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The effects of thiourea (TU), benzotriazole (BTA) and 4,5-dithiaoctane-1,8-disulphonic acid
(DTODSA) on the deposition of copper from dilute acid sulphate solutions have been studied using
potential sweep techniques. Tafel slopes and exchange current densities were determined in the pre-
sence and absence of these organic additives. TU and BTA were found to inhibit the copper deposi-
tion reaction; increases in the BTA concentration gave a systematic lowering of the exchange current
density, whilst TU behaved in a less predictable manner. For BTA and TU concentrations of
1073 moldm™>, Jo values of 0.0027 + 0.0001 and 0.0028 £ 0.0002 mA cm ™ were obtained compared
to a value of 0.0083 + 0.0003mA cm~? for the additive free acid sulphate solution. In contrast, in
the presence of DTODSA, an increased exchange current of 0.043 + 0.0003 mA cm ™2 was observed.
The presence of additives gave rise to measured Tafel slopes of —164, —180 and —190mYV for TU,

BTA and DTODSA, respectively, compared to that of —120mV for copper sulphate alone.

List of symbols

A electrode area (sz)

be  cathodic Tafel slope (mV)

cg  bulk concentration (molcm™)

D Diffusion coefficient (cm2 s‘l)

F  Faraday constant (As mol‘l)

I,  Limiting current (A)

J Current density (A cm™2)

jor Charge transfer current density (A cm™2)
jo  Exchange current density (A cm ?)

ki, Mass transport coefficient (cm s7h

1. Introduction

The scope for electrochemistry in the environment is
extremely wide and spans many sectors of industry
including the removal of metal ions from solution.
Of particular importance is the removal of copper
from aqueous liquors containing low levels of
copper ions (1 to 100mgdm"3) [1]. Such effluents
are routinely produced by the electroplating industry
in the form of spent or contaminated baths and rinse-
waters [2]. These solutions contain not only the metal
ion but also organics which have been added to
the plating baths in order to produce the required
surface finish, that is, substances acting as bright-
eners, levellers or wetting agents.

The presence of small amounts of these adsorp-
tion additives in the plating bath results in marked
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R Molar gas constant (J K mol™)
T  Temperature (K)
z Number of electrons (dimensionless)

Greek symbols

oc Cathodic transfer coefficient (dimensionless)
n  Overpotential (V)

v Kinematic viscosity (cm*s™")

w  Rotation rate (rad sfl)

changes in the deposit, which can include increased
brightness, hardness, smoothness and ductility [3~-5].
Examples of such additives include thiourea (TU),
CS(NH,),, benzotriazole (BTA), C¢H;Nj, and
4,5-dithiaoctane-1,8-disulphonic acid (DTODSA),
(HO;SCH,CH,CH,S—),. These addition agents
have been shown to act as brighteners and levellers
in acid plating baths and in their absence, dull
copper deposits are formed. Surface roughness has
been attributed to the fact that at high overpotentials
mass transfer limited deposition favours the growth of
a deposit with protrusions, whilst at low overpoten-
tials the grain size of the deposit is large [6].
Whereas a great deal of work has been carried out
on the kinetics of copper deposition and stripping
from concentrated solutions (typically 0.1 to
0.5 mol dm™?) [7—13], very little kinetic data is available
concerning deposition from low concentration copper
solutions in the presence or absence of additives [14].
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This study is part of a programme to examine the
effect of electrolyte additives on the kinetics of metal
ion removal from dilute solutions. In particular, the
effects of TU, BTA and DTODSA on the kinetics of
copper deposition from dilute acidic copper sulphate
solutions (1 x 10 moldm ) have been investi-
gated. Quantification of the kinetic parameters for
the reaction aids the selection of appropriate con-
ditions for the electrochemical treatment of copper
contaminated industrial process solutions.

2. Experimental details

The reagents used were CuSO, - 5H,0 (Fluka puriss),
Na,S0, (BDH GPR), H,S0, (Fisons AnalaR), TU
(BDH), BTA (Aldrich Gold Label) and DTODSA
(LeaRonal). All solutions were prepared with double
distilled water and experiments were carried out at
temperatures of 293 £ 1K. pH adjustments were
made via the addition of sulphuric acid and were
monitored on a Corning Model 150 pH meter with
a BDH Gelplas combination pH electrode.
Electrochemical measurements were made using an
EG&G 636 rotating disc electrode system coupled to a
Sycopel 20V/2A potentiostat, a Hi-Tek PPR1 sweep
generator and a Philips PM 8271 XYt chart
recorder. The rotating disc electrode (RDE)
consisted of a copper disc, 0.4cm diam., set in an
inert PTFE shroud of diam. 1.2cm. The disc was
polished using a 0.3 ym Al,Oj; slurry. All experiments
were carried out in a three compartment glass cell with
the counter electrode compartment being separated
from the working electrode using a Nafion™ 423
cation exchange membrane. Electrode potentials
were measured with respect to a saturated calomel
electrode (SCE). Prior to each experiment, the cell
was filled with electrolyte and purged with a fast
stream of nitrogen for 15min. The steady value of
the rest potential of the copper working electrode
was measured then the potential linearly swept to a
value 800 mV more negative than this value. Polariza-
tion curves were obtained in this manner over a range
of rotation rates from 250rpm (26.2rads™) to
1750 rpm (183.3rad s_l) at a potential sweep rate of
10mVs~!. Tafel data were obtained at rotation rates
of 1250rpm (130.9rads™') and sweep rates of
1mVs~™'. The rest potential of the working elec-
trode, R, was measured with respect to a SCE and
the potential then swept to a value 650 mV more nega-
tive than this. Thick copper deposits which were diffi-
cult to remove, were produced on the electrode

-0.25

(g}
(f)
0.20 - (e)
(d)
T st (e)
P (b)
g
5-0.10 - {a)
o
-0.05 -
Background electrolyte
0 —t T 1
0 -200 -400 -600 -800
Potential vs SCE/mV
Fig. 1. Current-potential curves for the reduction of

1x 107> moldm™> CuSO, in 0.5moldm™> Na,S0; at pH 2.0 for
rotation rates of (a) 250, (b) 500, (c) 750, (d) 1000, (e) 1250, (f)
1500 and (g) 1750 rpm. WE: copper disc, r = 2mm, RE: SCE and
CE: Pt gauze. Potential sweep rate: 10mV s‘l, T =293K.

surface, if the potential was increased to more nega-
tive values.

3. Results and discussion
3.1. Additive-free copper solution

A series of polarization curves was obtained for a
solution of 1 x 10> mol dm > CuSO, in 0.5 mol dm™>
Na, 80y, adjusted to pH 2.0, in which the rotation rate
was varied from 250 to 1750rpm (26.2 to
183.3rads ™) (Fig. 1). From these data, the diffusion
coefficient for cupric ions at a rotating disc electrode
(RDE) in a laminar flow regime, under steady state
conditions, was calculated via the Levich equation
[15]:

I, = 0.62nFAD*u 16,12y (1)

Linear plots of limiting current against square root of
rotation rate were obtained, showing the copper
deposition reaction to be mass transport controlled
(see Fig. 2). The diffusion coefficient was 6.8 0.3 x
10 ¢ecm?s™! at 25°C, which is in good agree-
ment with the literature values shown in Table 1 [14,
16-19].

Charge transfer data can be used in the characteri-
zation of the kinetics of the copper deposition reac-
tion. Tafel plots showed a small charge transfer
region, generally restricted to an overpotential range
of —50 to —80mV. At more negative potentials the
charge transfer region was followed by one of mixed
control where components of both charge transfer

Table 1. Diffusion coefficients for cupric ions in acid sulphate media T = 298 K [14, 16-19]

[Cu23+] , Background electrolyte D/1076 em? 57! Ref.
/107" moldm™

1.0 0.5mol dm™ Na,S0, at pH 2.0 48 14
11 0.7mol dm™ H,S0, 5.8 16
40 0.5moldm™ H,SO, 6.0 17
40 0.5mol dm™ Na,S0, at pH 2.0 5.5 18
10 0.1 moldm ™3 Na,SO, at pH2.0 6.9 19
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Fig. 2. Levich plots for 1 x 1073 moldm™ CuSO, in Na, SO, at
pH2.0 in the presence of (a) Omoldm™> additive, (b)
1x 10 moldm™ TU, (¢) 1x 10 moldm™ BTA and (d)
1 x 107> moldm™ DTODSA, T = 293K.

and mass transport contribute to the overall current.
Studies of 0.3moldm™ CuSO, in 2.2moldm >
H,SO, by Healy et al. [20] showed a similarly short
Tafel region. However, a purely charge transfer
controlled current density, jcr, can be calculated
from the total current density, j, via the expression,
R o
J Jcr Ju
where ji is the mass transport controlled limiting
current density, as measured from the plateau region
of the current—potential curves. The exchange
current density, jy, and charge transfer coefficient
o, can be determined from a plot of j-t against over-
potential, n, using the Tafel equation:

Olcl’lF
23RT" (3)

Figure 3 shows that a well defined linear region is
obtained by plotting log jor against overpotential.
The Tafel slope for 1 x 107 to 5 x 107>moldm™°
CuSO, in the additive free solution at a rotation
rate of 1250 rpm was found to be —120 £ 3mV and
the corresponding charge transfer coefficient was
0.50. These values compared weil with the Tafel
slope of —120mV and the charge transfer coeflicient
of 0.50 obtained by Mattsson and Bockris [7] for the
deposition of copper from 1.0mol dm~? CuSO, in
0.5moldm ™ H,S0, at 30 & 1° C. They showed that
a charge transfer coefficient of 0.50 corresponded to

log —jcr = log jo —

10" ¢ e
F @ (a)
- (b)
i o (c)
o (d)

—
(=)
[=]

-_—
<
N

Charge transfer current density/mA cm?
=

103 | | | L
-200 -150 -100 -50 0
Overpotential/mV

Fig. 3. Tafel extrapolations for (a) 1x 107> moldm™3, (b)
5x 10 moldm™>, (¢) 10x10°moldm™> and (d) 50 x
10 moldm ™. CuSO, in 0.5moldm™> Na,SO, at pH2.0. WE:
Cu RDE, r = 2mm, rotation rate = 1250 rpm. CE: Pt gauze and
RE: SCE. Potential sweep rate: ImVs~!, 7 =293K.

a classical two-stage mechanism for the deposition
of copper:

slow step Cu’" +e~ —— Cu’ (4)

fast step Cu®+e” —— Cu (5)

It was proposed that the first step in this process
occurred slowly and was rate controlling with Cu®*
existing in equilibrium with copper at the electrode
surface. These results have subsequently been
confirmed by many other workers [8, 9, 13].
However, others, including Hurlen [21], disagreed
with this two step mechanism as they observed sym-
metrical anodic and cathodic Tafel slopes suggesting
a single reduction process [21]:

Cu*t 4+ 2¢~——— Cu (6)

In the present study, the exchange current density for
the copper deposition reaction was found to increase
with increasing cupric ion concentration from
0.0085 + 0.0003mA cm ™ for 1 x 107> moldm™ to
0.12 £0.02mA cm™2 for 5 x 10 2moldm > CuSO,.
This trend is in agreement with the values obtained
by Milora er al. [22] for higher concentration copper
solutions, where j, values of 1.09 and 2.49mA cm >
were obtained for 0.1 and 1.0 moldm™> CuSO, solu-
tions, respectively. As expected, the heterogeneous
rate constant for the electrodeposition reaction
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Fig. 4. Current—potential curves for the reduction of

1 x 10> moldm™ CuSOQ, in the Jpresence of (a) Omoldm™,
(b) 1x10°moldm™2, (¢) 1 x 10~ moldm™> or 1 x 10 *mol=3
and (d) 1 x 10~ moldm~® TU. WE: Cu RDE, r = 2mm, rotation
rate: 1250 rpm, RE: SCE and CE: Pt gauze. Potential sweep rate:
10mVs™, T = 293K.

decreases for more dilute solutions, that is, the reac-
tion kinetics become slower.

3.2. Copper deposition in the presence of thiourea

Polarization curves for 5 x 10~ to 1 x 107> mol dm >
TUin 1 x 1073 moldm > CuSO, are shown in Fig. 4.
There is a decrease in the open circuit potential from
—56 to —236mV as the TU concentration increases
from 5x 107 to 1x 10 moldm™. This is in
contrast with more concentrated copper solutions,
where the addition of small amounts of TU to the
copper solutions causes the open circuit potential to
become more positive and only at higher concentra-
tions does the potential shift to more negative values
[4]. However, the open circuit potential at a given
additive concentration was not affected by rotation
rate and the onset of hydrogen evolution occurred at
—850mV compared to a value of —700mV for the
additive free copper solution. Also, the limiting
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Fig. 5. Current—potential curves for the reduction of

1 x 1073 moldm™ CuSOQ, in 0.5moldm™> Na,SO, at pH2.0 in
the presence of 1 x 107> moldm™ TU. Rotation rates of (a) 250,
(b) 500, (c) 750, (d) 1000, () 1250, (f) 1500 and (g) 1750 rpm. WE:
Cu RDE, r = 2mm, RE: SCE and CE: Pt gauze. Potential sweep
rate: 10mVs™', 7' =293K.
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Fig. 6. Tafel extrapolations for 1x 107> moldm™ CuSO, in
0.5moldm™ Na,SO, at pH2.0 in the presence of (a) 0 (b)
5%1075, () 1 x 107, (d) 2x 1075, (&) 5x 107>, () 5x 1074, ()
1 x 10~ moldm™ TU. WE: Cu RDE, r = 2mm, RE: SCE and
CE: Pt gauze. Potential sweep rate: 1mVs~!, rotation rate:
1250rpm, T = 293 K.

plateau becomes less well defined with increasing
amounts of additive (Fig. 5).

Figure 5 shows limiting current curves for 1 x
10> moldm™> CuSO, in the presence of 1 x
10°moldm ® TU. A diffusion coefficient of
6.8+03cm?s™! at 20°C was obtained, which
remained constant for all concentrations of TU. The
limiting current at —650mV vs SCE was propor-
tional to the square root of rotation rate and there-
fore, the copper deposition reaction can be said to
be completely mass transport controlled.

Tafel kinetics for copper deposition from solutions
containing TU showed marked changes compared
with those for pure copper solutions. Figure 6 shows
cathodic Tafel slopes for 1 x 10> moldm™ CuSO,
in the presence of 0 to 1 x 107> moldm™ TU. An
increase in the Tafel slope from its original value of
—120+3mV for the additive free solution to
—-164+£4mV for those containing 5x 107 to
5% 107*moldm™ TU was observed. The corre-
sponding charge transfer coefficient, assuming a one
electron change, was found to be 0.35. However, the
Tafel slope increased to —204 + 5mV with a corre-
sponding decrease in the transfer coefficient to a
value of 0.26 for higher concentrations of TU,
1 x 10> moldm™>. This is in agreement with other
studies on high concentration copper solutions
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Table 2. Exchange current densities for 1 x 107> moldm™ CuSO, in
0.5 moldm™ NaySOy4 at pH 2.0 in the presence of TU

Concentration of TU Exchange current density

/10~ moldm™3 /mA cm™?
0 0.0085 =+ 0.0003
5 0.0048 + 0.0006
10 0.0027 + 0.0004
20 0.0036 = 0.0002
50 0.0070 = 0.0001
500 0.015 = 0.0007
1000 0.040 + 0.0001

WE: Cudisc, CE: Pt gauze, RE: SCE, w = 1250 rpmand T = 293 K.

which also reported decreased transfer coefficients for
increasing TU concentrations [4]. In this work a
limiting value for the transfer coefficient of approxi-
mately 0.20 was obtained for a TU concentration of
10~*mol dm™ in 1.0mol dm ™ CuSO,. The observed
changes in the cathodic Tafel slope and the corre-
sponding decrease in «ac in the presence of TU, for
both concentrated and dilute sulphate solutions,
suggest that the process taking place on the electrode
surface can no longer be a simple one electron
transfer. This may be attributed to complex forma-
tion between TU and cuprous ions at the electrode
surface.

The variation in exchange current density with TU
concentration was more complex. At concentrations
of 5x107° and 5x 10> moldm™ TU, exchange
current densities of 0.0048 £ 0.0006 and 0.0070 +
0.0001 mA cm 2 were observed which are lower than
that of 0.0085 = 0.0003mA cm™> observed for the
additive free copper solution. At higher concen-
trations of 5x 107* and 1 x 10 °moldm™ TU,
exchange current densities of between 0.015 + 0.0007
and 0.040 + 0.0002 mA cm ™~ were found. This varia-
tion in exchange current density with TU concentra-
tion was not systematic and a linear relationship
between concentration and j, was not observed (see
Table 2). Milora et al. [22] found a similar relation-
ship between exchange current density and TU
concentration for more concentrated copper sulphate
solutions.

The observed decreases in the exchange current
density in the presence of TU suggest that it must be
acting as an inhibitor which is confirmed by the obser-
vation that at any given overpotential the current
density for copper deposition from solutions up to
and including 5 x 10> moldm™ TU is lower than
that found for the corresponding additive free
solutions. However,
TU is further increased to 5x107* and
1 x 10> moldm >, the converse is true and the
current increases at a given overpotential. Two very
different concentration-dependent effects are opera-
tive and these can be related to the different
complexes possible as discussed below.

3.3. Mechanisms for the action of thiourea

Several theories have been put forward to explain the

when the concentration of’

interactions between TU and the electrodeposition of
copper from acid plating baths all of which involve
adsorption of the additive at the electrode surface
[3, 4]. Two main mechanisms have been suggested.
In the first, ‘structure-sensitive’ adsorption of the
additive occurs, with only molecules of a certain
size, shape, and chemical structure adsorbed at the
metal surface. The second mechanism involves
‘current density’ or ‘shape sensitivity’ where the addi-
tive is adsorbed at areas of high current density
slowing down the rate of growth in this area and
allowing more rapid growth in regions of low current
density, thus producing a smooth surface.

Turner et al. [4] showed, via radiotracer methods,
that the copper deposit contained a small amount of
CuS which lead to the assumption that the TU decom-
posed during electrolysis and two possible mechan-
isms were proposed:

In the first, thiourea is hydrolysed to urea and H,S,

H,NCSNH, + H,0 —— H,NCONH, + H,S (7)

In the second, thiourea is reduced to form NH,CN
and H,S,

H,NCSNH, + 2H* +2¢~ —— NH,CN + H,S

(®)

The authors believed the latter mechanism to be more
likely, although no proof was offered. Whatever the
actual mechanism, the H,S thus produced reacts
with the copper to produce the sulphide. The solubi-
lity product of CuS is low and, therefore, in the
presence of low concentrations of sulphide ions, it
will be precipitated at the cathode surface. This preci-
pitate can interfere with normal crystal growth and
may even block growth sites and increase the
number of nucleation sites. This is consistent with
the fact that copper deposited from solutions
containing TU has a large number of small grains [3].

A second theory due to Zukauskaite er al. [23]
considered reactions in the electrolyte phase and at
the cathode surface:

In solution
2Cu®" 4 2H,NCSNH,
—— 2Cu" 4 [-SC(=NH)NH,], + 2H"  (9)
At the cathode
Cu' 4+ nH,NCSNH, —— Cu*(H,NCSNH,),
(10)
—— Cu+ nH,NCSNH,
(11)

Cu+ (HzNCSNHz)n +e

where n =1, 4 or 6 [24, 25].

They suggested that Cu® forms an adsorbed
complex with TU at low current densities whereas at
high current densities saturation is attained, with
respect to TU, and Cu?* may discharge from the aquo
complex. Over the range of potentials used during
the electrodeposition of copper, it is thermodynami-
cally possible to cathodically reduce formamidine
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disulphide to TU. However, reduction of Cu’* by TU
is possible only when stable complexes are formed
with Cu" and when the complex formation constant
of these complexes is substantially higher than the
corresponding constant for Cu®". When there is a
considerable excess of Cu®™ with respect to TU it is
most likely that 1:1 complexes form as shown below:

2Cu** + 4SC(NH,), — 2CuSCNH,(=NH)
+NH,(=NH)CSSCNH,(=NH) +2H"  (12)

There are several possible alternatives for the struc-
ture of the complex Cu™(SC(NH,),),, where n =1,
4 or 6. For example, when n =6, the compound
could be [Cuy(SC(NH,),)¢]*", the structure of
which is a tetrahedral or distorted Cuy core. In
complexes with a Cu, tetrahedron, the atoms are
bridged by S to give a CuyS¢ core, the structure is
linked with six membered CuSCuSCusS rings [24]. If
n =1 or 4, there is evidence of [Cu,SC(NH,),)]*" or
[Cu(SC(NH,),)4] " [25].

According to the above theories, at low concentra-
tions, the complex produced at the electrode surface
would be CuSCNH,(=NH), whereas for the more
concentrated solutions the reaction shown in Equa-
tion 10 offers the most likely mechanism.

3.4. Copper deposition in the presence of benzotriazole

Polarization curves were obtained for 5 x 107° to 1 x
10"*moldm™> BTA in 1 x 107 moldm* CuSO, and
are shown in Fig. 7. The open circuit potential
becomes more negative with increasing additive
concentration, the value increasing from —46mV in
the absence of the additive to —85mV with
1 x 107*moldm™ BTA. As in the case of TU, there
was no change in these values when the rotation rate
was altered and the limiting current plateau for BTA
was shorter than that of the additive free copper solu-
tion. At BTA concentrations of 1 x 10™*moldm™ no
limiting current plateau is observed and the copper
deposition reaction occurs in the region of hydrogen
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Fig. 7. Current—potential curves for the reduction of
1 x 1072 moldm™ CuSO, in the presence of (@) 0, (b) 1x107°,
(© 1x107° and (d) 1x 10 moldm™ BTA. WE: Cu RDE,
r = 2mm, rotation rate: 1250 rpm, RE: SCE and CE: Pt gauze.
Potential sweep rate: 10mVs™!, T = 293K.
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Fig. 8. Current—potential curves for the reduction of

1 x 10" moldm™> CuSO, in 0.5moldm™ Na,SO, at pH2.0 in
the presence of 1 x 107> moldm™® BTA. Rotation rates of (a)
250, (b) 500, (c) 750, (d) 1000, (e) 1250, (f) 1500 and (g) 1750 rpm.
WE: Cu RDE, r =2mm, RE: SCE and CE: Pt gauze. Potential
sweep rate: 10mV sl T =293K.

evolution, but concentration decay studies show that
copper deposition is still occurring at potentials of
—650mV [26].

Figure 8 shows the limiting current curves obtained
for 1x 10 >moldm > CuSO, in the presence of
1 x 107 moldm™ BTA. The diffusion coefficient
for the Cu(mr) ion, calculated from Levich plots,
Fig. 2, was 7.2 + 0.4cm?s~!. Additive concentrations
of 5% 107% to 1 x 10> moldm™ did not alter this
value and as the Levich equation is obeyed the
copper deposition process is mass transport
controlled.

Similarly to TU, the charge transfer data for copper
solutions containing BTA showed differences to addi-
tive free copper solution (Fig. 9). Tafel slopes of
—1804+2mV were obtained for copper in the
presence of 5x 107® to 5 x 107> moldm™ BTA and
the corresponding charge transfer coefficient,
assuming a one electron change, was 0.32, indicative
of a more complex electrode process. These results
compared well with those obtained by Shedshadri
[27] who obtained Tafel slopes of —180mV for
0.25moldm™ CuSO, in 0.1 moldm™ H,SO, with
BTA concentrations of between 1 x 107®moldm™
and 1 x 107> moldm™>.

The exchange current density decreased systemati-
cally with increasing BTA concentration from
0.0035 = 0.0003 mA cm 2 at 5 x 10~ moldm > BTA
to 0.00078 £+ 0.00001 mA cm™ at 1 x 10~ moldm™
BTA. These j, values were considerably lower than
those obtained in the additive free solution or in solu-
tions containing TU. This, together with the decrease
in current density at a given overpotential, showed
that the deposition of copper is markedly inhibited
in the presence of BTA.

3.5. Mechanism of action of benzotriazole

Shedshadri [27] attributed the increase in Tafel slope
in the presence of BTA to the formation of a
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Fig. 9. Tafel extrapolations for 1x 10~moldm™ CuSO, in
0.5 mol dm™> NaZSO% at pH2.0 in the presence of (a) 0, (bg
5%107% () 1x10™, (d) 5% 10~ and (¢) 1 x 10"*moldm™
BTA. WE: Cu RDE, r = 2 mm, rotation rate: 1250 rpm, RE: SCE
and CE: Pt gauze. Potential sweep rate: 1mVs™, T = 293K.

copper—BTA complex.

Cu*t+e —— Cu" +BTA

«—— [Cu—BTA]" +¢~ —— Cu+BTA (13)
Such complexes are known to form in neutral and
acidic solution, where the BTA is chemisorbed
forming a [Cu-BTA]" complex at the electrode
surface [28, 29]. The inhibiting effect of the BTA on
the copper deposition reaction may be due to the
adsorption of the complex at active sites, where it
may accept an electron from the cathode and
discharge copper atoms which are incorporated at
the active sites. The BTA which is released can then
form a complex, a process which requires high
energy and large overpotentials. Scanning tunnelling
microscopy studies by Armstrong et al. [6] have
shown a reduction in the particle size of the copper
deposit on addition of BTA lead to increases in over-
potential required to deposit the metal. Increased
nucleation accounts for the change in the Tafel slope
and the inhibiting effect of the additive.

Poling [30] investigated the structure and thickness
of films formed on mirror copper surfaces in the
presence of BTA using reflectance infrared spectro-
scopy. These studies showed that the N—H band
observed with BTA disappeared when a CuBTA
complex was formed, indicating that the copper was
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Fig. 10. Current—potential for the reduction of 1 x 10~> moldm™>
CuSOy in the presence of (a) 0, (b) 1 x 1075 or 1 x 107>, (c) 1 x
107 and (d) 1x 10 moldm™ DTODSA. WE: Cu RDE,

r=2mim, rotation rate: 1250rpm, RE: SCE and CE: Pt gauze.
Potential sweep rate: 10mV s'l, T =293K.

bonding with the amino nitrogen in the BTA mole-
cule. The films formed by copper and BTA were
found to be composed of a near stoichiometric
Cu()BTA polymer. The thickness of this layer was
equivalent to many mono layers of CuBTA
monomer. Film growth is believed to occur when
the copper ions are transported through the adsorbed
BTA film, then an insoluble CuBTA complex is pre-
cipitated. The availability of copper ions at the solid/
electrolyte interface limits the thickness of the copper
film. Polarization studies showed that BTA was an
efficient cathodic inhibitor, indicating that the film
acts as a physical barrier to electrode reactions.
_Pizzini et al. [31] have used EXAFS to show that the
BTA was only present in the outer atomic layers of the
deposit. The inhibiting effect of BTA is believed to be
due to the chemisorption of BTA at the copper
surface, which produces a film containing Cu(1)-
BTA polymeric chains. The co-ordination of the
metallic copper shell is reduced by approximately
50% after copper is treated with BTA. The amount
of oxygen present at the surface seems to be almost
doubled [31]; however, EXAFS cannot clearly distin-
guish between oxygen and nitrogen back scattered
electrons so one of the two shells may more effec-
tively be attributed to the nitrogen in the triazole
ring. The Cu-BTA complex forms due to the
increased amount of oxygen or nitrogen coordinated
to the copper surface. The thickness of the Cu—BTA
layer was found to be very smali, 1.0-1.5nm [31].

3.6. Copper deposition in the presence of
4,5-dithiaoctane-1,8-disulphonic acid

Polarization curves for 1 x 1078 to 1 x 107> moldm™>
DTODSA in 1 x 10 moldm™ CuSO, are shown
in Fig. 10. In the absence of additive, a character-
istic polarization curve was obtained with the limiting
current plateau region occurring at around —380mV.
On addition of 1x107% to 1x 10> moldm™



COPPER DEPOSITION FROM DILUTE ACID SULPHATE SOLUTIONS

581

-0.25
| (@)
f)
0.20 — (e}
(d)
< (c)
-0.15 —
£ (b)
E
£ .00 fa)
(&)
-0.05
Background ic’t[?rlyte/
0 == ;
0 -200 -400 -600 -800
Potential vs SCE/mV
F1g 11. Current— potent1a1 curves for the reductlon of 1><
10 moldm™® CuSO, in the presence of 1x 10~ 4 moldm™3

DTODSA; background electrolyte 0.5moldm™ 3 Na,S0, at
pH 2.0 for rotation rates of (a) 250, (b) 500, (c) 750, (d) 1000,
(e) 1250, (f) 1500 and (g) 1750rpm. WE: CU RDE, r_2mm
RE: SCE and CE: Pt gauze. Potential sweep rate: 10mVvs™
T =293K.

3

DTODSA similar curves were obtained but the
currents in the charge transfer and mixed control
regions were reduced and only at potentials more
negative than —580mV did the curves resemble
those obtained for the additive free solution. At
concentrations of 1x 10>moldm™ DTODSA a
new feature centred at —230mV was observed. This
may be due to the presence of copper (1), produced
by the formation of a complex with DTODSA. The
rest potential became slightly more negative at
higher DTODSA levels, values ranging from
—46mYV in the absence of additive, to —56mV with
1 x 10"*moldm™ DTODSA, after which the value
remained constant.

Figure 11 shows the limiting currents for a
1 x 10"*moldm™ concentration of DTODSA copper
solution. The diffusion coefficient was 6.8 & 0.4 cm?s™!
over the range of additive concentrations investi-
gated. As in the case of TU and BTA additions, the
Tafel slope increased from —120 + 3mV in the addi-
tive free copper solution to a value of —190 £ SmV
in the presence of 1.1 x 107® t0 5.5 x 10™* moldm™
DTODSA, as shown in Fig. 12. This value only
altered at concentrations of 1.1 x 107> moldm *
DTODSA where a Tafel slope of —204 +4mV was
observed. Similar behaviour was also seen for high
concentrations of BTA and TU. A charge transfer
coefficient of 0.30 was calculated for a Tafel slope of
—190mV, indicating a more complicated electro-
deposition process. There was, however, a significant
difference in the exchange current densities for copper
deposition from solutions containing DTODSA and
those with either TU or BTA. In the presence of
1.1 x 10 *moldm™ DTODSA, a value of 0.16 +
0.002 mA cm~? was obtained for the exchange current
density compared to that of 0.0085 + 0.0003 mA cm >
in the additive free solution. This indicates more
favourable kinetics for the copper deposition reaction
in the presence of DTODSA.
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Fig. 12. Tafel extrapolations for 1x 10> moldm™ CuSQy in
0.5moldm™> in nitrogen purged Na,SO, at pH 2.0 in the presence
of (a) 0, (b) 1.1x 10—5 © 55 % 1073, (@) 1.1 x 1074, (e) 5.5 x

4and (f) 1.1 x 107> moldm ™ DS-4. WE: Cu RDE, r = 2mm,
rotauon rate: 1250 Tpm, RE: SCE and CE: Pt gauze. Potential
sweep rate: 1mVs™! , T =293K.

3.7. Mechanism of action of 4,5-dithiaoctane-
1,8-disulphonic acid

Adsorbed layers of brighteners generally produce
inhibition of metal deposition, as illustrated by the
results obtained for copper in the presence of TU
and BTA. However, in contrast, DTODSA, shows a
depolarizing effect [32-35] and mechanisms
accounting for this generally involve the formation
of surface complexes, containing organic ligands
which reduce more rapidly and at more positive
potentials than the corresponding aquo complexes,
thus lowering the activation energy barrier [32].

Zukauskaite er al. [32, 33] used potentiodynamic
and UV spectroscopic techniques to show that, over
the range of potentials used for copper deposition,
Cu(i) organo complexes were present and that
DTODSA was electroreduced to 3-mercapto-propane-
sulphonic acid (MPS), HS(CH,);SOsH (see Equation
14). MPS then reduces Cu®" to produce a Cu(x) thio-
late complex and DTODSA is regenerated. The
DTODSA can again be reduced whilst the Cu(i)
complex undergoes reduction to produce copper
metal and MPS. A possible reaction mechanism is as
follows [32, 33]:

HO;S(CH,);SS(CH,);SO;H + 2H™ 4 2¢

—— 2HS(CH,);SO;H (14)
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4HS(CH,);S0;H + 2Cu**
—_— 2CU(I)S(CH2)3 SO3H

+HO,S(CH,);SS(CH,);SO;H + 4H"  (15)
Cu(1)S(CH,);SO;H + H* + &~
— Cu+ HS(CH,);SO;H (16)

DTODSA is therefore able to participate in repeated
oxidation and reduction cycles and depolarization
occurs because Cu®* reduction to Cu* occurs chemi-
cally in reactions involving the additive in contrast to
a purely electrochemical Cu®" to Cu™ electroreduc-
tion process.

Healy et al. [34, 35] suggested an alternative
mechanism for the decomposition of DTODSA in
electroplating baths. This again involved the forma-
tion of a stable Cu(r) complex Cu(1)S(CH;);SO;H,
however, in this mechanism DTODSA reacts directly
with Cu®" ions to form the complex:

4Cu+ -+ [S(CH2)3SO3H]2

—— 2Cu*" 4+ 2Cu(1)S(CH,);SO;H (17)

The observed reduction of DTODSA is only possible
because of the strong interaction of the thiolate ion
with the Cu(i). In the absence of complex formation,
neither Cu(1) nor Cu(o) are strong enough to reduce
DTODSA. In the absence of cupric ions only slow
electrodeposition occurs and it is believed that in
this case copper metal itself becomes the reducing
agent:

2Cu + [S(CH2)3SO3H]2 —_— 2CU(I)S(CH2)3SO3H
(18)

Although copper metal is a stronger reducing agent
than cupric ions, the decomposition reaction is
slower because of the reproportionation reaction.

(19)

Healy et al. [35] also showed that in the presence of
50 x 10> moldm™ DTODSA a film formed at the
electrode surface attributed to a Cu(l) complex
consisting of mainly Cu(1)S(CH,);SO3;H. This film
was formed at potentials less negative than —0.8V
vs Hg/HgSO, and at potentials greater than —0.97V
vs Hg/HgSO, the film underwent further reduction
to copper metal.

When low levels of DTODSA (typically 1 to
2 x 107% mol dm™>) were present in solution, the rate
of film formation at the electrode surface was negli-
gible. A detailed mechanism of this film formation
was not given but the film appears to form readily at
sites on the electrode surface where there is a high
flux of DTODSA, for example, at the tips of forming
dendrites and this leads to the inhibition of the metal
deposit at sites of high local current density. The film
is removed by cathodic reduction. Passivation of the
surface will lead to higher local densities and the
resulting shift in potential to more negative values
will lead to the reduction of the film to copper.

Cu’t + Cue——2Cu"

In this paper an evaluation of the effects of single
additives on the electrodeposition of copper from
dilute solutions has been carried out. Further studies
will involve mixtures of additives and the selective
deposition of metals from mixed metal systems. In
addition, additives known to affect the mass trans-
port controlled reaction as opposed to charge
transfer system studied here will be investigated.

4. Conclusions

The effects of a series of organic additives on the elec-
trodeposition of copper from dilute acidic sulphate
solutions have been investigated. These studies show
the following effects:

(1) The presence of TU, BTA or DTODSA in
copper solutions did not affect the region of mass
transport control for copper deposition. However, in
the case of TU the limiting current plateau became
less well defined.

(ii) The cathodic Tafel slope for additive free copper
solutions was —120 4+ 3mV, with a charge transfer
coefficient of 0.50 and the exchange current density
increased with cupric ion concentration.

(iii) In all cases, the Tafel slopes b¢, increased from
—120 £3mV for additive free copper solution to
—164 4+ 4, —180 £ 2 and —194 & 5mV for TU, BTA
and DTODSA, respectively. These results corre-
spond to charge transfer coefficients of 0.35 for TU,
0.32 for BTA and 0.30 for DTODSA, assuming a
one electron change. The changes in bc and ac
show that the reaction taking place at the electrode
surface no longer involves a simple one electron
change.

(iv) In the presence of TU or BTA the exchange
current density for copper deposition decreased. In
the case of TU there was no correlation between addi-
tive concentration and change in exchange current
density; whereas, with BTA the exchange current
density decreased systematically at higher BTA
concentrations. TU and BTA acted as inhibitors for
the copper deposition. In the presence of DTODSA,
the exchange current density increased at higher
DTODSA concentration and this additive is believed
to catalyse copper deposition.
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