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A recently-developed sequential electrochemical reduction analysis method permits nondestructive
assessment of solderability loss associated with surface oxides on metals and can be applied to almost
any part geometry, including printed wiring board through-holes and surface pads. Preliminary results
indicate that metal sulphides can also be detected, at least in some cases. The type and amount of
oxides detected for tin coatings are shown to correlate with solderability determined by the wetting
balance method. The data indicate that formation of excessive amounts of SnO, in the surface oxide

is a primary cause of Sn solderability degradation.

1. Introduction

Chronopotentiometry was apparently applied to
analysis of oxides on metals (iron, copper and silver)
for the first time in the 1930s [1, 2], and was subse-
quently developed as a means for quantitative detec-
tion of oxides on tin [3—8]. Recently, this work has
been extended to the development of a chronopoten-
tiometric method for assessing solderability loss
caused by metal oxidation [9], which is an important
problem that costs the electronics industry millions
of dollars annually. Since the latter method involves
reduction of surface oxides (and other species) in
sequence to provide a quantitative measure of both
the type and amount of each oxide present, it has
been termed sequential electrochemical reduction
analysis (SERATM).

In the present paper the important considerations
in applying the SERA method are discussed. Wetting
balance and SERA data obtained for copper wires
with a hot-dipped pure tin finish are used for
purposes of illustration since such specimens can be
reproducibly oxidized electrochemically to provide
standard surfaces for comparison. These data are
also germane to Sn—Pb surfaces at which Sn oxides
predominate because tin migrates to the surface
along grain boundaries and is preferentially oxidized
[10-12]. The SERA method can be applied to other
metals, e.g. copper, and can be used to detect
other surface species that affect solderability, e.g.
sulphides.

2. Procedure

In the SERA method, the part to be analysed is
brought in contact with an electrolyte chosen to facil-
itate reduction and minimize chemical dissolution of
the oxides of interest. A constant cathodic current is
applied between the part and an inert counter
electrode (e.g. platinum or stainless steel) and the
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cathode potential is monitored as a function of time
relative to a reference eclectrode. With this three-
electrode arrangement, the potential of the cathode
can be monitored without concern about changes in
the anode potential. The applied current is chosen to
avoid excessive polarization of the cathode and is
typically very small (< 100 uA cm_z) so that the
voltage drop in the bulk electrolyte is negligible. The
electrolyte must be deaerated (via purging with an
inert gas) since electrochemical reduction of oxygen
would otherwise interfere with the analysis. It is also
necessary to prevent oxygen generated at the anode
by electrolysis of water from reaching the cathode
during the measurement, either by placing the anode
far from the cathode or using a porous glass frit to
form a diffusion barrier.

2.1. Oxide reduction potentials

Equilibrium potentials calculated from thermody-
namic stability data set the positive limits for
reduction of the various species present. Table 1 gives
the values for reduction of the more stable oxides and
hydroxides of tin, lead, copper, silver, iron and nickel
[13] to the respective metals at pH 8.4 (that of the
borate buffer electrolyte used in the present work)
according to reactions typified by:

SnO + 2H* +2¢” = Sn + H,0 (N

Sn(OH), + 2H™ + 2¢~ = 2H,0 )

All of these voltages exhibit a pH dependence of
—0.0591V per pH unit. For tin, lead and copper,
the difference in equilibrium potential for complete
reduction of the oxide compared to the hydroxide
(hydrated form) is very small (< 40mV) except for
Sn(OH), whose reduction potential of —~0.746V is
0.1V positive of that for SnO, (—0.844 V). Note that
Sn(OH),; can also be reduced to either Sn(OH), or
SnO at more positive potentials (about —0.65 V) but
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Table 1. Equilibrium voltages vs SCE for complete reduction of var-
ious oxides and hydroxides at pH 8.4

AgOH 0.767 Ag,0 0.435
Cu(OH), —0.129 CuO —0.168

Cu,0 —0.267
Pb(OH), —0.461 PbO —0.488
Ni(OH), —0.622 NiO —0.628

FeO —0.785

Fes 04 —0.823
Fe(OH), —0.679 Fe,0;3 —0.789
Sn(OH), -0.829 SnO —0.842
Sn(OH), —0.746 Sno, ~0.844

is thermodynamically unstable with respect to SnO,
and would not be formed under ambient conditions
[14].

Because of kinetic factors, actual reduction poten-
tials are generally more negative than predicted from
thermodynamic considerations and depend on the
applied current density. The potential ranges for
reduction of Cu and Pb oxide species in pH 8.4 borate
buffer are usually —0.3 to —0.6 V and —0.5to —0.6V,
respectively. Although the equilibrium potentials for
the Sn(nr) and Sn(1v) species are practically equiva-
lent, reduction of the latter is particularly inhibited
kinetically and occurs at much more negative poten-
tials, as discussed below. Thus, tin oxides/hydroxides
are reduced over the broad range from —0.85 to
—1.3V vs SCE.

2.2 SERA curve features

Figure 1 schematically illustrates the features nor-
mally observed for SERA curves of electrode poten-
tial against time, and delineates the voltage regions
for the various oxides pertinent to Sn—Pb coatings
on copper substrates. For the ideal case involving
well-defined surface compounds that are all exposed
to the electrolyte (solid curve), the cathode voltage
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Fig. 1. Schematic illustration of ideal and normally-observed SERA
curve features.

initially decreases to a plateau corresponding to
reduction of the most easily reduced oxide. After the
latter is completely reduced, the voltage again
decreases to the value required for reduction of the
next oxide. This process is repeated until all oxides
are reduced and a steady voltage corresponding to
hydrogen evolution from water electrolysis is
attained. An analogy is the heating of ice water for
which the temperature remains constant until the ice
melts, and then increases to the boiling point of water
where it again remains constant until all of the water
has evaporated.

For each SERA plateau, the voltage identifies the
type of oxide and the associated charge density (cur-
rent density x time) yields a measure of the amount
present. As indicated in Fig. 1, the point of complete
oxide reduction may be taken as the intersection
between extrapolations of the steepest part of the
curve (in the transition region) and the plateau for
the next oxide. This procedure was used in the pre-
sent work but the point of maximum voltage change
determined by differentiation of the SERA curve pro-
vides comparable results. For uniform, nonporous
oxides of known chemical composition, the oxide
thickness can be calculated but it is less ambiguous
to utilize charge density as a measure of the oxide
amount in making comparisons.

In practice, SERA curves are often distorted since
surface oxides may be comprised of ill-defined
compounds, intimate mixtures, and/or layers, and
all species may not be exposed to the electrolyte
initially. For example, oxides formed on Cu—Sn inter-
metallics apparently involve intimate mixtures of Cu
and Sn oxide species since such compounds exhibit
ill-defined SERA waves in both the Cu and Sn oxide
potential regions [9]. Since Pb oxides usually do not
form on Sn-Pb surfaces [10, 15-17] that are not
severely depleted in tin, the presence of a shoulder
positive of —0.8V in SERA curves for Sn—Pb (or
tin) coatings on copper (dashed curve in Fig. 1) is indi-
cative of exposed/oxidized Cu-Sn intermetallic. A
negative voltage peak (dotted curve in Fig. 1)
indicates the presence of a duplex oxide structure,
typically comprised of an outer layer that is more
difficult to reduce electrochemically but once
removed allows reduction of the more easily reduced
underlayer to proceed (at less negative potentials).
The dotted curve in Fig. 1 also illustrates the sloping
plateau, negative shift in plateau voltage, and tailing
that are typical of intimate oxide mixtures.

Because a mixture of species having differing effects
on solderability is often involved, it is convenient to
classify Sn oxide films as ‘lower’ or ‘higher’ oxides
(see Fig. 1). As discussed below, the lower Sn oxide
is reduced relatively easily, between —0.85 and —1.0V
vs. SCE, and is predominately SnO which exerts a
relatively minor effect on solderability (at least when
not excessively thick). The higher Sn oxide reduces
between —1.0 and —1.4V and contains appreciable
amounts of SnO,, which is a good thermal/electrical
insulator [18] and is highly detrimental to solderability.
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Table 2. Hydrogen evolution potentials (vs. SCE) at ~20 pA em™?
for various metals in borate buffer solution (pH8.4)

Palladium ~0.57
Platinum (99.95%) -0.71
Nickel (Ni-200) ~0.87
Gold -0.90
Kovar -0.95
Copper—beryllium alloy -0.95
Carbon steel (1018) -0.96
Stainless steel (304) -1.00
Copper (OFHC) -1.05
Copper (resistor wire) ~1.06
Silver (99.9%) ~1.06
Titanium (Ti-6V-4A0) ~1.18
Brass ~1.20
Eutectic tin—lead ~1.25
Tin (99.999%) -127
Copper—tin intermetallics ~1.32
Aluminium (3003) -1.33
Lead (99.95%) -1.35
2.3. Hydrogen evolution effects

Species requiring very negative potentials for

reduction may not be completely reduced before the
onset of hydrogen evolution (water electrolysis).
Current associated with the latter, which is
thermodynamically possible negative of —-0.74V vs
SCE in pH 8.4 solution, would introduce an error so
that the amount of oxide determined from the
charge passed would be too high. Most metals are not
very effective proton reduction catalysts so that
hydrogen evolution on their surfaces requires
additional negative voltage (overvoltage), which
extends the voltage range available for oxide
reduction.

Table 2 gives the steady-state hydrogen evolution
potentials measured at —20 uA em 2 in pH 8.4 borate
buffer solution for various metals. The results for
untreated metals and those etched to remove the
native surface oxide were comparable. Fortunately,
copper oxides are relatively easy to reduce and the
hydrogen overvoltages for tin, lead and the copper—

—-0.40

tin intermetallics are relatively high so that most
oxide species can be fully reduced on their surfaces.
However, when the cathode comprises two metals
with differing hydrogen overvoltages (as an electrical
contact or because of exposure of the basis metal
through a coating), the effect of the lower overvoltage
metal on the analysis should be considered.

The hydrogen overvoltages for oxides are often
higher than for the corresponding metal so that a
steady-state hydrogen evolution potential for SERA
analysis that is more negative than expected may be
indicative of unreduced oxide residues (see Fig. 1).
On the other hand, changes in substrate surface
roughness will affect the actual current density and
thus the final potential attained. In practice, the
hydrogen evolution potentials for Sn—Pb coatings
are found to vary between —1.25 and —1.4V, presum-
ably reflecting the interactive effects of surface
roughness, grain structure (which ranges from fine
to coarse), and Sn/Pb ratio.

2.4. Current density effects

The current density used for SERA analysis should be
optimized to provide good resolution and accuracy,
and a reasonably short analysis time. As the current
density is increased, SERA features tend to shift
toward more negative voltages and become less
distinct because reduction processes are perturbed
further from equilibrium and may not be able to
respond sufficiently fast. At excessive current densi-
ties, plateau voltages may be too ill-defined for
proper oxide characterization and the voltage may
be driven to the next plateau before oxide reduction
is complete so that the amount of oxide measured is
too small. On the other hand, a very low current
density may include appreciable contributions from
reduction of residual oxygen and solution impurities
so that the measured oxide amounts are too large.
Note that total elimination of oxygen in a practical
test system is difficult to attain.

—-0.60

—0.80

-1.00

—-1.20F

T T T T T T T

T T T

Electrode potential/V vs SCE

........
P
et

—1.40[—

-1.60L

......

Charge density/mC cm™

2

Fig. 2. SERA curves at various current densities for hot-dipped tin specimens anodized at 20 uA cm™2 to a voltage of 0.4V vs SCE.
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These points are illustrated by the SERA curves for
tin specimens anodized to 0.4V shown in Fig. 2. For
current densities of —5, —10 and —20 A cm™2, the
initial voltage dip and plateau are practically con-
stant and a subtle plateau, whose voltage is only
slightly more negative, is resolved. The curves for
—5 and —10 uA cm™2 indicate a significantly larger
total amount of oxide and exhibit much more
positive hydrogen evolution potentials that may be
attributable to interference from background
currents, suggesting that these current densities are
too low. On the other hand, as the magnitude of the
cathodic current density is increased appreciably
above 20 ,uAcm"z, all of the curve features shift
toward more negative voltages and become less
distinct, and the indicated amount of oxide is less.
In addition, the voltage exhibits a negative peak in
the hydrogen evolution region and then slowly
increases with time, suggesting slow reduction of resi-
dual oxide not reduced in the oxide plateau region.
This effect is not pronounced at —20 A cm ™2, which
appears to be nearly optimal for analysis of tin
surfaces.

The current density effects depicted in Fig. 2 are
actually much more pronounced than those observed
for tin oxides formed under ambient conditions, for
which the SERA oxide features are practically
unchanged from —20 to —100 A cm 2 and the hydro-
gen evolution potential remains constant. This is not
surprising since perturbation of the surface region
far from equilibrium via accelerated aging would be

il

G—i/ Pt counter electrode

expected to produce thicker and more distinct oxide
phases that are difficult to reduce, especially when
an electrically-insulating species is involved. Consis-
tent with this explanation, tin specimens mildly ano-
dized to —0.2V (instead of +0.4V) yield SERA
curves that are independent of current density from
—20 to —100 uA cm 2, except for the expected small
increase in the hydrogen evolution overvoltage.

For the present work, which involved tin specimens
anodized under a variety of conditions, a SERA cur-
rent density of —20 uA cm ™~ was used. At the more
positive anodization potentials, some residual oxide
was undoubtedly omitted from the analysis but the
amount was probably always small (submonolayer)
and did not introduce a significant error since wetting
balance tests of SER A-reduced specimens consistently
gave very short wetting times. In any case, SERA ana-
lysis should provide an accurate indication of the type
of oxide present and a relative measure of the oxide
amount. Our results for both tin and Sn—Pb indicate
that the nature of the oxide is more important to sol-
derability than the amount, at least when the oxide is
not excessively thick. For naturally-aged specimens,
SERA oxide analysis is apparently quantitative.

3. Experimental details
All electrochemical experiments were performed in
argon-saturated pHS8.4 borate buffer solution

(9.55gdm™> sodium borate and 6.18 gdm™ boric
acid), which provides minimal solubility for tin oxides

Wire

9 .
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Fig. 3. Electrochemical cell used for SERA testing wire specimens.
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Fig. 4. Chronopotentiograms at 20 A cm™> for anodization to 1.0V,

[19]. As illustrated schematically in Fig. 3, the glass cell
was a round bottom flask that contained 200 ml of elec-
trolyte and had five necks (only three shown), all with
standard taper joints. To minimize electrolyte contam-
ination by oxygen and chloride, the platinum counter
electrode and reference saturated calomel electrode
(SCE) were contained in separate compartments
(glass tubes) electrically connected to the main com-
partment via porous Vycor glass disks (sealed to the
tube ends with heat-shrink teflon tubing). Specimens
were held partially immersed in the electrolyte by an
alligator clip (above the electrolyte level) connected to
a copper rod that was press-fitted through a rubber
stopper (which never contacted the solution). Argon
was continuously bubbled through the electrolyte via
a gas dispersion tube (not shown in Fig. 3) and was
vented into an argon atmosphere glove box in which
all electrochemical experiments were performed.

Unless otherwise noted, a current density of
20 uA cm~2 was used for all reductions and anodiza-
tions. Constant current was applied via a Keithley
Instruments Model 224 programmable current
source and the electrode potential was followed via
a Fluke Model 8842 multimeter. Chronopotentio-
grams were recorded under computer control using
an Apple Macintosh II desktop computer with a
National Instruments 16-bit multipurpose 10 board
(Model NB-MIO-16).

Hot-tin-dipped test specimens were prepared by
dipping bare copper resistor wire (0.8—0.9mm dia.
x 8cm long) to a depth of 3cm in molten tin at
288 °C. Prior to being hot dipped, the wires were
immersed in water soluble flux (Ardrox PC234M)
for 5s and excess flux was removed by touching the
wire end to laboratory tissue. Finished wires were
rinsed with deionized water at approximately room
temperature.

Specimens having a reproducible surface oxide
structure were prepared by constant current anodiza-
tion at 20 pA cm™ in deaerated pH 8.4 borate buffer
solution. Since even a small amount of residual oxide

and SERA analysis of tin specimens in deaerated borate buffer solution.

was found to affect the reproducibility of SERA and
wetting balance results, specimens were fully-reduced
prior to anodization. This is consistent with the find-
ings of Shah and Davies [20], who found that tin dis-
solution at tin anodes in borate buffer is inhibited if
the air formed oxide is not reduced prior to anodiza-
tion. Oxide removal in the present work was accom-
plished by a 30s exposure in a 0.8M chromous
sulphate solution (pH 0.5) prepared by reduction of
the chromic species at a lead cathode in a glass cell
under an argon atmosphere, with the platinum anode
in a separate compartment isolated by porous Vycor
glass. The chromous ion treatment was also per-
formed inside the argon atmosphere glove box and
the specimen (after being rinsed in deionized water)
was transferred immediately to the anodization/ana-
lysis cell. SERA analyses after the reduction treat-
ment always indicated that the amount of oxide
remaining was negligible.

Figure 4 gives chronopotentiograms that illustrate
the method used to prepare and analyze oxidized tin
specimens. During ‘anodization’, the voltage exhib-
ited an ill-defined arrest at about —0.7V and then
increased monotonically to the final value (0.4V in
this case). The subsequent ‘SERA analysis’ was per-
formed in the same solution. Considerable variation
was observed in the anodization curves but the
SERA curves for a given voltage limit were very
reproducible. The specimen was then re-anodized to
the same voltage and, after being rinsed in deionized
water and blown dry with argon, was tested on a wet-
ting balance using an unactivated rosin (R) flux
(Kester Formula 135).

To minimize the effects of sporadic experimental
deviations, five specimens were tested for each set of
conditions and the highest and lowest values were dis-
regarded in all cases. The standard deviation for the
three total oxide measurements was always less than
10%, and for the three wetting balance measure-
ments was less than 10% except for anodization vol-
tages of 0.3 and 0.9, for which it was 20%. Use of
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all five points gave almost identical results except that
the standard deviation was somewhat higher in some
cases.

The wetting balance was a Multicore universal sol-
derability tester controlled by an IBM Model XT per-
sonal computer. Wetting curves of force against time
were recorded at 100 points per second using a mod-
ified computer program obtained from National Stan-
dard Corporation. Measurements were made with the
solder pot at either 235 or 295°C. The wetting time
was taken as the time required to reach 2/3 of the max-
imum theoretical wetting force of 400 [21]. This
choice, rather than the time to 2/3 of the maximum
force attained, avoids the possibility that a poorly
wettable specimen would exhibit a short wetting time.

Most materials used to measure hydrogen overvol-
tages in the deaerated borate buffer solution were first

etched in aqueous solutions of either 3 M nitric acid -

(Pt, Au, Cu-Be, Cu, Ag, brass, Cu—Sn intermetal-
lics), 1vol % hydrogen peroxide/8 vol % fluoroboric
acid (Sn—Pb, Sn, Pb), or 1vol% conc. nitric acid/
1vol % conc. hydrofluoric acid (Ni, steels). In most

—0.40 —————————

cases, unetched specimens gave comparable results.
The specimen configurations were: foils or sheets for
Ti, Al, Pd, OFHC Cu, and the steels; bars for brass
and Sn—Pb; a tube for Kovar; and thin wires for all
other materials. A partially submerged area of 0.5 to
7cm? was used for the measurement. A constant cur-
rent of —20 uA cm™2 was applied until a steady vol-
tage plateau was observed.

Specimens exposed to H,S were suspended above a
mixture of Na,S and concentrated HCI in an
Erlenmeyer flask.

4. Tin results and discussion

As mentioned above, hot tin dipping of copper wires
was found to sometimes produce recalcitrant tin
oxide layers that had to be removed in order to
obtain reproducible results. Commercial tin foil speci-
mens (simply vapour degreased in benzene or etched
in 3-M nitric acid solution), on the other hand, did
not require prereduction in chromous solution, indi-
cating that the oxide layer in this case is removed
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Fig. 5. SERA curves for hot-dipped tin specimens anodized at 20 uA cm™ to various voltage limits: (a) —0.4 to 0.7V and (b) 0.7 to 1.0V.
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completely by reduction in the borate buffer solution.
Nonetheless, after removal of surface oxides, the
behaviour of the two types of specimens was found
to be comparable.

Figure 5 shows SERA curves obtained for hot-
dipped tin specimens anodized to various voltage lim-
its. Up to 0.2V, the curves indicate the presence of
only one oxide (single plateau), the amount of which
increases with the anodization limit. This oxide is
apparently an Sn(1) species, SnO or Sn(OH),, which
has been reported to form under mildly oxidizing con-
ditions by various authors [e.g. 20]. As the anodiza-
tion voltage limit is increased further, a negative
voltage dip becomes evident and the voltage plateau
shifts toward more negative values. For oxides
formed at 0.7V and more positive potentials, the
hydrogen evolution plateau becomes more negative,
indicating a fundamental change in the nature of the
oxide and the presence of residual oxide after the
SERA analysis. As the anodization potential is
increased above 0.7V, the total amount of oxide
detected by SERA analysis decreases.

These results are comparable to those obtained by
Shah and Davies [20] who studied oxidation of tin
foil in 0.5 M sodium borate (pH 9.3). They found (by
turbidimetric analysis of the solution) that for anodi-
zation limits up to 0.2V exactly half of the current
goes toward tin dissolution and proposed that SnO
is formed by

Sn + 5OH™ — SnO + HSnO3 + 2H,0 +4e~  (3)

Further support for this hypothesis was provided by
the observation that the ratio of the cathodic to the
anodic charge is 0.5 in this voltage region, which
also indicates that the oxide is quantitatively
reduced. Shah and Davies [20] attributed the negative
voltage dip to reduction of an SnO, overlayer, which
apparently forms at potentials between 0.2 and 1.0V,
inhibits tin dissolution, and causes a reduction in the
cathodic/anodic charge ratio.

There is general agreement among workers who
have investigated tin passivation in borate solution
[19, 20, 22-26] and various other electrolytes [27—
41] that SnO,, or the hydrated species Sn(OH),, is
formed at least at more positive potentials. Negative
peaks in chronopotentiograms also have generally
been attributed to the presence of an SnO, overlayer
[8, 20, 27, 28, 33]. The blocking nature of the latter
is evident from the results of Nagasaka et al. [42]
who found that oxidation of SnO at high tempera-
tures (350—600 °C) completely ceases after formation
of a thin SnQ, surface layer. The formation of SnQ,
in electrochemical systems has been confirmed by elec-
tron diffraction [8, 29] and Mdssbauer spectroscopy
[23, 25]. Some workers have attempted to character-
ize tin surface oxides by Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS)
but it is not possible to distinguish between SnO and
SnQ, with these techniques [43, 44]. However, appli-
cation of low energy (75eV) electron loss spectro-
scopy (LEELS) has shown conclusively that SnO, is
involved in even the very early stages of tin oxidation
in the gas phase and is enriched in the outer surface as
the oxide film grows [44].

Figure 6 shows the effect of anodization voltage
limit on the amount of oxide determined by SERA
analysis and the wetting times measured at two tem-
peratures for hot-dipped tin specimens. The lower
temperature (235°C) is near the tin melting point
(232°C) so that fusion of the coating would not play
a significant role, at least initially. In this case, the wet-
ting time increases relatively little (0.4 to 0.7s) up to
the voltage at which formation of SnO; commences
(0.2V), and then increases sharply to a peak of more
than two seconds at 0.7 V. Even at the higher tempera-
ture (295°C), which is 63°C above the tin melting
point, this trend is discernible. In contrast, the
amount of oxide increases linearly over this voltage
range. The most obvious explanation for the concomi-
tant decreases in the wetting time and amount of oxide
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Fig. 6. Plots of the total amount of oxide determined from SERA analysis and wetting times at 235 and 295 °C vs. the positive voltage limit
for hot-dipped Sn specimens anodized at 20 zA cm™2 in borate buffer solution (pH 8.4).
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Fig. 7. Plots of wetting time measured at 235 and 295 °C for hot-dipped/anodized Sn specimens vs. the total amount of oxide detected.

detected for anodization voltages positive of 0.7V is
transpassive dissolution of part of the oxide layer.
However, formation of a more electrically and
thermally conductive oxide that is only partially
reduced during SERA analysis is also consistent
with the data.

In view of the pronounced change in slope for the
wetting time curve, which would be expected to
reflect a significant change in the surface oxide, the
linear increase in the detected amount of oxide is
surprising. In particular, SnO, formation beginning
at 0.2V should involve double the charge compared
to that for formation of an equal amount of SnO
and cause the slope of the oxide amount-voltage limit
curve to increase. One explanation of why this does
not occur is that SnO, forms from SnO and involves
simultaneous dissolution according to the following
equation:

28n0 + 30H™ — SnO, + HSnO; + H,O + 2¢”

(4)
This disproportionation reaction would be consistent
with our data which indicate that the ratio of cathodic
to anodic charge is 0.5 £ 0.1 over the entire anodiza-
tion voltage range from —0.4 to 0.8V. Shah and
Davies [20] did not detect tin in solution above 0.2V
but only one experiment was performed and the accu-
racy is questionable. A ring-disc electrode study by
other workers [45] also indicated that tin dissolution
ceases at potentials positive of about 0.0 V. How-
ever, the phosphate anion employed in this case is
known to participate in the tin passivation process
[37] and is likely to suppress tin dissolution.

An alternative explanation for the apparent dichot-
omy in Fig. 6 is that the amount of SnO, is only a
small fraction of the total oxide present but has a
large effect on the wetting time because it forms a
dense layer that is highly resistive. It is also possible
that steric factors associated with the growing oxide
layer cause SnO to disproportionate chemically to
tin and SnO; so that the average oxidation state of

tin in the oxide film remains constant. Additional
work is required to resolve this issue.

Figure 7 shows clearly that the effect of the quantity
of oxide on wetting time is small and independent of
test temperature when the oxide is predominately
SnO (up to about 1.6chm_2), In this case, dou-
bling the oxide amount increases the wetting time by
only 0.3s (from 0.4 to 0.7s). The fact that the curves
for the two temperatures coincide in this region sug-
gests that the wetting time in this case is determined
more by the wetting characteristics of the oxide than
thermal transfer across the oxide film. The wetting
time at the lower temperature increases sharply as
the amount of SnO, in the surface oxide increases
(total oxide amounts above 1.6 mC cm~?), indicating
that SnO, is much more detrimental to solderability
than SnO. In this case, a 50% increase in the total
amount of oxide increases the wetting time by about
1.5s (from 0.7 to 2.2s).

Additional experiments were performed to demon-
strate that some oxide remains on the surface after
SERA analysis of specimens anodized at more posi-
tive potentials, and to determine the effects of such
residual oxide on the wetting time. Specimens ano-
dized to 1.0V, which increases the hydrogen overvol-
tage after SERA analysis from —1.3 to —1.45V (see
Fig. 5), were SERA analysed before and after being
treated with acidic chromous ion solution to comple-
tely reduce the surface oxide. This reduction treat-
ment restored the hydrogen overvoltage (final
voltage plateau) to the —1.3 V value characteristic of
an oxide-free surface, indicating that residual oxide
had been present. This conclusion is supported by
the work of Shah and Davies [20] who found that a
faint white film, which they attributed to an accumu-
lation of unreduced SnO,, could be seen on the
surface of a tin specimen that had been voltage cycled
8 or 9 times in borate buffer solution.

The effect of this oxide residue was determined by
wetting balance tests immediately after SERA analy-
sis for specimens that had been anodized in the
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borate buffer. For anodization voltages of —0.2, 0.7
and 1.0V, the average wetting times (and standard
deviations) measured for 5 specimens each after
SERA reduction were 0.38 (2%), 0.41 (2%), and
0.47s (8%), respectively. These times are practically
equivalent to the 0.4s value typical of oxide-free tin
surfaces (unanodized and reduced), demonstrating
that the effect of the residual oxide is minimal.
Because it resists electrochemical reduction, the resi-
dual oxide must be patchy and in poor electrical con-
tact with the substrate, which implies that it is also
poorly adherent. Such oxide patches that are easily
undercut by molten solder would not be expected to
greatly affect the wetting behaviour, as observed.
These results show that the oxides important to
solderability are detected by SERA analysis and a
small amount of unreduced oxide does not denigrate
the utility of the method. Note that the tin surface
oxide formed at less positive anodization voltages,
which is more like that formed during natural
aging, is apparently reduced fully during SERA analysis.

5. Applicability of SERA method

The SERA method can be applied to almost any part
configuration, including both short and long compo-
nent leads, and circuit board through-holes and
surface mount pads. In principle, solderability
degradation associated with the oxides of Sn, Pb,
Cu, Ag, Fe and Ni can be assessed. At least in
some cases, the effects of sulphides can also be
determined.

5.1. Component leads

Long lead wires are simply immersed, fully or par-
tially, in the deaerated solution, as described above
(see Fig. 3). If the cell is not enclosed in an inert atmo-
sphere glove box, the gas exiting the cell should pass
through a bubblier so that a positive pressure of inert
gas is maintained during the test. For resistors, one
wire can be totally immersed (which accurately
defines the surface area) and contact can be made to
the other wire. In this case, it may be necessary to cor-
rect electrode potential measurements for the voltage
drop across the resistor. For capacitors, which block
the flow of direct current, contact must be made to
one end of the wire to be tested. If the contact wire
is exposed to the electrolyte, it must be made of a
material having a high hydrogen overvoltage (e.g.,
lead) and the oxide on its surface must be prereduced
or taken into account.

Short component leads, e.g. those on a dual-in-line
package (DIP), can be tested using the apparatus
shown schematically in Fig. 8. A cell having an O-
ring seal at the bottom is clamped onto a piece of
tin foil supported by a backing plate of a less ductile
metal. All cell connections are made through the
side of the cell to facilitate changing test specimens.
As with other SERA cells, there are provisions for
maintaining an inert gas atmosphere and isolating
the counter and reference electrodes in separate com-
partments. The specimen body is attached (via quick
drying adhesive) to a plastic or glass rod that can
slip through the cell lid, preferably held in a fixed posi-
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Fig. 9. Apparatus for SERA testing of through-holes and surface pads on printed wiring boards.

tion by an appropriate fitting (not shown). Prior to the
test, the specimen is held above the solution and the
oxide on the tin foil is prereduced electrochemically
so that it does not introduce an error in the measure-
ment. The specimen is then lowered until the leads
press firmly against the tin foil and the SERA analy-
sis is performed.

It should be mentioned that a recent publication
[46] describes an attempt to analyse oxides on short
component leads by electrochemical reduction using
a platinum contact. In this case, significant errors
associated with concurrent hydrogen evolution,
which is catalysed by platinum (as discussed above),
are unavoidable. To improve the situation, the
authors performed the analysis at constant potential
but the currents measured in this case would still
include significant contributions from hydrogen evo-
lution and problems associated with incomplete
oxide reduction would be exacerbated at the higher
current densities involved.

5.2. Printed wiring boards

f
An apparatus for SERA testing of plated through-
holes has been applied to analysis of production
printed wiring boards [47]. Figure 9 shows a sche-
matic representation of an apparatus for testing
either through-holes or surface-mount pads. For

through-hole testing, the hinged arm is lowered so
that small O-rings (1.6 mmi.d.) form top and bottom
seals around the pads of the through-hole to be tested.
Alignment is attained via a light beam (as shown) or
via a stainless steel centring pin (not shown), which
cannot be used for analysis of surface pads and is
mounted in a slip fitting in place of the light source.
After the apparatus has been purged, electrolyte satu-
rated with inert gas is pulled by a partial vacuum from
a reservoir into the upper chamber and counter elec-
trode compartment. Electrical connection is made
via another through-hole connected to the one under
test. After the analysis, the solution is pushed from the
apparatus and through-hole by inert gas. For analysis
of surface pads, the electrolyte is introduced and
removed via a small hole having one end located
very near to the cavity bottom so that solution
spillage is minimized.

5.3. Oxide detection

Results obtained in our laboratory show that all of the
oxides associated with the Sn—Pb—Cu system, includ-
ing intermetallic oxide species, are readily detected by
SERA analysis in borate buffer solution. If anodic tin
dissolution which occurs under some conditions is
taken into account, cyclic voltammetric studies [9]
indicate that analysis of Sn and Pb oxides on tin and
Sn—Pb substrates is practically quantitative. Similar



28

D. MORGAN TENCH, D. P. ANDERSON AND P. KIM

voltammetric studies apparently have not been
performed for copper and silver in the borate electro-
lyte but Campbell and Thomas [2] have shown that
their oxides can be quantitatively detected by catho-
dic reduction in deaerated 0.1 M KCl solution. Since
well-defined oxide reduction plateaus have been
obtained in our laboratory for copper and silver in
borate buffer solution, it is likely that this electro-
lyte can also be used for SERA analysis of these
metals.

Other metals of interest from a solderability
standpoint include iron and nickel. Semiquantitative
data obtained by Evans, Bannister, and Miley [1] in
an open beaker using ammonium chloride solution
that had been boiled to remove oxygen demonstrated
that chronopotentiometry can be applied to analysis
of iron oxides. Recently, Bardwell et al. [48] showed
that y-Fe,O; and Fe;O4 can be detected on iron in
pH8.4 borate buffer, although simultaneous Fe’*
dissolution may render analysis for the former semi-
quantitative. Okuyama and Haruyama [49] report
that NiO and NiO, are reversibly produced and
reduced electrochemically in pH 8.4 borate buffer,
indicating that nickel surfaces can also be analysed
in this electrolyte. :

These studies indicate that pH 8.4 borate buffer
solution could be used for SERA analysis of all of
the normally-oxidizable metals currently of impor-
tance in electronics manufacturing. However, it is
likely that a different choice of electrolyte or pH
may be desirable in some cases to enhance detectabil-
ity of species other than oxides (e.g. sulphides) and/or
improve the reversibility of reduction reactions so that
voltage plateaus are better-defined. Thus, reduction of
recalcitrant oxides, like those of nickel, might be
facilitated by use of complexing agents or a lower
pH solution. It must be kept in mind, however, that
enhanced rates of chemical dissolution and hydrogen
evolution in acidic solutions may introduce significant
errors in the analysis. One possibility for improving
the situation is to add an electrode poison, e.g.

arsenate, to the electrolyte to increase the hydrogen
overvoltage and thus extend the accessible cathodic
voltage range. It should be mentioned that aluminum
and titanium oxides are too stable to be reduced
electrochemically in aqueous solutions.

5.4. Sulphide detection

Metal sulphides resulting from reactions with envir-
onmental pollutants or plating bath additives can
probably be detected in many cases. Campbell and
Thomas [2] found Cu,S and Ag,S yield well-defined
reduction waves in deaecrated 0.1MKCl solution
even when mixed with the respective metal oxide. In
practice, the effects of sulphide contamination of sol-
derable finishes may be complicated. Figure 10 shows
that exposure of a tin specimen to hydrogen sulphide
gas may introduce both a shoulder (onset at about
—0.8V) and a large wave negative of —1.0V that
obscure the features associated with the oxide. Based
on this preliminary data, a shoulder at —0.8 V, which
is positive of the voltage required for tin oxide reduc-
tion, may serve as a flag for sulphide contamination of
the surface. Additional work is required to quantita-
tively relate SERA features associated with sulphides
to solderability.

6. Conclusion

The results presented here show that chronopotentio-
metric detection of surface oxides is a very promising
means of nondestructively determining the solderabil-
ity of metals. It should be emphasized that the goal in
SERA analysis (which is chronopotentiometry
applied to solderability assessment) is a correlation
with solderability parameters rather than the rigor-
ous quantitative detection of surface oxides. Conse-
quently, total separation of the SERA features
associated with each oxide and complete oxide reduc-
tion are not required. We have found that SERA ana-
lysis consistently restores the solderability of both tin
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Fig. 10. SERA curves for a hot-dipped Sn specimens with and without exposure to hydrogen sulphide gas for 60 or 300 seconds.
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and Sn—Pb specimens to the pre-aged condition, as
determined by wetting balance studies involving iden-
tical analysed and unanalysed specimens. This is
strong evidence that the surface oxides detected by
SERA analysis are the primary cause of solderability
degradation.

Considerably more work will be required to fully
realize the potential of the SERA approach. One
impediment is that accelerated aging cannot be
counted upon to simulate natural aging processes so
that definitive SERA-solderability loss correlations
can only be established over relatively long periods
of time. A shortcut is to directly establish correlations
between SERA data and the occurrence of solderabil-
ity-related defects for production soldering processes.
Such a study involving SERA analysis of printed wir-
ing boards prior to wave soldering has recently been
completed and established a correlation between the
nature of the oxide on Sn—Pb finishes and the occur-
rence of soldering defects [47]. Application of SERA
testing to metals and alloys other than Cu—Sn—Pb is
yet to be explored.

It is encouraging to note that the data reported here
for anodized tin actually represents the worst case for
applying SERA analysis. From our experience with
tin and Sn—Pb finishes, oxides formed slowly by
natural aging tend to be composed of intimate oxide
mixtures in thinner and less discrete layers that are
more readily reduced. Thus, SERA features asso-
ciated with individual oxide species are usually better
defined for naturally-aged specimens. For example,
Sn—Pb surfaces not subjected to accelerated aging
typically exhibit a small negative peak associated
with a very thin outer layer of SnO, and a single tin
oxide plateau whose voltage shifts to more negative
values as the proportion of SnQ, in the bulk oxide
increases and solderability degrades [47]. Results
obtained to date for tin and Sn—Pb finishes indicate
that the nature of the oxide is more important to
solderability than its thickness.
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