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Chapter 1

Research background

1.1 Electronic packaging

In recent years, with the popularity of consumer electronics such as smartphones and
smart wearable devices, humans have entered the digital age. In turn, the demand for
electronic products has been increasing, and the electronics industry has been the largest
industry in the world since 19961, 2]. It is the most dynamic, fascinating, and important
area of manufacturing. IC design, wafer fabrication, wafer probe, and electronic
packaging (including test) are the main processes for the manufacturing of electronic
devices. Electronic packaging is a comprehensive technology that combines electronic
components that make up an electronic circuit. In detail, electronic packaging refers to
the process of manufacturing electronic components such as chips, ceramics, metal, and

organic materials into circuit boards, and finally assembling them into electronic



products.

Four significant functions were provided by electronic packaging:

1. Signal distribution, providing I/O connection to other components in the system.

2. Power distribution, delivering electrical power to require area on the chip.

3. Heat dissipation (cooling), removing generated heat and maintain the operational
temperature of the electronic component.

4. Protection, protecting components and interconnections, ensuring reliable
performance over using life.

Since the invention of the first transistor by Bell Labs of the AT&T in 1947, it has
entered the era of microelectronic packaging. In the 1950s, the three-lead transistor
outline (TO) was utilized extensively and later developed into ceramic plastic
packaging. The development of microelectronics, packaging technology evolved
significantly. In the mid-1960s, the rapid development of integrated circuits from small-
scale integration (SSI) to medium-sized integration (MSI) resulted in the emergence of
the dual in-line package (DIP). DIP is a package type which pins are perpendicular to
the body (see Fig. 1.1(a)). This structure provided better thermal and electrical
conductivity, was promoted soon. Large-scale integration (LSI) appeared in the 1970s,
the degree of integration had been greatly improved, and innovative packaging
technology was required. In the 1980s, with the replacement from DIP to surface-
mounted technology (SMT), a revolution in electronic packaging technology was
coming. Various surface mounted component/device (SMC/SMD) adapted to SMT
were developed, such as leadless ceramic chip carrier (LCCC) (see Fig. 1.1(b)), plastic
leaded chip carrier (PLCC), quad flat package (QFP) (see Fig. 1.1(c)), and plastic quad
flat package (PQFP). Among them, PQFP had been extensively used because of its high
packing density, small pitch, and low cost. In the 1990s, as ICs continued to shrink in
size and integration increased, LSI developed to very-large-scale integration (VLSI).
VLSI has hundreds of thousands of pins, lead the microelectronic package developed

from peripheral type to array type, such as pin grid array (PGA), as shown in Fig. 1.1(d).
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PGA was not so suitable to SMT, it is challenging to achieve industrial-scale production.

Combining the advantages of QFP and PGA, ball grid array (BGA) packaging

technology (see Fig. 1.1(e)) was developed. The electronic industry experienced an

explosion by BGA design, and the packaging technology had accommodated the

development of the chip. Since then, the BGA packaging has been considered as a

standard for high-density and high I/O ICs. Lately, chip size package (CSP) was

emerged to solve the excessive chip package area, as shown in Fig. 1.1(f).

DIP
(d)

Pin grid array
PGA

(b) (c)

Leadless ceramic chip carrier Quad flat package
LCCC QFP

()

Ball grid array Chip size package
BGA CSP

Fig. 1.1 Various integration techniques: (a) Dual in-line package([3], (b) Leadless ceramic chip
carrier[4], (c) Quad flat package([5], (d) Pin grid array[6], (e) Ball grid array[7], (f) Chip size

package[8].

(b)

2D Integration of different functional blocks 3D Integration

Fig. 1.2 Integrated microsystem in 2D and in 3D.[1]
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It was found that electronic packaging has been moving toward high density, multi-
pin, and miniaturization by reviewing the developed history of electronic packaging.
Hence, the next generation of integrated micro-system technologies can only keep up
with the functionality and performance demands by using third dimension. A schematic
graph of two integrated microsystem instances with individual functional blocks
integrated function modules, as shown in Fig. 1.2. Traditionally, these different
functional blocks are integrated on a printed wiring board (PWB) or done in two-
dimension (2D) package (see Fig. 1.2 (a)). In a 3D structure, these functional blocks
can be stacked vertically, and each block can be a separate layer in the stack. Each layer
is capable to connect together via vertical interlayer interconnects (see Fig. 1.2(b)). If
integration is done in 3D, the spatial size of the microsystem can be greatly reduced. In
other words, the dimensions of the X and Y directions in the 2D integration is reduced
significantly, with the limited increase of dimension in the Z direction.

Fig. 1.3 shows the historical progression into 3D integration. One measurement of
circuit density is Silicon Packaging Efficiency (SPE), which is the ratio of total silicon

area to the total area of circuitry, as follow[9]:

Area of Silicon

Silicon Packaging Ef ficiency (SPE) = Total Substrate (board JArea (1)
ICln apackage P e - .
RIS Dl qommey o mmm SPE
Printed Wiring Board : . l__l_' r ] 1 0_250/0
Traditlonal PWB in 1970s and 19805 2D
Bare IC Packaging

-Yq- i e
I} Substrate :':!5. P 50_70°/°

- WG S LA

Embedded Passwes, Stacked Modules
Late 1990s and Early 2000s

|C-Stack l Wie-bonded Die-stack 3D ngher than 100%

3D Integration

Fig. 1.3 Historical progression of integration technologies from 2D to 3D[1].
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A typical SPE value for a traditional circuit board is between 10% and 25%. In the
next generation of packaging technologies, such as multichip modules, the SPE reaches
50 —70%. A higher SPE is obtained via 2D integration combining with 3D integration.
As shown in Fig. 1.3, a fully 3D integration is capable provide a SPE over 100%.
Therefore, 3D integration allows a higher density of integration, offers several practical
advantages over 2D technologies, for example, form-factor, cost, and performance.
System performance is much better in 3D integration than 2D integration because of
much shorter vertical interconnections in 3D integration[10-12]. Fig. 1.4 shows the
schematic diagram of interconnection lengths in different technologies. The lower
interconnect time delays, cross-talk and power dissipation by shorter interconnects
develop the performance in ICs.

By packing more transistors in a single chip, the IC industry has met the demand for
high performance and miniaturization of electronic products. In IC manufacturing, this
is achieved by scaling or reducing the feature size. As the feature size reduces, the
intrinsic gate delay decreases (see Fig. 1.5). However, scaling increases interconnects
length to accommodate increasing transistor[7, 11]. Fig. 1.5 shows the effect of
interconnect length on interconnect delay. It was found interconnect delay increases
with increasing the interconnect length[7, 11, 13, 14]. Therefore, when using 3D
integration design, shorter interconnect lengths and higher pitch results in lower time

delays.

2D Integration 3D Integration

Long Interconnect Very Long Interconnect Short Vertical Interconnect

Interconnect

Fig. 1.4 Interconnect lengths in different technologies[1].
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3D integration technology can be grouped into three categories, namely 3D on-chip
integration, 3D IC-stacking, and 3D packaging. These three technologies will be
described next in more detail.

First, 3D on-chip integration. This technology is a vertical extension of IC
technology using for 3D integration, where active silicon layers are built-up
sequentially and separated from each other with interlayer dielectric. However, major
technical challenges and research and design (R & D) issues are still being addressed
at the leading universities.

Secondly, 3D IC-stacking using thru-Si vias (TSVs). In this technology, each IC
wafer design is first fabricated independently. Then the wafers or ICs are bonded and
electrical interconnection between ICs is made using thru-Si vias. In 3D-stacking, a
better performance reaches because 3D silicon layers are connected with very short
vertical interconnects as mentioned before. The IC-stacking process can be
implemented in wafer-to-wafer[15], chip-to-wafer[16, 17], and chip-to-chip[18] levels,
as illustrated in Fig .1.6. Due to the potential for cost reduction, most world-wide R &

D is concentrated on wafer-level process|[1].
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Fig. 1.5 Intrinsic gate and interconnect delays as a function of minimum feature size[13].
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Fig. 1.6 Schematic illustration of different options for IC-stacking/[1].

Last but not least, 3D packaging. 3D packaging provides the simplest way to make
an integrated microsystem by stacking the packaged ICs in 3D structures. As the most
mature 3D integration technology, 3D packaging includes many different technologies,
most of which are extensions to 3D the existing single-chip packaging technology to
3D. Due to this, the implementation of 3D packaging has been easier, more cost-
effective and higher yield. As a result, 3D packaging is widely used in consumer
electronics such as smartphones, digital cameras, and laptop computers. Different 3D
packaging techniques can be further subdivided into four major types, as shown in Fig.
1.7. These are wire-bonded die-stack[19], BGA-stack[20], folded—stack using chip-on-
flex[21], and ultra-thin package stack[22]. The first two types, wire-bonded die-stack
and BGA-stack, are the most commonly used 3D packaging technologies.

Since 3D packaging is already used in many applications, many issues have already
been resolved. However, two main issues still remain, namely thermal management and
cost. Each specific 3D-packaging technology has to be individually evaluated for
thermal issues and solutions. Use of heat spreaders and heat sinks can be extended to
3D in a few cases[1]. Some systems may require exotic heat dissipation apparatus.
Although 3D-packaging is the lowest cost 3D integration category, there is still a push
to further lower the cost in the consumer product applications market[1]. These
demands are a driving force to develop the advanced materials and emerging processes

for 3D packaging.



3D BGA-Stack

Three high fold stack

Folded-Stack — chip on flex Ultra-thin 3D Package Stack

Fig. 1.7 lllustration of different 3D-packaging technologies: (a) wire-bonded die-stack, (b)
BGA-stack, (c) folded—stack using chip-on-flex, and (d) ultra-thin package stack.[23]

1.2 Lead-Free Soldering Processes Using for Electronic Packaging

Soldering process has been used in industries for several decades[24, 25]. When
temperature reach the melting temperature, the solder turns into molten phase, then the
molten solder reacts the base metal to ignite the bonding. Hence, in order to reduce the
cost and complexity of soldering process, decreasing the soldering temperature is
necessary. To have low soldering temperature, solders need to have low melting
temperature. Thus, solder alloys always contain an element that has low melting
temperature such as tin (Sn), indium (In), lead (Pb), and bismuth (Bi). Among them,
Lead-containing solders (Sn—Pb) have been widely used as low temperature joining
alloys because of their good combination of process attributes, convenient material
properties and low cost[26-30]. However, the electronic industry is moving toward
green manufacturing as a global trend in 1990s[1, 31-33]. In 1998, the European

Commission introduced two draft proposals called the Waste Electrical and Electronic



9

Equipment (WEEE) and Reduction of Hazardous Substances (ROHS) directives. The
primary objective of these complementary proposals is to minimize the risks and
impacts that the production, use, treatment, and disposal of waste electrical and
electronic equipment have on human health and the environment. Additionally, the
directives are intended to prevent uncontrolled disposal of electrical and electronic
equipment and to foster the development of reuse and recycling methods in order to
reduce the amount of waste for disposal. In short, they aim for “green” products.

In the area of soldering, mainly driven by European RoHS, lead was banned effective
July 1, 2006 except in some exempt items[31, 32, 34, 35]. This European legislation is
followed by China RoHS which has similar list of banned materials[36]. In Japan, the
legislative activities dealt with the reclamation and recycling of electronics[37].
Although not specifically aiming at lead, this legislation effectively drove Japanese
industry toward lead-free soldering process. These directives have led to the trend of
lead-free, which has effectively promoted the development of lead-free soldering in
other countries in the world. Fig. 1.8 shows the lead-free soldering implementation
status from 2004 to 2015 by IPC.

Among the numerous lead-free solder options available, the following families are
of particular interest and are the prevailing choices of industry: eutectic Sn-Ag, eutectic
Sn-Cu, eutectic Sn-Bi, eutectic Sn-Ag-Cu, and their modifications[29].

The eutectic composition for the Sn-Ag occurs at Sn-3.5 wt.% Ag and the eutectic
temperature is 221 °C[38]. The solidified microstructure of the binary eutectic Sn-3.5
wt.% Ag as consisting of a 3-Sn phase with dendritic globules and inter-dendritic
regions with a eutectic dispersion of AgzSn precipitates within a b-Sn matrix[39]. The
development trend of this solder is to reduce the content of Ag[40].

The Sn-Cu binary alloy has a eutectic composition of Sn-0.7 wt.% Cu and a eutectic
temperature of 227 °C[41]. Sn-0.7Cu solder is lower in tensile strength but higher in
elongation than Sn-Pb solder, reflecting the softness and ductility of Sn-Cu solder[33].

And the wettability of Sn-0.7Cu solder is lower than Sn-Pb solder[42].
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Fig. 1.8 Historical trend in proportion of lead-free solder reported by IPC[43].

Sn-Bi alloy shows promise as Pb-free solder. The addition of 58 wt.% Bi into Sn
form a eutectic with a relatively low melting temperature of 138 °C[44]. Sn-58Bi solder
has fracture strength approaching that of Sn-Pb solder at room temperature[45].
However, Sn-Bi solder is more sensitive than Sn-Pb solder to strain rate[46]. That
means, its elongation decreases more rapidly with increasing strain rate. The increased
elongation at low strain rates after aging resulted in ductile failure in solder, versus a

brittle fracture at high strain rate[47].
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The eutectic and near eutectic Sn-Ag-Cu alloys are the most prevailing alloy family
for electronic soldering[29, 32]. The melting temperatures of the series solders were
about 217 °C[48]. These series solders show relatively slow creep rate, promising joint
strength and ductility. The wetting performance of Sn-Ag-Cu solders were better than
both Sn-Cu solder and Sn-Ag solder[49-51]. Lee also reported that the wetting ability
decreased in the following order: eutectic Sn-Pb > Sn-Ag-Cu > Sn-Ag > Sn-Cu when
an un-activated flux was used[52]. Hence, from among the Pb-free solders, eutectic and
near eutectic Sn-Ag-Cu alloys have been considered as the primary candidates to
replace the Sn-Pb solder.

At present, the most advanced electronic packaging technique is 3D packaging,
which is the solution of high-level integration and miniaturization. Fig. 1.9 shows a
simple structure of 3D packaging by heating flow. The Pb free solders as the

interconnection materials also play an important role in 3D packaging technology.
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Fig. 1.9 lllustrations of representative (a) single die flip chip package and (b) 3D chip stack
lidless modules with select conceptual heat flow paths shown[53].
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1.3 Fluxless Soldering Processes

1.3.1 Role of Flux in Wetting during Soldering Process

To form a proper metallurgical bond between the solder and the base metal, good
wetting is necessary[54-57]. Wetting a liquid on a solid is a surface phenomenon in
which the surface of the solid is covered by the liquid on placing it over the surface[58].
Wetting or spreading can be broadly classified into two categories: non-reactive wetting
and reactive wetting. A liquid spreading on a substrate with no reaction/absorption of
the liquid by substrate material is known as non-reactive[59]. On the other hand, the
wetting process influenced by reaction between the spreading liquid and substrate
material is known as reactive wetting[60, 61]. A spreading of solder on base metal
substrate is an example of reactive wetting[58, 62, 63]. Wettability is an essential
characteristic of a soldering process for bonding in electronics because it ensures that
the chemical reaction at the interface between solder and base metal has happened and
the joint was created[30, 64, 65]. Consider Sn-based Pb-free solder on Cu substrate as
an example. During the soldering process, when the temperature reaches the melting
temperature of solder, the Sn in the molten solder reacts with Cu to form CueSns
intermetallic compound (IMC) at the interface, often known as a reactive wetting action,
as shown in Fig. 1.10. Degree or extent of wetting and the rate of wetting are two
important parameters to characterize the wettability of a solder on a solid base metal[58,
66]. In soldering process, the degree of wetting is generally indicated by the contact
angle formed at the interface between solid base metal substrate and liquid molten
solder[67-70]. When a solder is set on a base metal surface, it will spread to some extent
on the surface and then forms an angle with it, as shown in the Fig. 1.11. The angle
between the tangent drawn at the triple point between the three phases (solid, liquid and
vapor) and the substrate surface is known as contact angle[71]. Under equilibrium
conditions this angle is decided by the surface and interfacial energies according to

Young's equation[72].
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Pb-free Solder CugSn,

Cu

Fig. 1.10 Schematic image of a solder/substrate interface[73].

Vapor

Y
\\ Yic

Fig. 1.11 Liquid sessile drop on a solid substrate.

YsG — YsL — YLgC0os® =0 (2)

Where yg is the surface tension at the interface of the solid and vapor phases, yg; is
the surface tension at the solid and liquid phases, y;. is the surface tension at the liquid
and vapor phases, and 6 is the contact angle. Fig. 1.12 schematically shows a liquid
solder drop on a solid base metal substrate from complete wetting (6= 0°) to total non-
wetting condition (6= 180°).

Since the wetting of a solder on base metal substrate is a reactive wetting[74]. The
bonding of solder and substrate is the chemical reaction that forms an IMC, the
soldering environment have to protect this chemical reaction. However, both the solder
and the base metal have oxides on their surfaces[75-77]. The melting temperature of

these oxide layers are much higher than the soldering temperature[78, 79]. The
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breakdown of oxide layers of solder and base metal is vital to achieve true wetting in
soldering process since the oxide layers on the substrate surface or spreading solder will
alter the interfacial properties and prevent the molten solder to react with the base
metal[80]. To overcome the negative effects of oxide layers, fluxes are generally
used[81, 82]. The flux is used in soldering process to provide an oxide-free surface and
to keep the surface clean, breaking existing oxides and protecting the cleaned surfaces
against re-oxidation[83, 84]. There are many literatures that suggest fluxes improve
wetting[82, 85, 86]. Fig. 1.13 shows the role of flux playing in the wetting during
soldering process. Since the wettability of lead-free solder when an un-activated flux
was used, as we mentioned in Section 1.2, the rosin mild-activated flux has been used

for lead-free solder to improve wetting[87].

0° —= —— Compete wetting

> R Partial wetting
Solder

90 /i_\

Base metal

m Partial non wetting
180° O Non wetting

Fig. 1.12 Different wetting of liquid solder drop on a solid base metal substrate.
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Fig. 1.13 Molten flux converts oxides into salts to expose fresh solder and fresh base metal [73].

1.3.2 Problems in Soldering Process Using Flux

The key of a successful soldering is to remove or convert the oxides on the surface
of solder and base metal substrate. Fluxes are used commonly to keep the surfaces clean,
as explained in the Section 1.3.1. The organic flux containing rosin has been widely
used in industry. Such a flux generally contains 40—-60 wt.% rosin, 7-10 wt.%
thickeners, 5—10 wt.% viscosity agents, about 2 wt.% activators and different solvents
as a balance[58]. Although these fluxes are generally not electrically conductive, they
are corrosive in nature[88, 89]. The residues of fluxes at the interface between solder
and base metal or in the solder paste become voids easily[90], the voids may cause long
term reliability problems. For optoelectronic products such as light emitting diodes
(LEDs), the organic fluxes residue affects the optical efficiency[91]. Hence, cleaning
process is necessary after using fluxes. However, the use of halogenated solvents (such
as chlorofluorocarbons) for removing rosin-based liquid fluxes are hazardous and
harmful to the ozone layer[92]. Chlorofluorocarbons (CFCs) are now believed to be
major contributors to the seasonal ozone depletion over the Antarctic continent[92, 93].
The ozone layer in the stratosphere is essential for the protection of creature on Earth.

Ozone absorbs most of the harmful UV insolation[94]. Without it human beings would
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suffer very high rates of incidence of skin cancers, eye disorders and suppression of the
immune systems; reductions in the yields of major agricultural crops; lower rates of
productivity of phytoplankton, with possible implications for the aquatic food chain;
and substantial losses at the larval stage of many fish (e.g. anchovies), shrimps and
crabs[95]. The principal chemical reaction, involving the chlorine and ozone could be
described as follow[96-98]:

Cl+ 05— ClO + 0, (2)

Hence, the CFCs can lead to a net destruction of ozone by the radical reaction.
Because of their chemical stabilities, man-made CFCs difficultly decompose in the
atmosphere covered Earth[93]. What’s worse, CFCs cannot remove by 'rain-out'
because it is difficult to dissolve in water[98]. And using only ethanol, which is
common agent to clean organic residues, is difficult to remove the flux residues
completely, as shown in Fig. 1.14. As the cleaning process of flux used for many years,
considering about the impact of environment, limitation of usage of flux is necessary.
Fig. 1.15 shows the results of measurements of the total amount of ozone present as
indicated by the ozone-mapping spectrometer on the Nimbus 7 satellite from 1979

£01986[99].

Flux residue Flux residue

After ultrasonic rinse in ethanol for 300>

Fig. 1.14 SEM image of solder with flux residue after soldering and after cleaning.
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Fig. 1.15 Daily global mean total ozone present in Dobson units (satellite data)[99].

Flux is also harmful to health of human beings. C. L. Goh[100] has reported
occupational dermatitis among workers in the electronics industry from soldering flux.
With the expansion of the electronic industry, the demand for PCBs will increase and
so will workers' exposure to soldering flux. Allergic contact dermatitis from colophony,
hydrazine and aminoethyl ethanolamine in fluxes has been reported among
electricians[80, 101, 102]. Fig. 1.16 shows the workers had irritant contact dermatitis
from the soldering flux. Rosin- and hydrazine-containing fluxes are seldom used in the
soldering of PCBs as they tend to leave more corrosive residues and are difficult to
clean. Occupational allergic contact dermatitis from aminoethyl ethanolamine has been
reported[102, 103]. And the acids in flux used to reduce the oxides of metal is also
corrosive and toxicant[89, 104].

In order to decrease the impact to environment, water soluble fluxes (non-rosin) are
developed used for soldering PCBs in electronics factories[105, 106]. The advantage
of this flux is that residues, which may cause serious corrosions after soldering, are
water soluble and PCBs soldered with these fluxes can easily be cleaned after soldering.

This cleaning process would consume water, obviously.
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Fig. 1.16 Dermatitis from the soldering flux: (a) Acute dermatitis over the ulnar border of the
forearm due to the irritant effect of flux, resulting from contamination of workbench[100]; (b)
Dermatitis on the forearm due to the irritant effect of flux dust, resulting from clean-up of a

flux-spraying unit[102].

Furthermore, in most advanced 3D packaging, the increased solder bump density and
reduced chip to substrate gap and intercomponent space hinder the flux cleaning
process. No-clean fluxes have been developed recently, but Dusek et al. reported that

they cause flux residue spattering problems on in-circuit testing pads[107-109].

1.3.3 Fluxless Soldering Technology Dealing with Oxides

The soldering process without the use of fluxes is called fluxless soldering process|[1].
The present tendency is to go for fluxless soldering[27, 88, 110-116] because the
problems of flux which was discussed in Section 1.3.2. In soldering process, in order
to achieve a stable bonding, the flux is used to break down the oxide layers on the
surface of solder and base metal substrate, as we mentioned in Section 1.3.1. Thus,
fluxless soldering processes are considered dealing with oxides easily. We try to review
the fluxless soldering processes dealing with oxides of metals reported. In 1990, a
fluxless soldering process using fluorine treatment was developed, which is called
Plasma Assisted Dry Soldering (PADS)[117, 118]. In PADS, Radio Frequency (RF)

generated plasma disassociates innocuous fluorine containing source gases (CF4 or SF6)
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to produce the reactive radical atomic fluorine, as illustrate in Fig. 1.17. When solder
is treated with the atomic fluorine, the following reaction will happen:

Sn0y + yF — SnOyF, 3)
The resulting SnO,F, can be easily dissolved in the molten solder and thus the oxide
of solder is capable to be removed. After the atomic fluorine treatment, the solders can
store in air for several days. However, there are some potential problems using PADS:
(a) fluorine can etch SiO; and SiN[119]; (b) the RF source may damage the IC chip[120].

K. Sakuma et.al developed a vacuum ultraviolet (VUV) surface treatment process to
remove the oxides on the metal prior to bonding, offering simplicity, low cost, and high
productivity[120]. A schematic illustration of the VUV surface treatment system is
shown in Fig. 1.18. Although there was a significant reduction in the organic
contaminants on the bonding surfaces of the solder-Cu bumps by using VUV treatment,
the oxides was not capable to remove completely[121].

A hydrogen radical treatment was technology developed since 2011[121]. The
organic compounds, contaminants, and oxide films were able to remove effectively via
hydrogen radical treatment. Fig 1.19 shows a schematic diagram of hydrogen radical
treatment. The oxide film of the solder is removed and prevented from re-oxidation by

using hydrogen radical treatment. However, the cost of this treatment is very high.
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Fig. 1.17 Schematic image of removement of oxides on solder surface by plasma.
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Fig. 1.18 Schematic illustration of VUV irradiation system[120].
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Fig. 1.19 Schematic diagram of hydrogen radial treatment[121].

Among the fluxless soldering processes, the soldering under a reducing atmosphere,
such as hydrogen and formic acid, has been wildly applied to remove the oxides[78, 79,

88, 116, 121-127]. However, for most solders, achieving efficient reduction using pure
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hydrogen requires temperatures of over 300 °C[113, 127, 128], which is not suitable
for surface mount devices. Fig. 1.20 lists the advantages and disadvantages of the three
most common reducing process gases: pure hydrogen, forming gas (N2 with 5vol.% H»)
and N> enriched with gaseous formic acid.

The disadvantage of formic acid is harmful to health. However, within modern
soldering systems using for electronic packaging, the handling of nitrogen enriched
with formic acid is feasible and widely used in electronic manufacturing[91, 116, 122,
129]. Based on the previous studies, formic acid-containing atmospheres can be used
effectively to reduce the oxide film on the surface of Sn-based solders. However, most
publications on soldering under a formic acid atmosphere have focused only on the
soldering results, such as the mechanical properties[79, 130, 131]. The motivations of
this study were therefore focused on parameters of fluxless soldering under a formic

acid atmosphere.

Reducing .
Advantages Disadvantages
Process Gas & &
e Non-toxic @ * Only slightly reducing effect (&)
Forming Gas )
(95% N», 5% H,) e Non-flammable (up | e Only effective at soldering ®
to 5,5% H,) @ temperatures > 300°C
¢ Explosion-proof system ®
. necessary
Pucl, @ Srgrdwie g
e Only effective at soldering ®
temperatures > 300°C
Formic Acid Vapor . . -
(ca. 95% N, 5% e Strong reducing © e Respiratory and eye irritant ®

HCOOH) @ cffect vapors

Fig. 1.20 review of different reducing process gases with their advantages and
disadvantages[79].
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1.4 Research Motivation

Based on the previous studies[27, 73, 78, 79, 88, 110-113, 115-119, 121, 122, 127,
130, 132-145], the method of using formic acid atmosphere is believed to be a
promising technique for fluxless soldering. The oxide films of conventional Sn-3.0Ag-
0.5Cu are mostly composed of SnO and SnO[75]. Thus, the reaction of formic acid
(HCOOH) atmosphere with solder (Sn) oxide can be described as follows[140]:

SnO + 2HCOOH— Sn(HCOO); + H:0 4)

SnO; + 2HCOOH — Sn(HCOO); + 2CO; + H; (5)

At above 150 °C,

Sn(HCOO)2 — Sn + 2CO; + H; (6)

Finally, formic acid becomes carbon dioxide and hydrogen in the reflow process.

The use of a formic acid-enriched nitrogen atmosphere has been widely reported to
be suitable for the reflow soldering of electronic packaging. For example, Monta et
al.[140] used a formic acid atmosphere to remove the native oxide of Sn-based solders
on copper pillars. Hanss et al.[79] reported a residual-free solder process by applying a
fluxless solder paste under a formic acid atmosphere. Formic acid atmospheres have
also been used to reduce the solder oxide layer in a fluxless chip joint process[115].
Formic acid-containing atmospheres can be used effectively to reduce the oxide film
on the surface of Sn-based solders. However, most publications on soldering under a
formic acid atmosphere have focused only on the final contact angle results or
mechanical properties[78, 79, 116]; not parametric studies, such as in situ observation
of wetting of solder under formic acid atmosphere, effect of formic acid atmosphere on
interfacial reaction, and the long term reliability of solder joint after fluxless soldering.
These parametric studies are important for identifying the optimal processing
conditions and essential for establishing a reliable fluxless soldering process under a

formic acid atmosphere.
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1.5 Purpose and Scope of This Study

The purpose of this study was to establish a reliable fluxless soldering process under
a formic acid atmosphere using Sn-3.0Ag-0.5Cu solder for electronic packaging.
Attempts were made to investigate the mechanism of formic acid atmosphere in fluxless
soldering process. Three main issues, wetting behavior of solder under a formic acid,
effect of formic acid atmosphere on interfacial reaction between solder and different
substrates, and long-term reliability of solder bumps after fluxless soldering were the
focusing points of this study.

In Chapter 1, a brief introduction of electronic packaging, lead free soldering
process, role of flux in soldering were given. Various fluxless soldering technologies
were listed and parametric studies about fluxless soldering under a formic acid
atmosphere were proposed.

In Chapter 2, the effects of heating processes on the wetting behavior of Sn-Ag-Cu
solder on a Cu pad under a formic acid atmosphere were observed in situ. The effect of
formic acid on the interfacial reaction between the solder and Cu substrate was also
confirmed.

In Chapter 3, the effect of pores formed at the interface between solder and Cu
(mentioned in Chapter 2) on long term reliability was evaluated by conducting impact
tests on solder bumps after soldering under a formic acid atmosphere and thermal aging
in an oil bath. The different fracture modes of solder bumps soldered under a formic
acid atmosphere and that soldered using flux were also discussed.

In Chapter 4, the thermal effect on Sn steaming phenomenon on Cu pads under a
formic acid atmosphere, produced by series peak temperature and different holding
times under a formic acid atmosphere, were investigated. Based on the results, methods
for improving the Sn steaming phenomenon were proposed.

In Chapter 5, in order to further improve the wettability of solder under a formic
acid atmosphere, the ENIG substrate was prepared. Sn-Ag-Cu solder balls were applied

onto ENIG substrates under a formic acid atmosphere, and wettability of solder,
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interfacial reactions between solder and substrate, and impact strength of the solder
bumps before and after the thermal aging at 150 °C for 168, 512, and 1008 h were
examined. The Sn steaming phenomenon during fluxless soldering process under a
formic acid atmosphere (discussed in Chapter 4) was also confirmed.

In Conclusion, brief achievements and results of each chapter in this thesis were

summarized.
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Chapter 2

In-situ observation of fluxless soldering of Sn-3.0Ag-

0.5Cu/Cu under a formic acid atmosphere

2.1 Introduction

The soldering process under a formic acid (FA) atmosphere is a promising method
in various fluxless soldering technologies[1-4], as mentioned in Chapter 1. However,
most publications on soldering under a formic acid atmosphere have focused only on
the soldering results[4-6], such as final contact angle results or mechanical properties;
no parametric studies have been performed to identify the optimal processing
conditions.

In this chapter, the effects of heating processes on the wetting behavior of Sn-Ag-Cu

solder on a Cu pad under a FA atmosphere were observed in situ. The effect of FA on
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the interfacial reaction between the solder and Cu substrate was also confirmed.

2.2 Experimental

2.2.1 Wettability test

For the wettability test, Sn-3.0mass% Ag-0.5mass% Cu (SAC305) solder balls
(diameter: 0.76 mm) and Cu substrates (dimensions: 15 mm x 15 mm x 0.5 mm) were
prepared, as shown in Fig. 2.1(a). Formic acid gas (5 vol.% formic acid + 95 vol.% N2)
was used as the reduction atmosphere for the fluxless soldering process. Formic acid
gas was supplied by nitrogen gas through liquid formic acid stored in a sealed beaker,
as shown in Fig. 2.2. The formic acid gas flow was initiated 5 min prior to heating and
was continued throughout the heating process at a flow rate at 2 L/min. To investigate
the effect of heating condition on the wettability of the solder balls on the Cu solid
substrate under a formic acid atmosphere, five fluxless heating processes were tested
under a FA atmosphere with different peak heating times and temperatures, as shown
in Table 2.1. As a reference heating process using liquid rosin mildly activated (RMA)
flux (without formic acid) was used, as shown in Fig. 2.3.

The contact angle and spreading rate are important parameters in characterizing the
wettability of a liquid on a solid. The contact angle formed at the interface between the
solder and substrate was measured using a three-dimensional laser scanning confocal
microscope (VK-9710, KEYENCE), as shown in Fig. 2.4. The blue section in Fig.
2.4(a) represents the center of the wetted solder. Because the contact angle formed at
the interface between the solder and substrate plus this angle is equal to 180° (see Fig.
2.4(b)), the contact angle could be calculated as:

6 =180°—6,, (1)

Where 6,,, is the measured angle. Three samples for each condition were prepared for
the wettability test. The front, rear, left, and right side of each sample were all measured.
Thus, the average contact angle was determined using a total 12 sides. The spreading

rate of each solder was calculated according to the Japanese Industrial Standard (JIS Z
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3198-3, 2003), as per the following equation:

D-H

Sp = o X 100% (2)

where Sk is the spreading rate (%), H is the height of spread solder (mm), D is the
diameter when the solder sample used for the test is considered spherical (mm), and V'
is the volume of the solder used for the test. However, because of the shallow depth of
field of the side view optical charge-couple device camera, the height of the solder
cannot be measured accurately. Hence, the change of spread area radius of solder was
used to evaluate the spreading rate. The solder spreading area, which needs to be
measured to calculate the radius during the wetting process, was recorded in situ at a
frame rate of 1 s™! in the top view using a video camera to evaluate the wetting rate of
solder on the Cu substrate. The spreading area of the wetting solder ball was measured
using ImagelJ software. Elemental compositions were identified by field-emission

electron probe micro-analysis (EPMA, JEOL JXA-8530F).

0.6 mm
Printed wiring Board

Solder

FR-4 substrate Solder

Fig. 2.1 Schematic diagram of (a) Cu substrate using for wettability test and (b) FR-4 substrate

with Cu pads for soldering process.
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Top video
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Exhaust
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—p—

Quartz

glass Side video
ﬁ camera
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Light source ~*
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Liquid formic acid
Heating chamber
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Fig. 2.2 Schematic diagram of heating equipment for wettability test.
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Heating process 1 2 3 4 5
Pre-heat temperature (°C) 110 110 110 110 110
Pre-time (s) 60 60 60 60 60
Peak heating temperature (°C) 250 250 250 270 290
Peak heating time (s) 120 300 600 120 120
Heating rate (°C/s) 2.5 2.5 2.5 2.5 2.5
300 .
250°C, 2 min
o
L 200
-
-
©
—_—
L
£
100
o == Measured profile

Fig. 2.3 Heating process for soldering using liquid RMA flux.

== == Nominal profile

200

Time (s)
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Fig. 2.4 Schematic graph of (a) typical three-dimensional scan result of solder surface forming
an angle with substrate surface and (b) sectional view of the section in (a) using three-

dimensional laser scanning confocal microscope.

2.2.2 Soldering process

Cu pads with a thickness of 35 um and diameter of 0.6 mm were fabricated on an
FR-4 printed wiring board and used as the substrate for the soldering process (Fig. 2.1
(b)). As pre-treatment before soldering, the Cu pads were immersed in a 4% HCI
solution for 120 s. Then, the solder balls and Cu pads were ultrasonically rinsed in an
ethanol solution for 300 s. After that, the SAC305 balls were soldered on the Cu pads
by applying a formic acid atmosphere or liquid flux under nitrogen atmosphere using
the heating process shown in Fig. 2.3 (identical to process 1). A morphological study
of the microstructure was performed using field-emission scanning electron

microscopy (FE-SEM, Hitachi SU-70).

2.3 Results and discussion

2.3.1 Wettability test

2.3.1.1 Contact angle analysis

The equilibrium contact angle was determined by balancing the surface tensions
according to Young’s equation[5]:

Ys¢ — Vs — Y €0os 6 =0 (3)

where yg; is the surface tension at the interface of the solid and vapor phases, g,
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is the surface tension at the solid and liquid phases, y;. is the surface tension at the
liquid and vapor phases, and @ is the contact angle, as shown in Fig. 2.5. In this study,
the solder was the liquid phase, the Cu substrate was the solid phase, and the atmosphere
(formic acid or nitrogen) was the vapor phase.

Young’s equation is based upon the hypothesis of an ideal surface(smooth,
homogeneous, rigid and insoluble) under thermodynamic equilibrium. The process of
wetting and spreading involves the flow of liquid on the surface of the substrate. This
flow is affected by a number of factors such as the viscosity of the molten solder and
the reaction between the solder and substrate.

Table 2.2 presents the contact angles of the SAC305 solders on the Cu substrates
with different peak heating times and temperatures. The results indicate that both the
solders by the fluxless FA process and reference solder by liquid flux process (denoted
as FA and RMA solders, respectively) were able to wet on the Cu substrate within 2
min at 250 °C. Under the same heating conditions, the contact angle of the FA solder
was similar than that of the RMA solder.

For the FA solders, the contact angle decreased as the heating peak time. The wetting
of a molten solder on solid Cu is a typical reactive wetting process, in which an IMC
usually forms. However, the Cu substrate is vulnerable to oxidation, forms a high
melting point Cu oxide film, which unable to be wetted by the solder[5, 7, 8]. Therefore,

reduction of the Cu oxide film is critical for wetting.

Vapor

Fig. 2.5 Schematic of a sessile-drop contact angle system.



44

Conti et al.[9] suggested a possible two-step reaction for a general metal oxide (MO)
in the presence of formic acid vapor. In the first step, MO reacts with formic acid

(HCOOH) to produce a metal formate (Eq. 4):

HCOOH4) + MO — M(COOH) ) + H,0y) 4)

In the second step, the metal formate decomposes (Eq.5):
M(COOH) ) — M5 + COz(g) + Hy (5)

Oxidized Cu require temperatures range from 215 °C to 256 °C to reduce by FA[9],
the temperature latter is higher than the melting point of the SAC305 solder. The results
suggest that the decomposition of Cu formate is a continuous process instead of an
instantaneous one[10, 11]. Therefore, the increase in peak heating time promotes the
reduction of the Cu oxide film and the decomposition of Cu formates. It is a common
observation that increasing the system temperature improves wettability[12], because
the viscosity and surface tension of the liquid solder decrease with increasing
temperature, unless the temperature is extremely high[13, 14]. Hence, even in reactive
wetting systems, the diffusion rate increases with temperature[15]. As indicated in
Table 2.2, the contact angles obtained by process 1 (250 °C), process 4 (270 °C), and
process 5 (290 °C) indicate that the contact angle decreases as the peak temperature

increases under a formic acid atmosphere, which matches the literature well.

Table 2.2 Summary of contact angle results

Process1 Process2 Process3 Process4 Process 5 Flux

Contact
43.34 42.05 39.66 36.33 35.37 41.24
angle (°)
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2.3.1.2 Spreading rate analysis

As mentioned in Section 2.3.1.1, Young’s equation assumes an ideally smooth,
homogeneous and isotropic surface, while for practical surfaces, a range of contact
angles exist along the contact line of a static drop[16-21]. This phenomenon, known as
contact angle hysteresis[22], can affect the average contact angle in some
conditions[17]. Contact angle hysteresis usually results from substrate roughness and
heterogeneity, impurity adsorption onto the substrate, swelling of the substrate, etc.[17,
22-25]. It has been shown that formic acid adsorbs onto the Cu surface by
chemisorption before decomposition of the formate[11], which may result in
modification of the Cu surface. Moreover, formic acid has been reported to dissociate
into formate[7, 8, 26-29], which has been widely confirmed by other researchers[30-
32]. Therefore, the spreading rate should be considered in addition to the average
contact angle to better evaluate the wetting behavior of SAC solder/Cu systems under
a formic acid atmosphere[33].

Fig. 2.6(a) shows how the spreading area of the FA and RMA solders on Cu
substrates changed during the heating process between 218 and 226 °C (heating rate:
2.5 °C/s). The FA solder had a notably spreading area during the initial wetting
compared to the RMA solder. The spreading areas are evaluated statistically in Fig.
2.6(b). As shown, the slope of the RMA solder was much higher than that of the FA
solders until 1 s later when the maximum spreading area was reached. However, the
spreading area of the FA solders increased slowly for the first 60 s and continued
increasing at a slower rate for the rest of the process, eventually exceeding that of the
RMA solder. This phenomenon may be caused by the continual reduction of the Cu
oxide film by formic acid[9, 10]. The FA solders exhibited extremely similar radius-
time curves regardless of peak heating time, suggesting that the peak-time conditions
barely affect the rate of spreading of the FA solder. Fig. 2.7 shows the spreading area
radius of the FA and RMA solders on the Cu substrate under different peak-temperature

conditions and different profiles. As shown, the spreading areas were similar for the
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first 13 s at 250, 270, and 290 °C; subsequently, a higher peak-temperature processes
had larger spreading areas. The spreading areas were very close at first because the
different profiles had similar temperature curves in the beginning, as shown in Fig. 2.7.
The profiles show that it took approximately 13, 21, and 29 s for the temperature to
increase from 218 to 250, 270, and 290 °C, respectively. This suggested that the
spreading area of solders increased with increasing peak-temperature under a formic

acid atmosphere.

2.3.1.3 Sn steaming phenomenon

In situ observation of the wetting process revealed the formation of residues around
the FA solders after reflowing; the substrate color turned to gray, as shown in Fig.
2.8(a)-(¢). In contrast, the substrate remained clean when using the RMA solder, as
shown in Fig. 2.8(d). The residues are believed to be precipitates of Sn formate, which
has been found to evaporate under some condition in previous studies[1, 9, 34]. Specific

analysis of Sn steaming phenomenon under a FA atmosphere is shown in Chapter 4.

2.3.2 Interfacial reaction

Fig. 2.9 shows the interfaces between the Cu substrate and FA or RMA solders.
Scallop-shaped IMCs, which are believed to be CusSns[35, 36], were found at the
interface with both type of solder. This suggests that the formic acid atmosphere barely
changes the interfacial reaction between the Cu substrate and SAC305 solder. However,
some pores were observed near the IMC layer in the FA solders, as shown in Fig. 2.10.
These pores were caused by the generation of gas from the decomposition of Cu
formate during the soldering process. The main reaction between Cu and formic acid
and the decomposition of Cu formate are as follows[37]:

Cu) + 2ZHCOOH gy — Cu(COOH)y5) + Hy(g (6)
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Solder

Fig. 2.8 OM image of residues on Cu substrate at 250 °C heating temperature using FA and
RMA solders: (a) 2 min using FA solder; (b) 5 min using FA solder; (c) 10 min using FA solder,
(d) 2 min using RMA solder.

CuOy5) + 2HCOOH () > Cu(COOH), 5y + Hygy + Oy (8)
Cu(COOH) 35y = Cug) + Hygy + COyg 9)
To investigate the effects of different heating processes on the pores near the interface,
we counted the number of pores in the samples obtained under formic acid with
different peak heating times and temperatures (see Fig. 2.11). The number of pores
barely changed upon extending the peak heating time (process 2 and process 3),
whereas a significant decrease was observed when the peak temperature reached 290 °C
(process 5). Rozhitsina et al.[38] found that the activation energy of viscous flow of
SAC305 eutectic melts decreased when the temperature increased. Therefore, the
viscosity of the molten SAC solder decreases at higher peak temperatures, allowing the

gas to easily escape.
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Fig. 2.9 Cross-sectional microstructure of as-reflowed solder bumps on Cu substrate: (a) FA
solder and (b) RMA solder.

Fig. 2.10 Cross-sectional SEM image of FA solder bumps.

2.4 Conclusion

In this chapter, the effects of heating processes on the wettability of SAC305 solders
on Cu pads and the interfacial reaction of SAC305 solder bumps on Cu substrates
formed under a formic acid atmosphere were investigated.

Under the same heating conditions, the contact angle of the FA solder was similar to
that of the RMA solder, whereas the spreading rate was much lower. The difference in
spreading rate may be caused by the continuous reduction of the Cu oxide film by a
formic acid atmosphere. The wettability of the FA solder increased as the peak heating
temperature increased.

Although the substrate remained clean when using the RMA solder, some residues
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were found around the FA solders after reflowing. The residues are believed to result
from the precipitation of Sn formate.

Some pores were observed near the IMC layers in the FA solders. These pores were
caused by the generation of gas from the decomposition of Cu formate during the
soldering process. The number of pores decreased significantly when the peak

temperature reached at 290 °C.
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Fig. 2.11 Effect of (a) peak heating time and (b) peak heating temperature on pore formation.
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Chapter 3

Effect of Thermal Aging on the Impact Strength of Sn-3.0Ag-
0.5Cu Solder Bumps Soldered on Cu under a Formic Acid

Atmosphere

3.1 Introduction

In Chapter 2, a fluxless soldering process using Cu substrate under a formic acid
(FA) atmosphere was investigated. The results indicated that in the case of fluxless
soldering in the FA atmosphere, a sufficient contact angle formed between the solder
and Cu substrate was attained, and a typical intermetallic compound (IMC) layer was
formed at the interface. However, several pores were found near the IMC layer when
the FA atmosphere was used. These pores may cause long-term reliability problems.

The impact reliability of solder joints is one of the critical concerns in the electronics
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industry because portable products such as cellphones can be damaged due to the
impact of fall if dropped[1-3]. In this chapter, we have conducted impact tests on as-
reflowed and thermally aged solder bumps on a Cu substrate, using either FA or the

liquid flux, in order to investigate the impact reliability of the solder bumps.
3.2 Experimental

3.2.1 Soldering and Thermal Aging Methods

Sn-3.0 mass% Ag-0.5 mass% Cu solder balls with a diameter of 0.76 mm were used
in this study. Fig. 3.1 shows a schematic illustration of a sample solder ball on Cu pads.
A Cu-pad with a thickness of 35 pum was prepared on an FR-4 printed wiring board, and
the Cu pad size was set to 0.6 mm in diameter by applying the solder resist. Pre-
treatment to the soldering, the Cu pads were immersed in a 4% HCI solution for 120 s.
Then, the solder balls and the Cu pads were ultrasonically rinsed in an ethanol solution
for 300 s. After that, Sn-Ag-Cu solder balls were soldered on Cu pads using either FA
or liquid rosin mildly activated flux. The solder balls on the substrates were preheated
at 110 °C for 60 s and the continuously heated at 250 °C for 120 s in an oven, as shown
in Fig.3 .2. After reflow soldering, some solder bumps were aged in an oil bath at 150 °C
for 168, 504, and 1008 h.

The microstructure of the interface between the solder and the substrate was observed
by scanning electron microscopy (SEM) after soldering and isothermal aging. We used
an electron probe microanalysis (EPMA) to confirm the element distribution. The

thickness of the IMC layer was also measured.

0.6 mm
Printed wiring Board

FR-4 substrate Solder
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Fig. 3.1 Schematic experimental setup of soldering with Cu pads.
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3.2.2 Impact Test

To evaluate the joint strength of soldered bumps after reflow and after thermal aging,
impact tests were performed using a micro-impact tester (MI-S, Yonekura Mfg. Co.,
Ltd.). In the impact test, the test speed was 1 m/s, and the impact height was 0.08 mm
from the solder resist, as illustrated in Fig. 3.3. Fig. 3.3(b) shows a typical impact load-
displacement curve obtained from the impact tests. Ten bumps were measured for each
condition, and the average value of the maximum strengths as the impact strength was
used for evaluation. The strengths were calculated by the measured loads dividing by

the joints area.
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Fig. 3.2 Heating profile of both soldering under a formic acid atmosphere and using liquid flux.
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3.3 Results and Discussion

3.3.1 Microstructure after Thermal Aging

SEM images of the cross-sections at the interface between Sn-Ag-Cu solder and Cu
pad are shown in Fig. 3.4. The morphology of the IMC layers at the interface was
changed after thermal aging in the oil bath. Figs. 3.4(a) and (b) show a scallop-shaped
IMC layer formed at the interface between the solder and the Cu pad using either FA or
the liquid flux after soldering. Fig .3.5 shows the EPMA mapping analysis results of
the interface between solder and substrate under a FA atmosphere and using liquid flux.
The initial formed IMC layer contained Sn and Cu (see Fig. 3.5), is likely to be
composed of CusSns[4, 5]. After thermal aging for 168 h, a very thin IMC layer was
newly observed between the Cu pad and the CueSns layer (see Figs. 3.4(c) and (d) and
Fig 3.5). This should be the Cu3Sn phase[6, 7]. The total thickness of the IMC layer
increased with the increase of the aging time for both cases. However, some pores were
also observed near the IMC layers in the samples soldered under a FA atmosphere, after
soldering and after thermal aging, as shown in Fig. 3.6. The formation of voids may be
attributed to the production of the gases by the reaction of FA with solder oxide.

Fig. 3.7 shows the effect of aging time on the growth of IMC layers during the
isothermal aging process at 150 °C. The total thickness of IMC layers and the thickness
of the CuzSn layer are shown in Fig. 3.7, respectively. The total IMC layer thickness
and the CusSn layer thickness increase with the increase of the aging time using either
the FA atmosphere or the liquid flux. The thickness is proportional to the square root of
the aging time for both cases. Accordingly, the growth of the IMC layers during the
thermal aging process can be considered a diffusion control process. The growth rate
of the IMC layers for the samples using the FA atmosphere is similar to that for the

samples using the liquid flux.
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Fig. 3.4 Cross sections of solder bumps on Cu pad using formic acid atmosphere and liquid
flux: a), b) as-reflowed solder bumps, c), d) 168 h aged solder bumps, e). ) 1008 h aged solder
bumps.
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Fig. 3.6 Pores formation near the interface under a formic acid atmosphere, after soldering

and after thermal aging.
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pad interface.

3.3.2 Impact strength and fracture surface before and after thermal aging

Fig. 3.8 shows the impact strength of the solder bumps, determined using the impact
test. There was no significant difference between the impact strength of the as-reflowed
solder bumps using FA and the liquid flux. After the aging for 168 h, the impact strength
of bumps soldered by both the methods decreased significantly. For example, the
average impact strength of solder bumps reflowed using the FA atmosphere decreases
from 126 MPa to 105 MPa, and the average impact strength of solder bumps reflowed
with the liquid flux decreases from 121 MPa to 104 MPa. The impact strength decreased
with the increase of the aging time in both cases. After thermal aging for 1008 h, the
impact strength of the solder bumps soldered using FA was also similar to that of solder
bumps soldered using the liquid flux in a nitrogen atmosphere.

In order to further study the failure during the impact test, the fracture morphologies of
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solder bumps were investigated. The composition of fracture surfaces of solder bumps
was determined by EPMA analysis. Fig. 3.9 shows the secondary electron (SE) image
and the EPMA mapping analysis results of fracture surfaces of solder bumps after an
impact test under as-soldered condition. Generally, each element content is shown by
colors as shown in the right-hand color indicator related to the content, so the
visualization in the distribution of elements of the fracture surface can be obtained. In
the soldering process using the FA atmosphere, the Sn element kept high content on the
entire area of the fracture surface, while there was some Cu element on the limited place.
Little Ag could be measured on the entire area of the fracture surface. It seems to be
that the failure was occurred predominantly in the bulk solder and partly inside the IMC
layer for the soldered bumps using the FA atmosphere. However, when samples
soldered with the liquid flux, Cu element was measured on almost the entire fracture
surface, while Sn and little Ag element were confirmed on the entire area of the fracture
surface, which suggests that a small area of residual solder and a large area of IMC
layer coexist on the fracture surface. Gao et al. [8] reported that spherical porosity
caused enough stress intensification around the pore. As we know, fracture occurs at
stress intensification parts easily. As the pores existed near the IMC layer in the samples
soldered in FA atmosphere after soldering, it suggests that the pores affect the fracture
position in the impact test when using FA atmosphere, as shown in Fig. 3.10. However,
although the typical fracture positions of the two cases are different, they exhibited
similar impact strengths, as shown in Fig. 3.8. On the other hand, the typical strength-
displacement curves of solder bumps under a FA atmosphere and the liquid flux after
soldering at 250 °C for 120 s are shown in Fig. 3.11. Although the curves of the two
cases were similar before reaching the maximum strengths, the curve of the sample
soldered by the liquid flux dropped faster than that soldered in the FA atmosphere. It
seems that the difference in the curves is caused by the afore-mentioned different
fracture positions of two cases. In the future, more study about the correlation of the

fracture position with the strength-displacement curves in impact test is necessary.



63

—o—FA -©--RMA

N A
© O
1

0 200 400 600 800 1000
Aging time (h)

o

Fig. 3.8 Effect of aging time on the impact strength of solder bumps.

Test direction  n———

FA

Aging time: 0 h
B13US0U02 JUsLS|

RMA

Fig. 3.9 EPMA mapping analysis results of fracture surfaces of as-soldered bumps using formic

acid atmosphere and the liquid flux in an impact test.

Pores

Cu

Fig. 3.10 Effect of pores on fracture position.
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Fig. 3.11 The load-displacement curves of as-soldered bumps using formic acid atmosphere

and liquid flux in a high speed impact test.

The fracture morphologies of thermally aged solder bumps are shown in Fig. 3.12.
Sn element and Cu element are observed on the entire fracture surface, either using the
FA atmosphere or the liquid flux. We suppose after thermal aging, as the IMC layers
increased, as shown in Fig. 3.4, the fracture positions were at the IMC layers for both
cases.

After thermal aging, two IMC phases existed at the interface between the Sn-3.0Ag-
0.5Cu solder and the Cu substrate using either FA atmosphere or the liquid flux, as
shown in Fig. 3.4. In order to investigate where the fracture happened after thermal
aging, EPMA was used to do the point analysis of element distribution. Fig. 3.13 shows
the top view of fracture surfaces of Sn-3.0Ag-0.5Cu/Cu solder bump reflowed using
the FA atmosphere and the liquid flux after 1008 h thermal aging. In particularly, Figs.
3.13(a) and (c) show the macroscopic fracture surfaces of the impacted solder bumps
using the FA atmosphere and the liquid flux, respectively. Figs. 3.13(b) and (d) show
the magnified micrographs of the corresponding square marked regions in Figs. 3.13(a)

and (c), respectively. In Figs. 3.13(b) and (d), a number of IMC grains were observed
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without any residual solder. This suggests that brittle fracture occurred inside the IMC

layers, similar to the observation in Fig. 3.9.

Test direction *

Aging time: 168 h

Aging time: 504 h

Aging time: 1008 h

Fig. 3.12 EPMA mapping analysis results of fracture surfaces of thermally aged bumps using
FA atmosphere and the liquid flux in an impact test.
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Fig. 3.13 The top view of the impact fracture surfaces for the 1008 h aged solder bumps. (a, b)
solder bump under a formic acid atmosphere, (c, d) solder bump using the RMA liquid flux.

Table 3.1 shows the EPMA point analysis results of selected points in Fig. 3.13. The
molar ratios of Cu to Sn in Points of 1, 2, 5, and 6 were near to 6:5, while the Points of
3,4, 7, and 8 contained approximately 25 at.% Sn, indicating that the IMC grains were
CueSns and CusSn, respectively. Combining Figs. 3.13(b), (d), and Table 3.1, it is easy
to infer that the fracture occurs partly at the CueSns layer and partly at the CuzSn layer
for both cases after 1008 h thermal aging.

The typical strength-displacement curves of solder bumps under a FA atmosphere
and using the liquid flux after thermal aging at 150 °C for 1008 h were also compared,
as shown in Fig. 3.14. The tendency of the two curves were similar before reaching the
maximum strengths and dropping. Associating with Figs. 3.12 and 3.13, it seems after
1008 h thermal aging, the fracture modes were almost the same for both cases.

In summary, failure of the solder bumps occurs as cracks propagate along with the

weakest layer or interface, which determines the impact properties of the solder bumps.
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As shown in Fig. 3.15, the failure of solder bumps occurred at different positions. When
solder bumps reflowed by using the FA atmosphere, the failure occurs predominantly
in the bulk solder and partly inside the IMC layer because the failure is caused by the
pores existed in bulk solder. The fracture position was predominantly inside the IMC
layer and partly in the bulk solder when using liquid flux. After 1008 h thermal aging,
the fracture occurred partly at the CusSns layer and partly at the CuzSn layer for both

cascs.

Table 3.1 EPMA point analysis results of selected points in Fig. 3.12.

Cu at.% Sn at.%
Point 1 46.20 53.80
Point 2 52.84 47.16
Point 3 71.80 28.20
Point 4 69.93 30.07
Point 5 46.71 53.29
Point 6 46.06 53.94
Point 7 69.83 30.17
Point 8 21 28.79
160
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Fig. 3.14 The load-displacement curves of bumps after 1008 h thermal aging using formic acid
atmosphere and liquid flux in high-speed impact test.
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Fig. 3.15 Schematic diagram of fracture mode of solder bumps under a FA atmosphere and
using liquid flux.

3.4 Conclusion

The impact strength of soldered bumps using FA was explored. The major
conclusions can be summarized as follows:

(1) The morphology of the IMC layers in samples soldered using the FA atmosphere
was similar to those soldered with the flux, after soldering and after thermal aging.

(2) After thermal aging, some pores were observed near the IMC layers in the
samples soldered in the FA atmosphere.

(3) The impact strengths of the as-reflowed and thermally aged solder bumps were
tested by impact tests. The fluxless solder bumps, using the FA atmosphere, have impact
strengths similar to the solder bumps obtained using the liquid flux.

(4) When solder bumps reflowed by using the FA atmosphere, the failure occurs
predominantly in the bulk solder and partly inside the IMC layer. However, when using

the liquid flux, the fracture position was predominantly inside the IMC layer and partly
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in the bulk solder. After 1008 h thermal aging, the fracture occurs partly at the CusSns

layer and partly at the CuzSn layer for both cases.
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Chapter 4

Thermal Effect on Sn Steaming Phenomenon Under Formic

Acid Atmosphere

4.1 Introduction

As explained in Chapter 2, we achieved a successful soldering process using SAC
solder and Cu substrate under a formic acid (FA) atmosphere. A sufficient contact angle
formed between solder and Cu substrate under a FA atmosphere and a typical
intermetallic compound (IMC) morphology could be observed at the interface.
Nevertheless, some undesired residues were detected on the Cu substrate after the
soldering process under a FA atmosphere, as shown in Section 2.3.1.3, the residue
containing Sn was speculated from the reaction of FA with SAC solder alloy[1, 2]. We
address this phenomenon Sn steaming phenomenon. The residue may lead to an

increase in leakage current and affect electrical performance[3].
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As we know, chemical reactions and atomic diffusion always depend on temperature
and time[4]. However, to our best knowledge, the effects of heating conditions on the
formation of the residue under a FA atmosphere were not directly assessed. Therefore,
instead of investigating the residue formation on the substrate, this chapter aims to
discuss the effect of heating conditions on the Sn steaming phenomenon under a FA
atmosphere. In this chapter, the thermal effect on Sn steaming phenomenon, produced
by series peak temperature and different holding times under a FA atmosphere, was

investigated.
4.2 Experimental

In this study, a glass plate with a pure Sn bulk on its top surface was placed on the
right side, and a Cu pad was placed at a distance of 1 mm left to the glass pad, as shown
in Fig. 4.1. FA gas (5 vol.% formic acid +95 vol.% N») was used as the reducing
atmosphere. FA gas was supplied by nitrogen gas through liquid FA stored in a sealed
beaker, as shown in Fig. 4.2. To investigate the thermal effect of the Sn steaming
phenomenon under a FA atmosphere, seven heating profiles were set and performed
under the FA atmosphere with various peak temperatures and heating times, as shown
in Table 4.1. Alongside two reference heating processes using liquid rosin, mildly
activated (RMA) flux with pure nitrogen and pure nitrogen atmosphere without RMA
flux were set, as shown in Fig. 4.3 corresponding to Process 4 in Table 4.1. A
morphological study of the microstructure of residues was performed using field-
emission scanning electron microscopy (FE-SEM, Hitachi SU-70). An energy-
dispersive X-ray spectroscopy (EDS) was used to detect the elemental composition of
the residues. In order to observe the tendency of Sn steaming overall, a mapping of
elements on the Cu pad was detected by an electron probe micro-analyzer (EPMA).

The X-ray diffraction (XRD) was used to distinguish the phases on Cu pad.
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Fig. 4.2 Schematic view of heating equipment for the Sn steaming experiment.

Table 4.1 Summary of heating processes under a FA atmosphere.

Heating process 1 2 3 4 5 6 7

Peak heating temperature (°C) 130 170 210 250 290 250 250
Peak heating time (s) 600 600 600 600 600 60 3600

Heating rate (°C/s) 1 1 1 1 1 1 1
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Fig. 4.3 Heating process as reference using liquid RMA flux and pure N..

4.3 Results and discussion

4.3.1 Effect of peak temperature on Sn steaming phenomenon under FA

atmosphere

The residue, which occurs during a fluxless soldering process heating at 250 °C for
120 s with SAC solder under a FA atmosphere, with the intent to form the unwanted
deposits on the substrate, and Sn was the main element of the residue confirmed by
EPMA, as shown in Fig. 4.4. Fig. 4.4 (a) shows the optical microscopy (OM) image of
the solder ball. The color of space near the solder ball on a Cu substrate turned to gray.
This also could be confirmed by the naked eye.

Fig. 4.5 shows the distribution of Sn element on Cu pads using different peak
temperatures by EPMA mapping. The Sn element content is shown by colors as shown
in the right-hand color indicator related to the content, so the visualization in the
distribution of Sn on the Cu pads surface was obtained. When the temperature below
170 °C, the Sn was hardly detected, which means the Sn steaming phenomenon was not
serious under such condition, as shown in Figs. 4.5(a) and (b). This situation was
similar to the results observed by Conti et al. [1]. Their results suggest the Sn steaming

phenomenon can be observed upon reaching 185 °C. In this study, when the temperature
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reached 210 °C and prolonged to 290 °C, the Sn element was able to be confirmed
obviously, as shown in Figs. 4.5(c), (d) and (e). And some cloudy Sn coverage in the
same area on Cu pad could be observed with naked eyes under these conditions. The
Sn covered area on Cu pads grew up with temperature increasing under a FA
atmosphere. While the Sn signal was hardly detected on the Cu pads under a pure N>
atmosphere at 250 °C for heating 600 s, as shown in Fig. 4.5(g). The Sn steaming
phenomenon was confirmed at 210 °C which was below the melting temperature of Sn

at 232 °C. We considered the reaction between Sn and FA is the key to the Sn steaming

phenomenon under a FA atmosphere.

Fig. 4.4 Sn residues confirmed after a fluxless soldering process under a FA atmosphere: (a)
OM image of solder ball; (b) SEM image of solder ball; (c) distribution of Cu element detected
by EPMA; (d) distribution of Sn element detected by EPMA.
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Fig. 4.5 EMPA mapping results of Sn element on Cu pads at various temperature heating for
600 s: (a) heating at 130 °C under a FA atmosphere; (c) heating at 170 °C under a FA
atmosphere; (d) heating at 210 °C under a FA atmosphere, (e) heating at 250 °C under a FA
atmosphere; (f) heating at 290 °C under a FA atmosphere; (g) heating at 250 °C using RMA
flux; (h) heating at 250 °C under N> atmosphere.

Based on these results, we speculated the following hypothesis refers to Fig. 4.6. The
formic acid was adsorbed on the surface of the metals which named Cu and Sn by
chemisorption, and then metal formates which named Cu and Sn formates were
generated from the reaction between formic acid and metal oxides. The Cu formate
decomposed while the Sn formate evaporated first and then precipitated on the surface
of the Cu substrate; then it decomposed and formed residues, as shown in Fig. 4.6. The
main reaction between the solder and formic acid and the evaporation of the Sn formate

are represented as follows:

STlOz(S) + lHCOOH(g) 4 Sn(COOH)l(S) + Hz(g) + Oz(g) (2)

Sn(COOH);y = Sn(COOH);() (4)
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Fig. 4.6 Diagram of Sn steaming hypothesis.

Aless content Sn was detected using RMA flux at 250 °C heating for 600 s, as shown
in Fig. 4.5(f). This may cause by the spattering of flux containing within molten Sn. In
order to confirm the spattering of flux. The distribution of C element on Cu pads using
RMA flux, under a FA atmosphere, and under the N> atmosphere was determined by
EPMA mapping analysis, as shown in Fig. 4.7. Fig. 4.7(a) shows the SEM image of Cu
pads using RMA flux. There were many stains containing C on the Cu pads when using
RMA flux (see Fig. 4.7(b)), while the C signal was hardly detected on the Cu pads
under the FA atmosphere and N> atmosphere, as shown in Figs. 4.7(¢c) and (d). Because
the RMA flux is organic [5], the stain was believed from a spattering of RMA flux. The
spattering of RMA flux was capable of being confirmed in this study.

In order to further study the residues under a FA atmosphere, the morphologies of
residues near Sn on glass pad under different conditions were observed by high
magnification SEM images, as shown in Fig. 4.8. The micro-morphologies of the
observation area schematized in Fig. 4.8(a) under different conditions were
significantly different. Some nano-scale white particles were found when the peak
temperatures reached 210 °C and 250 °C under a FA atmosphere. The composition of

this particle was determined by EDS. The particle contained approximately 1.75 at.%
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Sn, while no Sn element was detected in the dark area. When the temperature reached
290 °C, the nano-scale particles decreased, instead of the polyhedron-shape structure
covering the whole observation area. The structure was contained approximately 10 at.%
Sn. Because the set temperature (290 °C) was much higher than the melting temperature
of Sn, considering the morphology of this structure[6], the structure is likely to be Cu-
Sn intermetallic compounds. Unfortunately, it is hard to analyze the specific molar
ratios of elements accurately by our EDS at this magnification. Fig. 4.8(g) shows the
SEM image of the observation area on Cu pads using RMA flux. There are some
irregular organic residues (containing 60 at.% C confirmed by EDS) on the surface,

combining with Figs. 4.7 (a) and (b), it should be flux residue.

2 mm

Fig. 4.7 EMPA analysis for C element on Cu pads: (a) SEM image of Cu pad using RMA flux;
(b) EPMA mapping result of C element on Cu pad using RMA flux, (c) SEM image of Cu pad
under N> atmosphere; (d) EPMA mapping result of C element on Cu pad under N> atmosphere;
(e) SEM image of Cu pad under FA atmosphere; (f) EPMA mapping result of C element on Cu
pad under a FA atmosphere.
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Fig. 4.8 Morphologies of residues on Cu pads: (a) SEM image of Cu pad untreated, (b) SEM
image of Cu pad under a FA atmosphere at 130 °C; (c) SEM image of Cu pad under a FA
atmosphere at 170 °C; (d) SEM image of Cu pad under a FA atmosphere at 210 °C; (e) SEM
image of Cu pad under a FA atmosphere at 250 °C; (f) SEM image of Cu pad under a FA
atmosphere at 290 °C; (g) SEM image of Cu pad using RMA flux, (h) SEM image of Cu pad

under N> atmosphere.
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In order to the further study of the residue. The XRD was used to distinguish the
phases on Cu pad. The XRD results of Cu pad under a FA atmosphere is shown in Fig.
4.9. The CusSns IMC was detected. Hence, the SAC solder will spread not only on the
Cu but also on the IMCs via the Sn steaming phenomenon under FA atmosphere in
Chapter 2. In previous studies, it was found that the final contact angle of lead-free
solder on the IMC layer (CusSns/CusSn) was lower than that of the same solder on the
Cu surface[7-9]. The final contact angle of FA solder eventually lower than that of the
RMA solder may cause by the solder partly spreading on IMCs. Therefore, during
soldering under FA atmosphere, Sn formate produced from solid SAC solder spread
across the Cu substrate around the SAC305 solder ball and then formed IMCs at the
interface. Owing to the IMC formation via the reaction between SAC solder and Cu
substrate, the molten solder ball could spread across the surface of IMCs, as shown in

Fig. 4.10.
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Fig. 4.9 XRD pattern of Cu pad under a FA atmosphere after Sn steaming experiment.
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4.3.2 Effect of heating time on Sn steaming phenomenon under FA atmosphere

Fig. 4.11 shows the distribution of Sn element on Cu pads at 250 °C after 60, 600,
and 3600 s heating time by EPMA mapping. When the heating time was controlled
within 60 s, the Sn steaming phenomenon was not serious under a FA atmosphere. The
Sn element area on the Cu pads grew up with the increasing heating time at the same
temperature. Morphologies of the Sn element area on Cu pads at 250 °C for a various
heating time under a FA atmosphere were observed by SEM, as shown in Fig. 4.12. The
particles containing Sn (confirmed by EDS) became more and larger after heating for
3600 s. And the surface of the Cu pad became rougher after heating for 3600 s. This
suggests Sn steamed more with heating time increasing, which is consistent with the

EPMA results in Fig. 4.11.

C)

low

Fig. 4.11 EMPA mapping results of Sn element on Cu pads under a FA atmosphere heating at
250 °C for various heating times: (a) 60 s, (b) 600 s, (c) 3600 s.
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Fig. 4.12 Morphologies of residues on Cu pads at 250 °C for various heating times: (a) Cu
pads untreated; (b) SEM image of Cu pad heating for 60 s; (c) SEM image of Cu pad heating
Jfor 600 s; (d) SEM image of Cu pad heating for 3600 s.

4.4 Conclusion

In this chapter, the thermal effect on the Sn steaming phenomenon under the FA
atmosphere was investigated.

The Sn steaming phenomenon results from the formation of Sn formate under a FA
atmosphere. When the temperature below 170 °C, Sn steaming phenomenon was not
serious. When the temperature reached 210 °C and prolonged to 290 °C, the Sn
steaming phenomenon was observed. The Sn steaming phenomenon under a FA
atmosphere became more serious with the higher temperature and longer heating time.

The spattering of RMA flux was also confirmed in this study. The spattering not only
lead to the existing of flux residues but also caused a slight Sn steaming phenomenon

in this study.
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Based on the thermal effect on the Sn steaming phenomenon under a FA atmosphere
in this study, the process of heating time within 60 s is suggested for fluxless soldering

using SAC solder.
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Chapter 5

Wettability, Interfacial Reaction and Impact Strength of Sn-
3.0Ag-0.5Cu Solder/ENIG Substrate by Fluxless Soldering

under Formic Acid Atmosphere

5.1 Introduction

A sufficient contact angle of SAC solder on Cu substrate with a typical IMC layer
formed at the interface between the solder and Cu substrate during formic acid (FA)
reflow soldering is almost equal to that observed for the liquid rosin mildly activated
flux (RMA solder), as mentioned in Chapter 2. Hence, FA is a promising reagent for
fluxless soldering. However, the spreading rate of solder on a Cu substrate under a FA
atmosphere was much slower compared with solder using RMA flux at the same

conditions, as discussed in Section 2.3.1.2. On the other hand, although the solder
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bumps under the FA atmosphere showed sufficient impact strength after soldering and
enough reliability after thermal aging, some undesired pores were observed at the
interface between the solder and Cu substrate after soldering and after thermal aging,
as discussed in Chapter 3. These phenomena may cause by the continuous reaction
between FA and Cu substrate[1, 2].

In this chapter, SAC solder balls were applied onto ENIG substrates under the FA
atmosphere, and their wettability and interfacial reactions were examined. Because the
mechanical reliability of solder joints is a critical parameter in the electronics
industry[3-6], impact tests were conducted on these joints before and after the thermal
aging at 150 °C for 168, 512, and 1008 h. Besides, RMA reflow soldering was

performed for comparison purposes.

5.2 Experimental
5.2.1 Wettability test

A Sn—3.0mass%Ag—0.5mass%Cu solder (SAC solder) ball with a diameter of 0.76
mm and a Cu substrate with the dimensions 30 mm % 30 mm x 0.5 mm and ENIG finish
(ENIG substrate) were prepared for wettability testing, as shown in Fig. 5.1. FA gas (5
vol% formic acid + 95 vol% N2) was used as a soldering reducing atmosphere for the
fluxless soldering process. The thermal effect observed during the re-melting of the
solder ball (reflow) on the wettability of FA-exposed solder was investigated at various
temperatures ranging from 250 to 290 °C, as shown in Table 5.1. Spreading areas were
measured by an optical microscope (OM, KEYENCE VHX-900) after soldering. In situ
observations were conducted as second-by-second measurements of the spreading areas
using a charge-coupled device (CCD) camera (SONY) to evaluate the corresponding
spreading rates. Spreading area and spreading rate were utilized to determine the
solder’s wettability. The exact values of solder spreading areas were calculated using

commercial software (ImageJ).



Samples used for wettability test

Fig. 5.1 Schematic diagram of (a) ENIG pads using for wettability test.

Table 5.1 Summary of FA-exposed solder heating processes for wettability test.
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Heating process ) @ ®
Pre-heat temperature (°C) 110 110 110
Pre-heat time (s) 60 60 60
Peak-temperature (°C) 250 270 290
Peak-time (s) 120 120 120
Heating rate (°C/s) 2.5 2.5 2.5
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5.2.2 Sn steaming phenomenon

In Chapter 2, some residues containing Sn on Cu substrate were observed during
the fluxless soldering process under a FA atmosphere. In order to confirm the Sn
precipitation phenomenon on ENIG finish, in this study, a Cu pad with a pure Sn bulk
on its top surface was placed on the left side, and a Cu substrate with ENIG finish was
placed at a distance of 1 mm right to the Cu pad, as shown in Fig. 5.2. FA gas (5 vol.%
formic acid+95 vol.% N;) was used as the atmosphere. FA gas was supplied by
nitrogen gas through liquid FA stored in a sealed beaker, as shown in Fig. 5.3. After
introducing the FA atmosphere, the chamber was heated to 250 °C for 30 min. A
mapping of the Sn element on the ENIG substrate was detected by an electron probe
micro-analyzer (EPMA). The micromorphology of ENIG substrate after residue

precipitation was observed by a field-emission scanning electron microscope (SEM).

5.2.3 Interfacial reactions and impact test

Solder bumps consisting of the SAC solder balls on ENIG pads embedded into a
flame retardant-4 (FR-4) substrate were used for studying interfacial reactions and
impact strengths via a reflow process, as shown in Fig. 5.4. The corresponding reflow
profile is shown in Fig. 5.5. To obtain ENIG substrates, electroless Ni layers with
thicknesses of 5 um were deposited onto Cu pads, and the thickness of the Au flash on
the Ni layer was approximately 50 nm. Before the reflow process, the SAC solder balls
were immersed in a 4 vol% HCI solution for 120 s, after which both the balls and FR-
4 ENIG substrates were ultrasonically cleaned in ethanol for 300 s. After the reflow, the
solder bumps were aged inside an oil bath at 150 °C for 168, 512, and 1008 h.

To estimate the impact strengths of the soldered bumps, high-speed tests were
conducted using a micro-impact tester (MI-S, Yonekura Mfg. Co., Ltd.). The shear rate
was 1 m/s, and the impact height from the solder resist was equal to 0.08 mm (Fig. 5.6).
Ten bumps were evaluated under each condition using the average value of the impact

strength.
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Fig. 5.2 Sample for Sn steaming experiment: (a) sample image, (b) schematic image.
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Fig. 5.3 Schematic view of the Sn steaming experiment.
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Fig. 5.5 Soldering process of RMA solder.
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Fig. 5.6 Schematic diagram of a high-speed impact test.

Cross-sectional microstructures of the solder bumps were observed by a field-
emission scanning electron microscope (FE-SEM, Hitachi SU-70), and their IMC
thicknesses were determined. Elemental compositions of the solder bumps were

identified by field-emission electron probe microanalysis (EPMA, JEOL JXA-8530F).
5.3 Results and discussion

5.3.1 Wettability test

Fig. 5.7 shows the wetting results of solders on ENIG finish under a FA atmosphere
and using RMA flux. Fig. 5.7(a) shows the average spreading areas obtained for FA-
exposed solder at 250 °C, 270 °C, and 290 °C after 2 min and for the solder containing
RMA flux at 250 °C corresponding to the reflow temperature of SAC solder joints. The
average spreading area in the former case was 31.2 mm?, and that in the second case
was 28.4 mm?. Moreover, the average spreading areas of FA-exposed solder during the
reflows at 270 °C and 290 °C were 37.4 and 40.8 mm?, respectively. The obtained
results show that the average spreading area of FA-exposed solder exhibits a positive
correlation with the reflow temperature under the specified conditions, which

significantly improves solder’s wettability[7, 8] because the viscosity and surface
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tension of liquid Sn-based solders typically demonstrate negative correlations with
temperature unless the latter is extremely high[9, 10]. Fig. 5.7(b) shows the charge of
the spreading area obtained for FA-exposed and RMA solders during heating of the
reflow at 250 °C. The observed trends are very similar, while the spreading area of FA-
exposed solder is slightly larger than that of the solder with RMA flux. The spreading
areas of both solders gradually increased even at the end of the reflow process, which
was in good agreement with the results of a previous study[11]. The reason for the
enhanced wettability of the solder exposed to FA atmosphere is the formation of an

IMC layer before solder melting.
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Fig. 5.7 Spreading area of solders on ENIG pad: (a) the average spreading areas of solders
under formic acid atmosphere at 250 °C, 270 °C and 290 °C for 2 mins, and that of solder
using RMA flux was at 250 °C; (b) the tendency of the spreading of solder under formic acid
atmosphere and solder using RMA flux of reflow at 250 °C.
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Residues containing Sn were formed on the ENIG pad near the Cu pad after heating
at 250 °C for 30 min, as shown in Fig 5.8. Fig .5.8 (a) shows the SEM image of ENIG
pad after heating under a FA atmosphere, while the distribution of Sn on ENIG pad by
EPMA mapping is shown in Fig. 5.8 (b). Because the boiling point of Sn (about 2602 °C)
is much higher than 250 °C, we believe that the volatilization of Sn barely occurs under
this condition. Considering with Chapter 4, the Sn residues were likely caused by the
Sn formate steaming (Sn(COOH)i(g)) from the left side (Sn/glass) to the right side
(ENIG) before the Sn phase melted on the glass surface[12] followed by the Sn formate
(Sn(COOH)i(s)) decomposition on the ENIG substrate at a temperature of around
200 °C[12-14].

The formation process of Sn residues on the ENIG substrate via Sn formate steaming
is illustrated in Fig. 5.8(c). The SEM image of the ENIG substrate without Sn residues
is shown in Fig. 5.8 (d), while that with Sn residue is shown in Fig. 5.8 (e). The surface
modification caused by Sn melting. The modified surface with a composition
determined by EPMA contained 57.39 at.% Sn, 30.68 at.% Ni, and 11.93 at.% Au. As
the reflow temperature (250 °C) was greater than the Sn melting point (232 °C), we
assumed that the surface modification was caused by the formation of IMCs (Ni3Sn4
and AuSny)[15, 16]. Therefore, during soldering under FA atmosphere, Sn formate
produced from solid Sn spread across the ENIG substrate around the SAC305 solder
ball (see Fig. 5.9(a)), and then decomposed into Sn on the ENIG substrate at
approximately 200 °C (Fig. 5.9(b)). As the temperature increased above 232 °C, the
SAC solder ball and decomposed Sn melted and formed IMCs at the interface (Fig.
5.9(c)). Owing to the IMC formation via the reaction between the decomposed Sn and
ENIG substrate, the molten solder ball could spread across the surface of IMCs (Fig.
5.9(d)).
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Fig. 5.8 Diagram of Sn steaming hypothesis: (a) SEM image of ENIG pad under a FA
atmosphere heating at 250 °C for 30 min; (b) EPMA mapping results of Sn steaming experiment;
(c) the process of Sn residues on the ENIG substrate via Sn formate steaming hypothesis,; (d)
SEM image of ENIG pad without Sn residues, (e) SEM image of IMC in the area of Sn residues.
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In general, the wetting of solder on a particular substrate produces a typical reactive
wetting system[17], in which IMCs precipitate at the liquid/solid interface[18].
According to the reaction product control (RPC) model, reaction products determine
the ultimate solder wettability and spreading process[19]. In this study, although the
same (Cu, Ni)sSns layer was formed and contacted the liquid solder, the solder
wettability under the FA atmosphere was greater than that of the solder containing RMA
flux. In previous studies, it was found that the wettability of lead-free solder on the IMC
layer (CusSns/CuszSn) was higher than that of the same solder on the Cu surface[17, 20,
21]. Besides, the wettability of Sn on the Ag3Sn IMC surface was greater than that of
Sn on an Ag substrate[22]. Thus, it can be concluded that the higher wettability of FA-
exposed solder as compared with that of the solder containing RMA flux is caused by
the spreading of the SAC solder ball on the IMC surface. Meanwhile, the surface
roughness was also changed by the formation of IMCs under the FA atmosphere, which
significantly affected the solder’s wettability[16, 23-26]. Hence, a detailed study of the
effects produced by the surface tension driven flow (such as Sn steaming) on the surface
morphology under FA atmosphere is required.

We also compared the spreading area of the SAC solder on Cu substrate and ENIG
substrate at 250 °C under a FA atmosphere, as shown in Fig .5.10. The wettability of
the FA-exposed solder on the ENIG pad was significantly greater than that of the same

solder on the Cu substrate.
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Fig. 5.9 Effect of Sn steaming phenomenon on wettability.
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Fig. 5.10 Tendency of the spreading of FA-exposed solder on ENIG substrate and Cu substrate
reflowed at 250 °C.

5.3.2 Interfacial reaction

Fig. 5.11(a) shows the SEM image of the joint cross-section obtained for as-reflowed
FA soldering. After the reflow process, the Au flash layer dissolved into the molten
SAC305 solder, leaving (Cu, Ni)sSns IMC at the interface between SAC305 solder and
the Ni(P) layer. Moreover, a thin NizP layer was produced between the (Cu,Ni)sSns
IMC and Ni(P) layers. The Cu phase of the former layers resulted from SAC305 solder,
and its composition determined by EPMA corresponded to 42.60 at.% Cu, 16.50 at.%
Ni, and 40.90 at.% Sn. According to the results of thermodynamic calculations, (Cu,
Ni)sSns was formed by the dissolution of Ni in the CusSns phase because the reflow
time was not sufficient for the formation of a ternary compound NizsCu29Snas[27].
Consequently, (Cu,Ni)¢eSns was produced at the interface instead of CusSns or
Ni3Sny[28]. Furthermore, a P-rich Ni layer was also formed between the (Cu,Ni)sSns
and Ni-P layers; it contained approximately 25 at.% P suggesting Ni3P as its possible
composition[15]. Ni(P) species were crystallized into NizP ones because the self-

crystallization temperature of amorphous Ni(P) was 250 °C[28].
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Fig. 5.11 Cross-sectional SEM image of solder bumps on ENIG substrate for FA soldering and
RMA soldering: (a), (b)as -reflowed solder bumps; (c), (d) thermally aged solder bumps for
168 h; thermally aged solder bumps for 504 h; thermally aged solder bumps for 1008 h.
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After the thermal aging for 1008 h, the thickness of the (Cu,Ni)sSns layer increased
(Fig. 5.11(g)); moreover, the presence of stable NisP species strongly affected the
growth of the Ni-Sn IMC phase[29]. Hung et al.[30, 31] suggested that the NizP layer
could act as a barrier to the diffusion of Ni and consequently suppressed the growth of
the Ni3Sn4 layer. Additionally, the interfacial morphologies of RMA solder before (Fig.
5.11(b)) and after (Fig. 5.11(h)) thermal aging were almost identical to those of FA-
exposed solder. Fig. 5.12 shows that the IMC growth rate during FA reflow soldering
was almost equal to that during RMA reflow soldering at different aging times, and that
the thickness of the IMC layer was proportional to the square root of the aging time,
indicating that FA atmosphere barely affected the interfacial reaction between the ENIG
substrate and SAC solder. From the results presented above, it can be concluded that
FA reflow soldering is a promising alternative to RMA reflow soldering in terms of
performance and environmental characteristics, although no reliability testing of the

former method has been conducted yet.

4

-~ 3 F ,)’r/’

£

O e o

= o

Y— ~

o 2F -

» i g

B I E

£ F

g F B FA

i ® RMA
0 " 1 L | M 1

0 10 20 30

Square root of aging time(h'?)

Fig. 5.12 Statistics of IMC thickness of solder bumps for FA soldering and RMA soldering.
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5.3.3 Impact strength

The mechanical reliability of FA reflow soldering was evaluated by performing
impact tests, and the obtained data were compared with the results of RMA reflow
soldering (Fig. 5.13). During FA reflow soldering, the impact strength before the
thermal aging at 150 °C was 107 MPa, and its magnitude decreased to 86, 83 and 80
MPa after the thermal aging for 168, 504, and 1008 h, respectively. All impact strengths
of the samples used for FA reflow soldering were slightly higher than those of the
specimens utilized for RMA reflow soldering, and their decreases were likely caused
by the growth of brittle IMCs at the interface during thermal aging.

Fig. 5.14 shows the EPMA mappings corresponding to the SEM images of the
fracture surfaces obtained for the FA-exposed and RMA solders before and after the

thermal aging for 168, 504, and1008 h (impact direction is oriented from left to right).
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Fig. 5.13 Effect of aging time on the impact strength of FA-exposed and RMA solder bumps.
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Fig. 5.14 EPMA mapping analysis results of the fracture surface of as-reflowed and 168, 504,
and 1008 h aged FA-exposed and RMA solders in an impact test.
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In the as-reflowed solders, as the high concentration of Ni remained in the left section
of the fracture surface, fracture mostly occurred across the IMC layer, while the high
concentrations of Sn and Ag were partially preserved in the right section. The joints of
both the as-reflowed FA-exposed and RMA solders cracked along the solder/substrate
interface and then propagated into the bulk solder. After the thermal aging for 168 h,
high contents of Ni were observed across the entire fracture surface, while Sn and Cu
species were also detected in the same areas for both cases, suggesting that the fracture
occurred within the IMC layer at the solder/substrate interface after thermal aging for
168 h. It was reported previously that ductile fracture occurred in the solder bulk where
brittle fracture originated in the IMC layer. Therefore, the as-reflowed solders exhibited
both ductile and brittle fractures simultaneously. After 168 h of aging, the fracture mode
changed to the total brittle fracture with increasing thickness of the IMC layer. Because
the differences in the impact strengths and fracture modes of FA-exposed and RMA
solders were very small, the FA atmosphere had almost no effect on their mechanical
stabilities. Hence, the latter factor can be neglected when considering the replacement
of RMA reflow soldering with FA reflow soldering.

The impact strength of solder bumps after soldering by a fluxless soldering process
heating at 250 °C for 2 min under a FA atmosphere and thermal aging at 150 °C for
168, 504, and 1008 h fabricated using Cu substrate and ENIG substrate were also
compared, as shown in Fig. 5.15. There was a significant difference between the impact
strength of the as-reflowed solder bumps fabricated on the Cu and ENIG pads. Before
aging, the average impact strength of the solder bumps on the Cu substrates was 126
MPa, while the solder bumps on the ENIG substrates achieved only 107 MPa. In both
cases, the impact strength decreased with increasing aging time. Furthermore, after
thermal aging, the impact strength of the solder bumps on the ENIG pads was also
lower than that of the solder bumps on the Cu pads. These results are well consistent
with reference[15, 32]. Many authors have reported that the Ni3P layer, which forms

during prolonged reactions, contributes to a weakened interface and fails easily[16, 28,
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30, 31, 33].

5.4 Conclusion

In this chapter, the wettability, interfacial reactions, and impact strength of FA-
exposed solder on the ENIG substrate were examined, and the obtained results were
compared with the parameters of RMA reflow soldering. As indicated by in-situ
observations, the spreading area of the solder exposed to FA atmosphere was 10%
greater than that of the solder containing RMA flux, which demonstrated the
enhancement of the solder’s wettability by FA. The latter was caused by the solder
spreading on the interfacial layer of (Cu, Ni)sSns IMC formed by Sn residues on the
ENIG substrate via Sn formate steaming before the solder ball melted during FA reflow
soldering. The IMC growth rate of FA-exposed solder was nearly identical to that of
RMA solder, and their interfacial reactions were very similar. Moreover, the impact
strength of FA-exposed solder was approximately equal to that of RMA solder due to
the same interfacial reactions. The decrease in the impact strength observed after 168,
504, and 1008 h of the thermal aging at 150 °C was induced by the growth of the brittle
IMC layer at the interface with a similar pattern. The findings of this work indicate that
RMA reflow soldering can be potentially replaced with FA reflow soldering for

environmental protection during electronic packaging.
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Fig. 5.15 The impact strength of solder bumps after soldering by a fluxless soldering process
heating at 250 °C for 2 min under a FA atmosphere and thermal aging at 150 °C for 168, 504,
and 1008 h fabricated using Cu substrate and ENIG substrate.
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Chapter 6

Conclusion

6.1 Summary

In this dissertation, a fluxless soldering process under a formic acid (FA) atmosphere
using Sn-3.0Ag-0.5Cu solder (SAC305) was investigated for electronic packaging, as
a low cost, eco-friendly, and reliable substitution of soldering process using rosin mildly
activated (RMA) flux. The motivation was to study the process parameters of fluxless
soldering under a FA atmosphere and the mechanism of the FA atmosphere in the
fluxless soldering process. The author focused on the wetting behavior of lead-free
solder under a FA atmosphere, effect of FA atmosphere on the interfacial reaction
between solder and different substrates, and long term reliability of solder bumps after
fluxless soldering.

In Chapter 1, a brief introduction of electronic packaging, lead-free soldering
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process, the role of flux in soldering, and the problems of flux were given. Consequently,
fluxless soldering processes have a high market potential. Then, various fluxless
soldering technologies were listed. Among the fluxless soldering processes, the
soldering under a FA atmosphere was a promising process because of the low cost and
effective reduction of Sn-base solder.

In Chapter 2, a successful fluxless soldering process using SAC305 solder and Cu
substrate under a FA atmosphere was achieved. The effects of heating processes on the
wettability of SAC305 solders on Cu pads and the interfacial reaction of SAC305 solder
bumps on Cu substrates formed under a FA atmosphere were investigated. The results
showed under the same heating conditions, the contact angle of the FA solder was
similar to that of the RMA solder, whereas the spreading rate was much lower. The
difference in the spreading rate may be caused by the continuous reduction of the Cu
oxide film by a formic acid atmosphere. The wettability of the FA solder became better
as the peak heating temperature increased. Although the substrate remained clean when
using the RMA solder, some residues were found around the FA solders after reflowing.
The residues are believed to result from the precipitation of Sn formate. The FA
atmosphere barely changes the interfacial reaction between the Cu substrate and
SAC305 solder. However, some pores were observed near the IMC layers in the FA
solders. These pores were caused by the generation of gas from the decomposition of
Cu formate during the soldering process. The number of pores decreased significantly
when the peak temperature reached 290 °C.

In Chapter 3, the effect of pores discovered in the study of Chapter 2 on long-term
reliability was investigated. The impact reliability of soldered bumps using FA was
explored. The morphology of the IMC layers in samples soldered using the FA
atmosphere was similar to those soldered with the flux, after soldering and after thermal
aging. After thermal aging, some pores were also observed near the IMC layers in the
samples soldered in the FA atmosphere. The impact strengths of the as-reflowed and

thermally aged solder bumps were tested by impact tests. The fluxless solder bumps,
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using the FA atmosphere, have impact strengths similar to the solder bumps obtained
using the liquid flux. When solder bumps reflowed by using the FA atmosphere, the
failure occurs predominantly in the bulk solder and partly inside the IMC layer.
However, when using the liquid flux, the fracture position was predominantly inside
the IMC layer and partly in the bulk solder. After 1008 h thermal aging, the fracture
occurs partly at the CusSns layer and partly at the Cu3Sn layer for both cases. In
summary, the pores near the IMC layer barely affect the impact strength after soldering
and after thermal aging.

In Chapter 4, the thermal effect on Sn steaming phenomenon, produced by series
peak temperature and different holding times under a FA atmosphere, was investigated.
Some residue containing Sn was found in the study of Chapter 2. The residue may lead
to an increase in leakage current and affect electrical performance. The residue is
believed to result from the Sn steaming phenomenon under a FA atmosphere. The
results showed the Sn steaming phenomenon results from the formation of Sn formate
under a FA atmosphere. When the temperature below 170 °C, Sn steaming phenomenon
was not serious. When the temperature reached 210 °C and prolonged to 290 °C, the Sn
steaming phenomenon was observed certainly. The Sn steaming phenomenon under a
FA atmosphere became more serious with the higher temperature and longer heating
time. Based on the thermal effect on the Sn steaming phenomenon under a FA
atmosphere in this study, the process of heating time within 60 s is suggested for fluxless
soldering using SAC solder.

In Chapter 5, based on the results in Chapter 2, in order to improve the spreading
rate of wetting of SAC305 solder, the substrate with ENIG finish was used. The
wettability, interfacial reactions, and impact strength of FA-exposed solder on the ENIG
substrate were examined, and the obtained results were compared with the parameters
of RMA reflow soldering. As indicated by in-situ observations, the spreading area of
the solder exposed to FA atmosphere was 10% greater than that of the solder containing

RMA flux, which demonstrated the enhancement of the solder’s wettability by FA. The
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latter was caused by the solder spreading on the interfacial layer of (Cu, Ni)sSns IMC
formed by Sn residues on the ENIG substrate via Sn formate steaming before the solder
ball melted during FA reflow soldering. The IMC growth rate of FA-exposed solder was
nearly identical to that of RMA solder, and their interfacial reactions were very similar.
Moreover, the impact strength of FA-exposed solder (107 MPa) was approximately
equal to that of RMA solder (99 MPa) due to the same interfacial reactions. The
decrease in the impact strength observed after 168, 504, and 1008 h of the thermal aging
at 150 °C was induced by the growth of the brittle IMC layer at the interface with a
similar pattern.

Consequently, the RMA reflow soldering can be potentially replaced with FA reflow

soldering during electronic packaging.

6.2 Environmental assessment on fluxless soldering under a FA

atmosphere

The fluxless soldering process was considered environmentally friendly for one
reason is considering the cleaning process. After the soldering process, the flux residues
must be cleaned from the substrate after soldering, because they are corrosive and may
cause long-term reliability problems[1]. The residues of no rosin flux used halogenated
solvents, such as chlorofluorocarbons (CFCs). The CFCs is believed one major
contribution to the depletion of ozone, as discussed in Section 1.3.2. In order to
decrease the impact on the environment, water-soluble fluxes are developed using for
soldering PCBs in electronics factories[2, 3]. However, the cleaning process is also
necessary during soldering using water-soluble flux. This cleaning process would
consume water, obviously. Because of the cleaning process, the cost of the soldering
process using flux is higher, absolutely.

Although some Sn residue caused by Sn steaming phenomenon was observed during
a fluxless soldering process under a FA atmosphere, this phenomenon was unobservable

if the heating time reduced within 60 s, as we discussed in Chapter 3. And within the
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modern soldering process using for electronic packaging, the heating time is also hold
within 30 s[4, 5]. We believe the residue is scarcely detected in this situation.

The compositions of flux also have the impact on the health of creatures. There are
many reports about occupational diseases among workers in the electronics industry
from soldering flux[6-10]. Hence, in order to protect the workers and the environment
in many electronics factories, soldering is developed to more automatic and seal. The
FA, as one of the organic acids, also harms to health as a respiratory and eye irritant[11-
13]. A reversible pulmonary chemical injury by formic acid inhalation was reported[14].
However, with the developing of more automatic soldering systems using for electronic
packaging, the risk of formic acid inhalation becomes lower, and the handling of
nitrogen-enriched with formic acid is feasible used in electronic manufacturing now|[4,
15].

The qualitative environmental assessment on the soldering process using flux and
fluxless soldering under a FA atmosphere, in terms of energy consumption, cost,
environmental impact, and disease risk are summarized in Table 6.1. The soldering
process using Sn-Ag-Cu solder shows no advantages in terms of economic perspective.
However, the usage of Sn-Pb solder should be eliminated in order to response the
environmental directive, as mentioned in Chapter 1. In summary, to our best
knowledge, only one minor issue needs to be considered of fluxless soldering process
under a FA atmosphere is the irritation to respiratory and eye. And it is not a problem

in modern soldering systems.

6.3 Future work

6.3.1 Effect of FA on joint long-term reliability

In Chapter 3, it was shown the fluxless solder bumps, using the FA atmosphere, have
impact strengths similar to the solder bumps obtained using the flux. However, the
fracture mode was different: when solder bumps reflowed by using the FA atmosphere,

the failure occurs predominantly in the bulk solder and partly inside the IMC layer;
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when using the liquid flux, the fracture position was predominantly inside the IMC
layer and partly in the bulk solder. Besides, the strength-displacement curve was
analyzed, Although the curves of two cases were similar before reaching the maximum
strengths, the curve of the sample soldered by the liquid flux dropped faster than that
soldered in FA atmosphere. It seems that the difference in the curves is caused by the
afore-mentioned different fracture positions of two cases. However, the effect of pores
on the strength-displacement curve in the impact test is still unclear. And in this thesis,
only the thermal aging in oil bath was used to evaluate the long-term reliability, the
thermal cycle test is also a common method to evaluate the resistance to thermal shock
of electronics devices. Therefore, for the practical application, the reliability of a more
realistic joint fabricated with the fluxless soldering process should be further verified

by long term reliability test.

6.3.2 improvement of a suitable fluxless soldering process without Sn steaming for

realistic application

In Chapter 4, we discussed the thermal effect on Sn steaming phenomenon under a
FA atmosphere. The results showed the severity of Sn steaming depended on the peak
temperature and holding time of peak temperature during the fluxless soldering process.
However, the pathway of Sn steaming is still unclear. For example, the sequence of the
Sn formate evaporation and decomposition under a FA atmosphere. It is important to
design a great process for realistic applications and to reduce the risk of short circuits.
In order to investigate the pathway of the Sn steaming phenomenon, more chemical

analysis is needed.

6.3.3 Improvement of wetting rate of solder on Cu substrate under FA atmosphere

In Chapter 2, the wetting behavior of SAC solder on Cu substrate under FA
atmosphere and using RMA flux was compared. The results indicated under the same

heating conditions, the contact angle of the FA solder was similar to that of the RMA
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solder, whereas the spreading rate was much lower. We considered the difference in
spreading rate may be caused by the continuous reduction of the Cu oxide film by a FA
atmosphere. At that time, we ignored the effect of FA amount on reduction rate of Cu
oxides. As we know, the reaction also relates to the amounts of reactants. Hence, the
dynamic amount of FA should also be considered as one parameter of fluxless soldering

process.

Table 6.1 Environmental assessment on the soldering process using flux and fluxless soldering

under a FA atmosphere.

Fluxless soldering
Soldering using fluxes

(under a FA atmosphere)
Energy consumption A Process temperature higher A  Process temperature
(Process temperature)  than Sn-Pb solder[16] higher than Sn-Pb solder[16]
Resource A Consumption of water (water ~ONo cleaning process

consumption used in the cleaning process)

Environmental impact % Ozone depletion (CFCsusedin ~ ONo cleaning process

cleaning process) [17-21]
Cost A Need cleaning process[22-25]  ONo cleaning process

Disease risk x Compositions detrimental to A Respiratory and eye
creatures: allergy, dermatitis, irritant (formic acid)[12, 13]
irritation of respiratory,
carcinogenic in animals, etc.,

(aminoethyl ethanolamine,
colophony, hydrazine, etc., in

fluxes)[6, 8-10, 26-32]

OGood ANot bad x Bad
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