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Electrochemical Processes in Sulfite Gold Plating Solutions
and Some Properties of Gold Coatings

The kinetics of gold electrodeposition from Au(l) sulfite solutions have been studied by impedance spectros-
copy and polarization measurements on a rotating disk electrode. Two solutions were used: a NasAu(SOs)2-
based electrolyte with 2,2'-bipyridine as stabilizing additive and an electrolyte containing (NH4)3Au(SOz)2.
The polarization curves show a rise in current with increasing rotation speed of the electrode up to 300 rpm. It
was found that contributions to the impedance spectra come from the steps of charge transfer and gold ad-
atom incorporation into the crystal lattice, as well as from the relaxation of surface coverage with adsorbed
species in an inhibiting layer. An equivalent electrical circuit was suggested to describe the impedance spec-
tra. This circuit provides good approximation of impedance plots for both electrolytes at all electrode poten-
tials. The overall cathodic reaction in both electrolytes appears to consist of the steps of the same nature.
Some properties of the Au coatings (micro hardness, size of crystallites) were also determined. Soft gold
coatings with micro hardness of 0.66 GPa are obtained from the electrolyte based on (NH4)3sAu(SOs)2, the
coatings with a higher micro hardness (~0.85 GPa) are deposited from the electrolyte containing 2,2'-
bipyridine.

Keywords: gold plating, sulfite electrolyte, 2,2'-bipyridine, ethylenediamine, inhibiting layer, impedance
spectroscopy, polarization curve, rotating disk electrode, micro hardness.

Introduction

Sulfite solutions are used for the electrolytic deposition of thick gold coatings in microelectronics, opto-
electronics, integrated optics [1-5], for fabricating X-ray gratings [6, 7] and other microstructures [8]. These
electrolytes have near-neutral pH value which enables to deposit rather thick (> 20 um) gold layers through
photoresist patterns for fabricating different devices operating in microwave band.

From the sulfite electrolytes, bright and soft coatings that have low internal stress even at considerable
thickness are obtained [2, 9] if the optimal deposition regime and electrolyte composition were selected. Sta-
bilizing additives are required for stable and long work of sulfite electrolytes.

Another aspect concerning the sulfite gold plating solutions is the need to adjust the bath regularly be-
cause sulfite ions are consumed during bath operation at elevated temperature and are oxidized by oxygen in
the electrolyte open to the air. For this reason, the electrolytes based on ammonium sulfite have some ad-
vantages over the electrolytes based on sodium sulfite since the former are characterized by a much higher
concentration of sulfite ions. These circumstances determined the choice of the electrolytes in this work. The
aim of this work is to study the effect of sulfite electrolyte composition on the kinetics and mechanism of
gold electrodeposition and on some properties of gold coatings.

Experimental

The electrolytic deposition of Au coatings was performed in stirred solutions at a temperature of 50 °C
on specimens of copper foil (MO). The copper surface was pre-activated in a 10 % H,SO4 solution for 30 s.

Two gold plating electrolytes were studied in this work:

1. Electrolyte No.1 based on sodium sulfite with addition of 2,2'-bipyridine as a stabilizer. The compo-
sition is as follows: gold as metal — 8.5 g L?, sodium sulfite — 40 g L, ethylenediamine — 32 g L, 2,2'-
bipyridine — 0.1 g L%, pH 7.2. In this electrolyte gold is present as complex compound NasAu(SQOs).. Cur-
rent density is 20-25 A m, current efficiency is 96-98 %.
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2. Electrolyte No. 2 based on ammonium sulfite. The composition is as follows: gold as metal —
9.0 g L, ammonium sulfite — 100 g L?, pH 6.8. In this electrolyte gold is present as complex com-
pound (NH)sAu(SOs),. Current density is 20-40 A m, current efficiency is 94-95 %.

The electrolytes were prepared using deionized water and the following chemicals: sodium sulfite of
chemically pure grade, ammonium sulfite monohydrate (Sigma Aldrich), 2,2'-bipyridine of analytical rea-
gent grade, ethylenediamine of analytical reagent grade purified additionally by distillation. Sulfite complex-
es of gold, NasAu(SOz). and (NH.)s:Au(SOs),, were prepared from HAUCI,H,O (chemically pure) as de-
scribed in [10].

Electrochemical measurements were carried out on a rotating disk Pt electrode at rotation speeds of
100-300 rpm. To this end a RDE-2 rotating disk electrode unit (Metrohm, Autolab B.V.) was used. Polariza-
tion curves were measured in a three-electrode thermostatted cell (at 50 °C) using Autolab potentiostat, mod-
el PGSTAT302N. Before measurements, a gold layer of ~1 um in thickness was deposited on the electrode
surface from the electrolyte under study at a current density of 20 A m2 for 8 min. The electrode surface area
was 0.07 cm?. A Pt electrode was used as anode since gold does not dissolve in sulfite electrolytes. The main
anodic reaction is the electrooxidation of sulfite ion. All potentials are referred to the NHE scale.

Impedance spectra were measured over a frequency range from 10 kHz to 0.01 Hz at an a.c. signal am-
plitude of 10 mV using a Solartron 1280Z system. In the course of measurements, the electrode potential was
changed in the cathodic direction by steps of 0.02-0.04 V; each potential was held for 10 min to achieve the
steady state. Impedance spectra were obtained under the following conditions: 50 °C, rotating electrode,
300 rpm.

The structure of the coatings was studied using scanning electron microscopy (Hitachi S-3400N). The
coating micro hardness was measured by the Vickers method using micro hardness tester DM-8 Affri with
applied load of 3 g.

Results and Discussion

From the electrolyte No. 1, the coatings were obtained at 2,2'-bipyridine concentration of 0.1 g L™
When the additive concentration was lower, the stability of electrolyte was insufficient, metallic gold parti-
cles appeared in bulk solution; at higher concentrations coatings of poorer quality were obtained: the dendrite
growth and coating discontinuities were observed. Addition of 2,2’-bipyridine increased to some extent the
coating hardness (up to ~0.85 GPa) and the coating roughness (Fig. 1).

Figure 1. Micrograph of the surface of a coating obtained from the electrolyte No.1.
Magnification x1000

The currents in the electrolyte No.1 increase with rotation speed up to 300 rpm (Fig. 2a) while further
enhancement of the rotation of the electrode has only slight effect on polarization curve. The polarization
curves have three regions of clearly different slope (Fig. 2a), with the slope of the first region being 0.08—
0.11 V/decade. The adsorption of 2,2'-bipyridine inhibits the electrode process thus resulting in considerably
larger magnitudes of cathodic polarization.
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From the electrolyte Nao. 2, bright coatings with low hardness (0.66 + 0.05 GPa) were deposited. To
stabilize the electrolyte further, ethylenediamine was added (32 g L™%); this resulted in increasing current effi-
ciency (up to 97-98 %) and micro hardness (up to 0.82 = 0.04 GPa). As evidenced by electron microscopy,
the average size of crystallites decreased from 37 nm to 27 nm (Fig. 3).

The polarization curves in electrolyte No.2 have also a complex shape (Fig. 2b). In particular, a larger
slope of the polarization curve is observed at moderate current densities. This suggests that an inhibiting lay-
er forms on the electrode surface. At further rise of the polarization, desorption of adsorbed species occurs
and the slope decreases again. The electrode rotation has a marked effect only at rather high polarizations,
this appears to be related to diffusion limitations in that polarization region. Figure 2 shows typical polariza-
tion curves. The relative standard deviation of the current density was about 10-15 %.
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Figure 2. Cathodic polarization curves (a) in the electrolyte No. 1 and (b) in the electrolyte No. 2
at rotation speeds of 0 (1), 100 (2) and 300 (3) rpm

The overall electrode reaction is:
[AU(SO3)2]37 +e =Au+ 280327
and it can contain several steps (mass transfer, electron transfer, complex ion dissociation, ad-atom incorpo-
ration into the crystal lattice) and can be affected by the adsorption of different species. In order to determine
the nature of steps in the process under study, the impedance measurements were performed.

For the electrodes on which the gold electrodeposition occurs, two types of the complex plane imped-
ance plots (Fig. 4, 5) were obtained depending on the electrode potential. At low cathodic polarizations, the
impedance plot consists of a capacitive arc at high frequencies and an inductive arc at low frequencies
(Fig. 4a, 5a). At higher cathodic polarizations, the impedance plots display two capacitive arcs followed by
an inductive arc (Figures 4b, 5b).
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a)

Figure 3. Micrographs of the surface of coatings obtained from the electrolyte No. 2 (a)
without ethylenediamine and (b) with ethylenediamine additive. Magnification x100 000
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Figure 4. The impedance spectra in electrolyte No. 1. Circles are experimental points, solid lines are fitted curves
obtained using the equivalent circuit presented in Figure 6. Electrode potential: (a) —0.04 V; (b) —0.36 V
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Figure 5. The impedance spectra in electrolyte No. 2. Circles are experimental points, solid lines are fitted curves
obtained using the equivalent circuit presented in Figure 6. Electrode potential: (a) -0.18 V; (b) -0.28 VV

The first (high-frequency) capacitive arc corresponds to the charge transfer resistance in parallel with
the double layer capacitance. The second capacitive arc is assumed to be related to the incorporation of gold
ad-atoms into the crystal lattice. It should be noted that, depending on the conditions, the reagent diffusion in
solution can also contribute to the second capacitive arc. However, the impedance was measured at the rota-
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tion speed of 300 rpm, when the current, as mentioned above, ceases to change with further increasing rota-
tion speed. Consequently, the diffusion contribution to the impedance is small. The inductive arc can be ex-
plained with the following assumptions: additives to the electrolyte adsorb on the electrode surface; adsorp-
tion of the additives inhibits the discharge of Au(l) complex ions; adsorption of the additives depends on the
electrode potential and decreases as the cathodic polarization increases. The possibility of inductive arc ap-
pearing for the charge transfer reaction coupled with inhibitor adsorption has been demonstrated by
Mészaros et al. [11].

At gold electrode in sulfite electrolyte, the inhibiting (passivating) layer with which the inductive arc is
associated can have a complex composition. The layer supposedly contains chemisorbed sulfite ions and sul-
fur [12], chemisorbed OH groups, adsorbed molecules of organic compounds (ethylenediamine, bipyridine,
etc.). The adsorption in this layer must not be very strong in order that the amount of adsorbate could re-
spond to a sinusoidal potential perturbation used in impedance measurement.

Bipyridine adsorbs well at electrodes from aqueous solutions, and in particular, at Au electrodes from
neutral electrolytes [13-16]. The adsorption of 2,2'-bipyridine is potential dependent [14, 15], decreases as
the potential is lowered; in a neutral perchlorate solution, desorption of 2,2’-bipyridine from the Au(111) sur-
face is completed at £ ~ -0.65 V [14]. Such features of bipyridine adsorption are favorable for an inductive
arc to appear in impedance plots.

Taking into account possible steps of the process, an equivalent electrical circuit (Fig. 6) is suggested.
The elements of this circuit have the following physical meaning: Rs is the solution resistance, R; is the
charge transfer resistance, R,C, elements describe the ad-atom incorporation step, and RsCs elements (with
negative R and C) are related to the inductive arc. The frequency responses of a negative resistance in paral-
lel with a negative capacitance and of a positive resistance in parallel with a positive inductance are identical
at certain relations between the parameter values [17]. Because of this RC couple is also used in the equiva-
lent circuit to model inductive arc. The charge transfer resistance R; and R,C; elements (for the ad-atom in-
corporation step) have the positive sign for the process of metal deposition.
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Figure 6. Equivalent electrical circuit

The constant phase element (CPE) is used in equivalent circuit instead of the double layer capacitance.
The CPE originates generally from a distribution in the current density along the electrode surface as a result
of surface inhomogeneity (geometric, structural, and energetic) [18-20]. The impedance of CPE is
Zcre = [Q(jo)P]* where j is the imaginary unit, o is the angular frequency of alternating current, Q is the
CPE coefficient, p is the CPE exponent. For gold plating electrolytes studied, p = 0.90-0.91 (electrolyte
No. 1) and p = 0.92-0.94 (electrolyte No. 2); the p value depends only slightly on the electrode potential.

The equivalent circuit shown in Figure 6 provides good approximation of both types of impedance
spectra (Fig. 4, 5).

At low cathodic polarizations, there is no second capacitive arc (Fig. 4, 5); it can be supposed that the
charge transfer is the rate-limiting step under these conditions. The relaxation of the surface coverage in the
inhibiting layer is also manifested in this polarization range. When the potential shifts in the negative direc-
tion and the charge transfer becomes faster, kinetic limitations arise in the ad-atom incorporation step and the
second capacitive arc appears in the impedance plot. The rate-determining step seems still to be the charge
transfer as evidenced by the size of two capacitive arcs.

Despite the variations in electrolyte composition, the impedance plots are similar (Fig. 4, 5) and the ex-
perimental impedance spectra can be fitted using the same equivalent circuit for both electrolytes. Thus, the
steps comprising the mechanism for the overall cathodic reaction are of the same nature in electrolyte No.1
and No.2. Some differences between the impedance spectra in the investigated electrolytes are mainly due to
the variations in the values of rate constants of the steps and in the properties of inhibiting layers on the elec-
trode surface.
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Conclusions

The kinetics and mechanism of gold electrodeposition were studied in two sulfite electrolytes: (i) an
electrolyte containing NasAu(SOs), and 2,2'-bipyridine additive; (ii) an electrolyte containing
(NH.)3:Au(S0s),. Bipyridine adsorbs well at Au electrode, inhibits the electrode process and has an apprecia-
ble effect on the properties of Au coatings. In particular, addition of 2,2'-bipyridine increases the coating
hardness up to ~0.85 GPa. From the electrolyte based on ammonium sulfite, the coatings with a lower hard-
ness (0.66 + 0.05 GPa) are deposited.

The impedance spectroscopy data suggest that the overall cathodic process in both electrolytes involves
the steps of charge transfer and gold ad-atom incorporation into the crystal lattice; the relaxation of surface
coverage with adsorbed species also affects the impedance spectra.
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