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LIST OF ABBREVIATIONS

Sn: tin

Bi: bismuth

Cu: copper

Ag: silver

Au: gold

Ni: nickel

LTS: low temperature soldering

OSP: organic surface protection, or organic solderability preservative
ENIG: electroless nickel immersion gold

SAC: tin-silver-copper alloy

SAC305: a tin-silver-copper alloy containing 3.0wt% of silver, 0.5% of copper and the rest tin
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ABSTRACT

Low reflow temperature solder interconnect technology based on Sn-Bi alloys is currently being
considered as an alternative for Sn-Ag-Cu solder alloys to form solder interconnects at
significantly lower melting temperatures than required for Sn-Ag-Cu alloys.

A new low temperature interconnect technology based on Sn-Bi alloys is being considered for
attaching Sn-Ag-Cu (SAC) solder BGAs to circuit boards at temperatures significantly lower than
for homogeneous SAC joints. Microstructure development studies of reflow and annealing,
including Bi diffusion and precipitation, are important in understanding mechanical reliability and
failures paths in the resulting heterogeneous joints. Experiments in several SAC-SnBi geometries
revealed that Bi concentration profiles deviate from local equilibrium expected from the phase
diagram, with much higher local concentrations and lower volume fractions of liquid than expected
during short-time high temperature anneals in the two-phase region. As annealing time increased
and Sn grain coarsening occurred, the compositions and fractions revert to the phase diagram,
suggesting an “anti-Scheil” effect. A Bi interface segregation model based on Bi segregation at Sn
grain boundaries was developed to explain the Bi distribution characteristics in Sn during two-
phase annealing process.

Besides hybrid joints, microstructural evolution after reflow and aging, especially of
intermetallic compound (IMC) growth at solder/pad surface finish interfaces in homogeneous SnBi
LTS joints, is also important to understanding fatigue life and crack paths in the solder joints. This
study describes intermetallic growth in homogeneous solder joints of Sn-Bi eutectic alloy and Sn-
Bi-Ag alloys formed with electroless nickel-immersion gold (ENIG) and Cu-organic surface
protection (Cu-OSP) surface finishes. Experimental observations revealed that, during solid state
annealing following reflow, the 50nm Au from the ENIG surface finish catalyzed rapid (Au,Ni)Sna
intermetallic growth at the Ni-solder interface in both Sn-Bi and Sn-Bi-Ag homogeneous joints,
which led to significant solder joint embrittlement during fatigue testing. Further study found that
the growth rate of (Au,Ni)Sns intermetallic could be reduced by In and Sb alloying of SnBi solders
and is totally eliminated with Cu addition. Fatigue testing revealed Au embrittlement is always
present in solder joints without Cu, even with In and Sb additions due to (Au,Ni)Sns formation.
The fatigue reliability of Cu-containing alloys is better on ENIG due to the formation of

(Ni,Cu,Au)sSns at the solder-surface finish interface instead of (Au,Ni)Sna.
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With the development of SnBi LTSs, a new generation alloy called HRL1 stands out for its
outstanding reliability during thermal cycling and drop shock testing. This study focused on
microstructure evolution in SnBi eutectic, SnBiAg eutectic and HRL1 solders (MacDermid Alpha)
homogeneous joints and hybrid joints with SAC305 formed with ENIG and Cu-OSP surface
finishes. Experimental results revealed that with more microalloying elements, HRL1 has
significantly refined microstructure and slower Sn grain growth rate during solid-state aging
compared with SnBi and SnBiAg eutectic alloys. Intermetallic compound growth study showed
that during solid state annealing following reflow, the (50nm) Au from the ENIG finish catalyzed
rapid (Au,Ni)Sns intermetallic growth at the Ni-solder interface in both Sn-Bi and Sn-Bi-Ag
homogeneous joints, which led to significant solder joint embrittlement during creep and fatigue
loading. However, (Au,Ni)Sns growth and gold embrittlement was completely eliminated for
HRL1 due to Cu additions in it, and HRL1 has significantly better fatigue reliability than SnBi and
SnBiAg eutectic alloys on both OSP and ENIG surface finishes.
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1. A MODEL STUDY OF MICROSTRUCTURE EVOLUTION AND BI
DIFFUSION IN SN-BI LOW TEMPERATURE SOLDERING SYSTEMS

1.1 Abstract

A new low temperature interconnect technology based on Sn-Bi alloys is being considered for
attaching Sn-Ag-Cu (SAC) solder BGAs to circuit boards at temperatures significantly lower than
for homogeneous SAC joints. Microstructure development studies of reflow and annealing,
including Bi diffusion and precipitation, are important in understanding mechanical reliability and
failures paths in the resulting heterogeneous joints. Experiments in several SAC-SnBi geometries
revealed that Bi concentration profiles deviate from local equilibrium expected from the phase
diagram, with much higher local concentrations and lower volume fractions of liquid than expected
during short-time high temperature anneals in the two-phase region. As annealing time increased
and Sn grain coarsening occurred, the compositions and fractions revert to the phase diagram,
suggesting an “anti-Scheil” effect. A Bi interface segregation model based on Bi segregation at Sn
grain boundaries was developed to explain the Bi distribution characteristics in Sn during two-
phase annealing process.

Keywords: Low temperature soldering, tin-bismuth system, microstructure evolution, diffusion

model

1.2 Introduction

Three-dimensional (3D) packaging technologies, specifically, large area Heterogeneously
Integrated System-in Package (SIP) technologies, are critical for achieving modern high
performance, high bandwidth systems [1]. As these SIPs grow in area, warpage of the substrates
leading to either solder joint bridging (short circuit) or gaps (open circuit) becomes a significant
reliability concern [2]. Since the extent of warpage is directly proportional to solder reflow
temperature, there is a need to reduce the peak reflow temperature by using alternative “low
temperature” solder alloys. Tin-silver-copper (SAC) alloys, the industry standard, require peak
reflow temperatures of approximately 240°C due to their high eutectic temperature (217°C). Such
high reflow temperatures have been observed to cause serious warpage-induced defects, such as

separation of SAC solder balls from SAC solder paste before melting (217°C) to form head-on-
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pillow (HoP) defects along the edges of the IC and bridging in the center [3,4]. A schematic

illustration of chip warpage and some of the resulting defects are shown in Figure 1.1. In HoP, the

connections between solder on the board side and the ball are weak, based only on Van der Waals

forces. Therefore, when the component encounters large thermal or mechanical stresses during use,

HoP defects can cause electrical failure in the component [5]. Solder joints in the center of the

packaging may also form bridging defects, which could cause short circuit and component failure.
Die

Package Substrate

Board

Non-contact Open Bridging Head on Pillow (HoP)

Figure 1.1. Schematic illustration of component warpage and different defects formed during
reflow soldering

As a result, low temperature soldering (LTS) systems have been recommended as a solution to
reduce heating-induced warpage [6-13]. Solders based on eutectic Sn-Bi alloys are popular
candidates for low temperature soldering due to their low eutectic temperature [14], as well as low
cost and toxicity. Two different use modes of the low-temperature Sn-Bi alloys are being
considered: (1) Sn-Bi alloy solder paste used instead of Sn-Ag-Cu solder paste to assemble
components with Sn-Ag-Cu solder balls to form “hybrid” joints after soldering, as shown in Figure
1.2 and (2) both the ball and the paste are Sn-Bi alloys to form homogeneous joints after reflow,
as shown in Figure 1.3. For both use modes, assembly necessitates initial balling of the component,
followed by melting of Sn-Bi alloy pastes to attach the component to the board. For the Sn-Bi
eutectic alloy with a eutectic melting temperature of 139°C, a reflow temperature of approximately
160-190°C is required, lowering the peak reflow temperature by 50-80°C relative to the Sn-Ag-
Cu alloy reflow.
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Hybrid BGA

Ty = 139°C
~

Sn-Bi LTS paste
Cu pad

Figure 1.2. a) A schematic illustration of hybrid joints before reflow, where Sn-Bi LTS paste
replaces Sn-Ag-Cu solder paste during surface mount procedure; b) typical microstructure of a
Sn-Bi LTS-Sn-Ag-Cu hybrid joint after reflow showing the Bi diffusion region and the un-
melted Sn-Ag-Cu solder ball region

a)
T=?

N LTS1
T=?

~

Sn-Bi LTS2 paste
Cu pad

Figure 1.3. a) A schematic illustration of Sn-Bi homogeneous joints before reflow, where Sn-Bi
LTS paste substitutes both Sn-Ag-Cu solder paste and Sn-Ag-Cu solder ball during surface
mount procedure; b) microstructure of a Sn-57Bi-1Ag homogeneous joint after reflow

Therefore, the understanding for microstructure evolution in Sn-Bi binary systems is necessary
to better achieve low temperature soldering. Based on traditional thermodynamic model and
normal diffusion model, the microstructure evolution inside the system during reflow process
could be predicted. Before reflow, the system contains Sn-Bi eutectic solder paste, and SAC solder,
which contains no Bi in it. During heating, eutectic Sn-Bi solder will melt first and wet Sn particles.

During isothermal hold, the overall composition of the system falls into the binary phase region
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(liquid and Sn solid solution) on Sn-Bi phase diagram, as illustrated in Figure 1.4(a), after the
initial melting of Sn-Bi eutectic particles, Sn starts to dissolve into the liquid, as a result, total
fraction of liquid will increase at this moment, and the composition of the liquid phase begins to
shift towards liquidus line, as illustrated in progress (1) in Figure 1.4(a). When the liquid
composition reaches the liquidus composition, Bi starts to diffuse into pure Sn to form Sn-Bi solid
solution. The excess Sn in the liquid phase will precipitate on the surface of Sn as Sn-Bi solid
solution in order to keep the liquid composition fixed on the liquidus line, as shown in step (2) in
Figure 1.4(a). During this stage, the amount of the liquid phase will decrease until the system
reaches equilibrium, the amount of liquid and solid phases will follow the lever rule on the phase
diagram. Therefore, in this situation, the liquid will never fully solidify during isothermal hold.
During cooling, in the liquid phase, Sn-Bi solid solution will solidify first, when the temperature
reaches eutectic temperature, Bi and Sn-Bi solid solution will solidify together to form a lamellar
eutectic structure. The solid phase, on the other hand, will reach the solvus line during cooling,
and the excess Bi in Sn-Bi solid solution will continue to precipitate out through further cooling
due to solubility change, as shown in step (3) in Figure 1.4(a). A schematic illustration of this
diffusion model is shown in Figure 1.4(b). Normally during practical situations, equilibrium status
is hard to achieve due to short isothermal hold time, which is known as Scheil effect. As a result,
Bi in the liquid phase does not have enough time to diffuse all way into Sn. Therefore, after cooling,
a concentration gradient could usually be seen in Sn-Bi solid solution, as illustrated in Figure 1.4(c).

From the normal diffusion model, the microstructure evolution during reflow process should
have the following characteristics: (1) during annealing, the remaining volume fraction of liquid
phase in the system will slowly decrease till equilibria; (2) the Bi composition in Sn will slowly
increase during annealing until the Bi composition reaches the solubility limit (solidus line); (3)
the Bi composition in Sn-Bi solid solution should never exceed the solubility limit.
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Differential scanning calorimetry (DSC) has been considered as a new method to accurately
quantify the kinetics the kinetics of interface motion in solid/liquid diffusion couple [13]. DSC has
its own advantage in monitoring real-time change in different transient liquid phase sintering
(TLPS) systems [14], as well as quantitatively characterize the kinetics of isothermal solidification
and the remaining liquid fraction in the system [15]. Previous research results have contributed a
lot in the comprehensive understanding of Sn-Bi binary TLPS systems [14, 16-19]. However, some
area in Sn-Bi TLPS system is still missing: (1) previous study mainly focused on the study of
ternary Sn-Bi-X (X represents other metal, such as Pb, Cu and Ni) systems, more work still needs
to be finished on binary Sn-Bi TLPS system; (2) previous study mainly focused on systems with
low-Bi compositions (wt.% Bi<10%). The melting and solidification characteristics of higher-Bi
content TLPS systems are still mysterious and need to be studied urgently; (3) although a
comprehensive understanding of the melting characteristics of Sn-Bi TLPS systems has been
established, there is no previous study focused on the cooling process. The solidification and phase
transformation during cooling need to be discovered.

In this study, microstructure development and Bi diffusion characteristics in Sn-Bi systems with
different Bi compositions will be carefully studied. DSC is utilized in demonstrating the melting,
re-solidification and cooling characteristics of Sn-Bi binary systems with different Bi compositions.
Different heating files are used to determine the microstructure development in solder pastes.
Scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) and electron
backscattered diffraction (EBSD) are used to help observe the microstructure evolution, Bi
diffusion characteristics and Sn grain growth rates after reaction and compare with thermodynamic
model and normal diffusion model predictions. A model of Bi diffusion into Sn during heating and

annealing will also be established.

1.3 Experimental

Two commercial solder pastes of different compositions were used to form the Sn-Bi solder
paste mixtures: eutectic Sn-57.6wt.%Bi-0.4wt.%Ag (KOKI Co Ltd.), and Sn-0.7wt.%Cu (Nihon
Superior®) with an average particle diameter of 25um. The solder pastes were carefully weighed
and stirred by hand followed by a centrifugal mixing to achieve an even distribution of solder
particles.The experiments described here were performed with paste mixtures with an overall Bi

composition of 30 wt.%. Differential scanning calorimetry (TA® Q-100 DSC) was used to
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measure the heat flow curves as a function of temperature, time, and ramp rate. of different samples.
After DSC, all the samples were carefully mounted in epoxy and polished with diamond
suspension (Allied High Tech). Quanta 650 FEG SEM was used to observe the microstructure
evolution and Bi diffusion characteristics in all the samples. EDS and EBSD were utilized to study
the Bi composition in different parts of the samples, and the Sn grain growth during isothermal

hold process.

1.4 Results and Discussion
1.4.1 Thermodynamic model simulation of Sn-Bi system

For Sn-Bi binary systems, the theoretical phase transformation and equilibrium volume fraction
of liquid during isothermal hold could be calculated using thermodynamics. The volume fraction
of liquid in Sn-Bi mixture system at different isothermal hold temperatures could be calculated by
binary phase diagram, as shown in Figure 1.5 below. For this study, most of the samples were held
at 145°C and 165°C, which have the equilibrium liquid volume fraction of 28% and 48%,

respectively.
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Figure 1.5. Volume fraction of liquid in Sn-30Bi mixture during equilibrium at different
annealing temperatures
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Stable phases during equilibrium at different temperatures in Sn-30Bi mixtures could be
simulated by Thermo-Calc, which are shown in Figure 1.6 below. Since the original pastes contain
Cu and Ag, CusSns and AgsSn intermetallic compounds could be picked up inside the system.
However, the influence of intermetallic compounds on the system could be ignored due to the low
amount of Cu and Ag inside the solder pastes. At 145°C and 165°C, the stable phases inside the

system are liquid, (Sn) (Sn-Bi solid-solution) and CugSns.
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Figure 1.6. Stable phases in Sn-30Bi mixtures at different annealing temperatures

1.4.2 Microstructure evolution during two-phase annealing

Different heating profiles were used to characterize the microstructure development in solder
pastes: (1) in order to determine the Bi diffusion rate into Sn when the initial liquid phase forms,
the samples were heated to a peak temperature of 145°C with a heating rate of 20°C/min, and then
cooled down to room temperature with a cooling rate of 10°C/min and air quench without
isothermal hold; (2) the samples were heated to a peak temperature of 165°C with a heating rate
of 20°C/min, and held at the peak temperature for 0, 5, 60 and 240 minutes respectively, and then

cooled down to room temperature with a cooling rate of 10°C/min.
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To qualitatively determine Bi diffusivity into Sn when the initial liquid phase forms, two
different heating rates were utilized on Sn-30 wt.% samples: the samples were heated to a peak
temperature of 145°C with a heating rate of 20°C/min, and then cooled down to room temperature
with a cooling rate of (1) 10°C/min, and (2) air quench without isothermal hold. The backscattered
images for the samples after two heating profiles could be seen in Figure 1.7. The original
structures of Sn and Sn-Bi eutectic solder particles could still be seen in the air-quenched samples,
due to the short time-above-liquidus (TAL=18s). However, the Bi diffusion into Sn could already
be seen in the quenched sample, since some fine Bi precipitates have already appeared at the
surface of Sn particles. If a normal cooling rate is utilized (10°C/min, TAL=54s), after cooling, all
the original Sn particles were filled with fine Bi precipitates, and barely any Sn-Bi eutectic
structures could be seen in the system.

A qualitative calculation could be performed to estimate the effective diffusion coefficient of Bi
into Sn when the liquid phase forms. According to the diffusion distance equation:

x = V6Dt,
Taking the average radius of the solder paste particles (12.5um), and the total time above liquidus
(TAL=54s), the effective coefficient for Bi to diffuse 12.5um in Sn in 54 seconds is:

2 —4 2
p =X — (251077 em)” 4 95 v 10~ cm?/s.
6t 6X54 s

However, after 54 seconds of TAL, Bi has fully diffused through Sn particles. Therefore, the actual
effective Bi diffusion coefficient should be even larger than 4.82 x 1072 ¢m? /s, since it took no
more than 54 seconds for Bi to diffuse through Sn.
According to the previous results of Delhaise and Perovic [20], the diffusion coefficient of Bi in
Sn at 145°C should be 4.12x 1071% ¢cm?, which is much lower than the calculated value. The
reason for the difference is Delhaise’s research mainly focused on solid-state diffusion of Bi in Sn.
When the liquid phase forms, the Bi diffusion in Sn will be much faster.

The results showed that Bi has a really high diffusion rate into Sn when the initial liquid phase

forms.
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Figure 1.7. Backscattered SEM pictures for Sn-30 wt.%Bi samples heated to 145°C and then
cooled down to room temperature at different rates with (a) air quench, and (b) 10°C/min cooling
rate

The backscattered images for Sn-30 wt.% Bi samples annealed at 165°C for different amount of
time are shown in Figure 1.8 below. From the microstructure, during annealing, more and more
Sn-Bi lamellar eutectic structure could be seen after cooling, and the size of Sn dendrites
surrounded by the eutectic structure also increased fast during annealing. The Bi precipitates inside
Sn-Bi solid solution have two different morphologies: the needle-shaped, oriented fine Bi
precipitates, and the larger, spheroidal Bi precipitated surrounding the fine needle-shaped Bi
precipitates.

In order to determine why the morphology difference of Bi precipitates exist in the system, and
the grain growth rate of Sn-Bi solid solution during annealing, EBSD mapping was utilized in
these samples. The scanning mainly focused on the Sn-Bi solid solution region, and all the results
are shown in Figure 1.9. From the EBSD results, in original Sn particles, Sn had a fine,
polycrystalline grain structure with an average grain size around 10 v m. During annealing, Sn

grain size grew dramatically. In Sn-30 wt.% Bi sample heated to 165°C and directly cooled down
with no annealing (TAL=4 min), very large Sn grains have already formed in the system, but still
with a large amount of finer Sn grains. The finer Sn grains grow into huge grains after 4 hours of
annealing with an average grain size increasing to 35um. For Bi precipitates, the needle-shaped,
oriented fine Bi precipitates appear inside the Sn grains, while the larger, spheroidal Bi precipitates
could usually be seen at the grain boundaries, or the regions where the fine, polycrystalline Sn

exists.
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In order to understand the microstructure evolution and how the Bi diffuses into Sn during the
reaction process, an establishment of Bi diffusion model into Sn will be discussed in the following

section.

Figure 1.8. Microstructure of Sn-30 wt.% Bi samples annealed at 165°C for (a) 0 min; (b) 5 min;
(c) 60 min; and (d) 240 min

Figure 1.9. Microstructure and Sn orientation structures of Sn-30 wt.% Bi samples heated to
145°C with (a, b) air quench with no isothermal hold; and (c, d) cooled down with 10°C/min
with no isothermal hold; and Sn-30 wt.% Bi samples heated to 165°C and then cooled down with
10°C/min with the isothermal hold time of (e, f) 0 min; (g, h) 5 min; (i, j) 60min; and (k, 1) 240
min
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Figure 1.9 continued
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Figure 1.9 continued

To determine Bi diffusion characteristics in Sn during annealing, EDS mapping was used in Sn-

30 wt.% Bi samples. The mapping mainly focused on the (1) Bi composition inside Sn-Bi solid

solution, where the needle-shaped, oriented fine Bi precipitates exist, and (2) Sn grain boundary

regions, where the larger, spheroidal Bi precipitates reside. The analysis results are listed in Table

1.1 below. The actual results, however, do not agree with the predicted results from normal

diffusion model at all. The Bi composition in Sn-Bi solid solution not only exceeded the solubility

limit, but the Bi composition decreased during isothermal hold process, which is completely the

opposite with the predicted results from normal diffusion model. Therefore, Bi does not follow the

normal diffusion model, another diffusion model should be applied.

Table 1.1. EDS results of Bi composition in different areas of Sn-Bi solder system after

annealing
Heating Profile Overall Bi Wt.% Bi Inside Wt.% Bi at Remaining
Composition Sn Grains Grain Liquid Vol.%
Boundaries During Cooling
At Equilibrium 30 15 15 48
145°C no 30 27 30 --
isothermal hold
165°C no 31 25 31 14
isothermal hold
165°C 5 min 30 23 28 16
165°C 60 min 31 20 25 22
165°C 240 min 29 19 22 26
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1.4.3 Phase transformation during two-phase annealing

DSC traces of Sn-30Bi solder paste mixture samples are shown in Figure 1.10 below. The DSC
traces revealed the phase transformation in different Sn-Bi systems. During heating, the DSC trace
curved downwards due to the solution of Bi into Sn, and the evaporation of the flux in the system,
which are endothermic. When the temperature reached the eutectic temperature of Sn-Bi system,
a sharp eutectic melting peak, which corresponds with the melting of eutectic Sn-Bi solder paste
could be observed. After the initial liquid phase formed, another wide endothermic bump could be
seen on the DSC curve, which corresponds with the additional melting of Sn in the system. During
cooling, Sn-Bi solid solution began to precipitate out from the liquid phase, which appeared on the
DSC curve as wide exothermal bump at the beginning of the cooling process. during further
cooling, since the overall composition of Bi comes across the invariant line on the phase diagram,
when the temperature reached the eutectic temperature, a sharp eutectic solidification peak could
be observed with an undercooling of about 10°C. The reason for the area of the peaks during
heating and cooling do not add up to O is because during isothermal hold process, there are Bi
diffusion as well as Sn solidification, as well as liquid forming, which all result in heat change in
the system, which are all invisible on the heat flow — temperature diagrams, but could be observed

as base line change on heat flow — time diagrams.
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Figure 1.10. DSC traces of Sn-30 wt.% Bi Sn-Bi mixture held at 165°C for 5 minutes
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In Sn-30%Bi mixtures, after the eutectic solidification, another exothermal peak was seen in all
of these samples. The positions of the peaks dropped to a lower temperature when the isothermal
hold temperature increased, and formed a nice linear relationship with the isothermal hold
temperature, as shown in Figure 1.11(b) below. The reason for this low-temperature bump to
appear is the precipitation of excess Bi in Sn-Bi solid solution during cooling, when the Bi
composition of Sn-Bi solid solution reached the solvus line. According to the Sn-Bi phase diagram,
at higher isothermal hold temperature, the Bi has a lower solubility in Sn. Therefore, during cooling,
the sample held at a higher temperature will hit the solvus line later, which will cause the bump to
shift towards a lower temperature, just as shown in Fig 1.11(a), another plot of low-temperature
bump positions versus the corresponding solvus temperature at different isothermal hold
temperatures is shown in Fig 1.11(c). The low-temperature peak positions also follows a nice linear
relationship with the corresponding solvus temperature. Since the solvus line on Sn-Bi phase
diagram is nearly linear on our testing range, the hypothesis of the microstructure change in this

low-temperature peak is confirmed.
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Figure 1.11. (a) Schematic illustration on Sn-Bi phase diagram showing higher isothermal hold
temperature results in lower Bi solubility in Sn and lower precipitation temperature during
cooling; (b) the linear relationship between Bi precipitation temperature and isothermal hold
temperature; (c) the linear relationship between Bi precipitation temperature and corresponding
solvus temperature
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Figure 1.11 continued
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The remaining volume fraction of liquid inside the system after two-phase annealing could be
quantitatively calculated by integrating the area under the eutectic solidification peak on the DSC
curves. The remaining volume fraction of liquid in Sn-30 wt.% Bi samples after different annealing
time could be seen in Figure 1.12 below. The DSC results revealed the increasing amount of liquid
forming in the system during two-phase annealing, which is also completely the opposite from
thermodynamic model predictions. Also, the volume fraction of liquid remaining in the system
even after 4 hours of aging was still much lower than the equilibrium volume fraction of remaining

liquid phase according to phase diagram (26vol% vs 48vol%).
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Figure 1.12. The remaining volume fraction of liquid in Sn-30 wt.% Bi samples after different
annealing time at 165°C, showing increasing amount of liquid during annealing process
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Therefore, according to thermal and metallographic analysis, the microstructure evolution in Sn-
Bi binary system could not fit traditional thermodynamic and normal diffusion models. A new

model for Bi diffusion and distribution in Sn must be constructed.

1.4.4 Bi segregation model establishment

Delhaise and Perovic have found the preliminary Bi diffusion characteristics in Sn during solid-
state annealing [17]. Their results revealed that the diffusion of Bi in Sn is much faster than the
self-diffusion of Sn, which means the diffusion of Sn in Bi is negligible compared with diffusion
of Bi in Sn. The multi-grain structure in Sn could produce even faster grain boundary diffusion,
and the grain boundary diffusion is the dominate diffusion mechanism in the overall diffusion
process.

The observed results in Sn-30 wt.% Bi samples agreed with Delhaise and Perovic’s conclusions.
The microstructure and EDS showed dominantly high Bi diffusion rate in Sn during reaction
process, and the Bi composition at Sn grain boundary regions is higher than the Bi composition
inside the Sn grains. Therefore, a new Bi segregation model could be constructed based on the
experimental observations. At the beginning of the annealing process, the average Sn grain size in
the solid phase is small, as shown in Figure 1.9, which means a large amount of grain boundary
areas inside Sn solid solution. Since Bi has a larger amount of segregation at Sn grain boundaries
according to the observations in Table 1.1, the average composition of Bi in Sn solid solution will
be higher, as shown as the red dot on the Sn-Bi phase diagram in Figure 1.13 below. With higher
Bi composition in Sn solid solution and fixed liquidus composition, the amount of liquid in the
two-phase system will be less than equilibrium amount according to lever rule, which corresponds
with the lower-than-expected remaining liquid volume fraction at the beginning of the annealing
process. As the annealing process goes on, Sn grain growth is seen in the system, shown in Figure
1.9, which results in less grain boundary area in Sn solid solution as well as less Bi segregation
regions. Therefore, the average Bi composition inside Sn will slowly decrease as Sn grains grow,
which shifts back towards the solidus composition at equilibrium. According to the lever rule, once
the Bi composition in Sn moves back to solidus composition during further annealing, the amount

of liquid increases in the system, which also corresponds with the DSC results.
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Figure 1.13. Bi composition change in Sn solid solution during annealing process due to Bi
segregation at Sn grain boundaries

1.5 Conclusions

e During initial melting and annealing in Sn-Bi solder system, Bi diffuses into Sn at a very high
rate through grain boundary diffusion.

e After annealing, three different Bi morphologies exist in the system: the lamellar Sn-Bi eutectic
structure, non-eutectic, spheroidal bulk Bi precipitates which exist at grain boundary regions,
and fine, oriented needle-shaped Bi precipitates residing inside Sn grains.

e During annealing process, Bi has a much higher solubility in Sn due to segregation at Sn grain

boundaries, higher Bi composition in Sn results in less liquid amount according to lever rule
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at the beginning of the annealing. With further annealing process, the decreasing grain
boundary areas in the system caused the system slowly shift to equilibrium state, as a result,
the Bi composition in Sn-Bi solid solution slowly drops and the volume fraction of liquid in
the system increases till equilibrium.
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1.8 Appendix

Phase transformation during two-phase annealing

DSC traces of 10%, 20%, 30% and 40% Sn-Bi solder paste mixture samples are shown in Figure
1.14 below. The DSC traces revealed the phase transformation in different Sn-Bi systems. During
heating, the DSC trace curved downwards due to the solution of Bi into Sn, and the evaporation
of the flux in the system, which are endothermic. When the temperature reached the eutectic
temperature of Sn-Bi system, a sharp eutectic melting peak, which corresponds with the melting
of eutectic Sn-Bi solder paste could be observed. After the initial liquid phase formed, another
wide endothermic bump could be seen on the DSC curve, which corresponds with the additional
melting of Sn in the system. During cooling, Sn-Bi solid solution began to precipitate out from the
liquid phase, which appeared on the DSC curve as wide exothermal bump at the beginning of the
cooling process. For high-Bi content solder paste mixtures, since the overall composition of Bi
comes across the invariant line on the phase diagram, when the temperature reached the eutectic
temperature, a sharp eutectic solidification peak could be observed with an undercooling of about
10°C. After all the liquid in the system has totally solidified, no other signals could be detected by
DSC.
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Figure 1.14. DSC traces of (a) Sn-10 wt.% Sn-Bi mixture; (b) Sn-20 wt.% Sn-Bi mixture; (c) Sn-
30 wt.% Bi Sn-Bi mixture; and (d) Sn-40 wt.% Bi Sn-Bi mixture held at peak temperature for 5
minutes
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2. INFLUENCE OF PAD SURFACE FINISH ON THE
MICROSTRUCTURE EVOLUTION AND INTERMETALLIC
COMPOUND GROWTH IN HOMOGENEOUS TIN-BISMUTH AND TIN-
BISMUTH-SILVER SOLDER INTERCONNECTS

2.1 Abstract

Low reflow temperature solder interconnect technology based on Sn-Bi alloys is currently being
considered as an alternative for Sn-Ag-Cu solder alloys to form solder interconnects at
significantly lower melting temperatures than required for Sn-Ag-Cu alloys. Microstructural
evolution after reflow and aging, especially of intermetallic compound (IMC) growth at solder/pad
surface finish interfaces, is important to understanding fatigue life and crack paths in the solder
joints. This study describes intermetallic growth in homogeneous solder joints of Sn-Bi eutectic
alloy and Sn-Bi-Ag alloys formed with electroless nickel-immersion gold (ENIG) and Cu-organic
surface protection (Cu-OSP) surface finishes. Experimental observations revealed that, during
solid state annealing following reflow, the 50nm Au from the ENIG surface finish catalyzed rapid
(Ni,Au)Sn4 intermetallic growth at the Ni-solder interface in both Sn-Bi and Sn-Bi-Ag
homogeneous joints, which led to significant solder joint embrittlement during fatigue testing.
Intermetallic growth of (Ni,Au)Sn4 was decreased by Ag alloying of eutectic Sn-Bi solder and
was completely eliminated by changing the metallization from ENIG to Cu-OSP on the board side
of the assembly. The reduction in (Ni,Au)Sn4 growth rate with Ag additions is attributed to
changes in grain boundary wetting of the IMC by Bi with Ag alloying.

Keywords: Tin-bismuth solder, electroless nickel immersion gold, gold embrittlement,
intermetallic growth

2.2 Introduction

Three-dimensional (3D) packaging technologies, specifically, large area Heterogeneously
Integrated System-in Package (SIP) technologies, are critical for achieving modern high
performance, high bandwidth systems [1]. As these SIPs grow in area, warpage of the substrates
leading to either solder joint bridging (short circuit) or gaps (open circuit) becomes a significant
reliability concern [2]. Since the extent of warpage is directly proportional to solder reflow

temperature, there is a need to reduce the peak reflow temperature by using alternative “low
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temperature” solder alloys. Tin-silver-copper (SAC) alloys, the industry standard, require peak
reflow temperatures of approximately 240°C due to their high eutectic temperature (217°C). Such
high reflow temperatures have been observed to cause serious warpage-induced defects, such as
separation of SAC solder balls from SAC solder paste before melting (217°C) to form head-on-
pillow (HoP) defects along the edges of the IC and bridging in the center [3,4]. A schematic
illustration of chip warpage and some of the resulting defects are shown in Figure 2.1. In HoP, the
connections between solder on the board side and the ball are weak, based only on Van der Waals
forces. Therefore, when the component encounters large thermal or mechanical stresses during use,
HoP defects can cause electrical failure in the component [5]. Solder joints in the center of the

packaging may also form bridging defects, which could cause short circuit and component failure.

Die

Package Substrate

Board

Non-contact Open Bridging Head on Pillow (HoP)

Figure 2.1. Schematic illustration of component warpage and different defects formed during
reflow soldering

As a result, low temperature soldering (LTS) systems have been recommended as a solution to
reduce heating-induced warpage [6-13]. Solders based on eutectic Sn-Bi alloys are popular
candidates for low temperature soldering due to their low eutectic temperature [14], as well as low
cost and toxicity. Two different use modes of the low-temperature Sn-Bi alloys are being
considered: (1) Sn-Bi alloy solder paste used instead of Sn-Ag-Cu solder paste to assemble
components with Sn-Ag-Cu solder balls to form “hybrid” joints after soldering, as shown in Figure
2.2 and (2) both the ball and the paste are Sn-Bi alloys to form homogeneous joints after reflow,
as shown in Figure 2.3. For both use modes, assembly necessitates initial balling of the component,
followed by melting of Sn-Bi alloy pastes to attach the component to the board. For the Sn-Bi

eutectic alloy with a eutectic melting temperature of 139°C, a reflow temperature of approximately
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160-190°C is required, lowering the peak reflow temperature by 50-80°C relative to the Sn-Ag-

Cu alloy reflow.

Te =217°C
Hybrid BGA

Ty =139°C

~

Sn-Bi LTS paste
Cu pad

Figure 2.2. a) A schematic illustration of hybrid joints before reflow, where Sn-Bi LTS paste
replaces Sn-Ag-Cu solder paste during surface mount procedure; b) typical microstructure of a
Sn-Bi LTS-Sn-Ag-Cu hybrid joint after reflow showing the Bi diffusion region and the un-
melted Sn-Ag-Cu solder ball region

a)
T="?

N LTS1
T=?

~

Sn-Bi LTS2 paste
Cu pad

Figure 2.3. a) A schematic illustration of Sn-Bi homogeneous joints before reflow, where Sn-Bi
LTS paste substitutes both Sn-Ag-Cu solder paste and Sn-Ag-Cu solder ball during surface
mount procedure; b) microstructure of a Sn-57Bi-1Ag homogeneous joint after reflow

To understand the reliability of both hybrid as well as homogeneous low temperature solder
joints, it is critical to examine the intermetallic compound stability and growth with different

surface finishes because of the introduction of Bi into the system. Existing literature has studied
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intermetallic compound growth with Sn-Bi alloys on different surface finishes, including Sn-Bi
and Sn-Bi-Ag solders on Cu [15-19], ENIG [15,18,20-22], Ni [16,17,22-25], and ENEPIG
[15,18,20,26] surfaces. Li et al. annealed Sn-Bi solders on Cu [27], Ni [28,29], and ENIG [28,29]
at 240°C, 100°C above the Sn-Bi eutectic temperature. For Sn-Bi solders on Cu, intermetallic
compounds CusSns and CusSn formed at the solder-surface finish interface during 240°C
annealing, with two different growth rates observed depending on the annealing time. This
difference in growth rate reflects a change in mechanism of intermetallic growth [27]. For Sn-Bi
solders on Ni substrates, NizSns forms along the interface during annealing at 240°C [28,29], while
Sn-Bi solders in contact with ENIG surface finish result in the formation of NizSns and NisP
intermetallic compounds at the solder-surface finish interface during annealing at 240°C [28,29].
However, most of the previous research mainly focused on the intermetallic compound growth at
either very high temperature (above the Sn-Bi eutectic temperature) or low application
temperatures (room temperature, 85°C, 100°C). Few studies appear to have considered the
influence of surface finish on the intermetallic compound growth in Sn-Bi solders under harsh,
solid-state aging environments (homologous temperatures > 0.75), supported growth observations
with thermodynamic simulations, measured the order of intermetallic growth with isothermal
annealing, or measured the growth rate of intermetallic compound layer.

In terms of micro-alloying effects in Sn-Bi solders, previous research has studied the influence
of alloying addition on solder microstructure and intermetallic compound growth. The addition of
Ag into Sn-Bi solders produces AgsSn intermetallic precipitates in the solder matrix, refines the
microstructure, and slows down CueSns growth at solder/Cu interfaces during aging [30-33].
Additions of Cu to Sn-Bi alloys results in the formation of CusSns particles in the solder matrix
and refines the microstructure [34]. Li et al. studied the effects of Al, Cr, Cu, Si, Zn, Ag, Au, Pt
and Nb micro-alloying additions on intermetallic compound growth rates at solder/Cu interfaces
[27].Their results revealed that additions Al, Cr, Cu, Si, Au, Pt and Nb have no effect on interfacial
intermetallic growth, Ag additions slow down CusSns layer growth during aging at 240°C, and Zn
additions slow down intermetallic layer growth by forming the CusZns phase rather than CueSns
and CusSn [27]. Research on alloying Sn-Bi solders with Sb [35], Ni [36,37], In [38,39], Co [40],
and Zn [41,42] has also been reported for assembly with Cu surface finishes, including in a recent

review by Wang et al. [43].
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For homogeneous LTS joints, intermetallic compound growth on the component side (ENIG
and ENEPEG) is also important for joint reliability. Li et al. studied intermetallic compound
growth during high temperature annealing at 240°C for Sn-Bi alloys on Ni and ENIG surface
finishes with Al, Cr, Si, Zn, Ag, Au, Ru, Ti, Pt, Nb, and Cu additions [28,29]. Among all the micro-
alloying elements, only Cu is effective in slowing down intermetallic layer growth by forming
(Ni,Cu)sSns instead of NisSns and NisP phases during aging at 240°C [28,29]. However, this
research only focused on intermetallic growth on ENIG at very high temperatures (above typical
peak reflow temperatures); information about intermetallic compound growth at typical LTS
reflow durations and temperatures (180°C) and during solid-state annealing (125°C) are largely
missing, as is the resulting mechanical behavior of the solder joints.

To address the above identified gap in the literature, in this study, we characterize intermetallic
compound growth in Sn-58Bi and Sn-57Bi-1Ag solder joints on Cu-OSP and ENIG surface
finishes under typical LTS reflow durations and peak temperatures (180°C) as well as during
solder state annealing at 125°C after reflow. We then relate the resulting microstructures to fatigue
life through mechanical tests using a micro-scale precision mechanical tester. Starting from phase
equilibrium calculations for Sn-Bi-Cu, Sn-Bi-Ag-Cu, Sn-Bi-Au-Ni, and Sn-Bi-Ag-Au-Ni,
intermetallic formation in the bulk solder and at the solder-surface finish interfaces is examined;
comparing microstructures and phases after reflow with those after high temperature, solid
annealing (125°C). As a further step toward conditions in commercial practice, microstructure
evolution and the intermetallic compound growth are characterized in ENIG/Sn-58Bi/Cu-OSP and
ENIG-Sn-57Bi-1Ag- solder joints, similar to the materials sets in real joints, with Au-Ni under-

bump metallizations on the component side and Cu-OSP on the board side.

2.3 Experimental

The test specimens consist of eight solder joints connecting two FR4 boards custom?. Figure
2.4 a) shows the configuration and dimensions of the test specimens. The FR4 substrates are single
layer PCBs with mask-defined copper pads with ENIG or Cu-OSP surface finish. The. The solder
joints were assembled by reflowing 500 um diameter Sn-58Bi or Sn-57Bi-1Ag solder balls? . The

samples were assembled using a tabletop reflow oven (DDM Novastar GF-12HC-HT 3-zone). For

! Bay Area Circuits, Fremont, CA 94538, USA.
2 Scientific Alloys Corporation, Clifton, NJ 07011.
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both alloys, a maximum temperature of 180°C was used with 90 seconds of time-above-liquidus
(139°C). After reflow, the standoff height was measured on solder joint cross-sections using
scanning electron microscopy (SEM, Quanta 650 FEG,) After assembly, the test specimens were
stored at -10°C to slow any microstructural aging. To study the microstructure evolution during
solid state annealing, the test specimens were annealed in air at 125°C for up to 250 h (Fisher
Scientific 725F annealing furnace.) The microstructure evolution and fracture paths were
determined from SEM images. The thicknesses of the intermetallic compound layers were
measured using the average length of 20 line intercepts of individual intermetallic compound
layers from multiple SEM images. The intermetallic phases were identified by the relative
concentrations of Ni, Cu, Au, and Sn in the intermetallics by EDS. Solder joints were also analyzed
by 3D x-ray microscopy (Zeiss Xradia 510 Versa) at a pixel edge length resolution of 2.51 microns
and a field of view of 2.54 mm. The analysis for the different materials were performed at a voltage
of 60, with an in-situ system temperature of ~28°C. Object Research Systems (ORS) Dragonfly
Pro software is used to visualize and analyze the data.

Isothermal sections and solidification paths of Sn-Bi-Ni, Sn-Bi-Cu, Sn-Bi-Ag, and Sn-Ni-Au
systems were calculated using the Thermo-Calc software (2020a version) with the TCSLD3 solder
alloys database.

Displacement-controlled shear fatigue tests were performed on the test specimens until failure
using a custom-built micro-precision mechanical tester, as shown as schematic illustration in
Figure 2.4 b) (described in detail in reference [44]). The test specimen displacement for the tester
is measured with a capacitance sensor (resolution 7nm) mounted near the test specimen. The
capacitance sensor displacement measurement is used for closed-loop control of the tester to
ensure that the desired displacement and displacement rate is imposed on the test specimen. This
feature is critical for solder alloy characterization due to most alloys’ viscoplastic behavior at room
temperature, i.e., the stress response of solder alloys depend on the applied strain rate. Shear fatigue
tests were performed at 30°C. The displacement profile consists of a 0.20 um/s ramp up (7.7 x 10
4 51 strain rate) to 39 um (15% strain) followed by a 200 seconds dwell, a 0.20 pm/s ramp down
(7.7 x 10 s strain rate) to 0 um (0% strain), and another 200 s dwell. The displacement profile,
though applied isothermally, is inspired by the on/off cycle experienced in electronic assemblies.
The displacement profile is repeated until the test specimen has failed or after the test has run for

24 h. The first ramp up is identical to a monotonic test at 7.7 x 10 s™*. The equivalent stress, o,

45



and equivalent strain, g, for the test specimens are estimated using established isotropic behavioral
assumption as is common in mechanical characterization (see for instance [45]):

o=(\3 F)/A

e=8/(\3 h)
where F is the measured shear load, A is the total pad area, o is the shear displacement, and h is

the standoff height.

a)

1.2cm

@ 0.730 mm

iSoIder Mask iCopper Pad iPad Surface Finish

4 |
150 um | Solder l
}) |
FR4
|4 730 um =|
b) Test Specimen ——

™~
Capacitance Sensor

—

Figure 2.4. Schematic illustration of a) Sn-58Bi and Sn-57Bi-1Ag solder test specimens with 730
um diameter pads arranged in a 7 x 7, 1.27 mm pitch grid. The eight red circles indicate the
locations of the solder joints in the top view of the printed circuit board (top). Schematic cross
section of an assembled single solder joint (bottom); and b) schematic illustration of the
mechanical tester for shear testing
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2.4 Results and Discussion

2.4.1 Thermodynamic Calculations of Intermetallic Compound Growth during
Reflow/Solidification and Solid-state Annealing

Phase equilibrium calculations give insight into the expected phases within the bulk solder and
at the solder-surface finish interfaces during reflow (melting at 180°C and solidification to room
temperature) and subsequent annealing at 125°C. In the following analysis, isothermal sections are
calculated and single point ThermoCalc calculations are performed using the bulk solder
compositions to identify the phases formed during melting and after solidification. Phase formation
at the interfaces is characterized by starting with the bulk compositions and identifying what
additional phases and their compositions are expected when the solders come in contact with ENIG
and Cu-OSP and dissolve Au+Ni and Cu, respectively. The solder joints form from solders of the
initial alloy compositions (Sn-58Bi eutectic or Sn-57Bi-1Ag) in contact with ENIG (50nm Au/4um
Ni, thick Cu) or Cu (Cu-OSP) so there are different conditions in the bulk solder and at the solder-
surface finish interfaces that can be examined using the assumptions of local equilibrium. (Ternary

isothermal sections are provided in the Supplementary Materials for reference.)

Sn-58Bi and Sn-57Bi-1Ag on Cu-OSP

Reflow of Sn-58Bi in contact with Cu-OSP at 180°C leads to the formation of liquid solder with
Cu dissolved into the liquid up to a 0.03wt% maximum solubility of Cu. For Sn-57Bi-1Ag, the
solubility limit of Ag in the liquid solder at 180°C is estimated to be 0.8wt% Ag, leaving 0.2wt%Ag
as undissolved Ag3Sn, present as 0.4 at% AgsSn (0.3wt%, 0.3vol%) in the liquid solder. The phase
at the liquid solder/Cu interface is expected to be CueSns, with CusSn forming between CusSns
and Cu. During solidification, (Sn), (Bi), and CusSns are expected to form in Sn-58Bi on Cu-OSP;
for Sn-57Bi-1Ag, the phases are (Sn), (Bi), CusSns, and AgsSn, with the fraction of AgsSn

increasing on solidification. With annealing at 125°C, there are no additional phases found.

Sn-58Bi and Sn-57Bi-1Ag on ENIG

During reflow of Sn-58Bi and Sn-57Bi-1Ag on ENIG at 180°C, Au and Ni from the ENIG
surface finish dissolve into the liquid solder. With the measured 50nm Au thicknesses from two

ENIG surface finished pads and the solder volumes in this study, the liquid solder contains 0.14wt%
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of Au. The solubility limit of Ni in Sn-58Bi eutectic and Sn-57Bi-1Ag is estimated to be < 0.01wt%
Ni. At the interface between the liquid solders of both compositions and the electroless Ni(P) layer,
NisSns is expected to form with a NisP layer forming between NisSns and the electroless Ni(P)
layer due to the low solubility of P in NisSns. During solidification of Sn-58Bi eutectic on ENIG,
(Sn), (Bi), and (Ni,Au)Sn4 form in the bulk solder, with the Ni in solution in (Ni,Au)Sns leading
to a Ni:Au ratio (mole basis) of 1:4. For solidification of Sn-57Bi-1Ag on ENIG, (Sn), (Bi),
(Ni,Au)Sn4, and AgsSn are expected in the bulk, with AgsSn at 2at% (1.4wt%, 0.8vol%) in the
bulk solder. For annealing at 125 °C, the expected phases in the bulk at equilibrium are (Sn), (Bi),
(Ni,Au)Sny4 for Sn-58Bi and (Sn), (Bi), AgaSn, and (Ni,Au)Sns for Sn-57Bi-1Ag. For the reaction
at the interface between the bulk solder and NisSns, it is expected that (Ni,Au)Sns in the bulk
dissolves and precipitates at the interface where additional Ni is provided by diffusion from NisSna.
It is expected that (Ni,Au)Sns will continue to grow at the interface until it reaches the maximum
Ni:Au ratio of approximately 2:3. For the solder joints used here and a Au concentration in the
solder of 0.14wt%, the maximum thickness of (Ni,Au)Sns at the interface with Ni(P) would be

0.58um.

Sn-58Bi and Sn-57Bi-1Ag on ENIG (one side) and Cu-OSP (other side)

In typical ball-grid array assemblies, a Ni-based surface finish is typically used on the
component side, while Cu-OSP is used on the board side. There are two possible scenarios
depending on the order of soldering. If the ENIG board is soldered first, NisSns is expected to form
at the solder/Ni interface and the 50nm Au layer dissolves into the liquid and precipitates as AuSna
in the bulk during solidification. For the second reflow to attach the Cu-OSP board, Cu is expected
to dissolve into the solder with a maximum solubility of 0.03wt%Cu, (Cu,Au)sSns is expected to
form at the solder/Cu interface, and (Cu,Ni,Au)sSns may form on the pre-existing NizSns4 layer on
the ENIG side. If the Cu-OSP board is soldered first, CusSns is expected to form at the solder/Cu
interface; with second ref