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Nowadays, the cyanide and ferrous cyanide solutions are uSg ice for gold plating. The
traditional baths employed for soft gold as well 3 plating Contain the cyanide complex,
[Au(CN).],, as the source of gold, which re p ide i i
compounds are very toxic, and formation and mainténa 3
technical personnel; also, they attack phot ate circuit patterns and bonding pads.
Due to this reason, and especially in m@dern t| ! glis7a trend of using the electrolytes without
content of cyanides. These electrolyteS are sedOn some organic compounds. This article is
an overview of the non-cyanide el or goldiplating introduced into practice or only tested in

appearance and adhesion. At the same time, this bath
& months.

The history of gold deposition began in the early nineteenth century when many art objects
were electroplated with gold. It has been traced to the early work of Brugnatelli in 1805 [1]. Gold
electroplating formulations based on the double salt gold potassium cyanide was patented in 1840.
Since then, many types of gold formulations have been produced to meet the market requirements. Due
to the changing trends in fashion, the application of certain colours or shades of the electroplated gold
can only last for about forty years [2, 3]. The electronics industry began its development in the 1940’s
and 1950’s; during this period, platters faced new demands for deposits with different properties,
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required for decorative plating. The modification of the gold deposits physical properties was required
by electronics manufacturers. The electronics manufacturers required that the physical properties of the
gold deposits be modified. They were interested in the conductivity, contact resistance, corrosion
resistance, electrical as well as physical wear resistance, and the hardness and purity of the deposits.
Since the properties of the electroplated gold films are influenced by the incorporation of impurities or
inclusion of other metallic or non-metallic constituents, both electroplated soft and hard gold being
used in the electronics industry faced no exception. This has led to the development of more gold and
gold alloy baths [3-6]. Gold plating was not only limited for decorative applications witlr the beginning
of the electronics era. Nonetheless, the use of gold for decorative applications still contributes to about
ten percent of present-day gold plated items [5].

The motives behind the use of electroplated gold changed dramati
century when the emerging electronics industry required special-purpo

tieth
ections. The

emperature. Also it has high
jcal contacts [7].
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industries, edical processes and electronics industries such as in computers, telecommunica-
tions, aerospace applications, etc [8-18]. The combination of excellent electrical conductivity and
high corrosion resistance has led to its widespread use as a standard material for interconnects, bond
pads, contacts, as well as conductors, electrodes, and other passive components. Depending on the use,
most micro fabricated gold can be classified as hard or soft gold [6].

Hard gold is mainly used in connectors or jewellery, where wear is a concern [18], but also as a
contact material for electrical connectors and printed circuit boards (PCBs), relays and switches, which
should be resistant to mechanical wear whilst having a low electrical contact resistance [11, 12 and 6].
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Hard gold alloys are particularly employed in those fields of industry where the contact is subjected to
wear by the making and breaking of connections. In general, hard gold is obtained by codepositing
gold with metals such as nickel, cobalt and iron as hardening agents [6, 19]. Inclusion of these
materials considerably alters the properties of the deposit, giving a significant rise in hardness and
wear resistance [20-22]. The presence of impurities also reduces the tendency of the gold layer to weld
by friction, which makes this material very attractive for connectors and contact applications [17].

Soft gold is used where ductility, conductivity and purity are a priority, such as optoelectronics
devices, high frequency components, x-ray masks and bond pads. Soft gold is usu plated from
solutions containing thallium, arsenic, pyridinium and other compounds [23].

Soft gold, on the other hand, is used for electronic packaging, s
interconnects in integrated circuits (ICs), or forming connections to ext
automated bumping (TAB) or chip-on-glass (COG) and chip-on-flex
key process in all these technologies is gold wafer bumping. In additi

tape

and three-dimensional microstructures by the LithographigW@alvanoformung® Abformung (LIGA)
process, which are useful in micro-electro-mechanical systems
industry, gold is used to fabricate interconnects and tiamsmissi

A larger number of plating baths for thg '@
S

decomposition [9].
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igure 2. lllustration of gold bump plating by through-mask plating [29]

2. CHEMICAL PROPERTIES OF GOLD AND GOLD COMPLEXES

Gold is always electrodeposited from aqueous solutions of gold complexes, knowledge of the
characteristics of these complexes and in particular their stabilities are fundamental to any
consideration of the electrodeposition of gold. Gold is classified, with Cu and Ag, in group IB of the
periodic table and has a single s electron outside a completed d shell. Despite the similarity of these
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metals in electronic structures and ionization potentials, there are many important differences in their
redox chemistry. Much of the chemistry of gold and its compounds, especially its behaviour in
aqueous solution, can be related to its relatively high electronegativity, i.e. the tendency to attract
bonding electrons. Gold is very stable, as indicated by its lack of reactivity in air and in a majority of
aqueous solutions, including strong acids [30].

Gold is also the most noble of metals; it is the only metal that is not attacked by either oxygen
or sulfur at any temperature [31]. The stability of gold is reduced in the presence of certain complexing
ligands, such as cyanide, halides, thiourea and thiocyanate by formation of stable complexes. As a
result, gold can be dissolved in relatively mild oxidizing solutions, e.g. aerated aquegus cyanide
solutions. This unique behaviour allows gold to be extracted very selectively fro

Gold compounds exist almost exclusively in the Au(l) and the

ates,

although complexes of Au(lV) are known, and several Au(ll) compl identified in
solutions. However, neither of the simple aquated ions Au* nor Au® in\the freelState to any
significant extent. Gold compounds usually exist as complexes for. onding between a
central Au* and Au®* cation and a number of ligands, which may either b uchas ClI, Br, I, OH"

Au(CN),
Au(cys™ | ".0.144 [35]
Au(S,0,)(SO, ) [36]
Au(S,0,)S0,)*" [36]
Au(SO, )y 0.111 [37]
Au(S,0, )4 0.153 [34]
Au(th 22.2 0.380 [34]
OH)\ 21.9 0.400 [35]
Au 20.1 0.506 [35]
: 19.2 0.563 [34]
Aul, 18.9 0.578 [34]
Au(SCN), 17.5 0.662 [34]
AuBr,” 12.4 0.960 [34]
AuCl,” 9.2 1.154 [34]
Au’ 1.695 [34]

* CyS-cysteinate ion
**th-thiourea
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Table 2. Stability constants (B) for Au(IIl) species [22]

Au(ll1)
Complexes log B
Au(CN), 56
Au(OH), 55
Aul; a7
Au(SCN),
AuBr,,
AuCl,
Au(SOqs) ,

proportionation [17, 12, 9, 27] to form metallic gold or
]. For this reason, all gold plating processes are formulated

1)

the overall stability constant, 8, can be defined as:

B =[Aul > laur [ | @)

Some of the most common Au(l) complexes along with their stability constants and standard
reduction potentials are shown in Table 1. The magnitude of the stability constant is particularly
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important as it gives an indication of how stable the complex is likely to be and it also affects the
electrochemical characteristics. For example, the standard electrode potential of the gold complex
shifts to increasingly more negative potentials as the stability constants increases (see Table 1) [33].
Despite the importance of the stability constant in establishing the chemical and
electrochemical properties of the plating solution, there is relatively little data regarding the stability of
many gold complexes [35]. There are also some large discrepancies in stability constants obtained
from different literature sources. For example, a value of log B =10 is commonly assumed [9, 12, 24,

25, 27] for the Au(SO,); complex but recently it was shown that the available experimental data

indicates a much higher value of log f~27 and the observed characteristics of sulfite baths are more
consistent with the latter value [9, 36, 37, 39]. The values given in Table 1 refle
be the most consistent and reliable values, although considerable uncertg ome

species. In many cases, direct measurements of stability constants Mave possible and
approximate values have been inferred by a variety of indirect meth o% I5 possible to
a £ g

ationship between

Au(l) complexes and those of other metals with a d10 electron configuratio

. The stability of the gold cyanide

ggative potentials, resulting in the coreduction
and makes the development of electroless plating
during the reduction of [Au(CN),]| can be

found that the residual str. can be controlled in non-cyanide baths [14, 44]. Low-

stress deposits are of i i -ray lithography masks because they must be thin, flat,
and made from hij i ements. Lastly, the health and safety of workers and the
environmental i -scale use of cyanide are a concern.

rtant because many compounds have been prepared starting from
I11) precursors. The stability constants of Au(lll) shown in Table 2 are important
because A can also be used as the source of gold in baths in place of Au(l), and Au(lll) can also
be formed at the anode during plating through the oxidation of Au(l) [7].

3. PLATING PROCESSES

Figure 3 illustrates the process of electrodeposition using an electrolyte containing a complex
metal ion. Within the Helmholtz double layer, the co-ordinated positive metal ion in its ligand field is
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attracted towards the cathode surface. The distribution of ligands around the metal is distorted in this
region. The negatively charged complex ion becomes polarised in the electric field of the cathode, thus
the ligand ions are freed and the metal is then deposited onto the cathode [18, 24]. Finally, within the
Helmholtz layer the complex breaks up. Its component ligand ions or molecules are freed and the
metal cation is deposited as metal atom on cathode [24].
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Figure 3. Schematic diag deposition process [24]

In general, the principal r
cyanide, sulfite or thiosulfate

rodeposition [24] from a plating bath containing
monovalent gold ions is:

[Au(DL],, o +e —Al+L

(3)

complex

e reaction, the law of mass action dictates that:

(4)

where [Au] plex] and [Au(l)-complex] are the concentrations of gold ion, complex ion and gold
complex in the solution. The constant, B known as the stability constant, is a measure of the strength of
the complexant. Since the disproportionation of gold in solution is controlled by the concentration of
gold complex, knowledge of the stability constant of the complex is essential for the determination of
the bath stability [24].

Nowadays, the cyanide and ferrous cyanide solutions are used in practice for gold plating.
Those compounds are very toxic, and formation and maintenance of cyanide baths is expensive and
risky for technical personnel. Due to this reason, and especially nowadays, there is a trend of using the
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electrolytes without content of cyanides. Content of those electrolytes is mainly based on some organic
compounds. However, their usage has not found the satisfied industry use due to the low constant
stability that is demonstrated by complex destruction and extraction the elementary gold from
electrolyte.

4. CLASIFICATION OF GOLD PLATING BATHS

Gold plating baths can be classified into various categories depending on the gold'salt used, the
reaction mechanism, bath pH, and properties of the deposit obtained. The diag igure 3
illustrates this classification [25].

Gold salt Deposition mechanism Bath pH Property
Cyanide I___ Electroplating Ii— Acidic Hard gold
KAu (CN), Purity =99.8%
KAU(CN)4 (as metal) Hv >91
Displacement F_ﬁ Neutral I Soft gold
i Purity =99.9%
Non-cyanide I-_— Electroless (as metal) Hv =90
N33 Au [503}2
NaAuCl,
Chemical reduction I_ b Alkaline I-
Autocatalytic type
Substrate-catalysed type

7
Figu%fassification of gold plating [25]

cyanide type electrolytic or electroless hard gold plating bath has yet been developed to the authors’
knowledge.

This paper reviews currently available non-cyanide electrolytes for gold plating:

1. Sulfite bath

2 Thiosulfate bath

3. Mixed sulfite-thiosulfate bath

4 Thiourea bath
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5. Ascorbic Acid Bath
6. Baths Containing No Additional Reducing Agent
7. Au(l) thiomalate bath
8. Other baths
9. Bath based on mercaptotriazole
4.1 Sulfite bath

roughness and do not exhibit under-plating [33].
Most importantly, they are non-toxic and
lower than for cyanide baths. The stability constan

(6)

The sulfite ion itself can also decompose according to reaction 7, which forms hydroxyl ions.
This equilibrium is pH dependent.

SO +H,0 <> S0, +20H"~ )

At a pH of 7.0, the equilibrium of sulfurous acid in reaction 7 starts to shift to the right, thereby
releasing SO..
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A second reaction is the cathodic reduction of sulfite to dithionite, S,07" , which can lead to a

chemical reduction of gold ions to metallic gold [45].

To suppress the bath instability resulting from this reaction, all commercially available sulfite
baths contain proprietary stabilizing additives [12].

To counteract these stability problems, many Au () sulfite baths described in the literature are
operated at pH > 8.0 [7, 9, 15, 16, 44]. This means that problems can still arise when photoresists,
which are soluble in alkaline solutions, are used. While the dissolution of these resists is slower, under

[39, 45].
Commercially available sulfite baths have addressed this
stabilising additives.
Since the initial work of Horkans and Romankiw [46]\@

or acidic conditions necessary for
optimum resist compatibility. A number of a [ presented to allow sulfite baths to

processes have been developed wh
The addition of an ami

s low/as 4.0 to 6.5. The ability of the bath to function in the low pH range is
it enhances the compatibility with photoresists. However, from the environmental
context, such organic additives can cause waste disposal problems. Reuse of electrolytes,
thereby, compromise the long term sustainability of the process [18].

The use of bath additives to modify or enhance the properties of the electrodeposited gold has
also been investigated. For example, arsenic has traditionally been used as a brightener in gold sulfite
baths and it also has a strong influence on deposit hardness, microstructure and stress [9, 46, 49].
Similarly, thallium is often employed as a grain refiner and its influence on hardness and stress has
also been investigated [14, 15]. The influence of the plating conditions on deposit stress has also been
explored in a number of papers. It appears that by careful manipulation of the current density,
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temperature and concentration of additives it is possible to deposit gold with essentially zero stress [14,
15].

Sulfite baths are usually formulated from sodium or potassium salts but ammonium gold sulfite
baths have also been developed [27, 28, and 49]. These baths have been mainly used for
electroforming (e.g. dental) applications but Simon [50] has recently shown their suitability for wafer
plating applications. Deposits from ammonium sulfite bath had excellent characteristics (e.g. low
hardness, stress and roughness) even in the absence of additives. In addition, the bath could be
operated stably at a pH of 6 -7 without requiring the use of stabilising agents. Despite the long history
of gold sulfite baths, there is little agreement regarding the electrodeposition mechanismN he simplest

low overpotentials or at high pH (i.e. > 9) [47, 51]. At lower pH a variet
have been proposed [51, 52], usually involving a series of coupled chemjgal an

0.15-0.5 A/dm2
Magnetic stirring

the long term [55].

As a second course of action, ammonium sulfite baths, which operate in the pH range 6.0 to
8.0, have also been developed. These baths are useful alternatives to the commonly used sodium sulfite
electrolyte [50].
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4.2 Thiosulfate bath

The electrodeposition of gold from an Au(l)-thiosulfate complex has been known since as early
as 1913. [26], but it has never been used for making a practical plating bath. The stability constant of
the [Au(S,0,), [ -complex is equal to 10% [57]. In contrast to the sulfite and cyanide baths, little

attention has been paid to the development of gold thiosulfate plating processes [12, 25-27]. This is
somewhat surprising given the potentially low toxicity of a thiosulfate bath and the relatively high
stability of the [Au(S,0,), [ -complex, but presumably has arisen because the inherent instability of

disproportionate to form colloidal sulfur [58]. Depending on the
decomposition reactions are possible, but the disproportionation can be r

S,02 «>S°+ S0

At neutral or mildly acidic conditions, pH ~ 6.0, proto of excess S,07 forms HSO; and

colloidal sulfur; this hinders its industrial exploitation:

H*+S,0Z «<>S°+HSO; 9)
At still lower pH values, the ith a second proton and yields H,SO,
which eventually leads to the evol fur dioXide. It is clear that reactions 8 and 9 impede the
use of thiosulfate-based electrolytes Tafgold depesision [29]
The preparation of astable bath typically/requires the formulation of an electrolyte containing a

. 158] have proposed a non-cyanide plating bath which contains
g agents and which operates at pH of 9.3. Given the much larger

mask plating was also demonstrated.
Sullivan and Kohl [43] studied the reduction of the Au(SO,)S” complex in a solution

containing a citrate buffer, excess potassium chloride and operating at a pH of 6.4. The thermodynamic
and kinetic properties of the complex were determined, but no attempt was made to examine deposit
properties or examine its suitability for through-mask plating applications. The authors suggest that
gold deposition takes place by a direct one electron reduction of the Au(S,0,)3” complex, but others
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[59] have proposed a mechanism involving the loss of one S,0Z ligand in a preceding chemical step

followed by direct reduction of the AuS,O, -species.

4.3 Mixed sulfite-thiosulfate bath

The non-cyanide baths described above containing either sulfite or thiosulfate as a sole
complexing agent appear to be of limited use because of insufficient stability of the systems.

Crucially, ate bath could be operated at near neutral or slightly acidic
conditions whj i ible with essentially all photoresists materials. The enhanced stability
of the mixe attributed to the formation of gold thiosulfate or mixed sulfite-thiosulfate
comple constants. The decomposition of thiosulfate in the bath was minimised
by largé amount of excess sulfite. This tends to drive the equilibrium in reaction (8)

to the imising the formation of colloidal sulfur in the bath [23].

thiosulfate-sulfite mixed ligand bath, specifically for application to the formation of microbumps on
silicon wafers. Optimized bath compositions and operating conditions are listed in Table 5 together
with the hardness values of the gold deposits obtained. This bath is operated at a slightly acidic pH of
6.0 and at a mildly elevated temperature of 60°C. It is highly stable, and there is no need to add any
stabilizer to suppress spontaneous decomposition. The gold plated under optimal conditions has a
Vickers hardness of approximately 80 kg/mm? in the as-deposited state, which decreases to 50 kg/mm?
upon annealing at 350°C for only 30 min [12].
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The deposit hardness could be controlled by changing the relative amounts of sulfite or
thiosulfate in the bath, the use of additives such as thallium, or by annealing. The influence of sulfur
inclusion on the deposit morphology and hardness was investigated in detail. The addition of thallium
ions, in the form of TI>SOs, as a grain refiner was found to decrease hardness and improve surface
morphology of the gold deposit [29].

Table 5. Compositions and operating conditions of gold(l) thiosulfate-sulfite mixed ligand bath and
Vickers hardness of electroplated soft gold [12]

NaAuCls-2H.0

Na2SO3 0.42
Na2S203-5H,0 0.42
NaHPO4 0.30
TI 5ppm
(added as T1,SO4)

pH

Temperature (°C)
Current density
(A/dm?)

temperature, pHy the addition of thallium ions, and the total ligand concentration ([S,0, [* to[SO,[").

It was found that the gold deposit obtained from this bath contains sulfur as an impurity
element, and that the hardness increases with increasing sulfur content of the deposit. It was found that
the sulfur content decrease with increasing total ligand concentration ([S,0, +[SO,[") , where the
ratio of [S,0,f to [SO,F" was kept constant at unity. This rather unexpected finding demanded a

detailed study of the mechanism of sulfur inclusion and chemical identification of the sulfur-containing
species responsible for the included sulfur [12].
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The study [12] showed that thiosulfate was the main source of sulfur inclusion, and it was
considered possible that either one or both of the following two reactions could lead to the inclusion of
sulfur:

(@) S,0 <> S+S0Z or (8)

(b) S,07 +6H" +4e” «<>2S+3H,0 (10)

A thiosulfate compound is considered in two forms: NaAu(S,0;) or Au,S,0,.
The distinction between (8) and (10) was made by comparing the r

can be determined only in an atmosphere containing oxygen and nofgin pur n. Experimentally,
identical results were found in both pure oxygen and pure nitrogen: pm for deposits
plated in the mixed ligand bath, and 180 and 190 ppm for de in the bath containing

[12, 29].
Based on these experimental results, the’po of elemgntal sulfur being the form of sulfur
inclusion was excluded. On the other hand, i

(11)
(12)

(13)

Reactiom®(11) is followed by the electrochemical reduction (12) of [Au(S,0;), [,
gold with the overall reaction given by (13). According to this mechanism, the formation of the
adsorbed species by reaction (11), and hence the sulfur inclusion, should be more favourable at lower

free S,02 concentrations. At very high S,0Z" concentrations the gold deposition is believed to take

to deposit

place directly from the bulk species,[Au(SZO3)2]3’ via reaction (13) without going through the

formation of the adsorbed intermediate. Thus, the above mechanism explains the experimental result
that the smaller amount of sulfur is included in the gold at higher free thiosulfate concentrations [63].
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Based on the mixed ligand electrolyte of Osaka, a group of authors at Newcastle University has
developed an electrolyte for soft gold electrodeposition which has attempted to eliminate Na,HPO4 and
TI*. Table 6 shows the formulation of gold electrolytes used by Osaka and Newcastle group [29].

Table 6. Comparison of composition of gold thiosulfate-sulfite electrolyte used by Osaka and
Newecastle group [29]

Osaka Newcastle
NaAuCls 0.06M -
HAuUCI4 - 0.05M
Na2SOs 0.42M 0.42M
Na2S203 0.42M 0.42M
NaHPO4 0.30M -
T1>SO4 5-30ppm -

Roy [18] prepared solution by first dissolving both thiG
(0.42 M Na»SOs3 and 0.42 M NazS,03) with deionise

sulfur and bisulftte ions in egn. 15 towards the left, making the formation of sulfur less favourable.

H* +(S,0,)> <> (HSO,)” (15)

This means that gold is stabilised by the formation of [Au(Szog)ZF ions and precipitation of
sulfur is avoided by excess (HSO,)™ . In this regard, the electrolyte constituents work in ‘synergy’.
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The use of this electrolyte was tested at the site of an industrial partner, where degradation in a
sulfite electrolyte was observed typically after plating 20-25 wafers. Stability of the bath was
monitored by depositing a total of 30 wafers in a flow cell over 2 weeks [68]. In these experiments,
there was no apparent degradation or physical change in the electrolyte. Table 7 summaries the
performance of the electrolyte during industrial tests. In these experiments the process conditions for
both the thiosulfate-sulfite and sulfite electrolyte were the same. The electrolyte pH remained near-
neutral (pH 7.4) throughout the two weeks and the process remained stable during the entire period.
The plating solution remained colourless and clear, showing no signs of precipitation [29].

Table 7. Summary of sulfite and thiosulfate-sulfite electrolyte performances d
industrial tests [29]

pH 9.5+0.1/stable

Current efficiency 98.2%

Cell potential 1.3V

Resist compatibility ~ Poor
Speckled pits
resist surfacg

Electrolyte stability 0ed
NO apparent degradation

or precipitation

Hardness Soft
Uniformity Average
Roughness Rougher

0 observable physical change of the resist on the wafer after
hiosulfate-sulfite bath, which suggests that there was no significant
the resist and the bath. Current efficiency of the gold deposition was determined
a series of plating experiments and the average current efficiency obtained was
98.9%, whi s slightly higher than the sulfite electrolyte [68].

The hardness of gold deposited from the thiosulfate-sulfite bath at three different current
densities was compared to that of samples plated from the sulfite bath. Deposits obtained had hardness
values in the range of 0.7 to 0.9 GPa, which are softer than the sulfite deposits (ca. 0.95 to 1.20 GPa)
[29].

Gold deposits from the plating electrolyte were bright and adherent. The plated structures,
examined by scanning electron microscopy showed good reproduction of the photoresists mould. The
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gold structures achieved had straight side-walls with top planar surface and exhibit a columnar
microstructure, similar to the deposits obtained from the electrolyte by Osaka and the sulfite bath [29].

Roughness of deposited gold was found to be in the range of 200-250nm, which is higher than
the average deposits obtained from sulfite electrolytes [69]. Other properties such as thickness
uniformity and stress of the plated structure were also investigated and were found to be compatible

6637

within the requirements for a wide range of micro and opto-electronic applications [68].

Figure 5. SEM image of resist after deposition from modified
at 3.5 mA/cm? [29]

Table 8. Comparison of acid cyanide and_thi Id plating electrolytes for soft gold

Toxicity

Non-toxic

Operating bath pH

pH 7.4 (near-neutral)

Bath stability

Stable

Waste disposal ecovery possible and CNis

Possibility of gold recovery by
electrowinning

enetrates and delaminates organic
photoresists,
which leads to ‘underplating’

No significant attack on
photoresists

Fairly difficult

Fairly difficult

Controlled by the price of gold

Controlled by the price of gold

ésof deposited  Underplating may lead to shape change of

Straight side-walled gold bumps

gold formed and good reproduction of
Microstructu bumps, causing loss of device photoresists mould
performance
Brightness Bright Bright
Hardness 1.0 GPa (65 °C) 1.7 GPa (25°C) 0.7-0.9 GPa (55 °C)
Roughness Fine-grained Slightly rough ~ 200nm
Anode products Carbonate (non-toxic) Sulfate

(easily rendered non-toxic)

te-sulfite solution, pH 7.4
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The mixed thiosulfate-sulfite electrolyte also has advantage over the acid-cyanide solution.
Comparison of the chemical and physical properties is listed in Table 8. It is clear that for soft gold
deposition purposes, the thiosulfate-sulfite electrolyte is a better alternative from hardness and resist-
compatibility point of view, and offers competitive process chemistry.

4.4 Thiourea bath

The thiourea bath was developed and subsequently improved by a group ofdhvestigators at
Hitachi, Ltd. [25, 61, and 70]. Basic and improved versions of the bath composition operating
conditions are shown in Table 9. In this system thiourea has been shown to un emical

including urea, a major product, and dicyandiamide. This radical interm to react with
dissolved oxygen in the bath to form formamidine sulfinic acid, i pears to be
responsible for bath instability. Hydroguinone appearing as an a t of the bath (see

: 8.0
80 70

12 50
60 [h] > 1 month
lating rate (um/h) 0.8 1.2

4.5. Ascorbic Acid Bath

In the studies [23, 62] authors developed a thiosulfate-sulfite mixed ligand bath with ascorbic
acid as the reducing agent. The compositions of the basic bath and an improved bath are shown in
Table 10. The possibility of developing these baths was initially investigated based on the well-known
mixed potential theory combined with partial polarization curves measured at a gold electrode. This
investigation showed that the thiosulfate-sulfite mixed ligand system gives a practical deposition rate
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and a high stability compared with the baths containing thiosulfate alone or sulfite alone, and that,
amongst the many reducing agents tested, only ascorbic acid, hydrazine and thiourea can serve as the
practical reducing agent for the autocatalytic deposition of gold.

Table 10. Basic and improved ascorbic acid baths [70]

NaAuCls-2H20 (mol/dm?®) 0.0125

NasAu(SOs)2 (mol/dmq) - 0.01 )
NazS203-5H20 (mol/dm?) 0.1 0.1

Na>SO3 (mol/dm®) 0.1 0.4

NH4CI (mol/dm?) 0.05 -

K2HPO4 (mol/dm?®) - 01
Sodium L-ascorbate (mol/dm®) 0.2 0. \
Additive - ace

pH 6,0

Temperature (°C) 60 60

Bath life

Plating rate (um/h)

As a consequence of evaluation of the b ition rate, and deposit appearance,
ascorbic acid was selected as the most suitable red 3 Is bath. With the aim of improving

developed and employed to evaluate £ ath stabilizing additives. As a result of this
study, improvements were achie ility, the selectivity in the plating of patterned
substrates, and in the plating : C capto compounds such as mercaptobenzothiazole

so been shown that increasing the sulfite concentration
addition of excess sulfite helps prevent extraneous gold

4.6. Baths Containing No Additional Reducing Agent

Krulik and Mandich [68] reported that the Au(l) thiosulfate-sulfite mixed ligand system
functions as an autocatalytic bath in the absence of any conventional reducing agent. They believed
that the thiosulfate-sulfite mixture itself is a reducing agent system, and that sulfite functions as the
main reducing agent in this bath.
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Sato [71] as well as Leblanc [72] and collaborators studied the reaction mechanism of this
system in detail. The bath composition and operating conditions used in these investigations are listed
in Table 11, which are similar to those of the autocatalytic bath listed in Table 10 except that the
reducing agent (ascorbic acid) was excluded.

Table 11. Bath composition and operating conditions of no additional reducing agent bath [25]

NaAuCls-2H,0 (mol/dm®)  0.01
Na,SO3 (mol/dmq) 0.32
Na2S;03-5H,0 (mol/dm®  0.08
NazHPO4 (mol/dm3) 0.05
K2HPO4 (mol/dm?) 0.32

pH 9.0
Temperature (°C) 60
Agitation Mechanica

Stirrer

ons were drawn: the gold
ng agent proceeds by two different

From the experimental results above, the

CH,CO0
l e xNa*e (2—H*
Au—S—CHCO0O™

Figure 8. Structural formula of sodium gold thiomalate [74]

4.8 Other baths

Some of the complexes shown in Table 1 might serve as the basis for gold plating baths. In
practice, however, solutions containing halide, ammonia, hydroxide, thiocyanate and hydroxide
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ligands have all been found to be unsuitable due to a combination of poor deposit properties, instability
or toxicity [26, 27]. In the late 1970s an alternative non-cyanide gold bath based on a nitrosulfito
complex was proposed [73]. This bath was formulated around the [Au(SO,),(NO,)]"" - complex and

was considered to be more stable than traditional sulfite baths. The nitro-sulfito bath was found to have
a high current efficiency (> 90%) and throwing power and could be used to produce thick, smooth, low
stress deposits with a relatively low hardness. However, this bath has not been widely used and has not
been applied in microelectronic, optoelectronic or micro-system applications [33].

Gold plating baths based on complexes between Au(l) and mercapto-alkylsulfquic acid ligands
such as 2-mercaptoethanoic acid (MES), 3-mercapto-propanoic acids (MP

dimercaptopropane-1-sulfonic acid (DMPS) have also been developed [27]. T ihity. constants of
[AuU(MES), " and [Au(MPS),]*" have not been measured, but based on ' lated
gold mercapto complexes [9] values of log =30 can be expected. Th ulfite and
thiosulfate complexes of Au(l) but is lower than for cyanide. Simila nown o form a 1:1
complex with Au(I) with a stability constant of log p= 45.5 [56]. -toxic and stable

deposits are smooth and ductile, but their suitability for typicalsthseugh-mask plating applications has
not yet been investigated [25].

More recently, gold plating baths employin
ligands are nontoxic and form stable complexe

ve been proposed [74]. These
and Au(llll). For example, Au(l)

pecies [Au(MH),[ , while 5,5-
Au(DMH), |, [70]. Stability constants of

complexes with 1-methylhydantoin (MH

, have been determined for these species [71].
= 8) the current efficiency is close to 100% and

d Technical faculty in Bor, Serbia [78-83]. Electrolyte was stable for nine
ible signs of degradation and precipitation of elementary gold. Detailed

decorative gold plating from this electrolyte and to compare it with the quality of gold plating obtained
from the classic cyanide electrolyte.

In the first stages of experimental investigations, in the aim of detailed comparison of bath
composition and operating conditions polarization curves were recorded and determined the limiting
current densities for electrolyte based on mercaptotriazole (without and with additives) and classic
cyanide electrolyte (AUROCIN DPB-trade mark). Based on recorded polarization curves for gold
complex with mercaptotriazole with various gold concentrations without additives it was concluded
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that limiting current density increases with an increase of gold ion concentration in electrolyte
(0.07A/dm? for Cay=3g/dm? to 0.01 A/dm? for Ca,=1g/dm?), as well as in cyanide baths, and that the
values of limiting current densities are lower regarding to cyanide of baths. Polarization curves for
solution with Cau= 2.5 g/dm® without additives and solution of the same concentration with various
concentration of TC EHC additive show that the presence of the additive even in the lowest investigate
concentration (0.03 g/dm?®) significantly decreases limiting current density, while further increase in
concentration practically has no effect on value of limit current density [79, 26]. Bath composition and
operating conditions of electrolyte based on mercaptotriazole are shown in Table 12 [80+83].

Table 12. Bath composition and operating conditions of electrolyte based on i 9]

Gold concentration (g/dm®) 2.5

pH 9
Temperature (°C) 22
Time (s)

Cathode current density
(A/dm?)

Current intensity (.
Voltage (V)

20
9 9
entration of AUROCIN DPB additive -
es 1- (20 g/dm?3)

AUROCIN DPB additive

2 —

(4 ml/dm?3)
Thickness b (um) 0.08 0.08
Surface roughness 0.052 0.066
Ra (um)
Microhardness HK 740 660
(MPa)
SEM Good adhesion Good adhesion
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Table 13 shows optimal working parameters for a cyanide bath and a bath with
mercaptotriazole and measured values of coating thickness, surface roughness, microhardness and
adhesion.

Experimental investigations proved that the quality of decorative gold plating obtained from
gold based organic complex of mercaptotriazole satisfies all the requirements of decorative gold
plating, where current density effect on appearance and thickness of coating is far lower than in classic
cyanide bath. The most important advantage of this electrolyte is ecologic, where gold could be
regenerated by simple settling with hydrogen peroxide when sulfur is precipitated.

5. CONCLUSION

This article provides an overview of the electrolytes used for ition. The
traditional gold plating baths containing KAu(CN)2 as the source ved well for many
years in the past for various applications in the electronics indus years, however,
disadvantages of the cyanide system have become more apparent not on cause of the greater

4 "Development of Technologies for Recycling of Precious, Rare and
lid Waste in Serbia to High Purity Products™ for which the authors on this
o thank.
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