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Abstract In the present work the electrochemical depo-
sition of Au-Sn alloys is addressed and a cyanide-free
process is presented. The electrolyte is an acidic thiourea
solution containing gold as a Au[CS(NH2)2]

+ complex
and tin as stannous ions. Results concerning the plating
process development and deposit characterization are
reported. Au-Sn alloy films with a Sn content up to
50 at% and a single-phase structure can be obtained
from the acidic thiourea–Au(I) solution under pulsed
current plating conditions. Alloy deposits show three
main crystal structures: a face centred cubic (fcc) Au(Sn)
solid solution, extending up to 7 at% Sn; a hexagonal
close-packed structure, of the same type as the metal-
lurgical f phase, up to about 18 at% Sn; and a NiAs-
type structure, corresponding to the d phase of the
equilibrium diagram, with an enlarged homogeneity
range. Mechanical properties of thin layers of Au-Sn
alloys derived from micro-indentation measurements
follow the structural modification with the alloy com-
position. The ordered intermetallic phases occurring in
the equilibrium binary system, in particular the b and f¢
phases at 8 at% and 16 at% Sn, respectively, are not
detected in the electrodeposited alloys. The main factors
controlling electrochemical phase formation are pointed
out, considering the differences between the phase
structure of the electrodeposited alloys and the equilib-
rium phase diagram.

Keywords Au-Sn electrodeposition Æ Electrodeposits
structure Æ Thiourea Æ White gold

Introduction

Electrodeposited Au-Sn alloys are suitable materials for
decorative and engineering applications, as a starting
binary system for the development of ternary alloys
suitable as white gold coatings for jewellery finishing,
and as hard solder coatings for optoelectronic and
semiconductor devices [1].

Interest in the electrodeposition of Au-Sn alloys was
originally stimulated by the search for white gold alloys
[2]. Alkaline cyanide baths were developed, which,
however, did not prove to be suitable for practical
purposes. A renewed interest in Au-Sn plating has
developed during the last 10 years, following the
increasing importance of Au-Sn bonding technology
and in the framework of research projects aimed at
replacing Ni in the jewellery industry. In the technical
literature, besides a few patents on Au-Sn plating [3],
alkaline [4] and acidic [5] plating baths derived from
earlier cyanide formulations have been recently pro-
posed for hollow jewellery electroforming, while neutral
cyanide-free baths are under development for bonding
layer deposition [6], owing to the chemical incompati-
bility between cyanide and the positive photoresist
commonly used in the manufacture of microelectronic
devices.

The eligible solution chemistry for gold alloy plating
baths is generally restricted to the cyanide and sulfite
gold complexes, with still important stability issues for
sulfite baths. An alternative approach is provided by the
use of the Au(I)–thiourea complex [7]. Thiourea (TU)
forms with Au(I) a single mononuclear cationic complex
according to the following dissolution–complexation
reaction [8]:

Auþ 2CS NH2ð Þ2�Au CS NH2ð Þ2
� �þ

2
þe� ð1Þ
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The stability of the Au(I)–TU complex is restricted to
an acidic environment, depending also upon the con-
centration of the metal cation and ligand [9], because of
the oxidative degradation of thiourea itself, leading
ultimately to the formation of elemental sulfur and
cyanamide at high pH values [10]. The first oxidation
product of thiourea is formamidine disulfide (FDS),
which can be formed under weak oxidation conditions,
chemically or electrochemically, on different metal elec-
trodes, silver [11], platinum [12], or copper [13],
according to the half reaction:

2CS NH2ð Þ2� H2Nð Þ2 HNð Þ2C2S2 þ 2e� þ 2Hþ ð2Þ

The standard potential of the redox couple TU/FDS is
0.43 V [14].

The main interest of researchers has concentrated
upon the use of thiourea in Au ores processing, even
though the possibility of Au plating from thiourea
solution was already disclosed in the late 1960s [15].
Further investigations in the former USSR, as reported
by Groenwald [16, 17] and later by Juarez and Dutra
[18], were especially concerned with hydrometallurgy
applications and the feasibility of electrowinning pro-
cesses.

A reliable pure Au electrodeposition process from
acidic thiourea solution was developed as a primary goal
of the present project and will be presented elsewhere.

Experimental

The Au(I)–TU solution was prepared by adding in drops a dilute
Au(I) alkaline sodium sulfite solution (Engelhard) to an acidic
thiourea solution [0.5–1 M H2SO4, 1 M CS(NH2)2]. During
preparation the solution was kept at 40 �C under gentle stirring.
Solutions with a low Au(I) concentration, below about 0.04 M,
are colourless and clear; at higher concentration, the solution is
pale yellow and tends to separate a fine yellowish precipitate, which
was identified by XRD analysis as elemental sulfur. All other
chemicals used were of reagent grade, except thiourea (lab grade,
98.5%).

Au-Sn deposits were prepared from solutions containing 1 M
H2SO4, 1 M CS(NH2)2, 0.01–0.025 M Au(I), up to 0.1 M Sn(II),
0.6–18 mM KI, and ascorbic acid, under both direct current (DC)
and pulsed current (PC) conditions, at a current density in the
range 5–50 mA cm–2 and at 40 �C. For PC plating the off-time was
varied in the range 1–10 s and the on-time in the range 0.1–5 s.
Substrates were obtained from a Si wafer coated with either Cr/Ni/
Au or Ta/Au blanket metallization. The Au layer was 100 nm
thick.

The deposition conditions were investigated by linear sweep
voltammetry (LSV), cyclic polarization (CP), and electrodeposition
tests. The electrochemical setup consisted of a model 273A EG&G
Princeton Applied Research and an AMEL System 5000 po-
tentiostat/galvanostat for voltammetric measurements and PC de-
position, respectively. A rotating Pt disk electrode was used, with
apparent cathodic area of 0.2 cm2, changing the rotation speed x in
the range 300–5000 rpm. CP runs were performed by setting the
lower potential at 0.1 V and the vertex potential at )0.6 V (SCE),
with a scan rate of 0.02 V s)1; in LSV experiments the potential
was driven in the cathodic direction at a scan rate of 0.001 V s–1

from the open circuit potential to about )0.6 V. LSV and CP runs
were performed either on the Pt electrode or after deposition of a
thin Au layer (1.5 mA cm–2, 5 min). The solutions used for elec-
trochemical measurements were deaerated by argon bubbling for

about 1 h before use and were kept at 40 �C during measurement.
The counter electrode was either an Au or a Sn wire. The potential
was measured against a saturated calomel electrode (SCE).

The phase structure of the deposits was determined by X-ray
diffraction (XRD) with filtered Cu Ka radiation, using both the
standard powder method and glancing angle X-ray diffraction. Ka1
diffraction lines were used for calculations of the lattice parameters,
which were refined by a least-squares method.

Vickers microhardness (HV) and elastic modulus (E) data were
obtained from penetration depth–load curves by means of a Fi-
scherscope H100 microhardness measurement system. Measure-
ments were carried out on the sample surfaces with a peak load of
10 mN, loading/unloading time of 20 s, and 5 s holding time at
peak load.

The surface morphology was investigated by scanning electron
microscopy (SEM). The composition of the deposits was deter-
mined by energy dispersion spectroscopy (EDS).

Results

Chemical stability

In the acidic thiourea electrolyte, tin must be added as a
Sn(II) salt and, since stannous ions can be easily oxi-
dized to stannic ions by dissolved oxygen and other
oxidizing agents, the chemical stability of the solution is
an important issue in the development of the Au-Sn
electroplating process. The standard potential of the
redox couple Sn(II)/Sn(IV) is 0.151 V [19], which must
be compared with the standard potential, 0.38 V [17],
for gold discharge from Au(TU)2

+ and the standard
potential of the redox couple TU/FDS, 0.43 V. There-
fore, Sn(II) ions could reduce the Au(I) complex and, in
fact, the chemical stability of the solution is poor at low
thiourea concentrations. FDS and other thiourea oxi-
dation products, coming from chemicals as impurities or
resulting from the preparation procedure, could also be
oxidizing agents for Sn(II). However, according to our
observations, these potential threats are not the primary
factor responsible for electrolyte degradation. In fact,
the solution prepared by adding tin(II) sulfate to the
acidic Au(I)–TU electrolyte shows a relatively good
stability on standing, which can be for several weeks. On
the other hand, the kinetics of electrolyte degradation
becomes accelerated when the solution is used for plat-
ing and this is probably related to the use of a Au-sol-
uble anode, whose working potential, in the range of
0.1–0.15 V vs. SCE, is significantly above the oxidation
potential of Sn(II) ions. The operating life of the plating
bath was in general in the range from 7 to 10 days, the
current fed to the cell being about 3 A h dm)3, after
which the solution turned cloudy, because of the for-
mation of colloidal Sn(IV) hydroxide, which rapidly
separated as a fine precipitate. Different reducing agents
were tested as possible stabilizing additives, including
pyrocatechol, ascorbic acid, citric acid, dextrin, and
others, with modest improvement of electrolyte stability.
Most of the reducing agents tested in the screening, even
though more or less effective in preventing stannous ions
oxidation, also have the drawback of being potential
reducing agents for the Au(I)–TU complex. At the
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current stage of electrolyte development, ascorbic acid
has been found to be a suitable stabilizer and the results
presented in the following refer to plating baths con-
taining ascorbic acid in the concentration range 1–
2 g L)1. The Sn(II) concentration was also critical for
the stability of the electrolyte and it was therefore fixed
to a minimum value of 0.05 M, which, at least under PC
plating conditions, enables the electrodeposition of Au-
Sn alloys in the composition range of practical interest
(i.e. from about 15 to 30 at%).

Electrochemical behaviour

LSV curves at an Au-plated Pt RDE in 1 M H2SO4, 1 M
TU, and 0.025 M Au(I) solution at 40 �C, and varying
potential scan rates, are shown in Fig. 1. The shape of
the curves indicates that the discharge of the Au(I)–TU
complex, which takes place in the potential range
around )0.1 V, is gradually inhibited at more cathodic
potentials. The current density flowing through the cell
decreases and a region of cathodic passivation extends
from ca. )0.15 V to the hydrogen evolution reaction
(HER) potential, ca. )0.45 V. Correspondingly, during
galvanostatic polarization, deposition current densities
exceeding 2 mA cm–2 drive the potential towards more
cathodic values, on average about )0.5 V, triggering the
HER and causing large potential oscillations at the
electrode. The current density at the onset of cathodic
passivation is only slightly affected by the increase of the
potential scan rate. RDE experiments confirm that the
discharge of the Au(I)–TU complex occurs under non-
limiting current conditions and that some kinetic hin-
drance interferes with the discharge reaction.

The liability of the gold surface to cathodic passiv-
ation in the acidic thiourea solution seriously impairs the
plating capability of the bath. This restraint to process
feasibility can be successfully overcome by adding
varying amounts of halide to the solutions, preferably
iodide. The addition of iodide, in the range from 1 to
30 mM, enables a substantial increase of deposition

current density without detriment of deposit appearance
and properties [20].

Cyclic polarization curves (0.02 V s–1) between 0.07
and )0.6 V, at a stationary Au-plated Pt electrode in
1 M TU, 1 M H2SO4, 0.025 M Au(I), and after addition
of 0.6 mM KI, are shown in Fig. 2. In the absence of
iodide, the polarization curve presents a single cathodic
peak at ca. )0.1 V, followed by a long tail and the onset
of the HER at ca. )0.42 V. After 0.6 mM KI addition, a
small anodic shift of the curve is observed along with an
increase of 17% in the area of the cathodic peak at ca.
)0.07 V, i.e. the electroreduction of the Au(I)–TU
complex occurs with higher current efficiency. This is
confirmed by the increase of the dissolution anodic
current density. Figure 3 presents CP curves (0.02 V s–1)
between 0.1 and )0.6 V at an Au-plated Pt RDE in 1 M
TU, 1 M H2SO4, and 0.025 M Au(I) at varying KI
concentrations, 1200 rpm, and 40 �C. On increasing the
iodide concentration the maximum current density at ca.
)0.13 V increases and a progressive re-activation of the
electrode surface is observed, as shown also by the
concurrent current density increase in the anodic scan.
The shape of the polarization curves changes accord-
ingly, approaching the sigmoidal shape expected for a
diffusion-controlled discharge reaction.

Low-scan LSV and CP runs were performed after
addition of 0.05 M SnSO4 to the base solution. Polari-
zation curves (not shown), run at 0.001 V s–1 on a Pt
RDE in 1 M TU, 1 M H2SO4, 3 mM KI, and 0.05 M
SnSO4 (solution A), also after addition of 0.02 M Au(I)
(B), with x=1200 rpm and at 40 �C, show a single well-
defined wave starting at a potential of ca. )0.52 V in
solution A; after addition of Au(I), the potentiodynamic
trace shows a first wave at )0.2 V, followed by two small
waves at )0.42 V and )0.48 V and, finally, at the same
potential measured in the absence of Au(I), the dis-
charge of Sn(II) ions.

The cyclic polarization behaviour is more complex.
In Fig. 4 are shown CP curves run at 0.02 V s–1 on a
stationary Pt electrode in solutions A and B. The

Fig. 1 Linear polarization curves at an Au-plated Pt RDE in 1 M
TU, 1 M H2SO4, and 0.025 M Au(I) with changing potential scan
rate (1200 rpm; 40 �C)

Fig. 2 CP curves (0.02 V s–1) between 0.07 and )0.6 V at a
stationary Au-plated Pt electrode in 1 M TU, 1 M H2SO4, and
0.025 M Au(I) (dotted line) and after addition of 0.6 mM KI (solid
line) at 40 �C
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voltammogram for solution A shows a cathodic peak for
the reduction of Sn(II) and the corresponding stripping
peak. In the presence of Au(I), the voltammogram,
which shows only minor or no differences upon cycling,
presents many new features. The cathodic peaks I–IV in
Fig. 4 refer to the discharge of the Au(I)–TU complex
and of Sn(II), respectively, in agreement with the po-
tentiodynamic response. A gradually increasing current
precedes peak I, starting at ca. )0.1 V. In the interme-
diate potential region, two other peaks appear, very
close to each other and overlapping; moreover, there is a
small wave at a potential of ca. )0.36 V, after which a
small but sensible increase of current density results.

The anodic scan cannot be easily interpreted. Three
anodic peaks partially overlapping appear in the po-
tential range )0.55 to )0.35 V, which can be attributed
to the anodic dissolution of Sn and Au-alloyed Sn
deposited in the cathodic scan; the anodic peak at ca.
0 V is due to Au stripping; the increasing anodic current
for potential anodic to 0.04 V is due thiourea elect-
rooxidation at the Pt electrode [17]. In particular, none
of the anodic peaks can be attributed to the oxidation of
Sn(II) to Sn(IV), also because no evidence for this
reaction can be seen in the CP curve in solution A.

Electrodeposition

Preliminary electrodeposition tests were carried out
under DC plating. Deposits obtained in these condi-
tions had either a single-phase structure, for a Sn
content below 5 at% and in the range 8–12 at%, or a
two-phase structure, consisting of the Au(Sn) terminal
solution and a second phase (see below). The electro-
deposition process attained reasonably stationary con-
ditions only for a current density in a narrow range,
e.g. 4–6 mA cm–2 with both 0.05 M Sn(II) and 0.05 M
Au(I), at 40 �C on a Si/Au substrate, corresponding to
the electrodeposition of Au(Sn) alloys with a face
centred cubic (fcc) structure. For a given electrolyte
composition, i.e. Au(I) and Sn(II) concentration, a
critical current density could be identified, which marks
the limit of process stability under DC plating. Above
this current density value, a gradually increasing
polarization causes first a progressive change in the
composition of the growing layer and then destabilizes
growth, resulting in powdery deposits and hydrogen
evolution.

Au-Sn alloy electrodeposition was best carried out
under PC plating conditions. The effect of pulse plating
parameters, on-time (tON), off-time (tOFF), and peak
current density (iP), on the deposit composition was
studied. The Sn content in the plated alloys was mainly
influenced by iP and tON, while changing tOFF in the
range from 1 to 10 s did not affect appreciably the de-
posit composition. The effect of iP and tON upon the Sn
content in ECD alloys is shown in Fig. 5: the Sn content
increases as the on-time decreases and the pulse current
density increases. The change is smooth with tON, in the
whole range from 0.1 to 10 s, and steep with iP, up to
50 mA cm–2. With further increase of pulse current
density, the Sn content decreases abruptly. The
appearance and surface morphology of the alloy coat-
ings depend upon the composition, showing a tendency

Fig. 3 CP curves (0.02 V s–1) between 0.1 and )0.6 V at an Au-
plated Pt RDE in 1 M TU, 1 M H2SO4, and 0.025 M Au(I) at
varying KI concentrations (1200 rpm, 40 �C)

Fig. 4 CP curves at a stationary Pt electrode in 1 M TU, 1 M
H2SO4, 3 mM KI, and 0.05 M SnSO4 (dashed line) and the same
solution+0.02 M Au(I) (solid line) at 40 �C

Fig. 5 Sn at% in PC electrodeposits from 1 M TU, 1 M H2SO4,
1.5–3 mM KI, 0.01–0.02 M Au(I), and 0.05 M SnSO4, at 40 �C, on
a Si/Ta/Au substrate, versus tON and peak current density
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to become dull and coarse as the Sn content is increased.
SEM micrographs of Au-Sn deposits of different com-
position are shown in Fig. 6.

Structure and mechanical properties

In the composition range examined in this work, three
different phases were identified in Au-Sn alloy electro-
deposits. Alloy deposits with a Sn content up to ca.
7 at% show the fcc crystal structure of the Au-rich ter-
minal solution of the equilibrium diagram (a phase). The
maximum Sn content obtained in the electrocrystallized
a phase roughly corresponds to the solubility limit of Sn
in fcc Au, 6.6 at% at 532 �C [21]. For a Sn content in the
range from about 9 to 18 at%, the deposit structure can
be interpreted as hexagonal close packed (hcp), i.e. the
same crystal structure as the equilibrium f phase, whose
composition range extends from ca. 9.4 to 17.6 at% at
280 �C. The third phase observed in ECD alloys shows
XRD patterns typical of the NiAs-type structure, which
is the crystal structure of the equilibrium d phase or the
AuSn compound. However, the ECD d phase is ob-
tained as a single phase over a wide composition range,
from about 40 to 50 at%, overcoming the stoichiometric
constraint of the metallurgical phase.

ECD alloys with a Sn content in intermediate com-
position ranges with regard to those mentioned above
have a two-phase crystal structure. This characteristic
appears related to operative conditions, leading to
unstable electrode polarization under direct current or
triggering of the HER under pulse plating deposition.

Lattice parameter determinations confirm that the
ECD phases can be identified with the equilibrium
phases of the same structure type. Values of the distance
of closest approach in the a and f phases for both ECD
and bulk alloys are presented in the diagram in Fig. 7.
Lattice spacings of the a phase were reported by Owen
and Roberts [22] and by Nuding and Ellner [23]; those of
hcp f Au-Sn (homogenized at 275 �C) were reported by
Massalski and King [24] and Henderson and Raynor
[25]. A substantial agreement is found between the val-
ues determined for the ECD fcc structure with those of
the corresponding metallurgical phase; data for the ECD
hcp phase are in general slightly lower than those of bulk

Fig. 6 From top downwards: surface SEM micrographs of Au-Sn
with 12 at% Sn (iP=30 mA cm–2, tON=0.1 s, tOFF=2 s, 103

cycles); 30 at% Sn (iP=40 mA cm–2, tON=0.1 s, tOFF=2 s, 750
cycles); and 48 at% Sn (iP=50 mA cm–2, tON=0.1 s, tOFF=2 s,
600 cycles). Plating solution: 1 M H2SO4, 1 M CS(NH2)2, 0.01 M
Au(I), 0.02 M Sn(II), 1.5 mM KI, 6 mM C6H8O6; 40 �C

Fig. 7 Distance of closest approach in ECD (open symbols) and in
bulk (solid symbols) Au-Sn alloys vs. Sn at%. Data for bulk Au-Sn
alloys from Owen and Roberts [22], Nuding and Ellner [23]
(a phase); Massalski and King [24], Henderson and Raynor [25]
(f phase)
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alloys with the same composition, possibly as a result of
the strained state of the material or as a consequence of
a systematic error in the lattice parameter determina-
tion. The intermediate composition range from 7 to
9 at%, where the ECD alloy structure can be either
single-phase hcp or mixed fcc+hcp, corresponds in the
equilibrium diagram to the stability field of the b phase
and to the adjoining regions of the two-phase equilibria.

The NiAs-type structure was observed in samples
with nominal composition ranging from 40 to 50 at%.
When the Sn content is below about 40 at%, XRD
spectra show the presence of both the f and d phases.
Lattice parameters of the d phase do not show appre-
ciable change with alloy composition: a remains almost
unchanged (from 4.318 to 4.321 Å) for a Sn content
varying in the range 20–50 at%; c changes from 5.515 to
5.522 Å over the same composition range. Lattice
parameters for the equilibrium d phase are: a=4.320 Å
and c=5.517 Å (powder diffraction file JCPDS 8-463).

Microhardness and elastic modulus data, derived from
indentation curves on 3 lm thick deposits on Si/Ta/Au
substrates, are shown in Fig. 8. A microhardness change
follows the phase structure modification: the microhard-
ness increases linearly in the a phase field, shows a maxi-
mum of about 270 HV in the f phase field, and lower
values in the two-phase f+d region, with only a slight
increase for single-phase d deposits. A similar change of
the elastic modulus is observed for alloy deposits with the
fcc structure: a linear increase up to 120 GPa for a Sn
content of 7 at%, which corresponds to the solubility
limit of Sn in a-Au. The elastic modulus decreases to
values below 100 GPa in the f phase field and increases
slightly in the two-phase f+d and single-phase d regions.

Discussion

The electrochemical behaviour of acidic Au(I)–thiourea
solutions is complicated by the presence of the redox
couple TU/FDS and by-products of thiourea oxidation,
which can interfere with the discharge reaction of the

metal cations. Groenewald [17] suggested that the elec-
troreduction of the Au(I)–TU complex and FDS could
occur simultaneously on Au electrodes; Juarez and
Dutra [18] showed that the Au(I) complex is actually
reduced at a lower cathodic potential.

A distinctive feature of the electrochemical cathodic
behaviour at an Au electrode in an acidic Au(I)–TU
electrolyte is the onset of cathodic passivation at a po-
tential of about )0.2 V (SCE) or lower. The cathodic
passivation may be related either to chemisorption of
thiourea oxidation products, as already suggested for Ag
electrodes in thiourea solution [26], or to electroreduction
of formamidine disulfide with formation of poisoning
intermediates or reaction products containing sulfur,
similar to the behaviour observed at a Pt electrode [27].
The effect of scan rate upon LSV curves suggests that the
surface blocking is determined by poisoning adsorbates
which are formed in situ during the potential scan.
Increasing the potential scan rate influences the current
density fall on the cathodic side of the peak, indicating
that the time scale characteristic of the adsorption–pas-
sivation process is being approached. Small additions of
iodide are effective in re-activating the electrode, possibly
through displacement of inhibiting adsorbates and
involvement in the discharge mechanism.

In the presence of Sn(II) cations in the electrolyte,
CPs at a stationary Pt electrode show specific features
which can be related to the formation of Au-Sn alloys at
the electrode surface. The experimental evidence so far
collected is still inadequate for supporting a direct cor-
respondence between electrokinetics and structure
characteristics of the ECD alloys; however, a few com-
ments can be suggested. Cathodic polarization curves
reveal the occurrence of at least three different processes
in the potential range from )0.2 to )0.5 V, which could
be related to the three different phases observed in ECD
alloys. Besides, the closeness of peaks II and III in the
CP curves (Fig. 4) provides an explanation for the
structural characteristics of the alloys with composition
in the range from 18 to 40 at% Sn, i.e. the formation of
two-phase f+d deposits, and be significant for explain-
ing the odd difficulty in obtaining alloy deposits with
composition in the range from 30 to 40 at% Sn.

The phase structure of the ECD Au-Sn alloys ob-
tained from acidic thiourea solutions presents significant
differences from the equilibrium phase diagram, as
evaluated by Okamoto and Massalski [28], also with
regard to the re-examination of the Au-rich side of the
diagram carried out by Ciulik and Notis [21]. The fcc
terminal solution rich in Au is obtained with a Sn con-
tent up to the solubility maximum. The hcp structure
corresponding to the equilibrium f phase is obtained in
the composition range from 7 to 18 at% Sn. As the Sn
content decreases from about 11 to 7 at%, the axial
ratio decreases down to the value 1.633, i.e. that of an
ideal hcp structure (see Fig. 9, where the axial ratio
variation with composition for both ECD and metal-
lurgical f phase is shown). In fact, according to the
experimental evidence, the hexagonal arrangement is

Fig. 8 HV microhardness (top) and elastic modulus (bottom) of
ECD Au-Sn deposits vs. Sn content in the alloy. Data obtained by
indentation depth–load measurements with a peak load of 10 mN
on the surface of 3 lm thick films deposited on a Si/Ta/Au
substrate
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replaced by the fcc structure, confirming that the sta-
bility limit for the ECD a phase is 7 at% Sn. Interest-
ingly, the microhardness and axial ratio maximum
occurs at similar alloy compositions. The ECD f phase is
found to extend over a composition range close to the
maximum solubility range for the equilibrium f phase
(9.5–17.6 at% at 280 �C [1]). Contrary to its metallur-
gical equivalent, the ECD d phase shows a relatively
large homogeneity range, from about 40 to 50 at% Sn,
whose lower boundary cannot be precisely defined, since
the limits of the f+d two-phase region are ill-defined.
The diagram in Fig. 10 shows the resulting composition
ranges for the different phases in ECD Au-Sn alloys.

A peculiarity of the phase structure of ECD Au-Sn
alloys is the practical impossibility to obtain long-range
ordered structures, as we have already shown in the case
of Ag-Sn and Cu-Sn alloys electrodeposited from acidic
thiourea electrolytes [29]. In fact, neither the b (TiNi3-
type structure, D024) nor the f¢ phase (or Au5Sn com-
pound, a rhombohedral superstructure) have been
identified in Au-Sn alloy deposits.

Conclusions

Au-Sn alloys with a Sn content up to 50 at% are ob-
tained from acidic solutions containing 1 M CS(NH2)2,
1 M H2SO4, 0.01–0.025 M Au(I), and 0.05 M Sn(II),

under PC plating conditions, with a pulse current den-
sity from 5 to 50 mA cm–2, and on-time and off-time in
the ranges 0.1–2 s and 1–10 s, respectively. As-deposited
layers are bright or semi-bright up to 5 lm thickness,
with a tendency to become dull as the Sn content is
increased above about 30 at%, or also at a lower Sn
content when the deposition time is increased.

In the composition range up to 7 at% Sn, ECD
alloys have the fcc structure; in the composition range
from about 8 to 18 at%, the alloys have the f phase
crystal structure, with an hcp lattice and enlarged
homogeneity field with respect to the equilibrium
phase. Both the fcc and hcp phases are obtained over a
composition range corresponding to the maximum
solubility range, according to the phase diagram. The
ECD d phase, with the NiAs-type structure, is obtained
over an enlarged homogeneity range. No formation of
superlattice phases is observed, suggesting that, during
electrochemical formation of the alloy, long-range or-
der cannot be activated and come into play to deter-
mine the alloy phase structure, since the crystallization
reactions proceed from the aggregation and local
arrangement of atoms in small clusters, whose stability
depends only upon interaction at the atomic and
molecular scale.
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