
Effect of Zincation/Sonication on Electroplated Gold
Deposited on Aluminum Substrate

M. Palaniappa, M. Jayalakshmi, and K. Balasubramanian

(Submitted December 29, 2009; in revised form May 15, 2010)

The adhesion strength of gold plated layers on Al substrates has been investigated. Conventional zincation
and modified zincation under ultrasonication of aluminum samples are done. Zincation is done by two
ways: single zincation and double zincation. Both are repeated under ultrasonic agitation. Ultrasonic
agitation during zincating produced dense population of small Zn particles and increased the coverage of
Zn intermediate layer. Subsequent nickel strike by electrochemical nickel plating is carried out to form an
intermediate nickel layer over the aluminum substrate. As the final step, gold electrochemical plating is
done which produced spindle-like gold particles upon the nickel substrate. Gold-plated samples are
characterized using E-log I polarization, SEM, and adhesion pull-off test. Gold-plated sample pre-treated
with double zincation and ultrasonication shows the best result in terms of corrosion potential, surface
morphology and pull-off test.
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1. Introduction

Electroless plating of aluminum with nickel after zincating
the virgin surface is an evolved study to avoid the corrosion of
aluminum chips used in flip chip technology. Flip chip
technologies are being used in the electronics industry primarily
because of their high I/O density capability, short signal paths,
and low interconnect parasitic resistance (Ref 1, 2). The
relentless miniaturization drive, together with the demand for
higher performance and functionality of portable electronic
products, such as notebook PCs and hand phones, translates
into the use of smaller electronic packages with higher I/O
counts operating at higher frequencies. Flip chip packaging
technology is currently the most promising approach to satisfy
the high-end packaging market. A key contributor to this
technology is wafer bumping, whereby interconnection metallic
bumps are built on the chip�s I/O pads. When the chip is
‘‘flipped over’’ and attached to a matching pattern on a
substrate, the bumps provide the interconnection, which is
conventionally achieved by wire bonding. Among the various
bumping methodologies, the electroless nickel (EN) metalliza-
tion and bumping process is relatively low cost and straight-
forward (Ref 3-11). In cases where multi-element lead-free
solder is difficult to deposit by electroplating, electroless nickel
metallization plus other direct solder application techniques,

such as stencil printing, will be a more feasible processing
route. Aluminum, with minor doping of other elements, is the
dominant material for IC bond pad metallization. Aluminum is
catalytic for electroless nickel deposition. However, as alumi-
num instantaneously oxidizes during rinsing or exposure to air,
the oxide films will completely suppress metallization or
prevent the formation of intermetallic bonds between the EN
and the substrate, resulting in adhesion failure.

Zincating of the aluminum pads is a widely used process
step that activates the pads for subsequent EN deposition,
which in principle, gives rise to good adhesion between pad
and bump. Zincating relies on the electrochemical exchange
reaction between zinc complexes in solution and aluminum
metal, depositing zinc crystallites at the expense of aluminum
dissolution (etching). Several methods have been tried to
improve the adhesion between the plated Ni film and the Al
pad. The improvement of adhesion by changing of bath
chemistry (Ref 12), applying modified deposition techniques of
Al substrates (Ref 13), and using a multiple zincate process
(Ref 13, 14) were all tried. These methods imply that the
zincate morphology control is important to increase the
adhesion between the Al pad and the Ni bump. Dense Zn
particles give rise to good adhesion between the Al pad and the
Ni bump. The multiple zincating process is used widely in
industry to improve the adhesion strength between Ni and Al. It
provides dense Zn particles, and improves the adhesion of
electroless Ni layers. Using a double zincating treatment in
which the first zincate treatment is followed by Zn stripping in
an acidic solution and then by a second zincating treatment,
a smooth and uniform Zn deposition layer is obtained
(Ref 12-15). However, the multiple zincating treatment has
several problems such as being a complex process and an
excess of Al dissolution due to the aforementioned Zn stripping
step in a concentrated HNO3 solution. In electrodeposition,
ultrasonic agitation is beneficial to enhance the mass transport
of cations to the cathode surface, thus reducing concentration
polarization (Ref 16, 17). It was shown that the ultrasonic
agitation during zincating produced the dense population of
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small Zn particles and increased the coverage of a Zn
intermediate layer. The uniform Zn layer and the sufficient
coverage of Zn particles on Al surface increased the adhesion
between Ni and Al surface since electroless Ni deposition is
activated on the Zn layer (Ref 18).

In this study, aluminum coupons are (1) single zincated
with/without ultra-sonication, (2) double zincated with/without
ultra-sonication, (3) given a nickel strike and finally gold
plated. The different combinations will help to screen and
optimize the experimental conditions to get the best coating.
The effect of zincation and ultra-sonication on the morphology
and corrosion of gold-plated aluminum coupons are studied.

2. Experimental

2.1 Preparation of Plated Samples

Commercial pure aluminum plates of size 509 30 mm were
used. The plates were initially cleaned by immersing in dilute
(10%) alkaline (NaOH) solution and then in dilute (10%) acidic
(HNO3) solution. After the pretreatment step, the sequence of
main processes adopted was as follows: (1) chemical zincating;
(2) electrochemical nickel strike; (3) electrochemical gold
plating. The complete process sequence is as listed below.

1. mild etching-cleaning with weak alkaline cleaner (10%
NaOH);

2. rinsing with deionized (DI) water, room temperature
(RT);

3. cleaning in mild acid, RT (10% HNO3);
4. rinsing with DI water, RT;
5. first zincating; 10 sec, RT;
6. rinsing with DI water, RT;
7. nitric acid dip; 20% HNO3, 10 s, RT;
8. rinsing with DI water, RT;
9. second zincating; 10 sec, RT;

10. rinsing with DI water, RT;
11. nickel strike, 60 s at 1 A/dm2, 55-60 �C;
12. rinsing with DI water, RT;
13. gold plating in cyanide bath, 5 min at 2 A/dm2,

50-55 �C;
14. rinsing with DI water, RT.

Steps 7 to 10 in the process flow sheet were not followed in
the case of single zincating process. Zincating was done under
ultrasonic agitation (28 kHz frequency) for both single and
double zincating. The composition of zincating bath is shown in
Table 1. Zincation was done by immersing the pre-cleaned
aluminum coupons in the zincating bath for 10 s at room
temperature; this chemical process ensures the adhesion of zinc
to the aluminum surface. The first zincating step done without
and with ultrasonic agitation of aluminum samples were
designated as Au-w-o-1 and Au-w-u-1, respectively. The second
zincation was done in the same fashion but pretreated with 20%
nitric acid and washed. Second zincation was also done without
and with ultrasonication and the aluminum samples were
designated as Au-w-o-2 and Au-w-u-2, respectively.

Nickel strike was given from a Watt�s bath (nickel sulfate
250 g/l, nickel chloride 45 g/l, boric acid 30 g/l) maintained
between 55 and 60 �C. Nickel strike was done for a period of
60 s at 1 A/dm2. Nickel plate was used as anode.

The final step was gold plating. The composition of plating
bath is given in Table 2. Gold plating was carried out at a
current of 2 A/dm2 for a period of 5 min. Platinum sheet was
used as counter electrode. The plating bath was maintained
between 50 and 55 �C. Gold plating thickness was estimated by
weight difference.

2.2 Instrumentation

Surface morphology of zincated and gold-plated surface was
studied using a scanning electron microscope (SEM) TESCAN
Vega. All electrochemical experiments were conducted with a
PGSTAT 302 Autolab system (Ecochemie, Utrecht, The
Netherlands). It was connected to a PC running with Eco-
Chemie GPES software. The reference electrode was Ag/AgCl
(3 M KCl) and the counter electrode was a platinum wire
supplied along with the instrument. The electrolyte solution
was 0.1 M H2SO4. The electrodes were arranged in a flat cell
(Wear and Friction Tech, Chennai) such that 1 cm2 area of the
working electrode (sample) was exposed to the electrolytic
medium. Pull-off adhesion test (Defelsko Positest) was done to
study the adhesive strength of the Au coating on Al substrate.

3. Results and Discussion

3.1 Analysis of SEM Images

Figure 1a shows the SEM image of Au-w-o-1 sample.
Single zincated surface reveals a nonuniform adhesion of zinc
particles to the Al substrate. In some spots, the bare Al surface
is exposed while there is overlapping of zinc particles in some
spots. The Zn nucleation reaction in the zincating is mainly an
exchange reaction between Al substrate and Zn ions in the
solution. Zn nuclei formed at the beginning of the reaction tend
to keep growing into large size particles unless the growth is
interrupted. The slow nucleation rate produces the rough
deposits which are the mixture of the large and small particles.
When the zincation was done with ultra-sonication, the change
in deposition is quite noticeable as shown in Fig. 1c. One
could see a uniform dispersion of zinc particles as against the
one without sonication. These effects will enhance the Zn

Table 1 Chemical composition of zincating bath

Chemical Quantity, g/l

ZnO 4
NaOH 120
NaNO3 1
KNaC4H4O6Æ4H2O 50

Table 2 Chemical composition of gold plating bath

Chemical Quantity

GPC (gold plating cyanide) salt 4.68 g/l (Au 3.2 gpl)
KCN 2.275 g/l (CN�/Au = <0.30)
K2Cr2O7 167 g/l
H2SO4 8.3 ml/l
HNO3 16.7 ml/l
KOH 16.7 g/l
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nucleation on Al surface. The increased nucleation rate and,
thus, fine particle distribution by ultrasonic agitation is evident
in the specimen which was single zincated for a short time.

Ultrasonication using a bath ultrasonicator is a well-known
technique used to disperse carbon nanotubes (Ref 19, 20).
Ultrasonication imparts a high energy density in the solution.

Fig. 1 SEM micrographs of bare and zincated aluminum coupons. (a) Single zincated without ultrasonication, (b) double zincated without
ultrasonication, (c) single zincated with ultrasonication, (d) double zincated with ultrasonication, (e) aluminium bare substrate
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Ultrasonication generates alternating low-pressure and high-
pressure waves in liquids, leading to the formation and violent
collapse of small vacuum bubbles. This phenomenon is termed
cavitation and causes high-speed impinging liquid jets and
strong hydrodynamic shear-forces. These effects are used for
the deagglomeration and milling of micrometer and nanometer-
size materials as well as for the disintegration of cells or the
mixing of reactants. Cavitation can break the aggregated
particles apart, which will improve the dispersion and improve
the mechanical property of the deposit. When two particles are
separated by a distance of only a few particle diameters,
hydrodynamic forces of repulsion and attraction are involved in
the ultrasound field (Ref 21). The maximum tensile strength is
the balance of the contracting force and repelling force created
in the ultrasound field (Ref 22). SEM image in Fig. 1c proves
that the time allocated for sonication was sufficient to produce
uniform dispersion of zinc particles. Increase in sonication time
is also not advisable as it leads to degradation of mechanical
properties of the deposit (Ref 23). Thus, there is a trade-off
between improving dispersion and damaging the deposit.

Figure 1b shows the SEM image of Au-w-o-2 sample.
Double zincation as against single zincation was highly
effective in enhancing the deposit of finer zinc particles but
the adhesion was not uniform. The deposit has lot of troughs
and valleys and large number of discontinuities. When the
double zincation was done with ultrasonication, the beneficial
effect is highly visible as shown in Fig. 1d (Au-w-u-2). The
deposit appears neat with a uniform adhesion and fine
dispersion of zinc particle. This result concurs with the earlier
report on this topic (Ref 18). The double zincating with
ultrasonic agitation produced much smaller and denser Zn
particles. The dense particles essentially became a continuous
film. Figure 1e shows the SEM micrograph of bare aluminum
sample.

Electrochemical Ni deposition is activated on the Zn layer
which was provided by the zincate treatment. The adhesion of
the Ni layer on the Al substrate depends on the Zn coverage
since the Ni layer and Al surface are connected by the Zn
intermediate layer. The single zincate treatment in a conven-
tional method formed the Zn particles of various sizes and left

many vacant sites on the Al surface, which resulted in the poor
Zn coverage on the Al surface. The adhesion of Ni layer on Al
substrate was weak; in that case, the gold adhesion shall also be
weak.

Gold-plated (�5 lm thick) samples reflect similar charac-
teristics. SEM images of A-w-o-1 sample are shown in Fig. 2a.
Higher magnification clearly shows spindle-shaped gold parti-
cles deposited in discontinuous fashion with exposed nickel
surface. The length of gold spindles is in the range of
400-600 nm. This result confirms the fact previous history of
pretreatment have a definite impact on the final deliverable
product. Ultrasonication during single zincation improves the
dispersion of gold particles as shown in Fig. 2b. Spindle-
shaped gold particles lie close neck to neck indicating a finer
disposition of particles, in some spots.

Figures 3 (a) and (b) show the SEM images of Au-w-o-2
and Au-w-u-2 samples, respectively. Double zincation ensures
dense dispersion of gold particles in both the samples but the
effect of ultrasonication on the de-agglomeration of gold
spindles is clearly evident in Fig. 3b. Though the particles are
deposited neck to neck in both the cases, the dispersion is more
coherent and uniform in the sonicated sample. Agglomerations
observed in some portions in the nonsonicated sample proclaim
the need for sonication for the preparation of uniform plated
surface.

3.2 E-log I polarization studies

E-log I polarization curve is a potentiodynamic corrosion
curve obtained by recording the current output against a range
of applied potentials. Corrosion is a process and not just a
property of the material. The corrosion potential, therefore, is
uniquely characteristic of the physics and chemistry at the
solution-surface interface and not just of the alloy itself. This
potential is a measure of all the electrochemical processes
occurring at the surface and the environmental influence on
those processes. Since electrons are exchanged during such a
corrosion process, the reactions involved create an electro-
chemical potential. This potential is called the ‘‘corrosion
potential or mixed potential’’. Since the corrosion potential is

Fig. 2 SEM micrographs of gold plated aluminum coupons. (a) Without ultrasonication—single zincated/gold plated, (b) without
ultrasonication—double zincated/gold plated
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created by the electrochemical process, its value reflects all of
the processes causing corrosion (how fast corrosion will occur)
and the ‘‘corrosion current’’ reflects the magnitude of corrosion
or rate of corrosion.

Figure 4 shows the polarization curves of uncoated alumi-
num recorded in three subsequent scans in 0.5 M H2SO4

solution at the scan rate of 5 mVs�1. Table 3 shows the results
of corrosion data interpreted from Tafel slope. Aluminum, in
general is corrosion resistant because of the protective alumina
film formed on its surface; this film is quite stable in aqueous
solutions where the pH is between 4.0 and 8.5. The oxide film
is naturally self-renewing and accidental abrasion or other
mechanical damage of the surface film is rapidly repaired (Ref
24, 25). In the 1st scan (Fig. 4), the corrosion potential was
�520 mV indicating active corrosion of the metal. This
happens because the real surface comprises various types of
defects. The total area occupied by such defects is low, (in
99.99% Al it is only 0.2% of the surface); however, it still bears
a large impact on the corrosion performance and durability of
the aluminum. The defects filled with the acid provide anodes,

while the residual metallic impurities act as cathodes. At all
temperatures, the electrochemical reaction,

Al! Al3þ þ 3e E0 ¼ �1:66V ðEq 1Þ

is more electronegative than the hydrogen evolution reaction
so that the anodic reaction is the limiting reaction. The sec-
ond scan shows a different history. The corrosion potential
becomes more negative, i.e., �615 mV while the corrosion
current decreased (6.29 10�6 A) implying enhanced corro-
sion of aluminum but with lower rate of dissolution. It
appears paradoxical but in reality it is not so. Once the Al3+

ions are formed, they tend to react with water molecules to
form aluminum hydroxide as,

Al3þ þ 3H2O! Al OHð Þ3þ3Hþ E0 ¼ �1:55V ðEq 2Þ

The product forms a passive film on the surface and hinders
further dissolution of metal so that electrons needed for the
reduction of protons is not available. This explains the decrease

Fig. 3 SEM micrographs of gold-plated aluminum coupons (with ultrasonication). (a) Ultrasonication—single zincated/gold plated,
(b) ultrasonication—double zincated/gold plated
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Fig. 4 E-log I polarization curves for bare aluminum in 0.1 M
H2SO4 solution

Table 3 Corrosion currents and corrosion potentials
calculated from E-log I polarization curves
for all the gold-plated samples

Sample No. of scan Ecorr , V Icorr , A

Uncoated Al 1 �0.520 2.99 10�6

2 �0.615 6.29 10�6

3 �0.595 4.89 10�6

Au-w-o-1 1 �0.190 1.49 10�5

2 �0.183 1.09 10�5

3 �0.186 1.09 10�5

Au-w-u-1 1 +0.043 5.29 10�6

2 �0.003 9.29 10�6

3 �0.065 5.89 10�6

Au-w-o-2 1 �0.003 7.89 10�6

2 �0.060 1.29 10�6

3 �0.133 1.1910�6

Au-w-u-2 1 +0.103 3.59 10�6

2 +0.043 7.59 10�6

3 +0.029 7.1910�6
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in corrosion current. The alkaline local pH tends to shift the
corrosion potential to more negative direction (Ref 26). It is
known that a passive surface is more corrosion-resistant than an
active surface. The result of third scan is not so different from
the second scan except for a minor variation.

The purpose of gold plating is to prevent corrosion as it is
the most nonreactive of all metals and is benign in all natural
and industrial environments. Gold never reacts with oxygen
(one of the most active elements), which means it will not rust
or tarnish. Gold is among the most electrically conductive of all
metals. Gold is able to convey even a tiny electrical current in
temperatures varying from �55 to +200 �C. ‘‘Purple plague’’ is
a brittle gold aluminum compound formed when bonding
gold to aluminum. The growth of such a compound can cause
failure in microelectronic interconnection bonds. In order to
avoid this complication, nickel strike is preferred as an
intermediate step.

Figure 5 shows the E-log I polarization curves for the
(single zincated, unsonicated) Au-w-o1 sample. Corrosion (or
mixed) potential was �190 mV in the initial scan; this value
did not change noticeably in the subsequent scans. As expected,
the shift in corrosion potential was in the positive direction by
330 mV as against bare aluminum, an indicative of corrosion-
resistant surface. Surprisingly, corrosion current was higher
than the uncoated aluminum; it shows an increase in the rate of
corrosion; this means that the corrosion occurs at a higher rate
at lower equilibrium potential.

Such an interpretation would hold well for any active metal
surface but not for a noble metal-like gold which do not
undergo corrosion in acids and alkali solutions. It is known that
corrosion potential is also a mixed potential involving both
anodic and cathodic reactions and gold is a very good catalyst
in fuel cell reactions (Ref 27). In fact it is used along with
platinum to enhance the hydrogen evolution reaction. So the
mixed potential of �190 mV was due the following reactions
on the gold surface:

Cathodic reaction: 2Hþ þ 2e! H2 " E0 ¼ 0V ðEq 3Þ

Anodic reaction: H2O! 1=2O2 þ 2Hþ þ 2e E0 ¼ 1:229V

ðEq 4Þ

Increase in corrosion current as against the bare aluminum
surface is a pointer to catalytic behavior of gold to hydrogen in
acid solution.

In Au-w-u-1 sample, mixed potential was shifted to the
noble direction by 157 mV (as compared to Au-w-o-1) in the
initial scan; the value was 43 mV (Fig. 6; Table 3). Such a
response is a measure of stability of the gold-plated surface to
corrosive environment. In the second and third scans, the
potentials were 0.0 and �65 mV, respectively. Such a change in
mixed potential denotes a change in metallic surface, most
probably could be due to the corrosion of layer beneath the fold
layer. This could occur if the thickness of gold plating is very
low or there exists defect in the gold-plated surface. This
reaction could favor the cathodic reaction which would shift the
mixed potential toward active direction. Initial shift of mixed
potential recorded in the very first scan is a signature of surface
morphology determined by the plating parameters.

For Au-w-o-2 sample, E-log I polarization curves recorded
are shown in Fig. 7; in this case, the pretreatment includes
double zincation but without ultrasonication. On comparing the
single zincated (Au-w-o-1) and double zincated (Au-w-o-2)
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Fig. 5 E-log I polarization curves for Au-w-o-1 (gold-plated sam-
ple with single zincating and without sonication)
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Fig. 6 E-log I polarization curves for Au-w-o-2 (gold-plated sam-
ple with double zincating and without sonication)
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Fig. 7 E-log I polarization curves for Au-w-u-1 (gold-plated sam-
ple with single zincating and with sonication)
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(without ultrasonication) samples, it was clear that Au-w-o-2
sample gives a positive shift to the mixed potential. The shift
was 187 mV in the positive direction. Therefore, double
zincation is more preferable and beneficial during the pretreat-
ment step so that better gold plating can be attained.
Subsequent scans show a shift of potential toward negative
direction whose behavioral pattern is similar to that of Au-w-u-1
sample.

Figure 8 shows the E-log I polarization curve for the
Au-w-u-2 sample. This sample shows the best result; the initial
scan revealed the mixed potential at 103 mV. This sample
underwent double zincation as well as ultrasonication. A
100 mV shift toward noble direction against Au-w-o-2 sample
was noted. This favorable result could be attributed to solely
the sonication during the zincation step. The benefit of double
zincation against single zincation aided by ultrasonication may
be understood by the mixed potentials of Au-w-u-1 and Au-w-
u-2 samples; they were 43 and 103 mV, respectively. The shift
was 60 mV. So, both sonication and double zincation play
a crucial role in determining the surface morphology, unifor-
mity, and particle growth of gold during the plating which in
turn decides the immunity of the surface to the corrosive
environment.

3.3 Pull-Off Adhesion Test

The adhesion strength of the gold coatings on Al/Ni
substrates was measured with a pull off tester. In the pull test,
the specimens for each test were glued onto an aluminum stud
(dolly) of 20 mm diameter with epoxy, followed by curing at
room temperature for 24 h. The dollies were subject to pulling
using a manual hydraulic system. Table 4 shows the results
obtained for all the samples and Fig. 9 shows the dolly and
specimen after the completion of the test. The figure reveals the
precise failure of the coated layer along the edge of the dolly.
For a poorly adherent surface, the edges would break and film
would be peeled off from surface beyond the dolly edge. Ultra-
sonicated, double zincated sample gave the highest adhesion
while the double zincated sample without sonication gave the
lowest value. The critical load values measured from the pull
test showed that the ultrasonic agitation during zincating
treatment enhanced the adhesion of the Au coatings on Al/Ni
substrates.

4. Conclusions

We showed that the significant adhesion strength enhance-
ment of gold-plated layers on Al/Ni substrates can be attained
by applying ultrasonic agitation during zincating. Ultrasonic
agitation during zincating produced the dense population of
small Zn particles and increased the coverage of a Zn
intermediate layer. The uniform Zn layer and the sufficient
coverage of Zn particles on Al surface increased the adhesion
between Ni and Al surface as well as the Ni and Au surface.
Gold-plated sample prepared under ultrasonication and double
zincation gave the best results in the adhesion pull off test
which is good measure of adhesion strength of gold coating to
the substrate. SEM images of the same sample show spindle-
like gold particles dispersed uniformly with a fine coverage of
substrate. E-log I polarization studies confirmed the higher
corrosion resistance of this sample under the present experi-
mental conditions as indicated by the positive corrosion
potentials. Hence, we claim that double zincation during
ultrasonic agitation produces the best substrate for electro-
chemical plating of nickel and gold.
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Table 4 Pull off adhesion test results

S. No. Coating Load required for pull-off, MPa

1 Au-w-o-1 0.73
2 Au-w-o-2 0.63
3 Au-w-u-1 0.97
4 Au-w-u-2 1.78

Fig. 9 Test sample and dolly after pull-off adhesion test
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