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Summary
This paper describes the effect of combined electric field, chloride contamination and
humidity. Investigations are made with interdigitated test comb patterns contaminated
with chloride and exposed to increasing humidity. Three types of surface finishes
typically used in the electronics industry were investigated; gold, copper and tin. The
results of droplet investigations show that the initial base current level before dendrite
formation increases with increasing chloride contamination. Electrochemical
migration dendrite branching and initiation site frequency increases with increasing
voltage. There is a similar base leakage current for gold, copper and tin until a
relative humidity of 65 % RH and a significant increase in leakage current of the
comb patterns contaminated with chloride at 70- 75 %RH.

1. Introduction
As more and more electronic products are placed outside (solar cells, wind systems,
automotive and consumer electronics) there is a need for corrosion reliability of the
electronic products and a demand for sustainability in large spans of temperature and
humidity during day and night shifts. In general corrosion resistant materials are used
for electronic products, (e.g. Au, Cu, and Sn) however corrosion failures are still seen
due to the temperature, humidity and corrosion accelerating species in the
atmosphere. The surface region is often contaminated by various contaminating
species – either directly on the surface or present in the immediate adjacent air [1,2].
Often these contaminants are ionic compounds with hygroscopic properties, i.e.
capable of adsorbing moisture from the surrounding environment. Adsorption is
possible up to a certain RH level, at which the humidity becomes saturated around
the compound, thereby initiating a deliquescence transition from the crystalline to
aqueous phase, forming an aqueous droplet, referred to as the deliquescence
relative humidity (DRH) [3,6]. This water layer together with the bias voltage on a
printed circuit board (PCBA) causes unwanted leakage currents and can lead to
electrochemical migration (ECM). Dendrite formation, due to ECM, causing a circuit
shortage will result in immediate failure of the electronic product, whereas intermittent
failures can be due to leakage currents forming on the PCBA surface.
This work investigates how the leakage current of biased comb test patterns depend
on the voltage bias, the distance between conducting lines, material types and
surfaces as well as the environment; temperature, humidity, conductive and corrosive
species in the form of sodium chloride. The contamination levels investigated are

based on IPC standard J-STD-001D “Requirements for soldered electrical and
electronic assemblies”, which specifies a maximum surface concentration of 1.56μg
cm-2 chloride equivalents to be allowed in assembled electronic components [4].

2. Materials and experimental methods
2.1 Humidity testing

For leakage current measurements as a function of humidity, a PCB test pattern with
a pitch width of 500 µm and a distance in between lines of 500 µm was used as

shown in
Figure 1. Three types of surface finish used for the investigations were Au, Cu, and
Sn. In the case of Au surface finish a base copper layer on the PCB was coated with
15 µm electroless nickel followed by 3 µm Au. Tin surface finish pattern was made by
hot leveling with lead free solder; Sn 99 wt.%, Ag 0.3 wt.% and Cu 0.7 wt.%.
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Figure 1 Test pattern used for humidity exposure test. NaCl solution is placed on the pattern
with a pipette and left to evaporate.

NaCl solutions were prepared using DI water, and added to the test pattern using a
pipette. The samples with solution were stored in a desiccator with silica dessicant for
24 hours to evaporate droplet solution. After evaporation the test pattern samples
were tested in an Espec, Escorp PL-3KPH Climatic chamber with RH increments
ramping up in 2 hour steps at 25 ◦C. The test pattern was biased with 5 V DC
potential and current output detected with a Biologic VSP Modular potentiostat, BioLogic Instruments, France.
2.2 Drop-let test

The copper pattern used for the test was IPC B-25 board [5] with copper finish and
without solder mask (figure 2). A micro droplet of electrolyte is placed on top of the
comb pattern is placed using a micropipette. A relationship of 1 µl of solution over 1
mm2 area was used to fix the level in µg/cm2, which enabled an equivalent between
g/l and µg/cm2 with a ratio of 1:100. The comb patterns on the IPC board are
designed with three different pitches and will be denoted as follows; Pattern A; Small,
Pattern B, Medium, Pattern C; Large.

Figure 2 Droplet testing on large pitch size Cu IPC B-25 test pattern.

A DC voltage was applied to the comb pattern and the leakage current flowing
through the droplet was measured every 1 sec. until a significant increase in leakage
current was observed at which point the test was terminated. The experiments were
investigating the variables listed in Table 1 with each combination repeated four
times.
Table 1 Variables for droplet testing on Cu test pattern with different pitch size, potential bias and
contamination levels.

3. Results
3.1 Leakage current humidity testing

The correlation of leakage current and contamination level as a function of RH is
presented in Figure 3 for Sn. Similar experiments were carried out for Cu and Au
surface finish. Regardless of concentration there is a low and stable leakage current
levels around ~1-9·10-6 mA until reaching RH conditions of ~60 %RH. The initial
decrease in leakage current at 20 %RH is caused by the chamber adjustment of RH
from ambient conditions.

Figure 3 Current-time curves of Sn with different chloride concentrations at varying RH in
steps of 10 % RH per 2 hours.

The increase in leakage current observed at 75 %RH is in accordance with the DRH
level on NaCl reported in literature [2]. Hereafter the value stabilizes dependent on
the chloride concentration on the surface. The moisture containing environment will
lead to adsorption of water molecular layers on the surface, and the thickness
depends on the actual RH. The conductivity of the water film will be higher when
exceeding the DRH of the sodium chloride salt. The salt will thereby dissolve in the
absorbed moisture forming a liquid solution, and the chloride ions will diffuse into the
adsorbed surface film layer already present on the material surface. Given that NaCl
is capable of adsorbing 180% of its own weight, it furthermore follows that the
concentration of sodium chloride will influence the amount of water dissolved with the
deliquescing crystal, i.e. higher concentrations of salt leads to water film layers
thicker than found on a corresponding clean surface [6]. The stable leakage current
regime which is observed to be dominating for all three PCB materials in the subDRH region regardless of contamination level is solely attributed the conductive
properties of the adsorbed water film, due to the intrinsic self-ionisation of water.
SEM investigations of the NaCl crystals after desiccation showed that the crystals
were dispersed in-homogeneously on the laminate. This can explain the observed
deviations in leakage current in the sub-DRH environment; i.e. the combination of the
random dispersion of chloride crystals and the morphology hereof, given that large
cohesive salt crystals offers a rather small adsorption surface compared to that of
many fine granular crystals [1].

Figure 4 Comparison of leakage current values at a relative humidity of 75 % RH as a function
of NaCl crystal concentration.

A comparison of leakage current values at 75 % RH (figure 4) shows that the leakage
current is less dependent on the surface material of the test pattern, but more
dependent on the contaminant concentration.
3.2 Drop-let testing

Two important parameters are deduced from droplet testing as shown in Figure 5:
i.) Base leakage current (BLC); Initial current level before dendrite formation is
initiated.
ii.) Time To Failure (TTF); The duration of time until dendrite bridges the two
conductors in the cell, thereby causing an increase in current.

Figure 5 Current time curve for DI water, 2.5V, large pitch test.

It appears that the BLC level increases gradually with time, although the increment is
several orders of magnitude lower than that observed after TTF. This circumstance is
related to the overall reduction in resistance in the cell, which constitutes a serial
coupling of the resistances of electrolyte and dendrite, as long as the dendritic
structure is in the build-up phase. The electrolyte has a high resistivity compared to
that of the dendrite. Thus with increasing outgrowth of a dendrite, its contribution to
the total resistance of the cell will be larger and thus causing a reduction in the total

resistance. The DI water solutions used has a low level of ionic species. The
conductivity derived from the BLC measurements, was thus found to be approx.
0.065 μS cm-1 for the pure water, which is in accordance with the 0.042 μS cm -1,
stated in literature on pure water at 20 ºC [7].

Figure 6 Logarithm to BLC as function of chloride concentration and potential bias for L, M and
S pitched patterns.

The difference between BLC levels (figure 6) of the two chloride concentrations at
same potential is a factor 10, indicating a constant molar conductivity in accordance
with the fully dissociating characteristics of the sodium chloride ionic compound. It is
furthermore observed that BLC level is increased with a factor of approx. times 2 with
reduced pitch in accordance with the dimensional variation of pitch.
The failure mode was classified as migration or precipitation, i.e. either observing the
growth of dendrites from cathode or precipitation of metallic compounds at anode.
Out of a total of 144 experiments 86.1% of these were observed to cause migration
in various forms, precipitation occurred in 13.9% of the experiments and the
remaining 1.4% shows no failure. The experiments in which all four replicas were
observed to precipitate are indicated by a cross in Figure 7. Precipitation was in
general observed to predominate in experiments with the highest conductivity (15.6
μg cm-2) and the frequency increased with increasing e-field strength.

Figure 7 TTF as function of chloride concentration and bias voltage for large, medium and
small pitched comb patterns.

TTF is correlated with electric field strength and chloride concentration. Increasing
the potential bias cause an increased dissolution rate of metal ions (until the limiting
corrosion current density is reached) as well as enhancing the driving force on the
migrating metal ion. A reduced pitch shortens the distance which the metal ion has to

migrate across. The increase in sodium chloride concentration increases dissolution
rates and TTF decreases.

Figure 8 Electric field of IPC B-25 SIR pattern test board as a function of pitch and voltage.

The electric field depends on the impressed potential bias and pitch size as shown in
Figure 8. Images from large pitched patterns droplet testing are shown in Figure 9.
The failure appearance shown in these images is representative for all three pitch
sizes, yet the kinetics was observed to be more vigorous on the smaller pitched
patterns.

Figure 9 Effect of chloride and potential on the ECM of Cu on large pitch pattern at observed
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TTF: (a) 2.5V, 0μg cm , (b) 10V, 0μg cm , (c) 2.5V, 1.56μg cm , (d) 10V, 1.56μg cm , (e) 2.5V,
-2
-2
15.6μg cm , (f) 10V, 15.6μg cm . Cathode is the lowest Cu electrode.

Clear dendritic structures (Figure 9) were observed in all three solutions at lower
potential bias levels (2.5V and 5V). The solidity of dendrite structure as well as
branching and frequency of formation were observed to correlate with the electrolyte
conductivity. The chloride free series were slightly diverging as only the 2.5V
experiment (Figure 9a) was observed to form clear and well defined dendrite
structures. Higher potential bias levels (7.5V and 10V) in the two chloride containing
solutions showed on the contrary an increasing tendency towards precipitation on the
anode. The chloride free series was again slightly diverging, as all higher potential
bias levels (> 5V) were observed to form an undefined “blurry cloud” growing towards
anode. Droplet shape and its position were observed to change when potential bias
was applied. On the large pitched patterns gas evolution was observed on the
cathode in all the chloride containing solutions, and the bubble intensity increased
with increments in potential bias and chloride concentration. Gas evolution was
observed on the anode in both chloride containing solutions, but only at higher
potential bias levels (5V and 7.5V).

Figure 10 Dendrite morphology, formed in DI water at 2.5V large pitch, anode is in top of all images. a)
overview of total dendrite, b) detail of anodic contact, c) details of cathodic initiation site.

Dendrite morphology was investigated using SEM and EDS on dendrites formed in
DI water, 2.5V, large pitch. SEM micrographs (Figure 10) shows how branching of
the dendrite becomes more widespread as it is getting closer to the anode due to the
more dispersed electric field gradients.

4. Conclusion
A similar base leakage current was found for gold, copper and tin until a relative
humidity of 65 % RH is reached. A significant increase in leakage current of the test
patterns contaminated with chloride happens at a relative humidity of 70- 75 %RH.

The effect of varying humidity and chloride concentrations on leakage current shows
that conduction is increased above a critical relative humidity whereas
electrochemical migration is influenced more by the humidity level.
The results of droplet investigations show that the initial base current level before
dendrite formation increases with increasing chloride contamination. Electrochemical
migration dendrite branching and initiation site frequency increases with increasing
voltage.
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