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Electrochemical migration occurs via electrochemical processes. When a water film forms on the electric
circuit and then a bias voltage is applied, the metallic ions dissolve from the anode and move to the cathode.
At the cathode, the metallic ions react with the electrons and then form dendrites. Thus, a short circuit failure
of the electronic components occurs. This study focuses on the relationship between the electrochemical migra-
tion (ECM) susceptibility of SnPb solders and the composition of the dendrites on the basis of electrochemical
techniques. It was found that the ECM susceptibility of SnPb solder alloys was affected by the chloride
and sulfate ions. After the water drop test, the composition of the dendrites was primarily Pb mixed with
Sn, regardless the dissolution/composition ratio of the solder alloys. However, only Sn was detected in the
dendrites formed in the acidic solution. The dissolution of the metal from the anode influenced the failure
time, and the pH of the corrosion environment significantly changed the composition of the dendrites formed
on the cathode. The composition of the dendrites was proven to be closely related to the cathodic deposition
efficiency of the ions dissolved from the anode.
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1. INTRODUCTION 

Electrochemical migration (ECM) is defined as the growth
of conductive metal filaments on a printed wiring board
(PWB) under the influence of a DC voltage bias [1]. Accord-
ing to Takemoto et al., the reason for the susceptibility of
solder alloys to ECM in pure water, using the glass slide
method, can be summarized as follows: (1) the high dissolu-
tion rate of the metal as ionic species; (2) the low rate of
hydrogen evolution at the cathode; and (3) the low saturation
concentration of metallic ions in pure water [2]. Sn was
found to have superior ECM resistance to Pb and SnPb
alloys. This behavior corresponds well with the corrosion
susceptibility of Sn, Pb, and their alloys in pure water [3].
The corrosion rate is in the following order [Pb = Pb2Sn >
Pb35~80Sn > Sn]. Radovici et al. [4] investigated the corro-
sion of SnPb alloys in aqueous solutions with different pH
values. Based on these results, it is believed that a large dis-

solution rate at the anode is necessary for easy migration.
Lee et al. have reported that the lifetime results show a

well defined log-normal distribution, and the formation of a
conductive anodic filament (CAF) around the anode was the
primary failure mechanism at the PCB surface. Pb was
found to be more susceptible to filament failure than Sn in
the eutectic SnPb alloy, which corresponds to the corrosion
resistance of the solder materials in de-ionized water and
0.001 wt.% NaCl solutions [5]. Furthermore, Pb was more
susceptible to ECM than Sn, which corresponds well to the
corrosion resistance of the solder materials in aqueous envi-
ronments. Sn forms a passive layer on its surface, which pro-
tects it from anodic dissolution. The lifetime is in inverse
proportion to the applied voltage and resulted in a biased
voltage exponent (n = 0.874) by voltage scaling. A higher
bias voltage resulted in a shorter resistance failure time [6]. 

According to Yu et al. [7], the key steps for the ECM can
be estimated. The two steps related to the metal properties
are quite important. The first step is the metal dissolving at
the anode; the second is the ions being transported from the
anode to the cathode. Yu et al. found that the main migration
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elements in the current solder alloys, such as SnPb, SnPbAg,
SnAg, SnAgCu, and SnZnBi, are Pb, Sn, and Zn. The ion
transport has a close relationship to the solubility product of
Me(OH)x. If the solubility is quite small, the time for the ion
transport will be longer. Yu et al. also reported that the solu-
bility in pure water was in order of Ag+ > Pb2+ > Zn2+ > Cu2+

> Sn2+. Harsanyi et al. [8] also deemed that the speed of the
dendritic deposition on the cathode is primarily determined
by the solubility of the metal hydroxide and that the primary
reason that Pb bearing solders such as Sn37Pb and
Sn36Pb2Ag have a short time to failure compared with other
lead-free solder alloys is due to the higher solubility product
of its hydroxides.

Based on these previous reports [2,3,5,6], it can be sum-
marized that the resistance of the SnPb solders to ECM is
inferior to that of pure Sn, and Pb has a high ECM suscepti-
bility. Many studies [2,3,5-7] showed that the constituent of
the dendrites formed in the SnPb solders due to ECM was
primarily Pb. Ionic contaminants can also affect the suscep-
tibility to ECM. The effect of the Cl- and SO4

2− on the ECM
behavior has already been reported; the time to failure
caused by ECM decreased with an increasing Pb content in a
Cl− solution, whereas it increased with an increasing Pb con-
tent in a SO4

2− solution [9]. Also, Harsanyi reported that the
effect of the ionic contaminant content on the lifetime in
temperature-humidity bias (THB) tests was dependent upon
various conductor materials [10].

However, as yet, there are no reports on the relationship
between the susceptibility to ECM and the main composi-
tion of the dendrites. In this work, three types of solder were
used (pure Sn, Sn37Pb, and Sn55Pb) and their resistance to
ECM in 0.001 wt.% NaCl and 0.001 wt.% Na2SO4 solutions
was examined. This work focuses on the elucidation of the
relationship between the ECM susceptibility of solder alloys
and the composition of the dendrites.

2. EXPERIMENTAL PROCEDURES

2.1. Electrochemical migration (ECM) test
To evaluate resistance to ECM, a water drop test (WDT)

[2,8,11,12] was used. The specimen used for the WDT was
made on a Si wafer substrate. On the Si wafer substrate, a Ni
under bump metallurgy (UBM) was sputtered (thickness
3000 Å). A pad with a 300 µm space pattern was fabricated
using photo-resist and screen printing methods. Solder
pastes (DELTA, 691A) were reflowed on the Ni UBM in a
reflow oven. After the reflow, the specimen was annealed for
5 h at 150 °C to minimize the phase transformation between
the Ni UBM and solder alloy. Then, the reflowed pad pat-
terned solder was polished to a thickness of 10 µm.

The WDT was performed to understand the failure mech-
anism in the pad patterned solder alloy in 0.001 wt.% NaCl
and 0.001 wt.% Na2SO4 solutions at room temperature. 3 µl

of test solution was dropped between the pad patterned sol-
ders and then 3 V was applied using a potentiostat (EG&G,
Model 273A). The current was measured and continuous
images of the migration process were recorded using a video
microscope. 

2.2. Anodic dissolution test and ion analysis
In order to analyze the dissolved species and their concen-

tration, an anodic dissolution test and ion analysis were per-
formed. The test specimens used for the anodic dissolution
test were prepared as follows. To prepare the UBM, Ni thin
film was deposited on a Cu substrate via electroplating, and
then SnPb solder was reflowed on the Ni UBM in a reflow
oven. The anodic dissolution test was performed using a
potentiostat (Gamry, Model DC105) in deaerated 0.001 wt.%
NaCl and 0.001 wt.% Na2SO4 solutions at room tempera-
ture. A dissolution potential (+0.5 V (SCE)) was applied to
the specimen for 1 hour and the anolyte was obtained. The
ionic species and concentration were analyzed using ICP/
AES (Inductively Coupled Plasma/Atomic Emission Spec-
trometer, Spectro, Model Flame Modula S).

2.3. Surface analysis
After the WDTs, the pad patterned specimens were allowed

to dry naturally and then the specimen was transferred to a
vacuum chamber. The images and composition of the pad
and dendrites were observed using SEM-EDS (Scanning
Electron Microscope-Energy Dispersive X-ray Spectrome-
ter, JEOL, Model JSM-6300).

3. RESULTS

Figure 1 shows the dendrite growth and current during the
WDT conducted while applying a voltage of 3 V in 0.001
wt.% NaCl at room temperature. Figures 1(a) and (b) show
the in situ images of the ECM and the plot of the current
against the time to failure, respectively. As the potential is
applied to the two electrodes, the metallic ions were dis-
solved from the anode (left side) and the dendrites grew
from the cathode (right side) to the anode. Also, many gas
bubbles developed from the cathode. The typical reactions at
the electrodes can be summarized as follows [13]. 

At the anode, M → M2+ + 2e− (1)
H2O → 1/2O2 + 2H+ + 2e−  (2)

At the cathode, M2+ + 2e−  → M (3)
1/2O2 + H2O + 2e−  → 2OH−  (4)
2H2O + 2e−  → 2OH−  + 2H2 (5)
2H+ + 2e−  → H2 (6)

Besides the above reactions, the metal can react with the
water to produce corrosion products:

M + H2O + 1/2O2 → M(OH)2 (7)
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As shown in Fig. 1, the time to failure of the pad patterned
specimen on the Si wafer used in this work was defined as the
time required for the dendrites to extend from the cathode to
the anode as measured by in situ image monitoring and, at
that time, the current abruptly increased. It should be noted
that the time to failure was also defined as the time required
for the surface insulation resistance to drop below 106 ohms
for the PCB specimen [14]. An initial current of less than
0.1 µA flowed after the WDT started and then a large current
flowed due to the dendrites growing.

Figure 2 shows the effect of the ionic species on the time
to failure determined by the WDT in 0.001 wt.% NaCl and
0.001 wt.% Na2SO4 (pH 6) at room temperature with an
applied voltage of 3 V. The resistance to ECM of pure Sn in
the NaCl solution was better than that in the Na2SO4 solu-
tion. Conversely, the resistance to ECM of the SnPb solders
in the Na2SO4 solution was better than that in the NaCl solu-
tion. It is clear that the corrosion environment could affect
the ECM resistance of the SnPb solders determined by the
WDT. The above findings are contrary to those of Brusic et
al. [3]. This tendency can be explained by other research that
the current research group has conducted on the corrosion
properties-anodic polarization behavior of SnPb solder
alloys in the same environment [9]. According to the analy-
sis of the anodic polarization behavior in an environment

containing Cl− ions [9], the pitting potential decreases with
an increasing Pb content in the solder alloy and the Pb previ-
ously ionized on the surface of the solder. However, in the
case of the anodic polarization in an environment containing
SO4

2− ions, the opposite tendency to that of the Cl- ions was
observed. The pitting potential [9,15] increased with an
increasing Pb content in the solder alloy and varied mark-
edly with the SO4

2− concentration. This is due to the forma-
tion of the S-bearing species that Pb responds to S in a
solution containing SO4

2− and then the passivation of the
SnPb formed on the surface has more stability than that of
pure Sn.

The increased current in the WDT was due to the break-
down of the electrical insulation caused by the dendrite
growth from the cathode to the anode. Therefore, the images
and surface composition of the dendrite were observed using
the SEM-EDS. The composition of the dendrite formed in
the Sn37Pb was a mixture of Sn and Pb, but there was more
Pb than Sn. Furthermore, the dendrites formed in the Sn55Pb
was a mixture of Sn and Pb, but there was more Pb than Sn. 

Figure 3 was obtained from the surface analysis and the
content of each point was averaged in each area, including
the near-anode, middle, and near-cathode regions (‘Sn or Pb
in chloride or sulfate’ indicates the Sn or Pb of the dendrites
formed in 0.001 wt.% NaCl or 0.001 wt.% Na2SO4 solu-
tions). This figure shows the effect of the corrosion environ-
ment on the composition of the dendrite formed in the WDT
in 0.001 wt.% NaCl and 0.001 wt.% Na2SO4. Figures 3(a)
and (b) correspond to the Sn37Pb solder and Sn55Pb solder,
respectively. In the case of the Sn37Pb solder, the dendrites
formed in the chloride and sulfate solution contained a mix-
ture of Sn and Pb. In the case of the Sn55Pb solder, the main
constituent of the dendrites formed was Pb, regardless of the

Fig. 1. Dendrite growth and current during water-drop test while
applying 3V to pure Sn in 0.001 wt.% NaCl at room temperature (A:
anode, C: cathode): (a) in-situ images of ECM and (b) current vs. time
and time to failure.

Fig. 2. Effect of the ionic species on the time to failure determined by
the water-drop test in 0.001 wt.% NaCl and 0.001 wt.% Na2SO4 at
room temperature (applied voltage: 3 V).
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corrosive solution. In other words, the constituent of the den-
drite formed in the neutral solution in the WDT was prima-
rily Pb (sometimes mixed with Sn), regardless of the Cl- and
SO4

2− ions. 
According to Takemoto et al., Sn has a superior ECM

resistance compared with Pb and SnPb alloys regardless of
the environment. ECM susceptibility is increased by a high
dissolution rate of the metal as ionic species, a low rate of
hydrogen evolution at the cathode, and a low saturation con-
centration of metallic ions in the test solutions [2]. As shown
in Fig. 2, the time to failure of pure Sn in Na2SO4 was
decreased more than that in NaCl, but the time to failure of
the SnPb alloys in NaCl was decreased more than that in
Na2SO4. In other words, the corrosive anions affected the
susceptibility of the alloys to the ECM. Therefore, it should
be noted that the susceptibility to ECM is also increased by
the presence of corrosive anions (Cl− and SO4

2−).
In summary, the corrosive environments affected the sus-

ceptibility to ECM in the WDT, but the constituents of the

dendrites formed were primarily Pb mixed with Sn. There
are many reports that deal with the susceptibility of alloying
elements to ECM [2,3,5,12,16-19].

4. DISCUSSION

Chapter 8 of the handbook of Standard Potentials in Aque-
ous Solution [20] provides a thermodynamic consideration
of the electrochemistry of Sn and Pb. At room temperature,
the standard potentials for the dissolution of Sn and Pb are -
0.136 V (SHE) and -0.125 V (SHE), respectively. The stan-
dard potential of Pb is a little nobler than that of Sn, but their
potentials are very close to each other. Thus, the SnPb alloy
is one of the easiest alloys to be co-dissolved and co-depos-
ited.

Fig. 3. The averaged composition of dendrite formed in 0.001 %
NaCl and 0.001 % Na2SO4 during water-drop test: (a) on Sn37Pb
and (b) on Sn55Pb.

Fig. 4. Relation between time to failure and dissolution of Sn37Pb
solder in 0.001 % NaCl and Na2SO4 at room temperature; (a) time to
failure vs. total dissolved ions, (b) total dissolved ions vs. dissolution/
composition ratio.
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When the corrosive environments are changed, the sus-
ceptibility to ECM varies with the solders. However, the
main constituent of the dendrites formed in the WDT was Pb
mixed with Sn, as shown in the above results. 

Figures 4 and 5 show the relation between the time to fail-
ure and anodic dissolution of the Sn37Pb and Sn55Pb sol-
ders in 0.001 wt.% NaCl and 0.001 wt.% Na2SO4 at room
temperature: (a) shows the time to failure against the total
concentration of dissolved [Sn + Pb] ions, and (b) shows the
total dissolved ions against the dissolution/composition ratio.
The ratio means the percentage dissolution divided by the
percentage composition of each element (represented by DSn/
CSn or DPb/CPb). The dissolution potential was +0.5 V (SCE)
which corresponds to the potential of the anode when 3 V is
applied to the pad patterned specimen in the above WDT.
(At that time, the potential of the cathode was measured as
–2.5 V (SCE).) The specimen was anodically dissolved for
1 hour. As shown in Fig. 4(a), the time to failure increased as
the content of the total dissolved ions decreased. This means
that the content of the dissolved ions affected the time to fail-
ure of the ECM of Sn37Pb. In Fig. 4(b), the content of the
total dissolved ions decreased, but DPb/CPb decreased and
DSn/CSn increased. 

Figure 5 shows the relationship between the time to failure
and dissolution of the Sn55Pb solder in 0.001 wt.% NaCl
and Na2SO4 at room temperature: Fig. 5(a) shows the time to
failure against the total dissolved ions and Fig. 5(b) shows
the total dissolved ions against the dissolution/composition
ratio. In Fig. 5(a), the time to failure increased even though
the content of the total dissolved ions increased. This behav-
ior is contrary to the results of Takemoto et al. [2] and to the
results of Fig. 4(a) for the Sn37Pb solder, and revealed that
the time to failure is not directly related to the content of the
total dissolved ions. In Fig. 5(b), the content of the total dis-
solved ions increased but DPb/CPb decreased and DSn/CSn

increased. Generally, it can be expected that the main con-
stituent of the dendrites formed by ECM will be the element
that dissolves the most among the alloying elements. As
shown in Fig. 4, the content of the total dissolved ions
decreased, and the dissolution ratio of Pb decreased, but the
ratio of Sn increased. 

As shown in Fig. 5, although the content of the total dis-
solved ions increased, the dissolution ratio of Pb decreased
but the ratio of Sn increased. Thus, it is strongly expected
that the composition of the dendrites should be primarily Sn
mixed with Pb. However, in reality, the dendrite was prima-
rily composed of Pb mixed with Sn, as shown in Fig. 3,
regardless of the corrosion environment. This implies that
the content of total dissolved ions was only slightly related to
the composition of the dendrites.

The ECM including the nucleation and growth of the den-
drite is similar to the deposition of metallic ions in the elec-
troplating process. In general, electroplating uses a soluble

anode with the same composition as that of the desired
deposit [21]. The SnPb anode used in the plating process dis-
solves anodically, but since Sn is oxidized, the loss of Sn
can, to some extent, occur. Therefore, anodes with a slightly
higher Sn content than that which is needed in the plating
should be used. However, any increase in the Pb concentra-
tion in the plating solution should be avoided. If the correct
Pb/Sn ratio is not maintained in the solution, the total metal
content will increase, and the metal distribution (throwing
power) may suffer. The theoretical deposition rate for SnPb
alloys can be calculated from the mass of the metal plate per
unit surface, the plating time, and the calculated density. The
values range from 0.505 µm/min for 100 % Sn to 0.57 µm/
min for 100 % Pb at 1A/dm2 assuming a cathodic efficiency

Fig. 5. Relation between time to failure and dissolution of Sn55Pb
solder in 0.001 % NaCl and Na2SO4 at room temperature: (a) time to
failure vs. total dissolved ions and (b) total dissolved ions vs. dissolu-
tion/composition ratio.
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of 100 % [21]. It can be seen from this that the deposition
efficiency of Pb is approximately 13 % higher than that of Sn.

In order to see the deposition behavior at the cathode in the
ECM, WDTs in chloride and sulfate solutions with different
pH values was performed. Figure 6 shows the effect of pH
on the averaged composition of the dendrite formed in the
WDT (applied voltage: 3 V) in 0.001 wt.% NaCl at room
temperature. At pH 8, the dendrites were composed prima-
rily of Pb mixed with Sn. However, at pH 4, the dendrites
were primarily composed of Sn mixed with Pb. In other
words, the main constituent of the dendrites of the SnPb sol-
ders formed in the WDT changed from Pb to Sn as the pH of
the test solution decreased in the chloride environment. Fig-
ure 7 shows the effect of the pH on the averaged composi-
tion of the dendrites formed in the WDT (applied voltage: 3
V) in 0.001 wt.% Na2SO4 at room temperature. At pH 6, the

dendrites were composed primarily of Pb mixed with Sn.
However, at pH 2, the main constituent of the dendrites was
Sn. In other words, the composition of the dendrites of the
SnPb solders determined by the WDT changed from Pb to
Sn as the pH of the test solution decreased, as in the case of
the chloride solution. In summary, when the pH of the test
solution is high, Pb tends to be deposited more easily than
Sn, whereas Sn tends to precipitate more easily than Pb when
the pH of the test solution is acidic. This behavior arose from
the difference of the cathodic deposition efficiency of Pb and
Sn as discussed above.

5. CONCLUSIONS

(1) The susceptibility to ECM of SnPb solder alloys was
affected by the corrosion species (chloride and sulfate ions)
in the environment.

(2) The dissolution of metal from the anode influenced the
time to failure, but had little effect on the composition of the
dendrites originating from the cathode. Also, the pH of the
corrosion environment greatly changed the composition of
the dendrites formed on the cathode.

(3) The relationship between the susceptibility to ECM of
SnPb solders and the composition of the dendrites was
proven to be closely related to the cathodic deposition effi-
ciency of dissolved ions from the anode. It was proposed that
this efficiency could be an important factor in the dendrite
formation by ECM.
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