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Abstract

The effect of nitrate on the electrochemical migration (ECM) of tin under thin
electrolyte layers (TELs) containing chloride ions was studied by in situ electrochemical
measurements and optical observation coupled with ex situ characterization. The longest
time to bridge electrodes in the TELs was achieved at medium nitrate concentration
despite the general trend to decrease with increasing pollutant concentration.
Mechanisms have been proposed to explain the ECM of tin in the TELs with various
nitrate concentrations.

Keywords: Electrochemical Migration; Dendrite Growth; Tin; Nitrate; Thin Electrolyte
Layer.

Introduction

Electrochemical migration (ECM), which is a form of corrosion, significantly
compromises the corrosion reliability of electronic devices [1-3]. This process occurs
when two oppositely biased and closely spaced electrodes are connected by an aqueous
electrolyte and results in the growth of metallic dendrites between electronic components
to form short circuits. ECM has become a severe reliability issue in the electronic industry
because of the miniaturization of electronic devices and their increasing sensitivity to
contaminations [4,5].

Currently, lead-free tin-based solders, which commonly consist of almost 95% tin,
are widely used for surface finish on printed circuit board assemblies or other electronic
packages [6]. Given their significant roles in electronic devices, tin and its alloys have
been extensively studied for their ECM. In particular, previous studies focused on ECM
test methods [7,8], ECM influencing factors (alloy elements [9-12], solution chemistry
[13-15], steady and unsteady state electric fields [16,17]), tin dendrite morphology
[18,20], and ECM mechanism [1,3].

Considering the deteriorating environments of the storage and usage of electronic
devices, previous works have proven that the common pollutant chloride plays an
important role in ECM [14,21,22]. However, few reports focused on the effect of nitrate
ion, another significant contaminant produced from human and natural activities, on
the ECM of tin [23-25]. Furthermore, nitrate plays an increasing role in the environment
because of its elevated concentration derived from anthropogenic excess input, such as
coal combustion and vehicle emission [26].
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In the present study, we investigated the effect of nitrate
on the ECM behavior of tin under TELs containing chloride ions
by using in situ electrochemical and optical techniques that
have been employed in our previous work [22]. The morphology
and composition of products generated after ECM were
analyzed using field emission-scanning electron microscopy
(FE-SEM) with energy dispersive spectroscopy (EDS) and X-ray
diffraction (XRD). The effect of nitrate concentration on the
ECM behaviour oftinwas also investigated, and the mechanisms
involved were discussed in detail.

Experimental

Materials and setup for the TEL test

Pure tin (>99.999 wt.%) with dimensions of 2 mm x 5 mm
x 10 mm was used in this experiment. Two identical tin
electrodes (working area of 0.1 cm?), i.e,, a working electrode
(WE) as cathode and a counter electrode (CE) as anode, were
embedded in an epoxy resin cylinder with a gap size of 0.5
mm in parallel direction. A copper wire was welded to the
backside of each electrode to ensure the electric connection.
Before each test, the electrode surface was ground to 1200
grit with a silicon carbide paper. The surface was rinsed with
deionized water, degreased with acetone, and then dried in
cool air.

The ECM cell set-up and TEL test were performed as
previously described [22]. Sodium nitrate solution (1-100
mM) and NaCl solution (1 mM) were prepared with deionized
water (18.2 MQ in resistivity) and analytical grade reagents.
Solution conductivity was tested by a JENCO Model 3173
conductivity tester. Direct current bias voltage (5 V) was
applied between the two tin electrodes, and the current
flowing through the two electrodes was recorded
simultaneously as a function of time. During the ECM test,
morphologies of dendrite and the electrode surface were in
situ recorded employing a VHX-1000E digital 3D microscope
(Keyence, Japan) at different time intervals. During the
experiment, the ECM cell was covered with a glass lid to
minimize the evaporation of the TEL. To verify reproducibility,
all ECM measurements were repeated at least five times.

Cyclic voltammetry (CV) measurement

CV measurement was performed with a conventional
three-electrode system in a single compartment cell at room
temperature. The counter and reference electrodes were a
large Pt foil (1 cm?2) and a saturated calomel electrode (SCE),
respectively. The working electrode used was pure tin (0.75
cm2) sealed by epoxy resins, and surface preparation was the
same as that in the ECM test. The CV measurement was
performed in the potential range from -2.5Vto -0.7 V (versus
SCE) at a scan rate of 30 mV/s, starting from -1.8 V (versus
SCE), and 10 cycles were recorded. Before the test, the working
electrode was polarized at -1.8 V (versus SCE) for 15 min.

Ex situ characterization of dendrites and precipitates

After the ECM test, the samples were dried in nitrogen gas
atroom temperature. The surface morphologies were examined

by FE-SEM (Phillips Quanta 200, America) coupled to an EDS.
XRD analysis for the composition of products was carried out
using a PANalytical B.V. X-ray diffractometer (model X'Pert
PRO) with Cu Ka radiation (A=0.15604 nm). The diffractograms
were obtained in the 26 range of 10°-90° using a 0.02° step
and acquisition time of 2 s/step.

Results

Current density vs. time curves and mean time to short
circuit from the ECM test

Typical current density versus time curves during the ECM
test of tin in 200 pm-thick electrolyte layers with 1 mM Cl-and
various nitrate concentrations at 5 V are shown in Fig. 1. The
initial current density increased with increasing nitrate
concentration. Sudden current density spikes appeared at all
test concentrations, indicating that the formed conductive
dendrites bridged the two electrodes and resulted in short
circuit. Figure 2 shows the mean time to short circuit recorded
from the ECM tests as a function of nitrate concentration. In
general, ECM becomes more susceptible with an increase in
pollutant concentration [27]. However, failure time increased
sharply when the nitrate concentration was increased from 10
mM to 50 mM but fluctuated at about 20 s with low nitrate
concentrations (1-5 mM). Moreover, failure time decreased
from 1617 s to 81 s at 100 mM nitrate and then further
decreased to 16 s at 200 mM nitrate. This result suggests that
the slowest growth rate of dendrites was achieved at medium
nitrate concentrations.
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Fig. 1. Typical current density vs. time curves for the ECM of tin in
200-pm-thick electrolyte layers containing various concentrations
of nitrate and 1 mM ClI- at bias voltage 5 V.
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Fig. 2. Effect of nitrate concentration on the mean time to short
circuit of two tin electrodes in 200-um-thick electrolyte layers at
bias voltage 5V .

In situ real-time observation of ECM development

Figs. 3 and 4 show in situ optical micrographs of the ECM
of tin in 200 um-thick electrolyte layers containing 1 mM Cl-
and different nitrate concentrations at 5 V at different time
points. The amounts of precipitates and bubbles increased
with increasing nitrate concentration at the initial time. A thick
precipitate layer formed near the anode side rather than the
area between the anode and the cathode at the end of ECM.
This result can be attributed to the much faster migration rate
of OH- than those of Sn4+ and Sn2+ caused by the strong
convection effect resulting from bubbles escaping from the
cathode [22]. As shown in Figs. 4a—4d, the number of tree- or
needle-like dendrites increased with increasing nitrate
concentrations.

Fig. 3. In situ optical micrographs of electrochemical
migration of tin in 200-um-thick electrolyte layer containing
1 mM Cl- and varied nitrate concentrations with bias voltage

of 5Vat2s:(a)0mM, (b) T mM, (c) 50 mM,
(d) 100 mM (anode is on the right and cathode is on the left).

Fig. 4. In situ optical micrographs of electrochemical migration of tin
in 200-um-thick electrolyte layer containing 1 mM Cl- and varied
nitrate concentrations with bias voltage of 5 V within different time
intervals: (@) 0 mM, 20 s; (b) 1 mM, 24 s; (c) 50 mM, 1617 s; (d) 100
mM, 81 s (anode is on the right and cathode is on the left).

Real-time pH distribution on the electrode surface during ECM

Local pH development was visualized by adding a universal pH
indicator (pH 1-14) to the 200 pm-thick electrolyte layer to
understand the local pH distribution on both electrodes during the
ECM test. Fig. 5 shows the in situ visual evidence of the pH distribution
change with time in 1 mM Cl- and varied nitrate concentrations at 5
V. Prior to applying bias voltage, the pH was between 6 and 7. Upon
voltage application, the electrolyte on the cathode part turned
alkaline (blue/purple in color), whereas that on the anode part
became acidic (red in color) within 2 s. The pH of the cathode area
increased with time, whereas that of the anode area decreased with
time. The amount of bubbles increased on the cathode side, and
change in pH became faster as the nitrate concentration was
increased. The alkaline region (blue/purple in color) diffused quickly
to the anode side with time because of the increasing OH-
concentration and strong convection effect caused by the evacuation
of bubbles on the cathode surface. Furthermore, the alkaline region
diffused faster in 50 mM than 200 mM nitrate in 10 s. This finding
could be attributed to the hindering effect of the thicker precipitate
layer in 200 mM nitrate, which slowed the migration of OH-.
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Fig. 5. Visualization of localized pH distribution on the both electrodes

using pH indicator in 200-um-thick electrolyte layers containing T mM

Cl- and varied concentrations of nitrate ion at 5 V within different time
intervals (@anode is on the right and cathode is on the left).
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Ex situ characterization of dendrites and precipitates

The microstructure and composition of the products
generated after ECM were characterized using SEM, EDS, and
XRD. Fig. 6 shows the SEM images of the samples after ECM
tests with various nitrate concentrations at 5 V. Tree- and
needle-like dendrites formed after all the ECM tests, but the
branches of the dendrites became coarser in the presence of
various nitrate concentrations. The composition of products
generated after ECM was determined by EDS and XRD. Fig. 7a
shows the typical XRD peaks of Sn, SnO, and SnO,, and the
blunt peak is attributed to the peak of epoxy resin base.
Therefore, the products generated from the ECM test were
mainly composed of stannic hydroxide/oxide and stannous
hydroxide/oxide. Moreover, the EDS data of the dendrites
produced after ECM in the presence of 100 mM nitrate at 5V
for 81 s is shown in Fig. 7b. The dendrites consisted mainly of
tin, which agrees with the results of a previous study [20].

Fig. 6. SEM images of dendrites formed during the ECM of tin
in 200-pm-thick electrolyte layers containing 1 mM Cl- and
varied concentrations of nitrate ion at 5 V within different time
intervals: (@) 0 mM, 20s; (b) T mM, 24 s; (c) 50 mM, 1617 s;
(d) 100 mM, 81 s (obtained between the two electrodes).

Discussion

Basic reactions involved in the ECM of tin

According to our previous work [16,21], the main anodic
reactions for tin in TELs containing 1 mM Cl- are as follows:

Sn — Sn2+ + 2e- (1M
Sn2+ — Sn4+ + 2e- (2)
2H,0 — 4H+ + O, + 4e- 3)
2CI-— Cly + 2e-. 4)

Before the generation of dendrites, the main cathodic
reactions may only include the reduction of water (Reaction (5))
and dissolved O, (Reaction (6)):
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Fig. 7. Composition analysis of (a) XRD peaks of products formed
during the ECM in 200-pum-thick electrolyte layers containing 1 mM
Cl- and varied nitrate concentrations and (b) EDS pattern of
dendrites formed during the ECM of tin in 200-um-thick electrolyte
layers containing 1 mM Cl- and 100 mM nitrate ion at 5 V for 81 s.

When these ions come in contact during the migration,
the dominant precipitate Sn(OH), will be formed easily
because of its low solubility (solubility product constant Ksp =
10-56, at 298.15 K) as shown in Reaction (7). Sn(OH), will be
dissolved to form [Sn(OH)¢]2- under high OH- concentrations

2H,0 + 2e- > H, + 20H- (5) (Reaction (8)). The growth of dendrites can be attributed to
0, + 2H,0 + 4e- - 40H- (6) the reduction of Sn2+, Sn4+, and/or [Sn(OH)g]2- .
Sn4+ + 40H- — Sn(OH), (7)
Madridge J Anal Sci Instrum. Volume 1 o Issue 1 « 1000102 7
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Sn(OH)4 + 20H- — Sn(OH)g2- (8)
Sn2+ + 2e-— Sn 9)
Sn4+ + 4e-— Sn (10)
[Sn(OH)¢]2- + 4e-— Sn + 60H-. (11

Effect of nitrate ion on the ECM behavior of tin

|. Katsounaros et al. [28] found that electrochemical
reduction of nitrate ion might occur on tin electrode at high
cathodic potentials. However, the mechanism of nitrate
reduction is complicated because of its multi-electron nature
and the presence of a large number of intermediates [29,30].
Nitrogen and/or ammonium are the main reaction products
in alkaline medium [31,32]. A consecutive reaction mechanism
can describe the reduction process as Reactions (12)-(14)
[28,33]:
NO;- + H,0 + 2e- - NO,-+ 20H- (E0 = 0.01 V.SHE)  (12)
NO,- + 5H,0 + 6e-— NH; + 70H- (E0 = -0.165 V.SHE) (13)

2NO,- + 4H,0 + 6e-— N, + 80H- (E0 = 0.406 V.SHE). (14)

After the ECM test, the electrolyte was analyzed with
through ion chromatography (Metrohm 881 Compact IC Pro,
Switzerland). The electrolyte contained 12.62 mM ammonium
in the presence of 200 mM nitrate at a bias voltage of 5 V
after 16 s. Nitrogen may be the main product in the test
condition. Tucker et al. [34] reported that nitrogen is main
reaction product of nitrate reduction on activated rhodium
electrode in alkaline solution.

Moreover, CV measurement was performed to account
for the effect of nitrate on the ECM of tin. Fig. 8 shows cyclic
voltammograms of Sn electrode in solutions containing 1 mM
NaCl and various nitrate concentrations. The peaks were
attributed to the oxidation/reduction of Sn2+ to Sn4+ (SnO,
and/or Sn(OH),) species. The increase of the peak current in
the presence of nitrate is attributed to the increased corrosion
of tin because nitrate ion can be reduced to facilitate the
cathodic reaction [35]. However, whether the increase in
current density was mainly due to the nitrate reduction
reaction or the hydrogen evolution reaction that was
enhanced by the increase in ionic intensity remains to be
clarified. Thus, CV measurement was carried out in solutions
containing the same concentrations of nitrate and sulfate
(Fig. 9). An increase in the current density from -1.6 V was
observed for the two solutions, and the current density of
nitrite was much higher than that of sulfate at any potential.
The conductivity of sulfate solution (13.48 mS/cm) was higher
than that of nitrate solution (8.79 mS/cm) at the same
concentration. These results prove that nitrate reduction plays
an important role during ECM and that it causes the sharp
increase in OH- amount with increasing nitrate concentration
(Reactions  (12)—(14)). Furthermore, the peak current
corresponding to the oxidation/reduction of Sn2+ to Sn4+ in
the case of nitrate was much higher than that of sulfate. This
observation may be attributed to the fact that nitrate is more
aggressive than sulfate [36,37].
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Fig. 8. Cyclic voltammograms for tin in solutions containing 1 mM
Cl-and varied concentrations of nitrate (0 mM, 1 mM, 10 mM, 50

mM, 100 mM).
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Fig. 9. Cyclic voltammograms for tin in solutions containing 1 mM
Cl- and same concentration of nitrate and sulfate .

Effect of nitrate concentration on the ECM of tin

As aforementioned result of the mean time to short circuit
as a function of nitrate concentration (Fig. 2), the effect of
nitrate concentration on the ECM of tin is significant.
Therefore, the ECM dependence of tin throughout the whole
test nitrate concentration range was discussed.

At low nitrate concentration (1-5 mM) levels, the anodic
dissolution and cathodic deposition were accelerated mainly
because of the increment of ionic conductivity. The amount of
bubbles and precipitates increased compared with the
absence of nitrate. A loose precipitate layer occurred between
the anode and the cathode (Figs. 3 and 4). However, the loose
precipitate layer could not hinder the growth of dendrites
effectively.

With the increase in nitrate concentration from 10 mM to
50 mM, both the anodic and cathodic reactions were
considerably promoted at the beginning of the ECM, which
was demonstrated by the high current density and the increase
of bubbles evacuating from the cathode. A large amount of
precipitates formed between the anode and the cathode with
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