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Abstract

Quasi-steady state hydrodynamic voltammetry at a rotating-disc electrode and electrochemical impedance
spectroscopy were used to investigate the influence of triethyl-benzyl-ammonium (TEBA) chloride on the kinetics of
copper electrodeposition from sulphate acidic electrolytes. SEM and X-ray diffraction analysis were used to
examine the morphology and the structure of copper deposits. The kinetic parameters (i0, ac, k0), obtained by both
Tafel and Koutecky–Levich interpretations lead to the conclusion that TEBA acts as an inhibitor of copper
electrodeposition process, as a consequence of its adsorption on the electrode surface. The influence of TEBA on the
kinetics of copper electrodeposition was explained in terms of a reaction model confirmed by the simulated
impedance spectra. TEBA acts only as a blocking agent competing for adsorption active sites of the cathodic surface
with cuprous ions without changing the reaction pathway corresponding to the absence of the additive.

1. Introduction

Organic additives, such as thiourea [1–14], gelatine [4, 5]
and animal glue [12] are widely used in copper electro-
deposition since they can produce smooth and bright
copper deposits. However, in certain conditions, thio-
urea, the most commonly used addition agent, may
decompose at the cathodic surface and lead to conta-
mination of the deposits with sulfur. For this reason the
development of suitable brightening and levelling agents
as substitutes for thiourea remains an interesting re-
search direction.
Recently, a new additive IT-85, representing a mixture

of ethoxyacetic alcohol and triethyl-benzyl-ammonium
chloride (TEBA) was proved to be an efficient levelling
agent in copper electrodeposition process [13]. To
improve an understanding of the mechanism of action
of IT-85 on the cathodic process, it was interesting to
investigate, separately, the effect of TEBA on copper
electrodeposition from sulfate electrolytes. On the other
hand, in spite of the fact that the quaternary ammonium
salts are known to act as blocking agents in metal
electrocrystallization [15–17], there is little information,
concerning the kinetic parameters of the cathodic
process in their presence.
The aim of this study is to examine the effect of TEBA

on the kinetics of copper electrodeposition from acidic
sulfate electrolytes using electrochemical methods such

as hydrodynamic voltammetry at a rotating disc elec-
trode (RDE) and electrochemical impedance spectros-
copy. Electrochemical results were correlated with those
obtained from the examination of the cathodic deposits
obtained by potentiostatic electrolysis. The morphology
and the structure of the copper deposits were investi-
gated using scanning electron microscopy (SEM) and X-
ray diffraction analysis.

2. Experimental details

2.1. Reagents

A stock solution of acidic copper sulfate containing
30 g l)1 Cu2+ as CuSO4 and 100 g l)1 H2SO4 was
prepared using pure reagents and distilled water. Solu-
tions with various amounts of triethyl-benzyl-ammoni-
um (TEBA) chloride concentration (0.5; 1 and 2 g l)1)
were prepared using the stock solution.
All reagents were Merck (Darmstadt, Germany)

products of analytical grade of purity.

2.2. Electrochemical measurements

The experimental set-up consisted of a conventional
three-electrode cell connected to a potentiostat (PS 3
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Meinsberg, Germany) equipped with a data acquisition
system (National Instruments AT MIO16 T5 acquisition
board coupled to an IBM PC).
The amperometric measurements at the RDE with

linear variation of rotation speed were performed at
different electrode potentials, by scanning the electrode
rotation speed between 100 and 2500 rpm with 20
rpm increments. The range of electrode potentials
was chosen in the activation–diffusion control region
of the quasi-steady state hydrodynamic voltammo-
grams.
The working electrode was a copper disc electrode

(dia. 3 mm). To ensure reproducibility between experi-
ments, the exposed surface was polished with 600 and
1200 grit paper, and rinsed with distilled water. The
counter electrode was a platinum foil and a saturated
calomel electrode (SCE) was used as reference electrode.
All electrochemical measurements for copper electro-

deposition were performed under potentiostatic con-
ditions without ohmic drop compensation. The ohmic
drop correction of the applied electrode potential was
done by calculus using the electrolyte resistance deter-
mined from the electrochemical impedance spectra.
The impedance spectroscopy measurements were

carried out in the 3.2 mHz–10 kHz frequency range, at
different dc potentials chosen within the range )100 to
)175 mV vs SCE. To attain the steady state, the
electrode was rotated at 1000 rpm. To improve the
accuracy, measurements were automatically repeated
up to 20 times, especially for the high frequencies
domain.

2.3. Preparative electrolysis

Small-scale potentiostatic electrolysis was performed in
the absence and in the presence of different amounts of
TEBA, at room temperature, employing a glass cell
equipped with one vertical planar brass cathode and a
platinum anode. In all cases, the potential was held
constant at )0.175 V vs SCE during the deposition time
of 45 min.

3. Results and discussion

3.1. Effect of additives on the deposit morphology

As can be seen from Figure 1, the presence of TEBA
changed significantly the morphology and structure of
the copper deposit as compared with that obtained from
the same solution in the absence of additive.
The X-ray diffraction analysis showed a change of the

Cu deposits texture from (111), obtained in the absence
of TEBA, to (110) found in its presence. The (110)
texture proves an inhibition action exerted by the
additive on the crystal growth process [13]. Consequent-
ly, the presence of TEBA induced a relative enhance-
ment of the nucleation process, resulting in a finer
grained deposit.

3.2. Quasi-steady state hydrodynamic voltammetry
at RDE

The inhibition of the cathodic process induced by TEBA
was confirmed by the hydrodynamic voltammetric
measurements at copper RDE (Figure 2). The cathode
polarization increases due to the TEBA adsorption at
the electrode interface, a fact reflected by the progressive
decrease of the cathodic current for a given electrode
potential value.
At the same time, in the presence of TEBA, the

nucleation was enhanced, as was observed from the
increase in length of the initial part of the hydrodynamic
voltammograms. The nucleation enhancement results in
finer grained copper deposits, (Figure 1).
To obtain quantitative information about the kinetics

of the copper electrodeposition in the presence of
TEBA, the hydrodynamic voltammograms at the RDE
were examined by using Tafel and Koutecky–Levich
interpretations. For this purpose, the generally accepted
kinetic scheme for copper electrodeposition from acid
sulfate solutions [18]:

Cu2þ þ e� ! Cuþ ðR1Þ

Fig. 1. SEM micrographs of copper deposits obtained at E ¼ )0.175 V vs SCE in the absence (A) and in the presence (B) of 1 g l)1 TEBA.

Experimental conditions: electrolyte, 30 g l)1 Cu2+ and 100 g l)1 H2SO4; rotation speed 1000 rpm.
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Cuþ þ e� ! Cu ðR2Þ

was adopted. Equation R1 is the rate controlling step.
The Tafel plots were constructed using the experi-

mental data from the activation domain of the hydro-
dynamic voltammograms (region A, Figure 2). The
calculated electrochemical kinetic parameters ac and i0
are presented in Table 1.
Another estimation of kinetic parameters ac and k0

corresponding to the heterogeneous electron transfer was
attempted using amperometric measurements at RDE
with linear sweep of the rotation speed. The constant
electrode potential values were chosen from the activa-
tion-diffusion region (region B, Figure 2). The I)1 vs x)1/2

dependence, depicted in Figure 3, was used to calculate
the electrochemical heterogeneous rate constant. A Tafel
type representation (Figure 3 inserts) allowed the esti-
mation of ac and k0 kinetic parameters (Table 2).
A comparison of the results presented in Tables 1 and

2, reveals that both Tafel and Koutecky–Levich meth-
ods lead to ac values close to 0.5, irrespective of the
TEBA presence or absence. The relative invariance of ac,
observed for increasing TEBA concentrations, suggests

that the Cu electrodeposition reaction pathway is not
affected by the TEBA presence. On the other hand, the
continuous decrease of i0 values, induced by increasing
TEBA concentrations, should be related to the inhibi-
ting effect of the additive due to its adsorption on the
copper electrode surface.
In the absence of additives but for similar electrolyte

composition, i0 values, obtained generally by the Tafel
method, vary significantly from 3 to 10.5 mA cm)2 [7–
13, 19–21]. It was shown that these variations arise
mainly from small inherent differences between the
experimental conditions (surface state, solution contam-
ination etc.), strongly affecting the kinetic parameter
reproducibility [19]. In this context, the discrepancies
between the i0 values, obtained by Koutecky–Levich and
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Table 1. Kinetic parameters of the copper electrodeposition reaction

in solutions without and with TEBA, determined by Tafel method

TEBA

concentration

/g l)1

Transfer

coefficient*

ac

Exchange

current density*

/mA cm)2

Corr. coeff.

/No. of exp.

points

0 0.49 ± 0.01 6.0 ± 0.22 0.995/30

0.5 0.50 ± 0.02 1.2 ± 0.02 0.995/25

1 0.49 ± 0.01 1.1 ± 0.08 0.993/25

2 0.49 ± 0.01 0.4 ± 0.02 0.995/25

*With standard deviation.
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Tafel interpretations, are not large. Moreover, the
continuous increase in the active surface area during
copper electrodeposition, especially at high overpoten-
tials used for Koutecky–Levich method, could be
another reason for these discrepancies.

3.3. Impedance measurements

Complex-plane impedance diagrams, recorded in the
absence and presence of different TEBA concentrations,
exhibited two capacitive loops and a low-frequency

inductive loop (Figure 4). No significant modification of
the shape, type and number of the loops were observed
for different values of d.c. potential and TEBA concen-
tration, but variations of the apex frequency and of the
loops diameter are evident.
To evaluate the values of the charge transfer resis-

tance (Rct) and double layer capacity (Cd) from the high
frequency capacitive loop, the response of a Randles
equivalent electric circuit was fitted to the experimental
impedance data using a Levenberg–Marquardt nonlin-
ear regression [22].

Table 2. Kinetic parameters of the copper electrodeposition reaction in solutions without and with TEBA, determined by Koutecky–Levich

method

TEBA concentration

/g l)1
Transfer

coefficient* ac

Standard rate

constant*

k0 · 105/cm s)1

Exchange current

density*,�

i0/mA cm)2

Corr. coeff.

/No. of exp.

points

0 0.49 ± 0.02 10.9 ± 0.1 4.9 ± 0.2 0.993 / 9

0.5 0.50 ± 0.07 5.4 ± 0.1 2.4 ± 0.1 0.999 / 7

1 0.50 ± 0.01 3.0 ± 0.1 1.3 ± 0.1 0.998 / 7

2 0.52 ± 0.03 1.1 ± 0.4 0.5 ± 0.1 0.985 / 6

*With standard deviation.
� Calculated from k0.
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The charge transfer resistance increases significantly
with TEBA concentration (Figure 5A), again confirm-
ing the inhibiting effect of the additive on the charge
transfer step from the copper electrodeposition process.
In the presence of TEBA, a slight variation of the

extensive parameter IRct was observed for different dc
potential values (Figure 5B). A comparison of this
behaviour with that observed in the absence of TEBA
proves that, within the investigated potential range, the
presence of the additive has no effect on the charge
transfer mechanism. This is in accordance with the
invariance of the ac values (Tables 1 and 2) observed in
the presence of the additive. Consequently, it may be
assumed that TEBA acts in the copper electrodeposition
process only as a surface-blocking agent.
On the other hand, the calculated values of the

extensive parameter Cd/I, reported for two values of the
electrode potential, increase with TEBA concentrations
(Figure 5C). This effect is the result of triethyl-benzyl-
ammonium cation adsorption, resulting in an interfacial
capacitance increase, and/or a current intensity de-
crease.
In the presence of TEBA, the apex frequency values of

the intermediate-frequency capacitive loop increase with

electrode polarization, showing that the corresponding
process is potential activated (Figure 4). On this basis,
and taking into account the results of Chassaing and
Wiart for copper electrocrystallization on polycrystal-
line copper electrodes [23], the intermediate-frequency
capacitive loop was attributed to a relaxation process of
a charged adsorbed intermediate (Cuþads).
The low-frequency inductive loop could be interpreted

in terms of the electrode area relaxation due to the birth
and growth of monolayers formed on the facets of the
crystallites. The inductive loop originates from the
lengthening of the distance corresponding to the pro-
pagation of edges, induced by the slow desorption of
inhibiting adsorbate species [23, 24].
At a given dc potential (i.e., )175 mV vs SCE) the

decrease of the time constant value of the inductive loop,
observed in the presence of TEBA (Figure 4B and 4D),
suggests an increase in the nuclei renewal rate, associated
to an increase in the number of nuclei on the electrode
surface. This conclusion is in accordance with the
morphology of the copper deposits, showing a decrease
in grain size in the presence of TEBA as compared with
its absence (Figure 1). Thus, TEBA promotes the
nucleation and inhibits the crystal growth process.
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3.5. Simulation of the electrode kinetics

As already mentioned the copper electrodeposition
process from acidic sulfate electrolytes occurs in two
steps (R1) and (R2), both considered as irreversible
reactions.
To simplify the mathematical model, the assumptions

proposed by Wiart et al. [25, 26] for zinc electrodepo-
sition were adopted for copper electrodeposition in the
absence of additives:
(i) For the considered electrochemical reactions, the

rates constant vary with the cathodic potential (E)
according to the Tafel equation. Each reaction i has
a normalized rate constant Ai ¼ ai expð�biðEi�
E0ÞÞ, where bi ¼ aiF =RT is the activation coeffi-
cient; ai includes both the rate constant, ki, and the
concentration of the reacting species, ci (ai ¼ kic);
E0 is an arbitrary chosen origin of potential
(E0 ¼ )0.1 V vs SCE).

(ii) The adsorption process for the intermediate CuþðadsÞ
follows the Langmuir isotherm.

(iii) The elementary steps of copper electrocrystalliza-
tion will be disregarded. Consequently, this model
will not explain the low-frequency loop ascribed to
the nucleation-growth process.

(iv) For simplicity, the disproportionation reaction of
cupric ions will be not considered.

Under these assumptions, the material and charge
balances have been calculated as functions of the
electrode coverage (h) by the adsorbed species CuþðadsÞ:

b
dh
dt

¼ A1ð1� hÞ � A2h ð1Þ

and

i ¼ F ½A1ð1� hÞ þ A2h� ð2Þ

where b is the maximal surface concentration of copper
atoms on the electrode surface (b ¼ 5.85 · 10)8

mol cm)2) [27, 28].
The faradaic impedance, defined as 1/ZF ¼ Di/DE,

was calculated using Equation 2 and the following
relation:

� 1

ZF
¼ oi

oE

�
�
�
�
h

þoi
oh

�
�
�
�
E

Dh
DE

ð3Þ

where the first term corresponds to the inverse of the
charge transfer resistance Rct and the second one is due
to the relaxation process of the electrode coverage.
The total electrode impedance was calculated consid-

ering ZF in parallel with the double-layer capacitance
Cd, estimated from the apex of the high-frequency
capacitive loop.
In the presence of TEBA, it was assumed that the

reaction mechanism is essentially the same as in its
absence, and the additive acts only as a blocking agent
competing with cuprous ions for adsorption active sites

of the cathodic surface. As a consequence, the electrode
coverage should include two terms: one corresponding
to the adsorbed Cu+ ions and the other one to TEBA.
As can be seen from Figure 6, there is a good

agreement between the simulated and the experimental
steady-state hydrodynamic voltammograms, in the ab-
sence and presence of TEBA. The parameters used for
the simulation are presented in Table 3.
The Nyquist experimental diagrams recorded for

copper electrodeposition in the absence and in the
presence of TEBA (Figure 4) have been compared with
the calculated ones obtained using a Fortran program
based on the above-described mathematical model
(Figure 7) and the parameters specified in Table 3.
A semi-quantitative agreement between simulated and

experimental data has been obtained for the current, the
charge transfer resistance, the shape of Nyquist dia-
grams and the characteristic frequencies for the relax-
ation processes.
As expected, the best fitting was obtained, both in the

absence and presence of TEBA, when the first step of
the copper electrodeposition process was considered the
rate-determining step (a1 < a2). The k1 values used for
simulation (Table 3) were found to be in agreement with
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Fig. 6. Hydrodynamic voltammograms simulated with the sets of

parameters from Table 3, in the absence (� � �) and in the presence of
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Table 3. Parameters used for the simulation of Nyquist impedance

diagrams in the absence and in the presence of 1 g l)1 TEBA

Parameters* Without additive TEBA

a1 5.1 · 10)8 (k1 = 1.1 · 10)4) 8.9 · 10)9

(k1 = 1.9 · 10)5)

b1 19 19

a2 7.8 · 10)8 1.2 · 10)8

b2 31 31

Cd 56 · 10)6 93 · 10)6

* ai/mol cm)2 s)1; ki/cm s)1; bi/V
)1; Cd/F cm)2.
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those determined using the Koutecky–Levich method.
At the same time, the k1 values used for simulation in
the presence of TEBA were smaller than those used in its
absence, reflecting the inhibiting effect exerted by the
additive. Furthermore, the fact that the activation
coefficients (b1 and b2 from Table 3) of the charge
transfer reactions are identical in the absence and in the
presence of TEBA corroborates the relative invariance
of the IRct product (Figure 5B) again confirming the
inhibiting effect of the investigated additive.
The differences between the simulated and experimen-

tal data, observed in the case of impedance spectra as
well as of steady-state hydrodynamic voltammograms,
may be due to the continuous increase in the active
surface area during copper electrodeposition as well as
to the neglect of the nucleation-growth contribution in
the overall process.

5. Conclusions

The influence of TEBA on the kinetics of copper
electrodeposition was interpreted in terms of a reaction
model, based on the following:
(i) Two-electrochemical steps identical to those ac-

cepted in the absence of the additive.
(ii) The TEBA behaviour as a blocking agent, com-

peting with cuprous ions for the active sites of the
cathodic surface.

(iii) Neglecting the copper nucleation growth process.
The experimental results obtained from hydrody-
namic voltammetry at a rotating disc electrode
and electrochemical impedance measurements were
found to be in good agreement with those calcu-
lated on the basis of this reaction model.
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