Report

Factorsleading to ionic migration in lead-free solder

Hirokazu Tanaka*

Ionic migration (also known as electrochemical migration) is an electrochemical
phenomenon related to chemical solutions and electric potential. The reaction
mechanisms of ionic migration can be classified into three processes: anodic dissolution,
mass transfer, and cathodic deposition. In particular, the anodic dissolution process of
alloys used in lead-free solder exhibits different characteristics depending on the
electrode potential and the forming location of the passivity film that is produced by the
surface texture of the component materials.

Accordingly, the factors leading to ionic migration under investigation by this
report are those factors stemming from cathodic deposition characteristics, anodic
dissolution characteristics, and the surface texture and rest potential of lead-free solder.
The results of this investigation indicate that lead-free solder suppresses the cathodic
deposition reaction by forming a stable passivity film that prevents the anodic dissolution
reaction. These results indicate that |ead-free solder can be considered more reliable than

conventional leaded solder with regard to ionic migration.

1. Introduction

Practical applications of lead-free solder have been
proliferating throughout the world, requiring evaluation
studies on how ionic migration (hereafter, “migration”)
affects insulation reliability. Current reports indicate that
lead-free solder is free of migration problems? but
verification can be considered necessary for such
components as silver (Ag) and copper (Cu), in which
migration occurs relatively quickly.

Migration in electronic materials is caused by
electrochemical phenomena related to chemical solutions
and electric potential. Involved in migration are
deposition reactions and metal ion transfer reactions
induced by such factors as metal dissolution reactions,
diffusion, and migration. Migration is especialy likely to
occur when electronic devices using high-density
mounting are affected by both materials and environ-
mental conditions. When migration occurs, it causes
changes in electrical characteristics and results in
equipment failure.

Let's now consider migration from the aspect of
materials. Alloys, which have binary components added
to the metals, have a large number of complexly
interconnected factors such as electrode potential and the
stability and forming location of the passivity films*1 of
both metals.

The main component of |lead-free solder, tin (Sn), is
itself a metal with superb corrosion resistance due to the
passivity film it forms.?2 However, adding various alloy
elements can degrade the corrosion resistance (dissolution
characteristics).

The aloys Sn-Ag, Sn-Cu, and Sn-Bi currently being
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promoted for lead-free solder applications utilize the
noble metals silver (Ag), copper (Cu), and bismuth (Bi).
Another aloy, Sn-Zn, utilizes the base metal zinc (Zn)
with tin, and so we can assume that the conditions leading
to migration in this alloy are likely to differ from those in
the noble metal aloys.

For these reasons, we first investigated the surface
texture, electric potential, and anodic dissolution
characteristics of lead-free solder and considered the
factors leading to migration. We used the water drop
test*2 to examine the migration resistance of lead-free
solder by looking at the form of migration deposits and
the changes in current during the actual migration
process. We also examined the composition of the
migration deposits using elemental analysis.

2. Surface texture and mechanisms
leading to migration

2-1 Anodic reaction and mechanismsleading
to migration

“Migration” refers to a phenomenon in which metal
ions are transferred from one metal electrode to the
opposite metal electrode. This process results in metal or
alloy deposits. The transfer occurs between the electrodes
of devices such as printed circuit boards (PCBs) when an
electric field is impressed in the presence of moisture
such as dew condensation adhering between the elec-
trodes.

Migration is classified as either dendrite or conductive
anodic filament (CAF) depending on the shape of the
deposits and the conditions leading to the occurrence.d: 4
“Dendrite” refers to dendritic-shaped metal or metal-
oxide deposits on the surface of PCB insulation. “CAF’
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refers to metal or metal-oxide deposits in the shape of
elongated fibers deposited along the glass fibers of the
interior of the PCB insulation panel. (Photo 1)

There are three processes leading to migration: (1)
anodic reaction (metal dissolution), (2) cathodic reaction
(metal or metal-oxide deposits), and (3) inter-electrode
reaction (metal-oxide deposits).

(1) Anodic reaction (“M” stands for metal.)

M M™ 4 NE D

H20 - 302+ 2H* + 26 .ooooccccccnc, 2

M+ Hz0 = MO+ 2H* + 26 ..o ©)
(2) Cathodic reaction

MN* +NE 5 M i (@)

02+ 2H20 +4e = AOH ..o (5)

2H20 + 26 — Ho + 20H oo, (6)

(3) Inter-electrode reaction
2M* + 20H" = M20 + H20 ..ociiicicceecieieien (7)

(b) CAF (copper) 300 pum

Photo 1 Theformsof ionic migration

Resactions (1) and (2) are thought to be mechanisms
leading to dendrite formation. Metal dissolving at the
anode*3 (positive electrode) is deposited on the cathode*
(negative electrode). These dendrites consist of pure metal
or metal oxide deposits growing toward the anode, and
result in short circuits between the electrodes. Reactions
(1), (2), and (3) are all thought to be mechanisms leading
to CAF formation. Here, too, metal dissolving at the
anode results in metal or metal-oxide deposits between
the electrodes, and the growth of these deposits results in
short circuits between the electrodes.
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Considering the mechanisms by the type of reaction,
we find that the electrolytic reaction of water causes the
area around the anode to become acidic due to H* ions
forming from type (2) reactions, while the area around the
cathode becomes alkaline due to OH- ions forming from
type (5) and (6) reactions.®

Fig. 1 shows Pourbaix potential—pH diagrams of the
main materials used for lead-free solder.®) Asyou can see
from the diagrams, when a pH shift toward acidity occurs,
there is a greater tendency for metal ions to form,
promoting a metal dissolution reaction at the anode. A
shift toward an alkaline pH causes a metal deposition
reaction at the cathode due to the formation of hydroxides
and metal oxides. The reaction shown in formula (5)
forms the driving force of the migration reaction.”
Oxygen gas, which makes up approximately 21 percent of
the atmosphere, dissolves in the electrolytic solution, and
because of the high oxygen reduction reaction (affinity for
electrons) of this dissolved oxygen, electrons are captured
at the cathode.

In this way, the process leading to migration is
comprised mainly of anodic dissolution and cathodic
deposition reactions, and the speed of those reactions is
affected greatly by the characteristics of the materials.

2-2 Surfacetextureof solder materials

Photo 2 shows three scanning electron microscope
(SEM) images of the surface of lead-free solder and one
back-scattered electrode image. Photo 2 (a) of Sn-3.5Ag
shows the intermetallic compound (AgsSn) phase forming
as a product of the reaction between Sn and Ag, with the
AgsSn phase dispersed throughout the Sn component.
Similarly, Photo 2 (b) shows the intermetallic compound
(CuxSny) phase forming from Sn and Cu, with (CusSns)
minutely dispersed throughout the Sn component.

No intermetallic compound is formed in Sn-58Bi
(Photo 2 (c)) or in Sn-9Zn (Photo 2 (d)), and the photos
show the binary phase texture of Sn-Bi and Sn-Zn.

The above evidence indicates that the surface texture
of materials known as lead-free solder differs according to
the composition of the aloy materials and their
intermetallic compounds. These textures are affected by
the electrode potential and the formation of a passivity
film, and appear as characteristics leading to the
occurrence of migration.
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Photo 2 SEM images of solder surfaces
(back-scatter ed electrode image, Sn-9Zn only)

3. Analysis of anodic dissolution
characteristics

3-1 Experiment method

We investigated anodic reactions from the aspect of
differences in electrode potential and metal dissolution
characteristics stemming from differences in the surface
texture of each type of solder.

Table 1 shows materials and measurement conditions
for the experiments, and Fig. 2 shows the equipment for
the experiments. Specimens of each type of solder
material were cut into 1 cm squares, the surfaces were
then prepared with water-resistant sandpaper and then
buffed. A circular working electrode*> 0.6 cm in diameter
(0.28 cm?) was exposed from the specimen.

Platinum-plated titanium net was used for counter
electrodes,*6 and saturated calome! electrodes (SCE) were
used as reference electrodes.*” An aqueous solution of 0.1
mole of sodium sulfate (NaxSOa, pH 6) was used for the
electrolytic solution.

M easuring equipment consisted of a function generator
and a potentiostat, and rest potential*® and anodic dis-
solution characteristics were measured a room tem-
perature.

Measurements of rest potentiad were made after
immersion in the electrolytic solution. Measurements of
anodic dissolution characteristics were made for current
density and potential during the sweep from rest potential
to high potential.
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Tablel Materials and measurement conditions for dissolution characteristics

experiments
Experiment | Single metals (99.9% purity) |Sn, Ag, Zn, Cu, Pb
materials sy ger composition (mass%) | Sn-3.5Ag, Su-0.8Cu, Su-58Bi, Sn-9Zn, Sn-37Pb
Electrode Reference electrodes Saturated calomel electrodes (SCE)
materials

Counter electrodes

Platinum-plated titanium net

Electrolytic solution

0.1 mole agueous solution of sodium sulfate

M easurement conditions

+25°C, potential scan speed =10 mV/s

Function generator
—]|C.E.

Na2S04 i ] \IQIEE Potentiostat
solution — |R-E

Microcomputer

Titanium Test specimen \
counter (solder) Reference electrode

electrode (SCE)

Fig. 2 Layout of equipment for experiments

3-2 Experiment results and considerations

Fig. 3 shows the rest potential for each type of solder
material, and Fig. 4 shows the current—potential curves.
From these results we can see that for base metals (which
have low rest potential), the lower the rest potential, the
greater the tendency for dissolution, while for noble
metals (which have high rest potential), the higher the rest
potential, the less tendency there isto form metal ions. In
regard to anodic dissolution characteristics, these results
also show that an abrupt rise in current density during the
sweep from low potential to high potential promotes the
dissolution reaction.

(1) sSn-Agand Sn-Cu

When comparing the rest potentials of Sn-3.5Ag and
Sn-0.8Cu, we find roughly the same potential (-500 to
—400 mV in Fig. 3), indicating that these solder
materials are dominated by the rest potential of Sn.
When comparing the initial dissolution potentials of
Sn-3.5Ag (Fig. 4 (d)) and Sn (Fig. 4 (a)), dissolution
showed similar progression in al materias at
approximately —390 mV vs. SCE. On the other hand,
when comparing Sn-3.5Ag and Ag (Fig. 4 (b)), we
find that Sn-3.5 Ag is not affected by Ag. Therefore,
we can assume that with this solder, the Sn
composition within the solder material takes priority
in dissolution. Just like Sn-3.5Ag, Sn-0.8Cu has also
been reported to exhibit the same dissolution
characterigtics as Sn.?)

The above evidence indicates that the binary
composition of Ag and Cu components in lead-free
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solder materials form stable compounds with the Sn
component (AgsSn and CuSny), and exhibit no
progression of the dissolution reaction in solution.
Only the Sn component dissolves.
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Fig. 3 Rest potential of each type of solder
(in 0.1 mole sodium sulfate solution)
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solution, and the Bi electrode potential (E = + 215 mV
vs. SHE) exhibits a hybridization potential*® with Sn
since the quantity of Sn in Sn-58Bi (42 mass%) isless
than the quantity of Sn in materials such as Sn-3.5Ag
(Sn quantity: 96.5 mass%). Thus, Sn-Bi can be
assumed to suppress dissolution characteristics more
than such materials as Sn alone or Sn-3.5A¢.

Fig. 4 Current—potential curves of single metals and

lead-free solder (in 0.1 mole solution of sodium

sulfate)

(2) Sn-Bi

Sn-58Bi exhibits higher electrode and dissolution
potentials (approximately —200 mV vs. SCE) than Sn,
and the dissolution reaction is suppressed more than in
materials such as Sn and Sn-3.5Ag. Moreover,
observation of the anode surface (Photo 3) following
the Sn-58Bi migration test revealed sections of
segregated Bi  surface remaining and selective

dissolution of Sn.

These results indicate that Bi does not dissolve in

Photo 3 Anode dissolution status after migration test

(3) Sn-Zn
A comparison of the electrode potential of Sn-9Zn
with Zn reveals approximately the same potential, and
S0 we can assume that the electrode potential of this
solder material is dominated by Zn.
The dissolution characteristics of Zn (Fig. 4(c)) show
a sharp progression of the dissolution reaction at
around —1000 mV vs. SCE, and Sn-9Zn (Fig. 4(f))
here too shows approximately the same response as
Zn, exhibiting a dissolution reaction at around —1000
mV vs. SCE. Following that, a period of inaction of
the dissolution reaction was seen at around —400 mV
vs. SCE, which is the Sn dissolution potential, and this
was followed by a subsequent resumption of disso-
[ution.
The origin of this period of inaction of the dissolution
reaction is thought to be a passivity film from Sn and
Zn. Alloying the Zn component in the Sn meta is
believed to produce a passive effect that inhibits an
excessive dissolution reaction. As a result, Sn
characteristics are assumed to dominate the Sn-9Zn
migration process, because Zn and Sn form a passivity
film that suppresses the dissolution characteristics of
the base metal Zn.

4. Analysisof cathodic deposition
characteristics

4-1 Experiment method

Table 2 shows the solder composition, electrode
materials, and test conditions used in the experiments.
Electrode materials consisted of JS type-2 comb-shaped
electrodes specified in JIS-Z-3197 (electrode gap: 0.318
mm) formed on glass fabric epoxy boards. These
electrodes were given a plating bath using electrolytic
solder plating (solder plating thickness: min. 10 pm), and
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then underwent ultrasonic cleaning with isopropyl a cohol
and a water bath to remove impurities for use as experi-
ment materials.

Table2 Solder composition and conditionsused in

experiments

Solder Sn-3.5A¢g

composition Sn-97n

(mass%)
Sn-37Pb

Electrode Substrate: glass fabric epoxy

materials (FR-4 equivaent items)
Electrode base: copper
Conductor gap: 0.318 mm
(JStype-2 equivalent)

Experiment Measurement range: room temperature

conditions

Water drip quantity: 1 pL ion exchange
water

Impressed voltage: 5V/DC

Fig. 5 shows the layout of experiment equipment. A
micro syringe was used to drip 1 pL of ion exchange
water on each interval between a pair of comb-shaped
electrodes, and a direct current power source (PMC-18-3,
manufactured by Kikusui Electronics Corp.) was used to
impress 5.0 V of direct current, inducing migration at
room temperature. At this time, changes in the direct
current levels were automatically measured and recorded
a one-second intervals using a digita multimeter
connected to a microcomputer. Continuous images of the
migration process were also recorded using a CCD
camera and a digital video camera. The surfaces of
electrodes that experienced migration were observed
visually using a scanning electron microscope (SEM) and
these electrodes underwent compositional analysis with
an energy dispersive X-ray analysis unit (EDX).

Optical microscope +
CCD camera

Digital
video camera

lon exchange
water (1 pL) | Electrode
(solder-plated)

| Microcomputer |

$GP—IB

Digital multimeter
(current measurement)

Direct current

T
Substrate power source
T

(glass fiber
epoxy)

Fig. 5 Layout of equipment for experiments

4-2 Experiment results and consider ations

Fig. 6 shows images of the process of migration
deposition and the changes in current occurring in the
processes of migration in Sn-3.5Ag, Sn-9Zn, and Sn-
37Pb.

Shorting between electrodes caused by migration
occurred at the following times: Sn-37Pb at about 10
seconds, Sn-3.5Ag at about 120 seconds, and Sn-9Zn at
about 330 seconds. Lead-free solder showed an overall
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tendency toward comparatively longer times before the
occurrence of migration than conventional leaded solder
(Sn-37Pb).

A comparison of the migration deposition images for
Sn-3.5Ag reveals dissolved black blemishes consisting of
dissolved anodic metals at approximately 20 seconds after
the experiment began, corresponding to a sharp rise in
current. At 90 seconds into the experiment, a single thread
of needle-shaped migration appeared on the cathode, and
conditions promoting migration were confirmed at the
anode. Then, at the 123 second mark, the gap between the
electrodes was completely short-circuited. The level of
current at this time was 0.03 mA, and the current
continued to rise gradually thereafter in conjunction with
continued migration growth.

With Sn-9Zn, a change in color resulting from metal
dissolution was seen at the anode 250 seconds into the
experiment. At this time, deposition was seen at the
cathode, but amost no change in current was confirmed.
Then, at the 332 second mark, short-circuiting began, and
a 350 seconds, migration growth again appeared,
followed by a period of inactivity for migration growth.
The level of current at this time was 0.3 mA.

On the other hand, Sn-37Pb experienced migration
from all electrodes immediately following the initiation of
the experiment. At 10 seconds, one strand of migration
short-circuited the electrode gap, and within 30 seconds,
multiple strands of migration had short-circuited the
electrode gap. The level of current at this time was about
11 mA, acurrent level far higher than that seen with Sn-
3.5Ag or Sn-9Zn.

The level of current during short-circuiting differed
according to such factors as the shape of the migration
growth and the number of migration strands, but overall
lead-free solder had much lower levels of current at the
time of short-circuiting than did conventiona |eaded
solder. In other words, lead-free solder showed superior
insulation characteristics at the time of short-circuiting.

Next, let's look at Fig. 7 for the post-experiment
results of observing the shape of migration deposits with
an SEM, and the results of compositional analysis of the
depositswith an EDX.

Sn-3.5Ag exhibited needle-shaped migration extending
from the cathode toward the anode. The deposits were
composed of Sn.

Sn-9Zn exhibited dendritic migration, widely branch-
ed, growing from the cathode toward the anode. The
migration was composed of Sn and Zn. In this experiment
(electrolytic plated materials), Sn-9Zn migration was
composed mainly of Sn, but Zn has been reported to be
the main component with molten solder materials.? It is
surmised that the composition of the migration deposits
differs according to the surface texture of the solder
materials used in the experiment.

On the other hand, Sn-37Pb experienced multiple-
branching migration composed of Sn and Pb and covering
the electrode gaps. This migration materia is thought to
come from Sn and Pb dissolving and being deposited. The
primary factor is thought to be the preferential destruction
of the Pb passivity film due to the relative instability of
this Pb passivity film (e.g., PbO) compared to the Sn
passivity film (e.g., SnOy). Thus, the destruction of the Pb

6
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(a) Post-experiment SEM migration images
. Point B .
Point A . Point C
Solder type (midway between
(near the anode) the electrodes) (near the cathode)

Sn-3.5A Sn: 100% Sn: 100% Sn: 100%
n-3.5A9 Ag: 0% Ag: 0% Ag: 0%
Sn-97 Sn: 98.5% Sn: 93.2% Sn: 96.7%
n-92n Zn: 1.5% Zn: 6.8% Zn: 3.3%
Sn:  63% Sn: 45.8% Sn: 46.6%
Sn-37Pb Pb:  37% Pb: 54.2% Pb: 53.4%

(b) Compositional analysis of migration deposits by location

Fig. 7 Results of SEM observation and compositional analysis of deposits

passivity film provides the source for the progressive
dissolution of metal ions.

From the results presented above, we can see that
migration in lead-free solder comes primarily from Sn.
Since the passivity film is more stable during migration
than that of conventional Sn-37Pb, migration tends to take
longer, and so lead-free solder is more resistant to
migration.

5. Conclusions

This report studied the causes of migration occurrence
from the aspects of surface texture, anodic dissolution
characteristics, and cathodic deposition characteristics.
The main conclusions we have drawn are as follows.

(1) Ag and Cu, which have previously been shown to
quickly lead to migration, both combine with Sn to
form stable compounds that do not dissolve, and so
the migration-resistant characteristics of Sn-3.5Ag and
Sn-0.8Cu are related to the dissolution characteristics
of Sn.

(2) With Sn-9Zn, the base metal Zn dissolves, but then
forms a passivity film with Sn, which is thought to
play a role in preventing the dissolution of Zn, and
thus relatively suppressing anodic dissolution.

(3) Electrode short-circuiting caused by migration shows
atendency to take much longer to occur with lead-free
solder than with conventional leaded solder (Sn-
37Pb).

(4) Migration deposits are composed of Sn when using
Sn-3.5Ag, of Sn and Zn when using Sn-9Zn, and of
Sn and Pb when using Sn-37Pb. The cathodic depo-
sition reaction is greatly affected by anodic dissolu-
tion characteristics and by the composition of the
dissolved metal ions.

(5) Lead-free solder is believed to have higher resistance
to migration than conventional leaded solder because
Sn forms a more stable passivity film than Phb.
However, the passivity film of Sn can lose its stability
due to environmental conditions.

Summarizing the above conclusions, Table 3 shows
the surface texture of lead-free solder compared to its
migration characteristics.

For future topics, we are planning to investigate the
prediction of migration occurrence and the development
of evaluation techniques.

Table 3 Lead-free solder surfacetexture and migration characteristics

Solder type Surface texture Passivity film Anodic dissolution elements| Cathodic deposition el ements
Sn-3.5Ag | Snphase, AgsSn phase | SnO» Sn Sn

*Sn-0.8Cu | Sn phase, CugSns phase | SnO2 Sn Sn

*Sn-58Bi Sn phase, Bi phase SnO2 Sn Sn

Sn-9Zn Sn phase, Zn phase SN0y, ZnO, Zn(OH)z, ZnkSnxOx | Sn, Zn Sn, Zn

Sn-37Pb Sn phase, Pb phase SnO,, PbxOx Pb, Sn Pb, Sn

* These results cited from bibliography 9).
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*1 Passivity film
When a metal is exposed to a corrosive environment,
a passivity film forms providing resistance to
corrosion. Examples include oxidative films that
form on the surface of metals.

*2 Water drop test
This test serves as a ssimple test method for migration.
This method makes it possible to quickly evaluate
how easily migration can occur due to differences in
electrode metals and insulation materials, and so the
test is used to compare relative migration char-
acteristics. The test method relies on conditions that
are much more severe than actual environmental
conditions, and so in some cases the migration
resistance of the materials tested may be under-
estimated. Test standards include such standards as
IPC-TM-650-2.6.13.

*3 Anode
When using paired electrodes in an electrolytic
system, the anode is the electrode from which the
positive electric charge flows into the solution.

*4 Cathode
When using paired electrodes in an electrolytic
system, the cathode is the electrode into which the
positive electric charge flows from the solution.

*5 Working electrode
An electrode used to examine characteristics of a
component.

*6 Counter electrode
An electrode through which current flows more
easily than through the working electrode. These are
generally composed of materials such as titanium or
carbon.

*7 Reference electrode
An electrode that serves as a standard for voltage.
Examples include calomel electrodes and silver-silver
chloride electrodes

*8 Rest potential
The equilibrium potential at which current is flowing
neither through the anode nor through the cathode.

*9 Hybridization potential
An electric potential at which current flow is
inhibited between two originating potentials.
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