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Abstract

The effects of chloride ions on electrochemical migration (ECM) of Sn96.5Ag3.0Cu0.5 (SAC 305) solder alloy are stud-
ied through in situ electrochemical observation device and ex situ transmission electron microscope (TEM) and X-ray
photoelectron spectroscopy (XPS) techniques. The results show that the time to short circuit is the longest at intermediate
NaCl concentration, which is related to the precipitates between two electrodes. The composition of dendrite inspected by
TEM-EDS and XPS techniques shows that dendrites do not contain elements Ag and Cu, which suggests that Sn is the only

migration element in SAC 305 alloy.

1 Introduction

In the electronic packaging industries, the lead bearing sol-
ders alloy have already been gradually replaced by lead-
free solder paste in recent years due to the Restriction of
Hazardous Substance (RoHS) requirement from European
Union [1]. Among them, the ternary Sn-Ag-Cu (SAC) alloy
is recommended as a promising solder material. Specifically,
Sn96.5Ag3.0Cu0.5 alloy (SAC 305) is current best option
for the electronics manufacturing results from the low-cost
and effectiveness [2—4]. However, it is noteworthy that the
reliability and environmental adaptability of the solder alloy
are still the enormous challenge in the electronic field. One
of these important topics is the electrochemical migration
(ECM) failure phenomenon, which can cause the occurrence
of catastrophic damages and decrease significantly the ser-
vice life [5, 6].

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10854-019-00964-3) contains
supplementary material, which is available to authorized users.

< Chaofang Dong
cfdong@ustb.edu.cn

Beijing Advanced Innovation Center for Materials Genome
Engineering, Key Laboratory for Corrosion and Protection
(MOE), University of Science and Technology Beijing,
Beijing 100083, People’s Republic of China

In recent decades, a lot of literatures have already reported
the ECM phenomenon of Sn-Pb alloy [7-10], copper clad
plate [11, 12], pure tin [13, 14], tin solder alloy [15-17] and
so on. As a whole, the main test methods related to ECM
include water drop (WD) test, thermal humidity bias (THB)
test, outdoor exposure test and thin electrolyte film (TEF)
test, whose characters and application scope can be refer to
literature [11, 18]. For the WD tests, a ring always appears
on the water drop surface due to the reflection effects from
the light of microscope, which will affect the in situ inspec-
tion of dendrite growth. The outdoor exposure test and THB
test can well simulate the actual operating conditions of the
electronics. However, the shortcoming is poor reproducibil-
ity. Compared with these three methods, TEF test has more
advantages in in-situ inspection and reproducibility. Thus
TEF method receives much more attention in recent years.
However, it is noteworthy that almost all the previous experi-
ments concerning the ECM behavior of ternary Sn—Ag—Cu
(SAC) alloy were carried out through THB tests and WD
tests, while the previous literatures about ECM in the TEF
environment mainly focused on the pure Sn materials [13,
14]. To the best of our knowledge, few studies reported the
ECM behavior of SAC 305 in TEF environment.

More importantly, almost all the reported TEF methods [13,
14, 19, 20] used a micrometer with a sharp Pt needle and an
ohmmeter to measure the electrolyte thickness covered on the
sample surface (Fig. S1). As we know, the electrolyte will
agglomerate easily at the tip of Pt needle due to the capil-
lary attraction when needle is close to the electrolyte (Fig.
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S2), which will significantly affect the measurement accuracy
of the TEF thickness. Consequently, a TEF device that can
effectively avoid capillary action and improve the measure-
ment accuracy is very necessary and important for the study
of ECM. On the other hand, concerning the composition of
dendrites, the previous studies gave a controversial view [17,
21-23]. For example, Yu et al. [21] and Noh et al. [23] thought
that Sn is the only migration element in ternary alloy, and the
study from Hua et al. [17] showed that the composition of
the dendrite was mainly Cu and Sn, while He et al. [22] sug-
gested that Ag also migrated occasionally beside Sn and Cu.
Thus it is very important to further clarify the composition
of dendrites for illustrating ECM failure mechanism of the
electronic components.

In this paper, an innovative in situ TEF measurement device
with high accuracy is designed. Then the effects of chloride
ions on the ECM of SAC 305 alloy are in situ investigated
through abovementioned device. Moreover, the composition
of the dendrite is also further ex situ clarified by transmission
electron microscope (TEM) with an energy dispersive spec-
trometer (EDS) and X-ray photoelectron spectroscopy (XPS)
technique.

2 Experimental sections
2.1 Specimens preparation

SAC 305 alloy (Thousand Island Co., China) with the dimen-
sions of 2.5X3.0Xx 8 mm is used in this work. The chemical
composition of the SAC 305 alloy is given in Table 1. Two
identical SAC 305 alloy stripes, i.e. anode and cathode respec-
tively, with 0.4 mm spacing in parallel direction are embed-
ded in the epoxy resin. Two copper wires are welded to the
backside of electrodes separately. Before each experiment,
the samples are polished up to 2000 grit emery paper. Sub-
sequently, the samples are cleaned using ethanol and distilled
water, successively and dried by cool air.

2.2 Experimental device design

The innovative TEF measurement device is shown in
Fig. 1a. In this paper, a thin electrolyte film with a thick-
ness of 300 um will be described as an example. The
sealed sample with epoxy resin (Fig. 1b) is firstly assem-
bled on the sample hold (Fig. 1c). Then, a filter paper with
the corresponding size hole is covered on the holder to
ensure that the electrolyte solution spread uniformly on

Fig.1 Schematic diagram of the device for in situ study of elec-
trochemical migration (a); the enlarged image of the part 5 (b); the
enlarged image of the part 6 (¢): (1) computer; (2) a portable digital
microscope for determining the thickness of a liquid film; (3) a stereo
microscope (Keyence VHX-2000) for observing the electrochemical
migration; (4) A micrometer with tip; (5) sealed samples with epoxy
resin; (6) sample hold; (7) height-adjustable test container; (8) a iron
stand; (9) samples (SAC 305); (10) filter paper

the sample surface. Secondly, a spirit level is placed on the
sample surface and adjusts the height-control knob so that
the sample is in the horizontal position. Thirdly, open the
computer and the portable digital microscope, then focus
the microscope on the sample surface. Slowly rotate the
micrometer to make the tip just touch the sample surface
(Fig. 2a). At this moment, the rotation is suspended imme-
diately and records the indication A of the micrometer.
Fourthly, rotate the micrometer in the opposite direction
so that the distance between the tip and the sample surface
is A+ 350 pum. In other words, the distance between nee-
dle tip and its inverted image is 700 um (Fig. 2b) at that
moment. Subsequently, the electrolyte solution is gradu-
ally added into the test container. Stop adding solution
immediately when the distance between the tip and its
inverted image is 100 pm (Fig. 2¢). At that time, the dis-
tance between the tip and the electrolyte surface is 50 pm,
i.e., the thickness of the electrolyte solution is 300 pum.
During the whole process, agglomeration phenomenon
does not occur. Consequently, the thickness of TEF can
be measured accurately.

Table 1 The chemical

L Alloy Sn Ag
composition of SAC 305 alloy

Cu Pb Sb Ni Bi Fe In

(Wt%)

SAC 305 Bal. 2.968

0.523

0.008 0.011 0.005 0.002 0.004 0.003
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Fig.2 The test step and method of TEF thickness: a the tip just touch the sample surface; b the distance between the tip and the sample surface

is 350 um; ¢ the distance between the tip and its inverted image is 100 pm

2.3 Electrochemical migration tests

For the ECM experiments, an electrochemical worksta-
tion (potentiostatic mode) is used to apply the direct cur-
rent (DC) bias voltage (3 V) and simultaneously records
the relationship curves of current vs. time. The counter
electrode and reference electrode of the electrochemical
workstation are connected with one of metallic stripes of
the sample. The working electrode is connected to another
metallic stripe of the sample. The ECM process is in situ
observed by the stereo microscope (VHX-2000, Keyence,
Japan). The pH distribution on the surface of samples is
also in situ inspected using a diluted pH indicator that is
prepared by commercial pH indicator (30 ml) and deion-
ized water (100 ml). The electrolyte is various concen-
trations NaCl solution, which is prepared from analytical
grade reagents and deionized water. To ensure the results
reproducibility, all the ECM tests are repeated at least five
times.

2.4 Topography and composition characterization
of the dendrite

After ECM experiments, the micro-topographies of the den-
drite are observed by the scanning electron microscope (FEI
Quanta 250, America), and the composition of the dendrite
is inspected by transmission electron microscope (TEM, FEI
TECNAI F20) with an energy dispersive spectrometer (EDS)
and X-ray photoelectron spectroscopy (XPS, PHI Quantera
II, Japan). The binding energy is adjusted for a charging
effect by referencing the Cls peak (284.8 eV). Samples are
prepared for TEM-EDS analysis using the focused ion beam
(FIB) technique. The obtained TEM samples are welded to
the TEM grid made of metal Mo. For the XPS tests, the
samples are firstly etched by Ar* bombardment for 5 min to
remove the effects of the contamination. The etching rate of
the sample is 15.3 nm/min relative to SiO,. The samples for
XPS tests are obtained by the cellulose tape.

3 Results and discussion

3.1 Dendrites topographies and the time
to short circuit

Figure 3 shows the dendrites topographies and the relation-
ship curves of current density vs. time in 300 um TEF con-
taining different concentrations of C1~ with 3 V bias voltage.
Under the low NaCl concentration condition, the dendrite is
just observed at local area (Fig. 3a, b), while the dendrites
almost emerge at whole edge of cathode with the increas-
ing of chloride ion concentration. The SEM magnification
diagrams on the upper right corner show that the dendrites
are short and slim in low chloride ion concentration. How-
ever, for 30 mM and 100 mM solution, the dendrites become
much coarser and have longer branches. It is noteworthy that
some new side-branches are also formed on the secondary
dendrites. When the NaCl concentration exceeds 200 mM,
the primary dendrites and the branches show the thin and
long appearance. This is mainly due to the poor conductivity
of low concentration NaCl solution, which is also indicated
by the initial polarization current density (Fig. 3g). In this
situation, the anode only slightly corrodes (Fig. 3a), thus the
amount of dissolved metal ions is very small. Consequently,
the dendrite just nucleates at local cathodic site and then
grows toward anode. In addition, the time to short circuit
is very long, as is shown in Fig. 3h. However, for 10 mM
NaCl solution, the solution conductivity is enhanced and the
initial current density increased (Fig. 3g), which also results
in the aggravation of anode corrosion occurs (Fig. 3b) and
providing more metal cations for the ECM process. Thus the
time to short circuit decreases (Fig. 3h). As the concentra-
tion of NaCl continually increases, a large amount of metal
ions are generated due to the serious anodic dissolution
reaction (Fig. 3c—f), which leads to the dendritic nucleation
at different sites. Moreover, the dendrites clearly become
coarser and longer. Interestingly, the time to short circuit
significantly increases for the 30 mM NaCl solution. This
phenomenon can be explained as follow: a lot of hydroxyl
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Fig.3 The dendrites topog-
raphies and the relationship
curves of current density versus
time in 300 pm TEF contain-
ing different concentrations

of CI™ with 3 V bias voltage

at different time intervals: a

1 mM, 1298 s; b 10 mM, 205 s;
¢ 30 mM, 2025 s; d 100 mM,
613 s; € 200 mM, 168 s; £

500 mM, 12 s; g the relationship
curves of current density versus
time; h the average failure time;
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is on the right)
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ions are produced at cathode due to the violent hydrogen
evolution reaction, which can be confirmed by the pH value
mapping, as is shown in Fig. S3. These hydroxyl ions con-
tinuously migrate to anode and meet with metal ions, which
results in the accumulation of hydroxide or oxide precipi-
tates between two metallic strips. On the other hand, severe
hydrogen evolution leads to the saturation of electrolyte near
the cathode and causes the precipitation of NaCl (Fig. 3c).

@ Springer

Due to the strong disturbance from the large amounts of
hydrogen bubbles, the NaCl precipitates also accumulate
between the electrodes. Consequently, these precipitates,
like a wall, will hinder the migration process of metal ions
and lengthen the ECM failure time. Moreover, the previous
work also reported that the growth rate of single dendrite
might decrease due to the increasing of nucleation sites [13].
For much higher NaCl concentration, more hydroxide ions
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will be produced at cathode, which will cause the initial
hydroxide or oxide precipitations to dissolve and further
migrate to cathode [13]. On the other hand, the stronger dis-
turbance from the hydrogen evolution has much greater driv-
ing force and will also push the NaCl precipitates toward the
anode instead of accumulating between the two electrodes,
which will weaken the barrier effects of the precipitates.
Thus the time to short circuit gradually decreases when the
NaCl concentration ranges from 30 to 500 mM.

For the intermediate concentration NaCl solution (30 mM
and 100 mM), the primary dendrites can not grow smoothly
toward anode due to the impediment of precipitates. In this
case, a lot of metal ions distribute between the electrodes
due to the serious anode dissolution reaction. Consequently
these metal ions will nucleate and grow on the secondary
dendrites and form more side-branches (Fig. 3c, d). For the
higher concentration NaCl solution, a great number of metal

Fig.4 TEM-EDS and selected
area electron diffraction (SAED)
pattern test results of the den-
drite formed in 30 mM NaCl
TEF environment; the dendrite
in (a) is from area M in Fig. 3c,
b, c is the corresponding EDS
and SAED result of dendrite in
(a); the dendrite in (d) is from
area N in Fig. 3c, e is the corre-
sponding EDS result of dendrite
in (d); the pictures in the lower
left corner in (a) and (d) are the
corresponding high magnifica-
tion pictures

ions and severe hydrogen evolution lead to the rapid nuclea-
tion and growth of dendrites. The barrier effects from the
precipitates almost disappear. Thus the dendrites show thin
and long appearance.

3.2 The composition of dendrite

In this paper, the transmission electron microscope with an
energy dispersive spectrometer is used to observe the com-
position of the dendrite, as is shown in Fig. 4. The dendrites
in Fig. 4a, d are prepared through FIB technique from area
M and area N in Fig. 3c, respectively. Figure 4b, c are the
EDS result and selected area electron diffraction (SAED)
pattern of the dendrite in Fig. 4a. Figure 4e is the EDS result
corresponding to the dendrite in Fig. 4d. The EDS results
of dendrites show that there is presence of metallic element
Sn and Mo in the dendrite. The element Mo is attributed

—_
=3

—

4]

Intensity (Arb. Unit)

10 15 20 25 30
Energy (keV)

Intensity (Arb. Unit)

n Mo

0 5 10 15 20 25 30
Energy (keV)

@ Springer



6580

Journal of Materials Science: Materials in Electronics (2019) 30:6575-6582

to the TEM grid. Consequently, it can be concluded that
the dendrite do not contain elements Ag and Cu. Moreover,
the dendrites located in different area (M and N) show the
same result. In order to further confirm the conclusion of
the TEM-EDS, selected electron diffraction method is also
applied. Figure 4c shows that the dendrite structure is mono-
crystalline. This SAED pattern can be indexed to the (011)
and (110) lattice plans from the zone axis [1-11], which cor-
responds to a tetragonal structure Sn. As a whole, EDS and
SAED pattern result signify that only element Sn undergo
the ECM process. Although element Ag and Cu are very
susceptible to ECM [24, 25], these elements tend to form
intermetallic compounds with Sn, which will increase the
ECM resistance [26-28].

In order to further determine the valence state of Sn in
the dendrite, XPS tests are conducted. The XPS data is
fitted by XPSPEAK 4.0 software, as is shown in Fig. 4.
It can be observed from XPS survey spectrum (Fig. 4a)
that the dendrite contains elements Sn, C and O. There is
absence of Ag and Cu in the dendrite, which is consist-
ent with the TEM-EDS results. For the TEF containing

1 mM NaCl, the XPS high-resolution spectra (Fig. 5b)
of Sn 3d5 is deconvoluted into four peaks at 484.9 eV,
485.1 eV, 486.5 eV and 487.6 eV. The peaks at 484.9 eV
and 485.1 eV are attributed to Sn [29, 30]; and the peaks
detected at 486.5 eV and 487.6 eV correspond to SnO
and SnO,, respectively [29, 31]. The XPS fitted results
(Fig. 5c, d) of the dendrites formed at TEF containing
100 mM and 500 mM NaCl show that there are also exist-
ence of SnO and SnO, in the dendrite [29-33]. These
results fully confirm that Sn is the only migration element
in SAC 305 alloy and the dendrite is composed of metal-
lic Sn, SnO and SnO,. Figure 6 displays the proportion of
metallic Sn in the dendrite, which is obtained through the
integrated the corresponding peak area. It shows that the
amount of Sn gradually decreases with the increasing of
NaCl concentration. In other words, the dendrite formed at
high NaCl concentration includes a greater amount of tin
oxides. This is mainly because the electrochemical reac-
tions are more intense (Fig. 3g) in the case of a higher
concentration of NaCl environment, which causes much
greater amount metallic ions and hydroxide ions (Fig. S3)
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—500mM g3 a5 .
——100mM gdd? Z Sn3d5
— 1 mM ?1.— §

; CE 32 .| 485180 487.6, SnO,
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Fig.5 XPS test results of the dendrites formed at TEF containing different concentration NaCl: a XPS survey spectrum; b—d XPS high-resolu-

tion spectra of Sn3d5/2
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between the two metallic stripes. In this situation, a lot of
tin oxides are produced when the hydroxide ions encounter
with the metallic ions, as is shown in Fig. 3.

3.3 ECM failure mechanism

The concentration of the chloride ions has a significant
impact on ECM process. As a whole, the corrosion extent
of anode aggravates with the increasing of the concentra-
tion of chloride ions. However, the ECM failure time shows
different law, which is related to the dendrite topography
and the precipitates. Under the intermediate concentration
chloride ions condition, the dendrite almost nucleates at
whole edge of the cathode, as is shown in Fig. 3c, d, which
will decrease the growth rate of the single dendrite. On the
other hand, some precipitates accumulated between the two
electrodes restraint the migration process of the metallic
ions and hydroxide ions. In this situation, some secondary
dendrites and more branches gradually form along the main
dendrite, which also lengthens the short circuit time. Con-
sequently, the short circuit time under intermediate concen-
tration chloride ions condition is the longest. For the much
higher concentration chloride ions environment, the greater
driving force from the stronger hydrogen evolution will also
push the precipitates toward the anode instead of accumu-
lating between the two electrodes, which will weaken the
barrier effects of the precipitates. Thus the short circuit time
decreases for the higher concentration of chloride ions con-
dition. Moreover, it is noteworthy that TEM-EDS and XPS
results clearly confirm that the element Ag and Cu do not
undergo the ECM process, which may be attributed to the
formation of intermetallic compound with Sn.

4 Conclusions

The effects of chloride ions on the ECM of SAC 305 alloy
are studied through self-designed in situ electrochemical
observation device. The composition of the dendrite is also
further clarified by ex situ TEM-EDS and XPS techniques.
The main conclusions obtained from this work are presented
as follows:

1. The time to short circuit is the longest at the intermedi-
ate NaCl concentration (30 mM), which is related to
the accumulation of precipitates between two metallic
strips. When the NaCl concentration ranges from 30 to
500 mM, the time to short circuit gradually decreases
due to more hydroxide ions and the stronger disturbance
from the hydrogen evolution.

2. In low chloride ion concentration, the dendrites are
short and slim, while they gradually become coarser
and longer and even show more side-branches on the
secondary dendrites with the increasing of chloride ions
concentration. For the 200 mM and 500 mM NaCl TEF
condition, primary dendrites and the branches show the
thin and long appearance.

3. For SAC 305 alloy, Ag and Cu do not undergo the ECM
process and Sn is the only migration element in this
experiment condition. The dendrite is composed of Sn
with a tetragonal structure and its oxide. In addition, the
amount of tin oxide in the dendrite gradually increased
with the increasing of chloride ions concentration.
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