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Abstract
In this paper, the water droplet experimental method was used to in situ study the electrochemical migration and related 
behaviors of Sn-based lead-free solder. Results showed that the electrochemical migration short-circuit time decreased with 
voltage increasing. Electrochemical migration was difficult to occur when the voltage was less than 1.5 V. However, when 
the voltage was above 5 V, metal deposits were generated in a short time and caused a bridge between two electrodes, which 
led to short circuit. As spacing increased, the short-circuit time prolonged. The three-dimensional pattern between voltage, 
spacing and short-circuit time had been constructed, which is beneficial to estimate the short-circuit time value under a 
combination of any voltage and spacing within a certain range. When changed the concentration of NaCl solution, it was 
founded that dendrites which surface covered much precipitates were formed at a low concentration. At medium concentra-
tion, there was no dendrites but only formed a large amount of precipitates. At a high concentration, the dendrites which 
surface with less precipitates were showed again. The formation mechanisms of dendrites under different NaCl solution 
concentrations were analyzed. In addition, the effects of different materials on electrochemical migration behavior were also 
studied, founding that electrochemical migration products of Sn, Sn0.7Cu and Sn3Ag were mainly Sn and Sn oxides. The 
electrochemical migration products of Sn9Zn contain much Zn element apart from Sn and Sn oxides. At a lower voltage, 
Sn9Zn solder had better electrochemical migration resistance than Sn, Sn0.7Cu and Sn3Ag, but this phenomenon was not 
obvious at a higher voltage.

1 Introduction

Nearly half a century of development, advanced packaging 
technology is developing in a depth direction. The main idea 
of post-Moore’s Law is to pursue heterogeneous device/chip 
module integration with “function doubling” as the next 
profit growth point. Thus, “dimension reduction”, “multiple 
functions” and “micro-structure” are the mainstream pack-
aging forms [1]. It promotes the development of electronic 
devices toward miniaturization, light weight, high preci-
sion and high reliability, which results in surface density of 
printed circuit boards increased [2], and the size and spac-
ing of solder balls/bonding wires reduced. The solder balls/
bonding wires spacing may only with a few micrometers, 
and the connected object may be just a few tens of microm-
eters of metal plating or a wire with a diameter of a few 

millimeters [3]. This will inevitably cause some damages to 
the reliability of solder joints/bonding wires, printed circuit 
boards and even electronic components. Coupled with the 
increasingly harsh service environment of electronic equip-
ment, such as working in an extremely humid environment, 
the reliability problems caused by electrochemical effects 
can not be ignored [3, 4]. The electrochemical migration 
(ECM) is one of them.

Electrochemical migration is an electrochemical phe-
nomenon, which means electronic components work under 
a certain temperature and humidity, the water droplets may 
formed due to the condensation of water vapor, and dust 
or impurities in air may also be mixed them to constitute 
an electrolyte environment. If there is a potential difference 
between electrodes, the electrochemical migration is easy 
to occur [5].

Voltage and spacing are all important factors that affect-
ing electrochemical migration. In addition, chloride ion can 
be derived from human sweat gland liquid, skin, fingerprint, 
liquid metal salt solution and so on. Due to the development 
needs, electronic products have been or will be in service in 
an environment that cannot avoid chloride ions. Therefore, 
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it is also necessary to explore the influence of chloride ion 
concentration on electrochemical migration. It is hoped that 
the study of reliability of electronic components caused by 
electrochemical migration can provide some data support 
and theoretical guidance for weakening or preventing the 
failure of electronic equipment.

2  Experimental procedure

2.1  Sample preparation

First, Sn as an example, a Sn solder block was pressed into 
a thickness of 0.2 mm by a tableting machine and cut it into 
a solder piece which has a length of 10 mm and a width of 
3 mm. The solder piece then molded with resin [6], and one 
of the cross sections was ground to expose the solder base. 
Then the solder piece was used as an electrode.

Next, the solder piece was fixed on a ceramic substrate 
so that the spacing between two working faces was 0.5 mm, 
and the two ends of the electrodes were connected with the 
two ends of the power source by copper wires.

2.2  Experimental system construction

The water drop experiment system was built as shown in 
Fig. 1. Placing the prepared sample under a stereo micro-
scope (Olympus SZX12), two copper wires respectively 
connected to both ends of the sample, and the other two 
ends connected to positive and negative poles of the power 
source. The end connected to positive pole was called anode, 
and the other end connected to negative pole was called cath-
ode. In order to get a clear real-time video contrast image, 
Olympus LG-PS2 was used as a light source, then place a 
matching camera above stereo microscope and the camera 
was connected to computer, thus real-time observation and 
data recording can be realized on the computer screen.

For reliable in situ observation and experimental record-
ing, the experimental setup was placed in a closed and clean 
room. Observed the formation of dendritic metal deposits 
under stereo microscope and recorded the entire process 

with a video camera. Nextly, the electrochemical migration 
short-circuit failure time was obtained by playing back the 
video [7]. SEM [Zeiss supra 55 (Vp)] was used to analyze 
the morphology of metal deposits, EDS and XRD to analyze 
the compositions and phases. Moreover, the electrochemi-
cal migration resistance was measured by electrochemical 
workstation.

In order to measure the electrochemical migration resist-
ance of different solders, the corrosion resistance of each 
solder was measured by a three-electrode electrochemical 
corrosion test, the experimental setup was shown in Fig. 2. 
A CS310 electrochemical workstation and a three-electrode 
system (anode is solder, cathode is the auxiliary electrode 
Pt, saturated calomel electrode is the reference electrode) 
were used to the experiment. The potential sweep range was 
− 1.5 to 2 V, and the scan voltage was 1 mV/s, the electrolyte 
was 3.5% NaCl solution. Next, the anodic polarization curve 
of each solder was measured by the potentiodynamic scan-
ning method in a laboratory that the temperature is about 
25 °C. So the electrochemical migration resistance of each 
solder was analyzed.

3  Results

3.1  Effect of voltage on ECM

3.1.1  Voltage influence on short‑circuit time

Firstly, a concept should be introduced that short-circuit time 
refers to the time taken for metal deposits grow from cathode 
to anode and cause a bridge between two electrodes after 
electrochemical migration [7, 8].

Apply 1.5 V, 3 V, 5 V and 8 V to the pure Sn solder sam-
ples with an electrode spacing of 0.5 mm, each condition 
was repeated 7 times and averaged to obtain a voltage and 
short-circuit time chart as shown in Fig. 3. It can be seen that 
the short-circuit time drops sharply with voltage increasing. 

Fig. 1  Water drop experimental system building diagram Fig. 2  Schematic diagram of electrochemical corrosion test
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When the voltage was lower than 1.5 V, the short-circuit 
time was longer and the electrochemical migration phenom-
enon was difficult to occur. When the voltage was above 5 V, 
electrochemical migration occurred in a short time.

On the one hand, when applied voltage was higher, the 
anode dissolved and ion migration speed were faster. The 
 Sn2+ from anode could reach cathode quickly and deposit 
under the action of electric field force and concentration 
gradient. On the other hand, the higher voltage, the more 
bubbles were produced between anode and cathode, and 
their strong agitation enhanced the mass transfer process 
[9], which promoted  Sn2+ migrated to cathode in a short 
time and continuously formed metal deposits. In this way, 
the short-circuit failure time was short.

3.1.2  Effect of voltage on nucleation sites

When different voltages were applied to the pure Sn solder, 
the number of metal deposits, nucleation sites and growth 
ranges were various, as shown in Fig. 4. When the applied 
voltage was small (1.5 V), the metal deposits had fewer 
nucleation sites and a narrower growth range on the surface 
of cathode. When the applied voltage was large (5 V), the 

metal deposits had more nucleation sites and a wider growth 
range on cathode surface.

This was because the electric field strength at a small 
voltage was weak, the metal ions  (Sn2+) dissolved in anode 
could migrate to cathode at a slow rate and had sufficient 
time to “find” its lowest energy point at cathode surface and 
then to deposit. The deposited atom formed a bump as the 
lowest energy point for next metal ion deposition. Thus, the 
anode was continuously dissolved, the cathode was continu-
ously deposited, so there formed a small amount of metal 
deposits in a small range. At a large voltage, on the one 
hand, due to the large electric field strength, the dissolved 
metal ions of anode could quickly reach cathode, and it was 
too late to diffuse on the cathode surface to find its low-
est energy point to deposit, so metal ions tend to randomly 
deposited. On the other hand, under a large voltage, the 
strong hydrogen evolution reaction at cathode could promote 
the random deposition of metal ions due to the agitation of 
bubbles, metal ions tended to nucleate randomly, so there 
were a large number of metal deposits and which had a wide 
growth range.

3.2  Influence of spacing on short‑circuit time

When pure Sn was used as an electrode, we respectively 
applied different voltages (1.5 V, 3 V, 5 V and 8 V) at these 
samples with 0.3 mm, 0.5 mm and 0.7 mm spacing to meas-
ure the short-circuit time. Each condition was repeated 7 
times and averaged the results. Finally, the results are shown 
in Fig. 5.

It can be seen from Fig. 5 that under a same voltage, 
the short-circuit failure time was gradually extended with 
spacing increase. However, this phenomenon was not obvi-
ous under 5 V or 8 V. Firstly, this may be caused by the 
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Fig. 4  Effect of voltage on nucleation site
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larger spacing, the smaller electric field strength between 
electrodes, and the slower ion migration rate from anode 
to cathode. Secondly, the longer spacing between two elec-
trodes and the longer distance required for metal deposits to 
grow from cathode to anode. Thus, a greater spacing lead to 
a longer short-circuit time [4]. At 5 and 8 V, the electric field 
force was large and plays a leading role in ion migration. So 
short-circuit time was short and the tendency of short-circuit 
time extended with spacing increasing was not obvious.

3.3  Short‑circuit time under combination of voltage 
and spacing

Based on above research, the data between voltage, spacing 
and short-circuit time were compiled. Taking voltage as the 
x-axis, spacing as the y-axis, short-circuit time as the z-axis, 
a three-dimensional figure had been constructed, show as 
the Fig. 6. The significance is that short-circuit time value 
can be intuitively estimated at a combination of any spac-
ing between 0.3 and 0.7 mm and any voltage between 1.5 
and 8 V.

3.4  Effect of NaCl solution concentration on ECM

3.4.1  Metal deposits at various NaCl solution 
concentrations

When pure Sn was used as an electrode, under 2 V voltage 
and 0.7 mm electrode spacing, different concentrations of 
NaCl solution of 1 mM/L (low concentration), 30 mM/L 
(medium concentration) and 500 mM/L (high concentration) 
were used as electrolytes to observe the electrochemical 

migration phenomenon, the result was shown in Fig. 7. We 
founded that at lower concentration (1 mM/L), dendritic 
metal deposits which surface covered more precipitates 
were formed between two electrodes, as shown in a and  a1 
of Fig. 7. Under medium concentration (30 mM/L), no den-
drites were formed and only a-wall-like precipitates which 
cracks were clearly after dehydration formed on the anode 
side, as shown in b and  b1 of Fig. 7. Under high concentra-
tion (500 mM/L), there were dendrites and precipitates that 
formed on anode side, but the surface of dendrites with less 
precipitates, as shown in c and  c1 of Fig. 7. Thus, the forma-
tion mechanism of dendrites at low and high concentration 
should be different. In this way, we have measured pH values 
at different concentrations.

3.4.2  pH under different NaCl solution concentrations

Added pH reagent into NaCl solution (1 mM/L, 30 mM/L, 
500 mM/L) to adjust the color to pale yellow, as shown 
in Fig. 8, which means the solution was a neutral electro-
lyte. Then applied 2 V voltage to the sample which with 
0.7 mm spacing for electrochemical migration water drop 
experiment.

After 5 s of electrochemical migration experiment, it 
was observed that as NaCl concentration increased, the 
purple color near cathode became deeper, which means 
more  OH− produced and led to stronger alkalinity, as show 
in Fig. 9. Thus, the strong alkali environment should be the 
reason of different formation mechanisms of dendrites at low 
or high concentrations [10]. According to relevant litera-
tures, it was founded that at low concentration (1 mM/L), the 
precipitation formed between anode and cathode was dis-
continuous, so there was no obvious hindrance to ion migra-
tion. The  Sn2+ from anode can reach cathode smoothly under 
the action of electric force and then reduced, so dendrites 
will coexist with precipitates. At medium concentration 
(30 mM/L), the initial reaction rate of anode and cathode 
increased and the concentration of  Sn2+ and  OH− increased 
rapidly too, then they will form a large amount of precipi-
tates when  Sn2+ and  OH− met each other, so there appeared 
a large precipitate layer.  Sn2+ tries to migrate through pre-
cipitate layer to cathode and  OH− tries to migrate through 
it to anode. However, each time they met and new precipi-
tates formed, so a-wall-like precipitates appeared. At high 
concentration (500 mM/L), the pH of solution near cathode 
increased with chloride ion concentration increasing. When 
the concentration of chloride ion was more than 500 mM/L, 
the pH near cathode was close to 14 and the pH reagent 
appeared dark purple. Therefore, this strong alkali environ-
ment could dissolve the precipitate layer (hydroxide of Sn) 
and formed [Sn(OH)6]2− complex ions. It could reach cath-
ode when pH ≥ 13 and be reduced to Sn [10, 11]. Therefore, 
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dendrites formed, and the reaction equation as shown in 
Eq. (1). 

3.5  Effect of different materials on ECM

3.5.1  Microscopic morphology of metal deposits

The sample with electrochemical migration products was 
placed in air to dry naturally. The sample was sprayed with 
carbon by ion sputter and deposits microscopic morphology 
was observed under SEM, the results were shown in Fig. 10. 
It was founded that deposits microstructures of Sn, Sn0.7Cu 

(1)[Sn(OH)6]
2− + 4e− → Sn + 6OH−

and Sn3Ag were similar, they all had many small branches 
grow on trunks and obviously dendritic. The morphology of 
Sn9Zn deposits was differently, which also had trunks, but 
the branches on trunks were relatively thick, and the whole 
was similar to feather [11].

3.5.2  Metal deposits composition

In order to investigate the reason of differences in micro-
structure of metal deposits, EDS and XRD analysis were 
carried out. Founding that the main components of Sn, 
Sn0.7Cu and Sn3Ag metal deposits were Sn and O ele-
ments. In addition to Sn and O elements, Sn9Zn metal 
deposits also contained a large amount of Zn element, as 

Fig. 7  Metal deposits at various NaCl solution concentrations. (a: 1 mM/L, b: 30 mM/L, c: 500 mM/L)
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shown in Table 1, the C was from carbon-spray treatment, 
Al was from ceramic substrate, and "*" means inexistence 
of Zn atom in the corresponding solders.

Subsequently, XRD phase analysis revealed that the main 
phases of the Sn, Sn0.7Cu, and Sn3Ag metal deposits were 
Sn and oxides of Sn, Such as  SnO2, SnO and  Sn2O3 [12–14]. 
However, Sn9Zn metal deposits contained more Zn and ZnO 
in addition to Sn and oxides of Sn, as shown in Fig. 11, and 
the result was also consistent with the EDS results. Thus, 
the presence of Zn was responsible for the specialization of 
microstructure of Sn9Zn metal deposits [15, 16].

3.5.3  ECM easiness of different materials

Electrochemical migration is caused by anodic dissolution. 
Different materials have different corrosion potentials and the 
difficulty of electrochemical migration is different. It can be 
seen from the anodic polarization curves (shown in Fig. 12): 
dissolution potential: Sn9Zn < Sn < Sn0.7Cu < Sn3Ag, 
so electrochemical migration resistance was presumed: 
Sn9Zn < Sn < Sn0.7Cu < Sn3Ag.

In actual experiment, as shown in Fig. 13. The short-
circuit failure time of Sn, Sn0.7Cu and Sn3Ag at 1.5 and 8 V 
were:  tSn < tSn0.7Cu < tSn3Ag, this result indicated their elec-
trochemical migration resistance: Sn < Sn0.7Cu < Sn3Ag, 
this was also consistent with the above inference. Com-
pared to pure Sn, because Cu in Sn0.7Cu existed in the 
form of  Cu6Sn5, and Ag in Sn3Ag existed in the form of 
 Ag3Sn. However,  Cu6Sn5 and  Ag3Sn were both intermetallic 
compounds, and their corrosion resistance were extremely 
strong, so the electrochemical migration resistance of pure 
Sn was weaker than Sn0.7Cu and Sn3Ag. In addition, it 
was known from the composition ratio of Sn0.7Cu and 
Sn3Ag that the content of intermetallic compound  (Ag3Sn) 
in Sn3Ag was much higher than the content of  Cu6Sn5 in 
Sn0.7Cu, so the electrochemical migration resistance perfor-
mance were: Sn0.7Cu < Sn3Ag. In summary, electrochemi-
cal migration resistance: Sn < Sn0.7Cu < Sn3Ag.

Sn9Zn had the lowest corrosion potential and was the 
easiest to electrochemical migration theoretically [17]. 
However, it was found in the experiment that as shown in 
Fig. 13, at a small voltage (1 V), the short-circuit failure 
time of Sn9Zn was the longest; At a large voltage (8 V). the 
short-circuit failure time of Sn9Zn was significantly reduced. 
Because it was well known that the surface of Sn9Zn was 
easy to form a passivation film in electrochemical experi-
ments [18, 19], it had the effect of hindering the dissolution 
of anode. At a small voltage, the acts of Sn9Zn passivation 
film which could inhibit the anodic dissolution to a certain 
extent was obviously, thereby the passivation could further 
inhibit the occurrence of electrochemical migration [6], so 
the short-circuit failure time of Sn9Zn was longer at a lower 
voltage (1.5 V). However, the electric field strength at a 
large voltage was very strong, and the passivation film was 
broken or the passivation film formed was not so dense due 
to voltage breakdown or strong agitation of bubbles [20]. 
Therefore, the effect of Sn9Zn passivation film on inhibiting 
anodic dissolution was not significant, the electrochemical 
migration resistance was reduced, and the short-circuit fail-
ure time was reduced obviously.

As can be seen from the above: at a lower volt-
age (1.5  V), electrochemical migration resistance: 
Sn < Sn0.7Cu < Sn3Ag < Sn9Zn;At a large voltage (8 V), 
electrochemical migration resistance: Sn9Zn < Sn < 
 Sn0.7Cu < Sn3Ag.

Fig. 8  Initial pH at different NaCl concentrations. a: 1  mM/L, b: 
30 mM/L, c: 500 mM/L

Fig. 9  pH at different NaCl concentrations after 5 s by electrochemi-
cal migration experiment. a: 1 mM/L, b: 30 mM/L, c: 500 mM/L
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4  Conclusions

(1) As voltage increased, electrochemical migration short-
circuit time decreased. Below 1.5 V, electrochemical 
migration was difficult to occur. Above 5 V, metal 
deposits were formed in a short time and caused a 

Fig. 10  Micromorphology of metal deposits from different materials

Table 1  EDS results of metal deposits

Solders Metallic deposits composition (wt%)

C O Al Sn Zn

Sn 9.86 17.47 1.53 71.1 *
Sn0.7Cu 11.26 18.31 1.63 68.52 *
Sn3Ag 8.69 20.02 1.36 69.91 *
Sn9Zn 11.64 19.08 1.22 47.94 20.12
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bridge between two electrodes. What’s more, the short-
circuit time was prolonged as spacing increased. And 
the three-dimensional graph between voltage, spac-
ing, and short-circuit-time could be used to predict the 
short-circuit time value under any combination of volt-
age and spacing within a certain range.

(2) At a small concentration of NaCl solution, dendrites 
which surface covered more precipitates were formed. 
At medium concentration, there were no dendrites and 
only a large amount of precipitates appeared. At high 
concentration, there were dendrites which surface with 
less precipitates. It was founded that the strong alkali 
environment at high concentration was responsible for 
the different dendrites formation mechanisms at low or 
high NaCl solution concentration.

(3) The electrochemical migration products of Sn, Sn0.7Cu 
and Sn3Ag were mainly Sn and oxides of Sn. In addi-
tion to Sn and oxides of Sn, Sn9Zn electrochemical 
migration products had more Zn elements. And at a 
lower voltage (1 V), Sn9Zn solder had better electro-
chemical migration resistance than Sn, Sn0.7Cu and 
Sn3Ag. But this phenomenon was not so obvious at a 
higher voltage (8 V). Because Sn9Zn passivation film 
effect was remarkable at low voltage. However, at a 
high voltage, the effect will be weakened due to voltage 
breakdown or strong agitation of bubbles.
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