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Abstract
The impact of four typical surface finishes on electrochemical migration in printed circuit board production was studied using 
a modified water drop test, and the electrochemical migration phenomena of each surface finish at different bias voltages were 
analyzed. Based on the analysis of the experimental results, the four surface finishes were ranked in terms of their ability 
to resist electrochemical migration, as follows: electroless nickel/immersion gold (ENIG) > lead-free hot air solder leveling 
(HASL) > HASL > Cu. For the lead-free HASL, HASL, and Cu surface finishes, the growth of dendrites was mainly related 
to the hydroxide solubility product of metal ions, with a smaller solubility product leading to a larger area of precipitates, 
which further hindered the emergence and growth of dendrites. The electrochemical migration process of ENIG differed 
from other surface finishes. Gold was not involved in the electrochemical migration process, and no typical cathodic dendrite 
growth phenomenon was observed. Only nickel hydroxide and oxide formed from the anode edge and migrated toward the 
cathode with low conductivity, resulting in high electrochemical migration resistance for the ENIG surface finish.

Keywords Electrochemical migration (ECM) · surface finish · printed circuit board (PCB) · dendrite growth

Introduction

With the trend toward smaller and lighter electronic devices, 
the significant reduction in component size has led to tighter 
packaging of components on printed circuit boards (PCB), 
resulting in the interconnection of various circuits and the 
simultaneous use of multiple materials. The spacings asso-
ciated with some surface mount technology (SMT) circuits 
are reduced to a minimum of 0.1 mm.1 The drawback of 
these technological advances is that electronic devices are 
increasingly susceptible to failure, especially failure due to 
corrosion.2,3

As one of the main corrosion failure modes, electro-
chemical migration (ECM) can cause insulation resistance 
degradation and short circuits. With the trend of small pitch 

distance and spacing between conductors, ECM is frequently 
observed and can cause serious failure issues.4

Dendrite growth in ECM consists of three main stages: 
anodic dissolution, ion diffusion migration, and cathodic 
deposition. The phenomenon can be specifically described 
as two electrodes with voltage bias that are close together 
and connected by a thin film of adsorbed liquid or condensed 
water droplets under wet conditions. Metal ions will dis-
solve from the anode and migrate to the cathode to form 
dendritic crystals. Dendrites grow between the electrodes 
and eventually establish a connection leading to a sudden 
spike in current, which further facilitates dendrite growth. 
The dendrites continue to grow and eventually lead to the 
failure of the component. With the tendency toward spacing 
reduction between conductors, ECM is frequently observed 
between exposed pads on PCBs or within packages, which 
causes serious failure problems.5–7

In the PCB manufacturing industry, metallic surface fin-
ishing of the exposed electrodes on the PCB is critical for 
improving reliability, conductivity, and solderability. The 
sensitivity of different PCB electrode surface finishes to 
ECM varies widely. Several studies have been conducted 
to analyze the ECM phenomenon with common metallic 
materials on PCBs, including pure tin,2,8 tin-based solder 
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alloys,1,9,10 and sintered nano-silver.11,12 Similarly, some of 
the studies were based on different surface finishes of PCBs, 
including hot air solder leveling (HASL),13 immersion sil-
ver (ImAg),14,15 copper-clad laminate (Cu),16 and electroless 
nickel/immersion gold (ENIG).17,18

Noh et al.19 conducted water drop (WD) experiments 
for Cu, and ENIG surface finishes and found that the main 
elements forming dendrites were copper, nickel, and gold, 
respectively, and that ENIG was the most resistant to the 
occurrence of ECM. In addition, the mechanisms of ECM 
occurring in different surface finishes are different, where 
the main component of dendrites generated by ENIG is gold. 
He et al.1 conducted a temperature-humidity-bias (THB) test 
using standard comb circuit boards to investigate the current 
leakage and ECM behavior on HASL PCBs, and found that 
tin was the main migrating metal and was observed as either 
a layer or in polyhedral deposits. The main component of the 
dendrites was lead, and only a small fraction of the migrated 
metal was copper. Hong et al.20 conducted THB exposure 
tests on FR-4 PCBs with four different surface finishes, and 
the results yielded a ranking of ECM sensitivity for differ-
ent surface finishes and electrode pitch, where for the same 
pitch, the mean time to failure of copper is shorter than that 
of the HASL. The accelerated lifetime prediction of ECM 
was further obtained from ENIG experimental data. Bušek 
et al.21 conducted extensive water drop experiments on test 
boards with different surface finishes at constant voltage and 
concluded that ENIG is more resistant to ECM and that the 
surface finish has no direct effect on dendrites, but rather on 
the compounds formed between the surface finish and the 
solder. Medgyes et al.22 performed water drop experiments 
through comb boards with copper, immersion tin, immersion 
silver, and tin-lead alloy HASL surface finishes. The results 
showed that the respective ECM rates of the different met-
als were, from largest to smallest: Ag, Cu, and Sn, but the 
relationship between Pb and Cu could not be determined. 
The comparison of pure metal and solder alloy surface treat-
ments leads to uncertain mean time to failure results, prob-
ably due to the formation of eutectic solid solutions and 

the flux content in the solder alloy, causing the difference 
in solubility constants of the ions, which can significantly 
affect the ECM behavior of copper. Illés et al.23 conducted 
a comparative study of the ECM behavior of three different 
surface finishes—copper, immersion tin, and immersion sil-
ver—under vapor phase soldering (VPS) and infrared reflow 
(IR). It was concluded that the VPS process did not change 
the reliability of the microelectronic components and the 
rate of ECM for the three surface finishes was, from largest 
to smallest: immersion silver, copper, and immersion tin. 
Therefore, the ECM sensitivity ranking and ECM products 
of the surface finishes derived from each study are not the 
same, and further analysis of the ECM process and its mech-
anism for regular surface finishes is required.

The impact of four typical surface finishes applied in 
PCB production on ECM was investigated using a modi-
fied water drop method, with in situ observation and current 
monitoring between electrodes for each surface finish under 
different bias voltages. The ECM experimental results were 
further investigated by product morphology and composi-
tion analysis tests to study the ECM behavior of different 
surface finishes. The ECM rate, product composition, and 
ECM resistance of the test boards were further discussed.

Experimental and Methods

Material

The substrate material of the PCB test board is FR-4 glass 
fiber resin, with pure copper electrodes and trace micro-
etched on the FR-4 substrate. The test boards are covered 
with solder mask in areas other than the copper electrodes, 
where the surface finishes are applied: on the exposed pure 
copper electrodes. Apart from the ones without further sur-
face finishing (bare Cu), the remaining three surface finishes 
are completed by tin spraying or chemical plating based on 
the copper electrode surface. The structure of different sur-
face finishes is shown as Fig. 1a

Fig. 1  Schematic of (a) surface finishes structure, (b) test board configuration.
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Based on the design of the small outline integrated circuit 
(SOIC) footprint according to IPC-7351B, with the standard 
form of flat rectangular pads, the test patterns with different 
surface finishes are designed to perform a modified water 
drop test in order to simulate the ECM process between adja-
cent pads of the footprint. Specifically, as is shown in the 
Fig. 1b, the designed PCB is 65 (L) × 40(W) × 1.6 (T) mm, 
the two electrodes on the board are both 0.60 mm × 2 mm, 
and the electrode spacing is 0.67  mm. Apart from the 
exposed electrodes and the space between them, the rest of 
the FR-4 substrate is also covered by solder mask to avoid 
the influence of water droplets and other contaminants on 
the experiment.

Experimental Setup

As shown in Fig. 1a, after ultrasonic treatment in acetone 
solution and hot air drying, the test board is bonded with a 
droplet limit board with a thickness of 1 mm by a double-
sided hot melt adhesive film. In the center of the droplet 
limit board, a circular hole with a radius of 1.5 mm is drilled 
at the test pattern position to ensure the droplet covers the 
test pattern. A modified water drop test device was built as 
shown as Fig. 2b. To enable in situ observation of the ECM 
process, a microscope was installed above the test board. 
A four-pin header was soldered to the through holes on the 
bonded test board, which is connected to the electrical con-
nection between the test patterns and the electrochemical 
workstation electrodes, namely the sense electrode (SE), 
working electrode (WE), counter electrode (CE) and refer-
ence electrode (RE). In the circuit, the sense electrode and 
the working electrode are connected to the anode on the 
PCB, and the counter electrode and the reference electrode 
are connected to the cathode. Therefore, the instrument can 
apply different magnitudes of voltage bias between the PCB 
test pattern. This modified water drop method can efficiently 
control the volume and shape of the liquid film covering 
the electrodes, and reduce reflections in the microscopic 

observation process while avoiding the formation of den-
drites at the edge of the droplet due to uneven mass transfer.

During the experiment, a droplet of 5 µL deionized water 
was injected into the circular hole at ambient temperature 
(~ 25 °C), which covers the test pattern. The required poten-
tial was applied between the electrodes using the potentio-
static polarization mode on a PARSTAT 2273 instrument. 
The current between the electrodes was measured and 
recorded continuously throughout the experiment. At the 
same time, the in situ microscopic observation and record-
ing were achieved by a ZEISS Stemi 508 microscope. A 
scanning electron microscope (Hitachi S-3400) was used to 
observe the morphology of the ECM products and surface 
of the test board. Elemental analysis was performed using 
the accompanying energy-dispersive spectroscopy (EDS).

Results and Discussion

Time‑Dependent Surface Evolution and Failure 
Analysis

ECM experiments were performed on lead-free HASL, 
HASL, Cu, and ENIG finishing under four sets of voltage 
bias at 3 V, 5 V, 8 V, and 10 V. The experimental results are 
shown in Fig. 3.

Since the reaction was not apparent in some experimen-
tal groups under 3 V bias, and the reaction process was too 
quick to observe the phenomenon under higher voltage 
bias, the in situ images of the ECM process were collected 
under 5 V bias (the phenomenon was not obvious under low 
voltage for the ENIG group, which is why the bias voltage 
was selected as 10 V in the figure). Throughout the experi-
ment, bubbles were continuously emerging at the cathode 
and anode edges, and the number and size of bubbles were 
much greater at the cathode than at the anode. ECM products 
with different morphologies appeared between the electrodes 
with increasing time in each experimental group. In both the 

Fig. 2  Schematic of (a) droplet limit board installation, (b) water drop experimental setup.
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lead-free HASL and tin-lead HASL experimental groups, 
white precipitates appeared in the solution and accumulated 
between the electrodes as the reaction proceeded. Except for 
the ENIG group, embryonic dendrites (the dark protrusion 
marked in red, darker gray for the HASL group) emerged at 
the edge of the cathode, which later crept toward the anode 
and, at the late stage of the experiment, touched the edge of 
the anode (corresponding to lead-free HASL 572 s; HASL 
267 s; Cu 51 s in Fig. 3). In the meantime, a surge of current 
was found on the real-time current curve in Fig. 4, implying 
a local short-circuit phenomenon occurred at this location. 
Moreover, for the ENIG group, uniform black precipita-
tion at the anode was observed during the experiment. This 
product kept spreading toward the cathode between the elec-
trodes, and was shaped more uniformly and developed at a 
slower rate compared to the dendrite growth from the other 

groups, which barely reached the opposite electrode at all 
applied bias voltages.

Further analysis of the current variation showed a similar 
trend in the early stages of experiments under different volt-
age bias, the numerical magnitude of the current increases 
as the bias voltage rises, which can be explained by the high 
dissolution rate of the anode metal at relatively high applied 
voltages and the faster ion migration under the influence of 
higher field strengths and therefore higher current density. 
However, for the first three surface finishes, the currents did 
not stabilize with time, but showed a steep increase in cur-
rent, and microscopic short circuits were observed at dif-
ferent time points, which corresponded to the first dendrite 
connection time in Fig. 3. This indicates that the dendrite 
connection would directly cause a sharp increase in the cur-
rent and lead to microscopic short circuits. After the first 

Fig. 3  In situ microscope photos of different surface finishes under 5 V bias voltage (10 V for ENIG).
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dendrite connection occurred on the test board, the current 
continued to fluctuate abruptly, indicating that the dendrites 
continued to connect and disconnect the electrodes, at which 
point the surface insulation resistance of the test board has 
fallen into the failure zone. It is worth noting that the short-
circuit current of the Cu test board after the failure of the 
dendrite continuity is extremely high, reaching a maximum 
of 15 mA at 10 V (not shown in Fig. 4 due to scale limita-
tion). This value is much higher than the results of the HASL 
test board. At the same time, it can be seen from Fig. 4 that 
the time to failure for the Cu test board at all voltages is very 
small, while the current keeps surging after the first failure 
(dendrite connection), which also indicates that the number 
of dendrites connected in this experimental group is very 
large and that the fracture of some connected dendrites does 
not have a great impact on the short-circuit current.

The electrode spacing, temperature, external contamina-
tion, and bias voltage all have significant effects on the time 
to failure, which is the most intuitive way to characterize 

ECM.24 The time to failure (TTF) was counted for each 
group of experiments, which was defined as the time when 
the dendrite connection first occurred on the test board. The 
TTF for test boards without failure was assigned with the 
maximum experimental duration of 900 s. The box diagram 
was as shown in Fig. 5 (no corresponding box diagram for 
ENIG since the failure did not occur).

In Fig. 5, it can be seen that, for different surface finishes, 
from 3 V to 10 V, the test board failure time decreases sig-
nificantly with increasing voltage. Fig. 5a shows that the 
lead-free HASL did not fail for all test boards at 3 V. Start-
ing from 5 V, the failure mainly occurs between 300 s and 
800 s, while there are still some specimens that do not fail 
at 5 V and 8 V, indicating that the lead-free HASL surface 
finish has some resistance to ECM. Comparing Fig. 5a and 
b, it can be seen that the failure time of HASL test boards 
is much lower than that of lead-free HASL test boards, and 
that the majority of HASL test boards fail within 100–300 s 
under 5 V or higher bias voltages. As seen in Fig. 5c, the 

Fig. 4  Current-time curves of samples under different bias voltages: (a) lead-free HASL, (b) HASL, (c) Cu, (d) ENIG.
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failure time of the Cu test boards is much lower than that of 
HASL and lead-free HASL. Under all bias voltage condi-
tions, the Cu test boards fail within 150 s, and the failure 
time decreases as the voltage increases.

Morphology and Microstructure of ECM Products

In order to carry out the observation and comparison of the 
morphology for different surface finishes after the experi-
ment, the corresponding ECM product morphologies for 
each surface finish were further studied, with the micro-
scopic surface morphology between the electrodes shown 
in Fig. 6.

As shown in Fig. 6a, for the lead-free HASL test board, 
ECM products are present in some locations on the substrate 
between the electrodes. There are two main morphologies. 
One is a porous, gully-like dendrite I, and the other is the 
typical tree-branch dendrite II. The superposition of these 
two types of dendrites is visible between the electrodes. As 
shown in Fig. 6b, the ECM products appearing between the 
electrodes of the HASL test board demonstrate a typical 
dendritic structure, which can be further seen in the magni-
fied view during the growth from the cathode to the anode. 
The dendrites are not entirely fractal in the position close to 

the anode, while the dendrites far from the anode are fully 
formed with thin branches. As shown in Fig. 6c, the ECM 
product morphology of the Cu test board is different from 
the former two surface finishes in that there is no apparent 
dendritic structure, but a cluster-like aggregation, similar to 
the type I dendrite morphology in lead-free HASL. At the 
same time, the overall image still shows a branching struc-
ture. The cathode of the Cu test board shows a large number 
of bumps with rough edges, and the uneven electric field 
distribution caused by these bumps is one of the reasons 
for triggering dendrite growth. Finally, as shown in Fig. 6d, 
many scale-like products were found on the surface of the 
ENIG test board after the experiment. Compared with the 
image of the ENIG test board, after 900 s in Fig. 3, it can 
be observed that the black–green products were dehydrated 
and broken up due to the complete evaporation of the liquid 
droplets after the experiment, and black scale-like products 
were dispersed between the electrodes.

The ECM products from different surface finishes were 
further studied by EDS composition analysis, and the results 
are shown in Table I (the positions of EDS analysis are 
shown in Fig. 6).

It can be seen that the metal elements in the ECM prod-
ucts of lead-free HASL in deionized water are mainly Cu 

Fig. 5  Box diagram of failure of samples with different surface finishes under different bias voltages: (a) lead-free HASL, (b) HASL, (c) Cu.
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and Sn. The rest are very small amounts of Al from the 
substrate and also Pb. The presence of Cu is mainly due to 
the peeling of the lead-free HASL surface finish during the 
dissolution of the anode, resulting in the exposure and dis-
solution of the bottom copper layer In addition, the existence 

of pores on the surface of the lead-free HASL allows the 
solution to penetrate the interior of the anode resulting in 
the dissolution of Cu. As shown in Table I, there is a huge 
difference in the composition of the two morphological den-
drites of lead-free HASL, with Cu being the highest in the 

Fig. 6  Typical dendrites morphology of (a) lead-free HASL, (b) HASL, (c) Cu, (d) ENIG.
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composition of the gully-shaped dendrite I, accounting for 
77.64 wt.%, while the main component of the dendrite II is 
the element Sn, accounting for 73.55 wt.%. Therefore, it is 
inferred that the main reason for the formation of the tree-
branch dendrites is the high content of Sn.

The compositional analysis of the HASL surface finish 
revealed that the main components of the dendrites are Sn 
and Pb, with the mass fraction of Sn being higher than that 
of Pb. The composition of the dendrites shows that Sn domi-
nated the dendrites from the HASL surface finish, while Pb 
is one of the main components of the dendrites after Sn in 
terms of mass fraction.

The main components of the dendrites for the Cu surface 
finish are Cu and O, where the content of Cu is close to 95 
wt.%, which proves that the products of ECM are mainly 
composed of Cu metal.

The main components of the black substance for the 
ENIG surface finish are Ni and O (as shown in Fig. 7 and 

Table I), which indicates that the main migrated metal is Ni. 
Also, Au is not observed from the elemental analysis and 
surface scan results, indicating that Au is not involved in the 
ion migration process.

ECM Conditions for Different Surface Finishes

For each surface finish, the application of bias voltage 
between the electrodes results in the dissolution of different 
metal anodes to produce a large number of metal ions, and 
the process is influenced by their standard electrode poten-
tials, while the maximum metal ion concentration within the 
solution is controlled by the formation of hydroxide precipi-
tation, so the difficulty for dendritic deposition to appear is 
determined by both the standard electrode potential of the 
metal and the solubility of the corresponding hydroxides. 
Therefore, the process of ECM was further analyzed by the 

Table I  Elemental composition 
of products with different 
morphologies (weight %)

Element/surface finish Cu Sn C O Al Ni P Pb

Lead-free HASL I 77.64 4.26 10.90 7.20 – – – –
Lead-free HASL II 3.65 73.55 12.33 9.70 1.89 – – 0.28
HASL – 76.48 – – 0.97 – – 22.55
Cu 94.63 – – 5.37 – – – –
ENIG – – – 37.23 – 60.85 1.92 –

Fig. 7  Surface scan of the substance between the ENIG electrodes.
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hydroxide properties and standard electrode potentials of the 
metals involved in each surface finish.

Furthermore, an in situ observation was performed by 
applying a 3 V bias voltage to the test board with lead-free 
HASL surface finish by adding agar with universal pH 
indicator replacing the water droplet as the ECM medium. 
As shown in Fig. 8, a large amount of white precipitates 
appeared between the electrodes at the beginning of the 
experiment in the first 300 s. The surface of the anode elec-
trode showed a yellow color and the surface of the cathode 
showed a blue color. The blue color near the cathode indi-
cates that a large amount of OH− generated at the cathode 
diffuses along the concentration gradient toward the anode, 
which encounters metal ions dissolved from the anode, and 
in turn continuously produces hydroxides between the elec-
trodes. Due to the low solubility of the tin hydroxide, a large 
precipitate forms when the tin ion and the OH− ion meet, 
and a large region of precipitation appears. When the metal 
ions try to migrate through the precipitation region to the 
cathode, they are intercepted by the OH− ions and form new 
areas of precipitation every time they meet, so a precipitate 
wall appears between the electrodes,25 which mainly consists 
of Sn(OH)

2
 and Sn(OH)

4
.

For HASL, there are also lead hydroxide generation reac-
tions between the electrodes:

Similarly, for Cu surface finish, when ions migrate 
between the electrodes due to electric field and concentration 

Pb
2+ + 2OH

−
→ Pb(OH)2

gradient, and when the concentration requirements for the 
precipitation reaction are met, metal hydroxides are formed:

However, since the solubility product constant of 
Cu(OH)

2
 is 2.2 ×  10−20, the relatively large solubility product 

leads to its generation requiring high Cu2+ and OH− concen-
tration. Meanwhile, the generation of dendrites consumes 
a large amount of Cu2+ , resulting in the Cu2+ in solution 
remaining at a low level, so it is difficult to see the light-blue 
copper hydroxide Cu(OH)2 during the experiment.

As can be seen from Table II above, the standard elec-
trode potential of tin is low, which means that tin metal is 
extremely easy to dissolve and generate tin ions in the pres-
ence of an applied electric field, and the small solubility 
products of Sn(OH)2 and Sn(OH)4 result in easier formation 
of these hydroxides, even for lower concentrations of  Sn2+/
Sn4+, so that it is extremely easy for white precipitates to 
appear during the test (e.g., Fig. 7).

Furthermore, copper metal has the highest standard elec-
trode potential, and thus the dissolution rate of copper metal 
is much lower than that of tin metal under the same condi-
tions. However, the ECM test results at the same bias volt-
age revealed that the growth of copper dendrites was much 
more drastic than that of the lead-free HASL/HASL, which 
can be explained to some extent by the solubility product 
of Cu(OH)2 : Although the dissolution rate of the Cu elec-
trode was smaller than that of the tin electrodes at the same 
time, the larger solubility product of Cu(OH)2 resulted in its 

Cu
2+ + 2OH

−
→ Cu(OH)2

Fig. 8  Lead-free HASL sample at 3 V voltage bias (300 s).
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generation requiring a higher Cu2+ and concentration. There-
fore, the accumulative concentration of metal ions for Cu is 
higher than that of HASL(lead-free) during the test, result-
ing in the Cu surface finish being more prone to dendrite 
growth and failure due to the accumulation of free metal ions 
between the electrodes under the same conditions. This also 
indicates that the rate of dendrite growth is more correlated 
with metal ion hydroxide than with the standard electrode 
potential of the metal.19 Moreover, the solubility product of 
Pb(OH)2 is much higher than that of Sn(OH)2 , Sn(OH)4 , and 
Cu(OH)2 , which leads to the presence of a large number of 
 Pb2+ ions between the electrodes, so the critical current den-
sity for triggering dendrite growth can be easily exceeded. 
This is verified by the experimental results, which show that 
the occurrence of ECM failure for HASL is much less dif-
ficult than for lead-free HASL.

For the ENIG surface finish, despite the absence of ECM, 
the nature of the nickel metal, as shown in Table II, still 
yields a large amount of Ni metal dissolution, which takes 
place at the intermediate nickel layer in the ENIG struc-
ture. In the literature,29 it has been reported that pure gold 
experiences ECM phenomena in deionized water at higher 
bias voltages. It was also  concluded30 that in the case of 
ENIG electrodes in double-distilled water, gold is detected 
as the main element of the dendrite, with the remaining ele-
ments comprising small amounts of nickel and copper, and 
no halogen contaminants detected. In another study,31 Ag 
was observed in the ECM of 96.5Sn-3Ag-0.5Cu alloy in 
NaCl solution and was potential-dependent. However, in our 
results, dendrites containing gold did not appear under all 
bias voltages, which can be explained as follows: Although it 
can be concluded by the standard electrode potential of gold 
(+1.498 V) that  Au3+ ions are generated during the test, with 
no other pollutant such as chlorides affecting the process, the 
insoluble Au(OH)3 is quickly generated on the anode sur-
face, resulting in a low concentration of  Au3+ ions between 
the electrodes. Also, due to the thick Ni layer (3–6 μm) of 
the ENIG surface finish, it is difficult for the solution to 
penetrate the Cu matrix and cause its dissolution. Finally, 
it was  reported31 that Ag always co-existed with Sn and Cu 
after ECM experiments in NaCl electrolyte. Nevertheless, 
in this paper, the ENIG surface does not include Sn, and no 

Cu was found after ECM experiments. Therefore, it can be 
deduced that Ag is able to participate in the ECM process 
when it co-exists with other metals and pollutants that boost 
Ag migration, where chloride ion plays a huge role. In sum-
mary, the ENIG surface finish mainly produces nickel metal 
hydroxides and oxides during the ECM experiment in deion-
ized water, as shown by the black-green deposits between 
the electrodes of ENIG in Fig. 3, which is consistent with 
the EDS observation.

Conclusions

In this study, the electrochemical migration behavior of typi-
cal PCB electrode surface finishes in deionized water was 
evaluated by a modified water drop test. The ECM failure 
was further analyzed by in situ observation and current mon-
itoring between the electrodes. The ECM mechanism was 
investigated by surface morphology investigation and com-
positional analysis. The following conclusions were drawn:

(1) For the lead-free HASL, HASL, and Cu surface fin-
ishes, dendritic products appeared during the experi-
ments growing from the cathode to the anode, leading 
to local short circuits and surface insulation failure. The 
failed Cu test boards reached high short-circuit cur-
rent of up to 15 mA at 10 V, which resulted from con-
tinuous dendrite connection. The time to failure for the 
test boards shortened with the increase of bias voltage, 
and all three surface finishes have different dendrite 
morphologies between the electrodes. The morphol-
ogy of the dendrites differed between the three surface 
finishes, where the dendrites of the lead-free HASL 
surface finish have both tin-dominated and copper-
dominated shapes.

(2) The electrochemical migration process of ENIG differs 
from other surface finishes, with no dendrite growth. 
Only nickel hydroxide and oxide formed from the 
anode edge and migrated toward the cathode. Gold did 
not participate in the electrochemical migration pro-
cess due to its low reaction rate and hindered migration 
without the interference of other pollutants. At 10 V 
bias voltage, the current between the electrodes did 

Table II  Metal standard 
electrode potential & hydroxide 
solubility product

Metal Standard electrode 
potential

Metal hydroxide Solubility Color References

Sn −0.136  (Sn2+) Sn (OH)2 5.45 ×  10−28 White 26
Sn (OH)4 1.0 ×  10−56 White 26

Pb −0.126 Pb (OH)2 1.0 ×  10−16 White 27
Cu 0.340 Cu (OH)2 2.2 ×  10−20 Light-blue 27
Ni −0.257 Ni (OH)2 2.0 ×  10−15 Green 28
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not exceed 0.05 mA. No ENIG test board failure was 
observed in the experiment.

(3) Analysis of the electrochemical migration mechanism 
of different surface finishes revealed that the growth 
of dendrite is mainly related to the hydroxide solubil-
ity product of metal ions. A smaller solubility product 
leads to the generation of a large amount of precipita-
tion, which further hinders the emergence and growth 
of dendrites. For the ENIG surface finish, the gold is 
not involved in the electrochemical migration process 
and no typical cathodic dendrite growth mechanism 
exists for nickel, only the generation of hydroxide and 
oxide between the electrodes with low conductivity, 
which makes ENIG resistant to electrochemical migra-
tion. The resistance to electrochemical migration for 
all four surface finishes are in order: ENIG > lead-free 
HASL > HASL > Cu.
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