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Abstract

Cyclic voltammetry, chronoamperometry and in situ electrochemical scanning tunneling microscopy were used to study the kinetics of nucleation
and crystal growth during the initial stages of copper overpotential deposition (OPD) on a previously iodine-modified Au(1 1 1) electrode, from
an aqueous solution 1073 M CuSOy in 0.05M H,SO,. The starting potential during step experiments was chosen in the region where the gold
electrode was completely free of the copper deposit. The recorded current transients for copper deposition onto the iodine-modified Au(1 1 1)
electrode surface appear to be very complex, with the unusual presence of two or more current maxima. A new method was used for quantitative
evaluation of current transients that involves the transition UPD-OPD, developed by our group [M. Palomar-Pardavé, I. Gonzélez, N. Batina, J.
Phys. Chem. B 104 (2000) 3545], was used for the quantitative interpretation. Our results show that, within a single current transient, copper
adsorption and two types of nucleation process: two-dimensional (2D) and three-dimensional (3D) limited by lattice incorporation of copper
adatoms and diffusion of Cu(ll) ion, respectively, take place simultaneously. STM images revealed the enhanced growth of 3D copper on edge of
I-Au(1 1 1) during the early stages of deposition. Moreover, our results strongly suggest that the iodine adlayer is constantly present, even after the

striping Cu that was overpotential deposited.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, bulk Cu deposition is a technologically highly
relevant process with work directed toward characterizing and
controlling the texture and development of the deposit. A
detailed understanding of the mechanism of growth of bulk elec-
trochemical deposits remains to be elucidated, in part because of
the complexity of the process and in part because the tools nec-
essary for understanding these are only now being developed.
Work in the area of bulk deposition using surface techniques
as electrochemical scanning tunneling microscopy (ECSTM)
and electrochemical methods as cyclic voltammetry (CV) and
chronoamperometry (CA) is divided into research addressing
the initial phases of bulk deposition, the subsequent growth of
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the deposit, and the influence of specific electrolytes or modified
surface electrode on texture and growth. Considerable effort has
put especially on the deposition of Cu because it deposits at a
potential positive to that of hydrogen evolution.

Kolb and co-workers [1,2] showed that in the absence of addi-
tives, deposition of Cu occurs first at edges, dislocations, and
defects in the Au(1 1 1) substrate surface, followed by deposi-
tion on terraces at longer times. However Cu electrodeposition
process can be influenced by several parameters: the applied
electrode potential (UPD or OPD), deposit’s growth (2D or
3D) kinetics and mechanism, electroactive species concentration
and deposit—substrate interaction [3—10]. Since UPD and OPD
take place at more positive or negative, respectively, potentials
than the corresponding Nernst equilibrium value, thus in several
cases the OPD process takes place on an electrode surface that
has already been modified by the UPD adlayer, rather than on
the bare electrode substrate. Therefore in this case, UPD may
involve Cu deposition onto Au(1 1 1) substrate while OPD would
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involve Cu deposition onto a Au(1 1 1) surface modified by a Cu
monolayer, which was formed during the UPD process. Holtzle
etal. [11,12] and Palomar-Pardavé et al. [8] studied the kinetics
of Cu UPD and OPD, respectively, onto a bare Au(111) sur-
face or modified by a Cu UPD adlayer [8]. Recently [10] our
research group showed the influences of a previously deposited
iodine adlayer on the Au(l 1 1) surfaces onto the copper UPD
kinetics, notwithstanding the effect of this kind of adlayer on Cu
OPD has not been studied yet.

The halogens have been especially well studied in ultra-
high vacuum (UHV) systems and are usually easily imaged in
STM electrochemical environment. Iodine exhibits the strongest
adsorption to many metals in electrochemical systems. The
strength of the metal-iodine interaction has led to its use as
a passivating layer to protect surfaces after flame annealing for
transfer throughout the atmosphere. Tao and Lindsay [13] found
that iodine on Au(1 1 1) exhibited a (/3 x 4/3)R30° structure
at low potentials, and close packed (3 x 3) structure at higher
potentials. A similar situation is observed by Yamada et al. [14],
Batina et al. [15] and Martinez-Ruiz et al. [9], at low poten-
tials, the latter authors reported a rectangular c(p x /3R — 30°)
overlayer which compress from p =3 to 2.49 as the potential is
raised.

Therefore, in this work we will determine, using CV, CA
and ECSTM, the influence of a pre-adsorbed iodine layer onto
Au(111) on the Cu OPD process and we will show the use-
fulness of a recently developed method [8], which is capable
of handling and interpreting complexly shaped experimental
current density transients also taking into account different indi-
vidual contributions involved during Cu OPD.

2. Experimental

Cyclic voltammetry (CV) and chronoamperometry (CA) as
well as in situ electrochemical scanning tunneling microscopy
(ECSTM) were employed to study the copper OPD electrocrys-
tallization mechanism on iodine-modified Au(l1 1) substrate
from an electrolytic bath containing 1073 M CuSOy in 0.05M
H>SO4 (pH 1). This electrolytic solution was carefully deaerated
for 30 min using high-purity nitrogen gas. The chemicals used
were suprapure grade from Merck. All solutions were prepared
with ultrapure water (Millipore Milli-Q™).

All the electrochemical experiments were carried out in a
conventional three-electrode cell system using an Au(111) or
I-Au(1 1 1) working electrode, a platinum wire counter elec-
trode and copper wire as reference electrode. The Au(l11)
was a 200 nm-thick gold layer evaporated onto “Robax” glass
(AF. Berliner Glass KG. Germany), with 2 nm-thick chromium
undercoating for better adhesion to the glass surface. To pre-
pare an I-Au(1 1 1) electrode surface, this Au(11 1) film was
annealed in a hydrogen flame for 1 min, cooled in hydrogen
atmosphere, and then immersed in 1 mM KI aqueous solution
for 3min. Then the sample was thoroughly rinsed with pure
0.05M H;SOy4 and quickly transferred into the electrochemical
cell.

For the experimental techniques CV and CA we used a PAR
289 (EG&G) potentiostat, or a BAS 100B (BioAnalyticalsys-

tems) potentiostat, both coupled to personal computer. A STM
(Nanoscope III, Digital Instruments, USA) was used for imaging
of the I-Au(1 1 1) surface electrode.

The results of chronoamperometric measurements of the
kinetics and mechanism of copper electrocrystallization onto
I-Au(111) electrode surface were quantitatively evaluated
using a homemade software package developed for the PC
computer system. The set of potentiostatic current density tran-
sients (j—t curves) obtained was analyzed to estimate how
many contributions and which mechanisms are involved in the
electrocrystallization process. The next step was to plot the
experimental data obtained in non-dimensional plots to deter-
mine the mechanisms involved with more accuracy. Major
kinetic parameters for each process involved in the deposition
reaction, as well as the relationship between different mecha-
nisms were obtained from theoretical transients.

3. Results and discussion
3.1. Cyclic voltammetry

Cyclic voltammetry was used to define a potential region
where the initial stages of copper overpotential deposition
on iodine-modified Au(l11) electrode occurs. Copper was
deposited onto I-Au(1 1 1) substrate from an electrolytic bath
containing 1073 M CuSOy in 0.05 M H,SOy4. Voltammetric scan
were performed in several potential ranges between 0.350 V and
—0.400 V vs. Cu/Cu”* reference electrode. The sweep potential
was always initiated at 0.350 V toward the negative direction.

Fig. 1 shows a voltammogram where the potential is within
the —0.150V and 0.350V range, recorded at the scan rate
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Fig. 1. Cyclic voltammogram for copper deposition onto I-Au(1 1 1) from 1 mM
CuSOy4 +0.05 mM H,S0Oy4. The potential scan starts at 0.350 V, with a scanning
rate of 15 mV s~!. The voltammogram shows the copper UPD (E>0.00 V, peaks
A, B) and OPD (E <0.00V, peak C) deposition regions.
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of 15mVs~!. In this voltammogram we can observe char-
acteristic voltammetric peaks associated with Cu UPD onto
I-Au(111) electrode: A=0.126V, B=0.008 V and their cor-
responding oxidation peaks: A’=0.172V, B'=0.117V [9,10].
Peaks C=—0.098V and C'=0.053V correspond to Cu OPD
and dissolution process onto I-Au(1 1 1) electrode, respectively.
In this voltammogram one can notice both types of copper
deposition: UPD and OPD. More details concerning the cyclic
voltammogram for UPD of copper onto I-Au(1 1 1) from bath
containing 1073 M CuSOy4 in 0.05 M H,SO4 can be found else-
where [9,10].

Fig. 2 depicts an experimental cyclic voltammogram, varying
the applied potentials within the Cu UPD region, recorded in
the system: I-Au(1 1 1)/10_3M CuSOyq4, 0.05M HpSO4 after
applying several OPD cycles in the region of —0.4 V and 0.350 V.
It is very important to note that the typical Cu voltammogram
was obtained in the UPD region onto I-Au(1 1 1) [9,10]. This
result strongly suggests that the iodine adlayer remains on the
gold surface, even after the striping of Cu that was overpotential
deposited.

3.2. Chronoamperometry

Applying potential steps allowed the acquisition of current
density transients. Fig. 3 shows a set of experimental current den-
sity transients. All of them recorded at potential values around

T
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Fig. 2. Cyclic voltammogram for Cu UPD on I-Au(1 1 1) in electrolytic bath
containing 1 mM CuSOy4 in 0.05M H,SOy4, scan rate of 15mV s, starting
at 0.350 V electrode potential. This voltammogram was recorded after several
cycles like that shown in Fig. 1.
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Fig. 3. Set of experimental current density transients recorded for copper OPD
onto I-Au(1 1 1) surface from 1 mM CuSOy in 0.05 M H, SOy, solution, at differ-
ent electrode potential (—0.06 V, —0.08 V and —0.10 V). In all cases the starting
potential was 0.350 V.

peak C, see Fig. 1, which correspond to the Cu OPD region on
the I-Au(1 1 1) substrate. All current transients present an ini-
tial decay due most likely to Cu(Il) ions adsorption stage (i.e.
charging of an adsorption pseudo-capacitance) as was proposed
by Mendoza-Huizar et al. for cobalt UPD [16] and the transition
UPD-OPD [14] onto a gold electrode. This falling current is fol-
lowed by a not well-defined current maximum. This maximum
shifts to shorter times when the potential step (or final cathodic
potential) increases. The general shape of these transients, which
is independent of the final potential, indicates the presence of a
nucleation and growth process [7,8,16-21]. In order to determine
the mechanism of nucleation and growth of the Cu OPD process
oniodine-modified Au(1 1 1), we also analyzed the experimental
data by performing usual procedures. According to the Cottrell
equation (1), the plot j vs. r~ /2 of diffusion-controlled process
should be a straight line. Fig. 4 shows the plot j vs. r~ /2 of
the experimental transient recorded at —0.1V, see Fig. 3, corre-
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Fig. 4. j vs. t~/2 plot corresponding to indicating the current density transient

recorded at —0.10'V, see Fig. 3.
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sponding to the higher values of time. This plot can be adjusted
by means of line regression giving 246.3 wAs'/? as slope, of
12.44 p.A as intercept and a linear regression coefficient of 0.999.
This behavior indicates that Cu nucleation process onto iodine-
modified Au(111) electrode, at least for the final part of the
transient, was a diffusion-controlled process. Using the slope
value and Eq. (1) we obtained a value for the Cu?* diffusion
coefficient, D, of 8.51 x 1070 cm? s~ ! which is very similar to
D=7.8 x 107%cm?s~! from the literature [8,12].

j=nFCD'"?g=1/271/2 1)

Quantitative interpretation of these current transients was per-
formed according to the Palomar-Pardavé et al. model [8] using
the following equation:

J(@) = jad(®) + j2pi-Li(®) + j3p-DC(D) 2)

where jaq(?) is the current transient due to Cu(Il) ions adsorp-
tion stage (i.e. charging of an adsorption pseudo-capacitance),
Jopi-Li(?) is the current contribution due to 2D instantaneous
nucleation followed by the lattice incorporation process, and
Jap-pc(?) is the current due to a 3D nucleation process followed
by a diffusion-controlled growth. A quantitative estimate of the
Cu(Il) ions adsorption contribution was based on Langmuir-
type adsorption—desorption equilibrium and the mathematical
formalism previously used by Kolb and co-workers [6] is repre-
sented by the following equation:

Jad(t) = ki exp(—kat) 3)

where k1 = k2qags, and kj is related to the total charge due to the
adsorption process (gads)-

To describe the 2D instantaneous nucleation, the model devel-
oped by Bewick, Fleishmann and Thirsk (BFT) [22] was used.
The BFT model was developed to describe a 2D growth, deter-
mined by the lattice incorporation of adatoms to the periphery
of the growing nuclei. The BFT model is given by the following
equation:

“

. 2z FMhNoK 2t < M2 Ny K§t2>
JiLi(t) = —————exp (| —————5——
0

Eq. (4) describes the current transient due to an instantaneous
two-dimensional nucleation process, where K is the lateral
growth rate constant of nuclei, / the height of the deposited
layer, zF the molar charge transferred during electrodeposition,
Ny the number density of active sites, ¢ the time, and M and p are
the atomic weight and the density of the deposit, respectively.To
describe the three-dimensional diffusion-control process, we
used the model proposed by Scharifker et al. [18]:

_ FD'/2C>®
Jap-pc(?) = L2

x <1—exp {—Nonk/D {t_(l—exgl):—At))} })

&)

where

4 (8rC®M\/?
vl (” ) ©)

3 p
A parameterized form of Eq. (2) can be written as
Jj(t) = ky exp(—kat) + Pit exp(— Pat)

1-— —At
+ Py~ V2(1 — exp(— Py <t — (e’j’()) %)

where Py = 2z FMhNoK;/p), Py = (tM*NoK;/p?), P3 =
(zFD'2C> /7'/2), and P4 =Nork'D.

Calculation of theoretical current transients involves nonlin-
ear fitting of Eq. (7) to experimental transient, via simultaneous
variation of all parameters, according to the Marquadt-Levenver
algorithm [21].

Fig. 5 shows the best fit, for the situations between experi-
mental transients and theoretical counterparts considering Ad,
2Di-Li and 3D-DC processes. There is a very good agreement
between the experimental results and the addition of the three
theoretical components. The OPD process leads to overlapping
between 2D and 3D nucleation, and the UPD maximum dis-
appears. Table 1 shows the parameter values of the theoretical
transients used to fit the experimental current transients pre-
sented in Fig. 5.

The nonlinear fitting of Eq. (7) performed on the current—time
curves is shown in Fig. 5, with good agreement between our
experimental results and the proposed model. The partial con-
tributions, jopi.1i and j3p-pc are assigned to the copper UPD and
to the copper OPD, respectively. These results demonstrate that
formation of 2D UPD copper film occurs simultaneously with
the OPD. The total charge distribution between copper UPD
and OPD process (Table 1) is also interesting to analyze. The
total charge, see Qa1 (€Xp) in Table 1, of each single tran-
sient was estimated from integration of the experimental curve.
Partial charge contributions for Ad, gaq (theor), and 2D-Li pro-
cess, ¢opi-1i (theor), both of which should be attributed to the
UPD process, were estimated from integration of the theoretical
curves while the charge related to the 3D-DC process (copper
OPD), ¢g3p-pc (theor), was calculated as the difference between
total charge and UPD contribution. For the UPD process, the
charge involved varied from 232 mC cm™2 to 372mCcm™2,
which is lower than 390 mC cm™? corresponding to the forma-
tion of a pseudomorphic copper monolayer on the Au(l1 1)
surface [8,9]. From Fig. 5 it is possible to note that Cu OPD
process started before the surface was covered by copper UPD
(Ad +2D-Li) which may explain why the expected charge den-
sity value for full monolayer coverage, 390 mC cm ™2, was not
reached under our experimental conditions.

Itis interesting to compare values of the kinetic parameters for
copper growth in OPD in experiments carried out onto iodine-
free Au(111) [8] and copper onto iodine-modified Au(111)
surface (Table 1). The copper OPD nucleation rate (A) on the
iodine-modified Au(l11) surface is significantly higher than
that for copper OPD onto bare Au(l1 1), see Table 2 in Ref.
[8]. The copper OPD nucleation rate (A) on the iodine-modified
Au(111) surface increase as the overpotential increased while



Table 1

Kinetic parameters obtained from the nonlinear fitting of Eq. (7) to the potentiostatic current transients
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2 Calculated from integration of the experimental transient.

b Calculated from the theoretical contribution.
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Fig. 5. Comparison between an experimental current density transient (O),
recorded during copper OPD on I-modified Au(l 1 1) when a potential value
of (a) —0.06, (b) —0.08 and (c) —0.10 V was applied (see Fig. 3) with a theoret-
ical transient (—) generated by nonlinear fit of Eq. (5) to the experimental data.
This figure depicts the different individual contributions comprising Eq. (5).

the nucleation rate for copper OPD onto Au(l 1 1) decreased
as the overpotential increased. The number of active sites (No)
on the iodine-modified Au(1 1 1) surface is significantly lower
than for copper OPD onto Au(1 1 1). The number of active sites
on the iodine-modified Au(1 1 1) surface increased significantly
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as the overpotential increased, while the number of active sites
for copper OPD onto Au(l 1 1) decreased as the overpotential
increased.

4. Conclusions

Under our experimental conditions the measurements
showed that the OPD process started before the surface was
covered by copper 2D-UPD under iodine. The CV result shows
that a highly stable iodine adlayer, that remains in the electrode
surface even after copper was several times deposited-striped
on/from the gold electrode. The Cu OPD on iodine-modified
Au(111) electrode, under our experimental conditions, was a
diffusion-controlled process. The copper OPD nucleation rate
(A) on the iodine-modified Au(1 1 1) surface was significantly
lower than that of copper OPD onto the bare Au(1 1 1). The cop-
per OPD nucleation rate (A) on the iodine-modified Au(11 1)
surface increase as the overpotential increased.
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