal shock at -40 to 85 °C.
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Figure 4.13 Plot of diffusivities of Cu and Sn versus thermal shock cycles.

4.3.3 IMC formation and growth under multi-reflow conditions

Figures 4.14 and 4.15 shows the change in IMC at the interface according to the number of
reflows. During the reflow, Cu quickly dissolve into the molten solder because of its high solubility.
So, layer by layer type CusSns and CusSn are formed in Interface [20-22]. Typically, a temperature
profile of reflow consists of preheating, ramping, soaking and cooling zones. At the preheating stage,
the solder is not fully liquefied, thus the diffusion of Sn atoms from the solder to the Cu substrate is
slower. As the concentration of Cu atoms is locally higher than Sn atoms in the surface of Cu substrate,
a very thin &-CusSn (few nm scale) IMC layer is formed at the Cu interface. CusSn could not be
observed by scanning electron microscopy due to short soldering time in reflow process. At the
ramping, the liquid—solid state diffusion between the Sn of the molten solder and the Cu substrate will
started at this time. More Sn atoms will be supplied to the Cu substrate and form a thick #-CusSns
IMC layer on the thin e-CuzSn IMC layer. At the soaking zone (above T, of solder), IMC grains will

continue to grow during this period of time. At the cooling zone, the Cu atoms are precipitated locally
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on top of the existing #7-CusSns IMC interface due to the lower energy state condition [13].

In all diffusion systems, the volume of CusSns grains was increased with a reflow cycle
increase [23]. In comparison between the interfacial IMCs formed in the three reaction systems, the
addition of Cr was shown to effectively suppress the interfacial IMC growth, particularly the growth
of CuszSn IMC.

As mentioned in Chapter 3.3.2, diffusion through CusSns grain boundaries is known to be
much faster in liquid solder/solid copper reactions than in solid solder/solid copper reactions
Therefore, the IMC growth rates should be compared in different reaction systems. First, the total
IMC of the SC-0.2Cr/Cu joint grew by approximately 4.5 um after 1,000 hours of aging at 150 °C,
and approximately 2 pum after 2,000 cycles in thermal shock at temperatures of -40 to 150 °C.
Furthermore, the thickness grew by approximately 1.5 um after 10 multi-reflow cycles. These results
are similar to the total IMC thickness grown after 2,000 cycles at -40 to 125 °C and then 400 hours of
aging at 150 °C. Therefore, the effect of 10 multi-reflow cycles can be considered equivalent to that
obtained after 2,000 cycles in thermal shock at -40 to 125 °C and then 400 hours of aging at 150 °C.
Ten reflow cycles corresponds to approximately 1 hour. As a result, multi-reflow (liquid/solid
reaction) demonstrated a much faster diffusion rate than isothermal aging and thermal shock

(solid/solid reaction).
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4.3.4 Effect of Cr addition on interfacial IMC

As shown in Figure 4.16, Cr compounds can be confirmed near the Sn/CusSns interface in
EPMA mapping. The Cr K signal is detected with Sn L signal together, thus it seems Cr-Sn
compounds. There are no intermetallic phases in an equilibrium phase diagram of Cr-Sn binary
system [24]. However, some reports have suggested meta-stable intermetallic compounds between Cr
and Sn, such as CrSny [25] and Cr,Sns [26]. Koo et al. [27] also presented the presence of CrSna
intermetallic compounds phase near the interface in the minor Cr and Ca adopted Sn-0.7Cu solder

using an EPMA analysis.

In my cases, the size of Cr compounds exhibits approximately under 0.5 pum, which is
smaller than a spatial resolution of SEM based spectroscopy analysis. For more precise analysis on
this Cr compound, we utilized a TEM technique, which can offer a spectroscopic data with the very
fine spatial resolution as well as a diffraction pattern on the same position. An in-situ lift-out method
using a focused ion beam (FIB, JIB-4500, JEOL) was employed in order to prepare a specific-sited
TEM lamellar sample including Cr compounds, where marked with a dotted box in BSE image of
Figure 4.16. A carbon layer with the thickness of 2 pm was deposited on the surface of cross-section
sample prior to FIB milling, and the exact position of Cr was marked by FIB line milling, as shown in
Figure 4.16. The direction of TEM lamellar sample was denoted as that “A” is a solder side and “B”

is a Cu pad side in EPMA (Figure 4.17), FIB (Figure 4.17) and TEM (Figure 4.18) images.

Figure 4.17 shows a scanning TEM (STEM) bright field (BF) image and EDS mapping
results on the Sn L, Cu K and Cr L. Cr compounds located at the interface of CusSns/solder and near
the interface of it. We can infer that these compound is a CrSn; intermetallic compound through the
EDS spot analysis on these compounds (Sn: 69.3 %, Cr: 29.1 % and Cu 1.6 % in atomic percent). A
selected area electron diffraction (SAED) pattern of Cr-Sn compound, obtained from denoted area
with dotted circle in Figure 4.17, shows good agreement with the reported crystal structure of an
orthorhombic CrSn; (space group: Fddd; proto type: Mg,Cu; a=541.7 pm, b=944.0 pm and c=1839.6

pm) intermetallic compound [25]. Thus, it can be identified as CrSn, with the combination of EDS
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point analysis and SAED pattern.

In addition, solder dipping tests were conducted for evaluate the CusSns nucleation behavior
of Cr added solder. Figure 4.18 shows the CusSns IMC grain images observed after dipping the Cu
coupon into the SC07/Cu and SC-0.2Cr/Cu joints under various melting temperature conditions for
one second. The CusSns IMC grain exhibited the smallest grain size at 260 °C for both solders, and
the grain size increased as the temperature increased to 280 °C and 300 °C. Under all reaction
temperatures, the CusSns IMC grains of the SC-0.2Cr/Cu joint were smaller in size than those of the
SC07/Cu joint. Figure 4.19 shows the CusSns IMC grain images observed after dipping the Cu
coupon into the SC07/Cu and SC-0.2Cr/Cu joints under various temperature conditions for three
seconds. For three-second dipping, the size of CusSns IMC increased in both solders compared to one-

second dipping.

S
i
1
i
L
B

Cr compound

b

TEM sampling
position marker

low high
B

— 5 pm

Sn/Cu/Cr mixed

green : Cu blue: Sn red:Cr

Figure 4.16 EPMA mapping results and FIB sampling position image.
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Figure 4.17 EDS mapping result and SAED pattern analysis result.

This is in good agreement with the result of the existing literature that the CusSns grain size
increased under the same temperature as the time increased [27]. The grain size change according to
the temperature showed a tendency similar to that of one-second dipping. The CueSns IMC grain size
was smallest at 260 °C for both solders, and the size increased as the temperature increased. Moreover,
the SC-0.2Cr/Cu joint exhibited the smaller CusSns IMC grain size than the SC07/Cu even when the
dipping time increased. This shows a similar tendency to the result of the existing literature that the Cr

addition to solder suppressed the growth of CusSns IMC at the interface [28].

Figure 4.20 shows the number of CueSns IMC grains per um’ at various reaction
temperatures. At 260 °C, both solders exhibited the highest number of the grains per um?. When
dipping into the SC07/Cu joint was performed for one and three seconds, 3.028 and 1.944 per um?
were observed, respectively. Moreover, when dipping into the SC-0.2Cr/Cu joint was performed for
one and three seconds, 3.306 and 2.361 per um? were observed, respectively. For both solders, the
reaction temperature that produced the smallest number of the grains per um? was 300 °C. When

dipping into the SC07/Cu joint was performed for one and three seconds, 1.222 and 0.611 per um?
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were observed. Moreover, when dipping into the SC-0.2Cr/Cu joint was performed for one and three
seconds, 1.601 and 0.833 per um? were observed. In Figure 4.20, the number of the grains per um?
decreased as the dipping time increased. The figure clearly shows that the SC07/Cu joint exhibited the
smaller number of the grains per um? than the SC-0.2Cr/Cu joint. The "inverted C" shapes of the

curves are in good agreement with the results of the existing nucleation theory [29].

Figure 4.21 shows the average size of the CusSns IMC grains formed at various reaction
temperatures. The average grain size was inversely proportional to the results of Figure 4.20. At
260 °C, the average grain size was the smallest for both solders. When dipping into the SC07/Cu joint
was performed for one and three seconds, 0.433 and 0.545 um were measured, respectively. When
dipping into the SC-0.2Cr/Cu joint was performed for one and three seconds, 0.387 and 0.475 um
were observed, respectively. For both solders, the reaction temperature that led to the largest average
grain size was 300 °C. When dipping into the SC07/Cu joint was performed for one and three seconds,
0.669 and 0.97 um were observed. Moreover, when dipping into the SC-0.2Cr/Cu was performed for
one and three seconds, 0.613 and 0.833 um were observed. Overall, the grain size of the SC07/Cu was

approximately 12 % larger than that of the SC-0.2Cr/Cu joint.
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Figure 4.18 Top views image of CusSns IMCs for 1(s) dipping at various reaction temperature at the

(a) SCO7/Cu (b) SC-0.2Cr/Cu joint.
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Figure 4.19 Top views image of CugSns IMCs for 3(s) dipping at various reaction temperature at the

(a) SCO7/Cu (b) SC-0.2Cr/Cu joint.
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4.4 Conclusion

This chapter evaluated the IMC growth behavior and mechanical properties of the SC-
0.2Cr/Cu joint interface under high temperatures. In the as-reflow condition, the SC-0.2Ct/Cu joint
showed very fine CueSns compared to the SAC305/Cu and SC07/Cu joints. The addition of Cr likely
reduced the undercooling or free energy required for nuclear formation and the critical nucleus size
required for solidification. Thermal aging, thermal shock, and multiple reflow were used for the heat
treatment of the solder joint sample. In each heat treatment process, the SC-0.2Cr/Cu joint inhibited
IMC growth more effectively than the SAC305/Cu and SC07/Cu joints. In particular, the growth of
CusSn was greatly reduced, and the formation of the Kirkendall void between CuszSn and Cu substrate
was greatly suppressed. STEM and EPMA were used to observe the dispersed CrSn, near CusSns.
CrSn, present at the interface likely interfered with the interdiffusion of Sn and Cu, thereby

effectively suppressing the growth rate of IMC.
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Chapter 5
Calculation of activation energy and life prediction of SC-Cr/Cu solder

joint

5.1 Introduction

A thick IMC growth on the interface typically results in negative consequences [1-3]. The
brittle nature of the IMC and its mismatching physical properties, such as thermal expansion
coefficient and elastic modulus, lead to a weak bonding characteristic. Furthermore, if the IMC is too
thick, the ductility and the strength of the solder can weaken [4]. Researchers have recently developed
composite solders that offer better characteristics over the existing conventional solders [5-8]. There
are studies that discuss and analyze the microstructure, mechanical properties, and interfacial
properties of Sn-based solders with trace elements added [8-10]. However, studies on Sn-Cu based
solders with added Cr are currently very limited. This chapter focuses on IMC growth kinetics during
solid-state aging of Cr-added Sn-Cu interfaces. The activation energy of IMC growth is calculated by
the square root of IMC layer growth rates at various temperatures [11].

Initially, the fatigue model of a solder joint was developed using data from temperature

cycling experiments. Most models that assess the fatigue of a solder joint require stress-strain data.
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Table 5.1 Summary of solder joint fatigue models.

Fatigue modd Equation  Model class Applicable packages Required parameiers Coverage Constanis
nos

Coffin-Manson
Total strain
(Coffin-Manson-Basquin)

All Plasiic sirain Low cyele fatigue ¢ = constant, &} = fatigue ductility coefficient
All Strain range High and low cycle fati gue b = fatigue sirength exponent

o = fat
al
5 =

Solomon 4 Plasiic shear strain All Plastic shear strain, Low cycle fatigue a= it

0= Fatigue ductility coefficient

4 Engelmaier 5 Total shear strain Leaded and leadless, TSOP  Total shear strain Low cycle fatigue c= = 6e =47+ 1.7: An(l +4 )
T. lic solder joint temp (°C)
f= ney (eveles/day), 2¢/ = 0.63

5 Miner 67 Superposition (plastic and creep) PQFP, FCOB w/ fill Plastic failure and creep failure  Plastic shear and matrix creep N, ilure, No = creep failure

6  Knecht and Fox 8 Mairix creep All Malrix creep shear sirain Matrix creep only

7 Syed 9 Accumulation of creep sirain energy  PBGA, SMD, NSMD ghs energy and me energy Implies full coverage

§  Dasgupla 10 Total strain energy LLCC, TSOP Energy Joint geomelry accounted for n energy density

9 Liang n Stress/strain energy density based BGA and leadless joints Energy »m isothermal low dependent material

55 strain hysteresis energy

10 Heinrich 12,13 Eneray density based BGA Encrey Hysieresis curve sirain energy/eele

| Darveaus n Encray density bused Leadless, PBGA Damag + energy Hysieresis curve a = total possible crack length
dafdN = crack growth, N, = crack initiation
12 Pan 17 Strain energy density Leec Strain energy density and plastic  Hysteresis curve € = sirain energy density
energy density

E, = plastic strain creep energy density/cycle
E. = creep sirain energy density/cycle
13 Stolkarts 18 Damage accumulation All Damage Hysteresis curve and damage d = 0.5 for solder (damage parameter)
evolution
k = material constant
14 Norris and Landzberg 9 Temperature and frequency All Temperature frequency Test condilion versus use w-use Llest -frequency
conditions
T = temperature
&y /@y = isothermal fatigue life ratio

These data were collected using strain gauges [12]. Table 5.1 shows the fatigue models of solder
joints [12]. Usually, a solder joint fatigue model utilizes the Norris and Landzberg model, which was

developed by improving the Coffin-manson low cycle fatigue model of a metal [13].

5.2 Experimental procedures

5.2.1 Isothermal aging and thermal shock

The aging temperatures were set to 100 °C, 125 °C, and 150 °C. And the thermal shock
conditions were set to -40 to 85 °C, -40 to 100 °C and -40 to 150 °C.
Detailed information of experimental procedures on the thermal aging and thermal shock

method can be found in Chapter 3.2.5.

5.2.2 Measuring of IMC thickness

The microstructure of the IMC was observed using scanning electron microscopy (SEM,
Hitachi S-4700) and energy dispersive X-ray spectroscopy (EDX, EDAX Genesis XM2 60). To

further observe the thermal stress, the thickness and microstructure of the IMC were measured using
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cross-sectional images according to the following procedure [14]: (1) an SEM image of each sample
was obtained at the appropriate magnification, (2) the grayscale SEM image was enhanced using
Adobe Photoshop to identify the interfaces between the different layers, and (3) the mean thickness

(Hmuc) of the individual layers was calculated using the following equation:
HlMC:HSEMXNlMC/NSEM ..................................................... (5_1)

where Hsem is the actual height of the SEM image, and Nimc and Nsem are the numbers of

pixels in the IMC layers and the entire image, respectively.

5.3 Results and discussion

5.3.1 Calculation of activation energy

Typically, the thickness of the reaction layer for a diffusion couple can be represented using

a simple parabolic equation [15-17].

Where W refers to the thickness of an IMC layer, k refers to the increasing rate constant, t
refers to the reaction time, and n refers to the time index. Figure 5.1 shows the thickness of the IMC
layer as a function of the square root of each thermal aging time. In this case, when the reaction is
mainly controlled by a diffusion mechanism, the value of n is empirically determined to be 0.5 [15].
The average thickness of the interfacial IMC layer was found to increase linearly with the square root
of the thermal aging time, and the increasing rate of the thickness became higher at higher
temperatures. However, the SC-0.2Cr/Cu joint shows a significantly lower increase in total thickness

compared with the other two systems.

The Arrhenius relationship is used to calculate the activation energy for the growth of all

IMCs and the CusSn layer [15-19].

k2 = kZexp (_ }:3_T) ....................................................... (5.3)
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Table 5.2 Calculated values of the activation energy (Q) for the growth of the IMCs layers.

Temperature Reaction time . Activation Diftusion
Solder/substrate range (°C) ) Intermetallics enerey (kl/mol) | couple method Reference
SAC305/Cu 100 — 150 1,000 CugSns+ CusSn 73.52 Reflow This work
SC07/Cu 100 — 150 1,000 CugSns+ CusSn 57.31 Reflow This work
SC-Cr/Cu 100 — 150 1,000 CugSns+ CusSn 77.96 Reflow This work
(a) () :
Sn Sn Sn Sn Sn  Sn
Cr, CrSn, I
N I N I L P NANE B S B
[ I ' ' A A T N T
1 1 | L 11 N\
i 1 _ICupnsy 7 J §
Cu Cu Cu Cu
Cu Cu

Figure 5.3 Schematics of Cu and Sn interdiffusion in (a) SC07/Cu and (b) SC-0.2Cr/Cu joints.

Where k? refers to the square of the reaction constant, k2 refers to the frequency factor,
Q refers to the activation energy, R refers to the gas constant (8.314 J/mol K), and T refers to the
thermal aging temperature. The activation energy was calculated from the Arrhenius plot based on a
linear model. Figure 5.2 shows the Arrhenius plot of the activation energies of all IMCs and CusSn,
as calculated for each diffusion system. As shown in Table 5.2, the activation energies were 73.52 kJ
mol for the SAC305/Cu, 57.31 kJ/mol for the SC07/Cu, and 77.96 kJ/mol for the SC-0.2Ct/Cu joint.
These results are similar to those of Yoon et al. and Abdelhadi et al. [15,18]. The activation energy of
IMC growth during isothermal aging is an energy barrier for the interdiffusion and reaction between
Cu and Sn at the interface. Therefore, the higher activation energy indicates more difficult IMC
growth. In conclusion, Cu diffuses into Sn and forms a Cu-Sn compound at the interface. At this time,
the addition of Cr does not reduce the kinetic energy of Cu directly. However, IMC growth in the
solid state reaction was inhibited by precipitation of CrSn2 at the boundary of Cu6Sn5 (main diffusion

path of Cu), and the result was calculated as the activation energy of the interfacial IMC as a factor.
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Fig. 5.3 shows the diffusion behavior of Cu and Sn according to the precipitation of CrSn,
in the SC-0.2Ct/Cu joint. The migration of Cu and Sn occurs through the fast diffusion channels, such
as grain boundary and dislocation in elevated temperature. When Cr was added to the Sn-0.7Cu alloy,
Cr reacted with Sn to form CrSny, and CrSn; precipitated near the CusSns interface, which act as a
barrier to the diffusion of Cu into Sn. As a result, interfacial IMC growth in solid state diffusion was
depressed. As previous studies have indicated, CrSn, produced during the alloy fabrication process is
precipitated near the IMC layers and dispersed, and some products are observed at the CusSns grain
boundary [20]. These results indicate that the addition of Cr in Sn-Cu solder is effective for the
suppression of the increase in thickness of all IMCs, including CusSn. In addition, It was reported that
the adding minor elements precipitated near the grain boundary effectively inhibited the growth of

IMC by blocking the diffusion path [21,22].

5.3.2 Calculation of acceleration factor(AF)

Figure 5.4 shows Weibull plot for chip joint failure according to a thermal shock test at -
40 °C to 150 °C. The thermal shock test was performed up to 3,000 cycles, and a resistance increase
by 20 % or more was determined as failure after measuring the resistance every 500 cycles. Here, the
scale parameters show a reliability life of 63.2 %, and the values of scale parameters are listed in
Table 5.3. The scale parameters of SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu joints were determined as
approximately 3,899 cycles, 5,491 cycles, and 6,223 cycles, respectively. The scale parameter of an
SC-0.2Cr/Cu was approximately 11 % higher than that of an SC07/Cu joint, and approximately 37 %

higher than that of an SAC305/Cu joint.
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Figure 5.4 Weibull plot of joint failure by thermal shock test.

Table 5.3 Scale parameter of SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu joints.

Diffusion couple Scalei f;sﬁgleter
SAC305/Cu 3,889
SC07/Cu 5.491
SC-Cr/0.2Cu 6,223

After the thermal shock test, the Norris and Landzberg equation was applied to determine
the acceleration factor (AF) corresponding to the use conditions of the automotive module, as follows

[23]:

—b —a
AT, frield Ea 1 1
AF = (ﬂ) X (_) ex [_( — )] ............................ 54
ATfield ftest p k Tmax,field Tmax,test ( )

where

AF = Acceleration factor
ATwest = The temperature range during a cycle at test condition

ATrieid = The temperature range during a cycle at field condition
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fiest = The cycling frequency at test condition
fiels = The cycling frequency at field condition
a = Cycling frequency exponent

b = Temperature range exponent

K = Boltzman’s constant 8.623 x 10-5 eV/K
Ea = Activation Energy

According to a previous study that determined the AF using Pb-free solders, the a value and
the b value were set as 1.662 and 1/3, respectively [24]. Thus, assuming that the solders used in this
study are similar to the Pb-free solders in the previous study, the a value and the b value were set as
1.662 and 1/3, respectively. Furthermore, the activation energy (Ea) was determined through an aging
test. Table 5.4 shows test and field conditions, and the field conditions were selected in reference to

the specifications of an automobile manufacturer.
5.3.3 Life prediction of solder joint using fatigue models

To derive the AF, the test conditions were set as -40 °C to 150 °C, which are harsher than
the field conditions. As a result, the AFs were determined as 1.823, 1.327, and 1.987 for the
SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu joints, respectively. The life prediction cycle for the use

conditions of actual automotive electronics was calculated suing the following equation:

_ Nfield cycle
Ntest cycle = T .................................................. (55)

Based on the previously determined AF for each solder, Table 5.5 shows the predicted field
cycles according to test conditions. The field cycles of the SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu

joints were determined as approximately 7,090, 7,287 and 12,366 cycles, respectively.

On the assumption that the field warranty life is 10 years, the predicted field life cycle is
calculated as 7,300 cycles. Thus, the SC-0.2Cr/Cu joint met the required field warranty life of 10

years, whereas the SAC305 and SC07 solders did not satisfy this requirement.
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Table 5.4 Thermal shock test and field condition for automotive module.

Tmin Tnax AT Frequency of Usage
(°O) °O) (°O) (cycles per day)
Test condition -40 150 190 48
Field condition -40 125 165 2

Table 5.5 Predicted field cycle of SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu joints.

Diffusion couple I\(IS;(:: iéc)le
SAC305/Cu 7,090
SC07/Cu 7287
SC-Cr/0.2Cu 12,366

5.4 Conclusion

The growth behavior of IMC was evaluated after aging at 100°C, 125°C and 150°C
respectively to calculate to the activation energy of SC-0.2Cr/Cu joint. The activation energies were
73.52 kJ mol for the SAC305/Cu, 57.31 kJ/mol for the SC07/Cu, and 77.96 klJ/mol for the SC-
0.2Cr/Cu joint. These results are similar to those of Yoon et al. and Abdelhadi et al. The activation
energy of IMC growth during isothermal aging is an energy barrier for the interdiffusion and reaction
between Cu and Sn at the interface. Therefore, the higher activation energy indicates more difficult
IMC growth.

To calculation of AF, the thermal shock test condition was set as -40 °C to 150 °C, which
are harsher than the field conditions. As a result, the AFs were determined as 1.823, 1.327, and 1.987
for the SAC305/Cu, SC07/Cu and SC-0.2Cr/Cu joints, respectively. Based on the previously
determined AF for each solder, the predicted field life cycles of the SAC305/Cu, SC07/Cu and SC-

0.2Cr/Cu joints were determined as approximately 7,090, 7,287 and 12,366 cycles, respectively.
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Chapter 6
Mechanical property and fracture mode of SC-0.2Cr/Cu joint

6.1 Introduction

The shear strength of the solder joints depends on the microstructure of the solder matrix
and the interfacial connection. Generally, the shear strength of the solder joints decreased with
thermal shock test [1-13]. According to Kim’s simulation results of shear tests at different shear
speeds [14,15], the shear force increased with increasing shear speed. At a low shear speed, the stress
could be released though the deformation of the soft solder matrix, indicating that the shear strength
should be more closely related to the strength of solder matrix; whereas at a high shear speed, due to
the rapid deformation in solder matrix, a great stress would accumulate at the interface, indicating that
the shear strength should be more related to the interfacial connection. Therefore, shear testing at
shear speeds from 0.01 m/s to 1 m/s was conducted to examine the effects of solder microstructure

and the interfacial IMCs on the joint reliability.

6.2 Experimental procedures

6.2.1 Evaluation of mechanical properties
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To evaluate the mechanical properties of solder joints after thermal storage, thermal shock
and multiple reflows, ball shear tests were conducted at the various shear speeds. Detailed information
of experimental procedures on the evaluation method of mechanical properties of Sn-Cu-Cr solder can

be found in Chapter 3.2.4.

6.3 Results and discussion

6.3.1 Shear strength of solder joint

Figures 6.1 — 6.3 shows the shear strength based on the shear speed after isothermal aging.
Typically, all solders show a tendency to decrease their shear strength under thermal treatment [ 16—
20]. At high speeds (1 m/s), the SC-0.2Cr/Cu joint showed a tendency in which the shear strength was
maintained in comparison to the SAC305/Cu and SC07/Cu joints, despite no significant change in the
shear strength at low speeds (0.01 and 0.1 m/s). Table 6.1 show the degradation rate of shear strength
after isothermal aging. Overall, the degradation rate of shear strength tended to increase as the aging
temperature and shear speed increased. In particular, the SC-0.2Cr/Cu joint showed a 22.3 % decrease
at 150 °C and 1 m/s, while the SAC305/Cu and SC07/Cu joints showed a 30 % and 35.7 % decrease,
respectively. To determine the causes of the difference, the failure mechanism based on the shear rate

must be derived.

Table 6.1 Degradation rate of shear strength after isothermal aging.

Solder/

SAC305/Cu SCO07/Cu SC-0.2Cr/Cu
Temp.
Shear O O [of [of [of O O O O
speed 100°C  125°C 150°C 100°C 125°C 150°C 100°C 125°C 150°C

0.01(m/s) 18.6% 19.8% 248% 242% 248% 323% 128% 13.2% 11.6%

0.1(m/s) 13.7% 17.9% 20.6% 22.1% 255% 27.0% 10.3% 13.5% 15.3%

1(m/s) 201% 226% 30.0% 26.1% 26.7% 357% 9.3% 16.7%  22.3%
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Figure 6.1 Shear strength of solder joints during isothermal aging at 100 °C under (a)0.01 m/s, (b)0.1

m/s and (c)1 m/s shear speed.
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Figure 6.2 Shear strength of solder joints during isothermal aging at 125 °C under (a)0.01 m/s,

(b)0.1 m/s and (c)1 m/s shear speed.
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Table 6.2 Degradation rate of shear strength after thermal shock.

Solder/

SAC305/Cu SCO07/Cu SC-0.2Cr/Cu
Temp.
fg‘gsg -40~85°C -40~125°C -40~150°C -40~85°C -40~125°C -40~150°C -40~85°C -40~125°C -40~150°C

0.01(m/s) 14.0% 22.6% 29.7% 165% 20.2% 37.2% 17.1% 17.6% 27.5%

0.1(m/s) 19.0% 27.9% 29.7% 21.9% 33.6% 39.8% 104% 183% 26.3%

1(m/s) 224% 305% 36.8% 344% 488% 53.3% 6.7% 14.7%  28.2%

Figures 6.4 — 6.6 shows the shear strength based on the shear speed after thermal shock.
First, the initial shear strength of the SAC305/Cu joint was approximately 280 g under a shear rate of
0.01 m/s and the temperature range between -40°C to 85°C. It was increased to approximately 320 g
at a shear rate of 1 m/s. This result was similar to that of SCO7/Cu. In the case of the SC-0.2Cr/Cu
joint, however, the initial shear strength of 250 g was significantly increased to 380 g. Moreover,
while the shear strengths of SAC305/Cu and SCO7/Cu were continuously reduced, that of the SC-
0.2Cr/Cu joint showed a tendency to be maintained from 500 cycles to 2,000 cycles. These results
verify that the added Cr affected the initial shear strength of the solder joint and the effect became
larger after the thermal shock cycles.

Table 6.2 shows the shear strength reduction rate after the thermal shock. While the shear
strength reduction rates of SAC305/Cu and SC07/Cu increased as the temperature and the shear rate
increased, that of the SC-0.2Cr/Cu joint showed a tendency to be maintained or rather reduced. In
particular, under the temperature range between -40°C and 85°C, it was observed that the degradation
rate of shear strength significantly decreased as the shear rate increased. As a result, the SC-0.2Cr/Cu
joint could effectively maintain its shear strength even under high shear rates at which the shear stress
was concentrated on the interface because it significantly suppressed the interfacial IMC growth and

Kirkendall void formation after the thermal shock.
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Figure 6.4 Shear strength of solder joints during thermal shock at -40~85 °C under (a)0.01 m/s, (b)0.1
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Table 6.3 Degradation rate of shear strength after multi-reflow.

Solder
joint SAC305/Cu SCO07/Cu SC-0.2Cr/Cu
Shear
speed
0.01(m/s) 17.5% 19.7% 10.9%
0.1(m/s) 15.5% 18.2% 13.2%
1(m/s) 14.6% 16.1% 6.4%

Figure 6.7 shows the shear strength according to the multi-reflow. When the shear rate was
0.1 m/s or less, the shear strength was affected by the strength of the solder matrix. Owing to the
dispersion effect of AgsSn, the SAC305/Cu joint exhibited the highest initial shear strength. SC07/Cu
showed the lowest initial shear strength and shear strength after the multi-reflow compared to
SAC305/Cu and SC-Cr/Cu joints. Table 6.3 shows the degradation rate of shear strength according to
the multi-reflow. For all of the three systems, the degradation rate of shear strength showed a
tendency to decrease as the shear rate increased. The SC-0.2Cr/Cu joint showed the largest difference.
The SC-0.2Cr/Cu joint exhibited the highest shear strength under all shear rate conditions because it
significantly suppressed the interfacial IMC growth and Kirkendall void formation in multiple reflows,
which were liquid/solid reaction conditions. In particular, it showed higher performance at a strain

rate of 1 m/s at which the shear stress was concentrated on the interface.
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6.3.2 Analysis of fracture mode after shear test

Figures 6.8 — 6.10 show the fracture mode according to the isothermal aging temperature.
The change from ductile fracture to brittle fracture was accelerated as the temperature and time
increased. At a shear rate of 0.01 m/s, ductile fracture represented more than 80 % for all the joint
systems. As the shear rate exceeded 0.1 m/s, however, the conversion into brittle fracture was
accelerated. The SC-0.2Cr/Cu joint exhibited a perfect ductile fracture mode at 0.01 m/s and 100 °C
while both complex fracture and brittle fracture were observed at temperatures higher than 125 °C.
Brittle fracture was not observed at the SC-0.2Cr/Cu joint even at 125 °C and 1 m/s. The SAC305/Cu
and SCO07/Cu joints, however, exhibited significantly increased brittle fracture at 125 °C and 0.1 m/s.
In particular, at 150 °C and 1 m/s, brittle fracture accounted for over 50%. This appears to be because
of the influence of IMC that grew rapidly after aging and the Kirkendall void formed on the interface.
For the SC-0.2Cr/Cu joint, the brittle fracture rate was 10 % or less at 150 °C and 1 m/s. As a result, it
appears that more ductile fracture occurred to the SC-0.2Cr/Cu joint than to the SAC305/Cu and
SCO07/Cu joints because the addition of Cr suppressed CusSn growth and Kirkendall void formation

and thus the shear stress was concentrated on the solder matrix rather than on the interface.
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Figure 6.8 Fracture behavior of the solder joints under various shear speeds during aging at 100 °C.
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Figure 6.9 Fracture surfaces of the solder joints under various shear speeds during aging at 125 °C.
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Figure 6.10 Fracture surfaces of the solder joints under various shear speeds during aging at 150 °C.
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Figures 6.11 — 6.13 show the fracture mode according to the thermal shock condition. The
change from ductile fracture to brittle fracture was accelerated as the thermal shock temperature range
increased and the number of cycles increased. While ductile fracture accounted for more than 90 %
for all the systems at 0.01 m/s, the conversion into brittle fracture was accelerated as the shear rate
exceeded 0.1 m/s. These results are very similar to the isothermal results. The SC-0.2Cr/Cu joint
exhibited a perfect ductile fracture mode at a shear rate of 0.01 m/s regardless of the thermal shock
temperature range. Moreover, the SC-0.2Cr/Cu joint exhibited only complex fracture even after 2,000
cycles under the temperature range between -40 °C to 150 °C. For the SAC305/Cu and SC07/Cu
joints, however, brittle fracture rapidly increased under the thermal shock condition ranging from -
40 °C to 125 °C and accounted for approximately 50 % after 200 cycles. The tendency of the fracture

mode was very similar to the isothermal results, and the mechanisms were also considered identical.
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Figure 6.11 Fracture surfaces of the solder joints under various shear speeds during thermal shock at -

40 ~ 85 °C.
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Figure 6.12 Fracture surfaces of the solder joints under various shear speeds during thermal shock at -

40 ~ 125 °C.
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Figure 6.13 Fracture surfaces of the solder joints under various shear speeds during thermal shock at -

40 ~ 150 °C.
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Figure 6.14 shows the fracture mode according to the multi-reflow. As can be seen from a
shear rate of 1 m/s, the change from ductile fracture to brittle fracture was faster as the number of
reflows increased. For the SC-0.2Cr/Cu joint, brittle fracture was not observed and only complex
fracture was observed after ten reflows at all shear rates. For SAC305/Cu and SC07/Cu, on the
other hand, brittle fracture accounted for almost 20 %. As a result, it can be said that the results of
the multi-reflow were only different in fracture rate but showed a tendency similar to those of

isothermal aging and thermal shock.
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Figure 6.14 Fracture surfaces of the solder joints under various shear speeds during multi-reflow.
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6.4 Conclusion

All cracks showed ductile behavior at low shear rates, and the brittle failure was dominant
when the shear rates exceeded 0.1 m/s. These results suggest that when the shear rate is low, the shear
strength of the solder joint is determined based on the shear strength of the solder matrix, and when
the shear rate is high, the shear strength of the solder joint is dependent more on the interfacial
connection. The degradation of the shear strength was shown to be similar for both thermal aging and
multi-reflows, and was higher under thermal aging, particularly at higher temperatures. When the
shear rate is high, a considerable amount of stress is transferred to the interface owing to the large
deformation occurring in the solder matrix. Typically, owing to the fragile nature of IMCs, the thicker
the IMCs become, the more fragile they are as the brittle areas increase [14,15]. Furthermore, if
internal defects such as Kirkendall voids abound, a thicker interfacial IMC layer becomes more
vulnerable to fracturing. The addition of Cr after comparing SAC305/Cu and SCO07/Cu solder joints
was shown to effectively suppress the growth of interfacial IMC and prevent the formation of
Kirkendall voids. Thus, the SC-0.2Cr/Cu solder joints maintained a significantly higher shear strength

in high-speed shear tests than the other two solder joints.
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Chapter 7

Summary

7.1 Summary

In this dissertation, new approaches using adding some elements to Pb-free solder were
proposed and analyzed for improving characteristics of solder joint in electronic packaging of

automotive electronics under harsh environments.

In Chapter 2, fabrication process and basic properties of the Sn-Cu solder containing Cr and
Al(Si) to improve the property of the Sn-Cu solder for applying to automotive electronics were
reported. When Cr and Al(Si) were doped in the Sn-Cu solder, the melting temperature was
approximately 3 °C higher than the Sn-Cu solder. The wettability characteristics of Cr and Al(Si)-
added solder were similar to that of the Sn-Cu solder. In the case of spreadability, Al(Si)-added solder
was slightly higher than Cr-added solder. Furthermore, the addition of Cr and Al(Si) could effectively

disperse the B-Sn + Cu-Sn IMC networks in solder matrix.

In Chapter 3, interfacial characteristics such as the IMC growth behavior and mechanical
properties of the interfaces between Al(Si)-added Sn-Cu (SC-Al(Si)) solder and Cu substrate were

studied compared to SCO7. When AI(Si) was doped, the IMC growth of SC-AI(Si)/Cu joint was

- 120 -



effectively suppressed compared with that of SC0O7/Cu joint during reflow because of Cu-Al phase
solidification. IMC growth rates of SC-Al(Si)/Cu and Sn07/Cu joints were similar to each other
during thermal aging while the IMC growth rate of SC-AI(Si)/Cu joint was slower than that of
SC07/Cu joint under multi-reflow. Moreover, shear strength of solder joint in SC-Al(Si)/Cu joint was
higher than that in SC07/Cu joint due to suppress IMC growth. Furthermore, Cu-Al, such as Al,Cu

and Sn-Cu-Al, and CusSns were observed in solder matrix using EPMA mapping.

In Chapter 4, the IMC formation and growth behavior of interfaces between Cr-added Sn-
Cu (SC-Cr) solder and Cu substrate were researched compared to Sn-3.0Ag-0.5Cu (SAC305) and Sn-
0.7Cu (SCO07) solder alloys. The addition of Cr reduced undercooling or free energy for nuclear
formation and critical nucleus size and showed very fine CueSns. Moreover, IMC growth in the SC-
Cr/Cu joint was more effectively inhibited than the SAC305/Cu and SC07/Cu joints. In particular,
during various heat-treatments such as thermal aging, thermal shock and multiple reflow, the growth
of CusSn was greatly suppressed, which result in remarkably reducing the formation of the Kirkendall
void between CuszSn and Cu substrate due to suppress the interdiffusion by dispersed CrSn; near

Cuﬁsl’ls.

In Chapter 5, the IMC growth behavior in SC-Cr/Cu joint was evaluated using calculating
the activation energy during isothermal aging with various temperature conditions in order to compare
with SAC305/Cu and SC07/Cu joints. The activation energies were 73.52 kJ mol for the SAC305/Cu
57.31 kJ/mol for the SC07/Cu, and 77.96 kJ/mol for the SC-Cr/Cu joint, respectively. These results
mean the IMC growth effectively can be suppressed by adding Cr. Meanwhile, the accelerated factors
(AFs) were determined as 1.823, 1.327, and 1.987 for the SAC305, SC07 and SC-Cr solders,
respectively after the thermal shock test with the range of -40 °C to 150 °C which are harsher than the
field conditions. Using AFs, the predicted field life cycles of the SAC305, SC07 and SC-Cr solders
were approximately 7,090, 7,287 and 12,366 cycles, respectively. Therefore, the addition of Cr can

improve reliability of solder joint for automotive electronics.
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In Chapter 6, the shear strength of SC-Cr/Cu joint was evaluated after thermal treatment.
The degradation rate of shear strength was lowest in SC-Cr/Cu joint compared to SAC305/Cu and
SCO07/Cu joints. Meanwhile, result of analysis of fracture surface, SC-Cr/Cu joint shows more ductile

areas by inhibiting growth of IMC and Kirkendall Void.

In this dissertation, these results finally show that the properties of solder joint and
interfaces can be improved when the minor elements such as Cr and Al(Si) were minimally added to
Sn-Cu solder alloy. Especially, the addition of 0.2 wt.% Cr can suppress the growth of IMC and
Kirkendall void, which result in improving the mechanical properties of solder joint. Therefore, it will
be expected that Sn-Cu-0.2Cr (0.2 wt.% Cr) will applied to fabrications of electronic modules under

harsh environments as a high-reliability solder material.
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