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Abstract

Electrochemical nucleation and growth of Co and CoFe alloys on Pt/Si(1 0 0) surface from watts (mixed chloride sulfate) baths were studied by
voltammetric, chronoamperometric and AFM measurements. The CoFe alloys were deposited from solution with molar ratio of (1/1) and (10/1).
The Scharifker and Hills model was employed to analyse the current transients. For both Co and CoFe (10/1) alloys the nucleation was a good
agreement with the instantaneous model followed by 3D diffusion-limited growth. Inversely, for CoFe (1/1) alloy the nucleation was an agreement
with the progressive model. It is evident that the compositions of the electrolyte influence greatly the type of nucleation. The atomic force
microscopy (AFM) images revealed a compact and a granular structure of the electrodeposited Co layers and CoFe alloys.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Electrochemical deposition of metals and alloys onto
metallic substrates plays an important role in many modern
technologies. It is a very attractive method due to its easy
application and low cost, in comparison with other deposition
techniques. Co and its alloys are eligible materials for
application in opto-electronic and magnetic devices [1-4].
Electrochemical Co film growth on various substrates and
experimental conditions has been widely studied [5-11]. A
progressive nucleation mode was established in chloride
baths, for the electrocrystallization of Co on carbon and gold
substrates [5,6]. During early stage of Co elctrodepsition, it is
established that deposition depends generally on pHs solution
[7,8]. In fact, at pH 9.5 a transition from 2D instantaneous to
3D progressive nucleation mechanism was observed. At pH
4.5 the nucleation mechanism is 3D progressive. In sulfate
solution, pH 6, that Co deposition consistent with the
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progressive nucleation model followed by 3D diffusion-
limited growth [9]. However, in mixed chloride sulfate
solution a transition from progressive to instantaneous
nucleation mechanism was established for Co deposition on
Pt and Au(l 1 1) substrates at pH 4.2 and [10,11]. Also,
various works on the electrodeposition of CoFe alloys in
different electrolytes have been carried out [12-16]. In
particular, the growth, morphology and microstructure
properties of alloys obtained depend on electrodeposition
conditions: pH solution, applied potentials and electrolyte
composition. A similar behaviour to that of pure Co was found
in sulfate and chloride electrolytes [17,18]. However, very
little is known about how growth electrodeposited CoFe alloys
in mixed chloride sulfate bath, and its mechanism of
nucleation and growth. One of great difficulties found in
study of nucleation mechanism in early stage of growth in this
type of materials is associate to co-deposition phenomena. Itis
known, electrodeposition of binary alloys of the iron group
metals (Co, Ni and Fe) exhibits the phenomenon known as
anomalous co-deposition [19]. In the anomalous co-deposi-
tion, the less noble metal deposits preferentially; conse-
quently, its relative content in the alloy deposit is much higher
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than in the solution. These types of alloys can be also
controlled via electrochemically parameters and its mechan-
ism of nucleation may be well known.

In this work, we present experimental results of
electrochemical nucleation and growth of Co and CoFe
alloys on a Pt/Si(1 0 0) substrate in mixed chloride sulfate
baths.

2. Experimental

Cobalt layers and CoFe alloys were electrodeposited on
thick platinum films evaporated on Si(1 0 0) substrates. From a
Si(1 0 0) wafer 1.5 cm X 2 cm, pieces were cut and used as
substrates. The piece was cleaned in a 5% HF solution and then
immediately transferred to the evaporated room. After the
cleaning procedure, about a 50 nm thick Pt layer was
evaporated by molecular-beam epitaxy (MBE) onto each Si
piece at low temperature (77 K). The area of working electrode
is about 0.50 cm x 0.6 cm and is transferred in the electro-
chemical cell. The auxiliary electrode was a platinum
electrode. A sutured calomel electrode (SCE) was used as
reference electrode, and was connected to the main cell
through a lugging capillary. The electrolyte for electroche-
mical deposition of Co alone consists of 100 mM CoSO,,
10 mM CoCl, and 1 M Na,SO, solutions containing 500 mM
H3;BO; (pH =~ 3.8—4 adjusted by sulphuric acid). CoFe alloys
were  deposited  from 100mM  CoSO4 + 10 mM
CoCl, + 100 mM FeSO, (ratio 1/1), 100 mM CoSO,4 + 10 mM
CoCl, + 10 mM FeSO4 (ratio 10/1), in 1 M Na,SO, and
500 mM H;BOj; solutions. The electrolyte composition was
chosen in order to control hydrogen evolution during the cyclic
voltammetry. Using low pH electrolyte led to hydrogen
evolution before metal deposition. All solutions are freshly
prepared with reagents from MERCK dissolved in bidistilled
water, at 20 °C. The solutions were thoroughly deoxygenated
by purging the cell with ultrapure nitrogen flow.

The electrochemical measurements were performed in a
conventional three electrodes cell, using a potentiostat—
galvanostat model 273A EG&G PAR. Cyclic voltammetry
experiments were carried out at 20 mV/s, scanning initially
towards negative potentials (—1 V). Chronoamperometric
experiments were performed from an initial potential at which
no process occurred to a potential at which reduction occurred.
Three constant potentials were applied between the working
electrode and the auxiliary electrode: —0.95, —1.0 and —1.1 V
versus SCE. Surface morphologies of thick deposits were
investigated ex situ by atomic force microscopy (AFM). Table 1
gives the plating solution compositions investigated.

Table 1

Electrolyte compositions

Deposit CoSO4 CoCl, FeSO, H;BO; Na,SO,4
(mM) (mM) (mM) (mM) M)

Co 100 10 500 1

CoFe (1/1) 100 10 100 500 1

CoFe (10/1) 100 10 10 500 1

3. Results and discussion
3.1. Electrochemical study

Fig. 1 shows typical cyclic voltammogram obtained for the
Pt/Si(1 0 0) electrode in 100 mM CoSQOy4, 10 mM CoCl, and
1 M Na,SO, with 500 mM H3BOj3, at pH 3.8. The scanning rate
was 20 mV/s. The curve shows the presence of cathodic and
anodic peaks associated to a deposition and dissolution of Co.
In the potential range were reduction of Co occurs, hydrogen
evolution is also present. On the other hand cobalt deposition
began around —0.8 V, when the scan was reversed the typically
nucleation loop was detected, with a single oxidation peak
centred at —0.29 V. This characteristic is consistent with
nucleation followed by diffusion-limited growth [20]. The
difference between the current onset in the forwards and reverse
scan is related to the nucleation barrier.

In order to study the mechanism of the nucleation process at
early stages of electrodeposition, and to determine the kinetics
parameters, the transients current obtained from chronoam-
perometric experiments were analysed. Fig. 2 shows a series of
deposition transients for Co at pH 3.8. All the transients exhibit
an initial increase due to nucleation followed by a decrease in
current associated with diffusion-limited growth. To study the
mechanism of nucleation and growth, a theoretical model
developed by Scharifker and Hills have been successfully
applied to analyse the transient current deduced from
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Fig. 1. Cyclic voltammograms for Co electrodeposition onto Pt/Si(1 0 0) from
100 mM CoSOy, 10 mM CoCl, and 1 M Na,SO, with 500 mM H3BO; at pH
3.8. The scanning rate was 20 mV/s.
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Fig. 2. Current transient for the electrodeposition of Co on Pt/Si(1 0 0) surface
from the solution with pH 3.8 and at —0.95, —1 and —1.1V vs. SCE,
respectively.

chronoamperometric experiments [21,22]. According to theses
authors the rate law for growth of 3D islands during
electrochemical deposition is dependent on the mechanism
of nucleation and growth. Models for electrochemical
deposition onto foreign substrate usually assume that nuclea-
tion occurs at certain specific sites on the surface [23,24], and
the nucleation mechanism is generally described in terms either
of instantaneous or of progressive nucleation. If the rate of
nucleation is rapid in comparison with the consequent rate of
growth, subsequently nuclei are formed at all possible growth
sites within very short times and nucleation is considered
instantaneous. On the other hand, if the rate of nucleation is
slow, subsequently nucleation will continue to take place at the
surface while other clusters are growing and nucleation is
considered progressive [25]. In order to distinguish between
instantaneous and progressive nucleation process, experimental
chronoamperometric data are used by representing in a non-
dimensional plot [2’ versus @ and to compare these with the
theoretical plots réSulting from the following equations:

e For instantaneous nucleation followed by three-dimensional
diffusion-limited growth is [21,22]:

2 fnax t \1°
5= 1.9542 1 —exp| —1.2564 — €))
lmaX t tmaX

e and for progressive nucleation followed by three-dimensional
diffusion-limited growth is [21,22]:

2 fa 2 \1?
5= 1.2254( p > {1—6Xp<—2.3367t2)} 2)

lmax max

Fig. 3 compares the experimental results obtained at —1 V
versus SCE, with the two limiting cases of the theoretical three-
dimensional nucleation growth models. It can be seen in this
illustration that nucleation process of Co on Pt/Si(1 0 0) sur-
faces was classified as an instantaneous nucleation with diff-
usion controlled growth in accordance with those obtained
through analysis of Fig. 2. These results suggest that, at dep-
osition cathodic potentials related to —1 V, the nucleation sites
become saturated after short times in comparison with the
transient peak. This behaviour is in good agreement with m-
orphological observations.

Verification of the mechanism of nucleation and growth can
be obtained through determination of the diffusion coefficient
D, and comparison with known values. The diffusion
coefficient of the metal ion is calculated by means value of
the product 2, fmax [21,22].

max

For instantaneous nucleation:

D= ir2nax Imax 3)
0.1629(zFc)*

and for progressive nucleation:

i Tmax
D = macmit @)
0.2598(zFc)

For instantaneous nucleation the nucleus density can be deter-
mined by equation:
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Fig. 3. Current transient for deposition of Co on Pt/Si(1 0 0), at —1 V vs. SCE
plotted in dimensionless form. The dashed and full lines represent the theore-
tical curves for progressive and instantaneous limiting cases, respectively.
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and for progressive nucleation, the nucleation rate AN, is
given by the following equation:

~1/2 2
AN, = 0.2898 ( S”CM> <2Zif> 6)
o

’0 max max

where c is the concentration of metal ions in the bulk
solution, M the molar weight of the deposit, z the valence
of the metal ion, F' the Faraday’s constant and p is the density
of the film.

Based on chronoamperometric experiments data and the
mechanism of nucleation, the characteristic parameter such as
nuclei density N, is determined by Eq. (5). The diffusion
coefficients (D) employed was determined from mean value of
the quantify irznaxtmax which is 5.77 x 107% cm? s~ ! for Co. The
values thus obtained appeared in Table 2.

Then according to theses values it can be deduced that
increased E leads to less nuclei density (N..). This is possible
when the saturation state is reached.

For CoFe alloys deposition through solutions with various
compositions of Co and Fe were investigated. The ratio molar
Co/Fe used in this study were (1/1) and (10/1). The
voltammetric response was shown in Fig. 4. This experiment
was carried out with the same conditions used in the
electrodeposition of individual Co. The characteristic loop
of nucleation is clearly observed in this curve. The anodic peak
appears at this case at —0.28 V. This difference in comparison
with the anodic peak of individual Co is due probably to the co-
deposition phenomena. The chronoamperometric responses
obtained on Pt/Si(1 0 0) surfaces from solution containing the
molar ratio (1/1) and (10/1) are presented in Fig. 5(a) and (b),
respectively. The amperometric experiments were carried at
—0.95, —1.0 and —1.1 V versus SCE. The current transients
presented similar behaviours, currents increase to a maximum
and decrease gradually with time. The rising of these currents
is corresponding to the growth of a new phase. Fig. 6(a) and (b)
show non-dimensional plots data for CoFe (1/1) and CoFe (10/
1) alloys, respectively, the applied potential was fixed at
—1.0 V versus SCE. The analysis of the transients current was
made by using Scharifker and Hills model as described in
Egs. (3) and (4). The results indicated that experimental
transients for CoFe (10/1) alloy electrocrystallization closely
follow the instantaneous theoretical model, and for CoFe (1/1)
alloy the nucleation was in agreement with the progressive
model. According to theses results it can be seen that the

Table 2
Analysis of the current maximum for Co deposition

—Eqep (V) fmax (5) —imax (mA/cm?) N (x 10 em %57
0.95 5.9 7.16 1.04
1.0 53 8.66 0.90
1.1 4.8 13.22 0.46
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Fig. 4. Cyclic voltammograms for CoFe electrodeposition onto Pt/Si(1 0 0)
from 100 mM CoSO,4 + 10 mM CoCl, + 100 mM FeSO, (ratio 1/1), 100 mM
CoSO4 + 10 mM CoCl, + 10 mM FeSO, (ratio 10/1), in 1 M Na,SO, and
500 mM H3;BOj solutions at pH 3.8. The scanning rate was 20 mV/s.

composition of the electrolyte influence greatly the type of
nucleation. Thus the nucleation mechanism of alloys obtained
with lower rate of Fe was the same mechanism observed in
individual metal deposition Co, conversely, if the rate of Fe was
present in a considerable amount, the mechanism of nucleation
changed and was consistent with the progressive nucleation. A
progressive nucleation mechanism followed by 3D growth is
established for CoFe electrodeposited at pH 2 in chloride
solution [17]. In mixed chloride sulfate solution, no literature
data were found for CoFe electrodeposition. Also, it is not
possible to use the Scharifker and Hills model to estimate the
nuclei density of alloys or to evaluate kinetics parameters, and
nothing has been found in the literature.

3.2. Ex situ AFM studies

AFM surface topography gives further support to theses
results of nucleation mechanism. Fig. 7 shows typical ex situ
3D AFM images of (a) Pt/Si(1 0 0) substrates, (b) Co films
electrodeposited at —1 V for 100 s and (c) CoFe (10/1) alloys
electrodeposited at —1 V for 300 s. The films have uniform,
compact and granular structure. Also, the figures reveal that the
Co and CoFe cover all the substrate and the grain size varies
during the surface of the film. The Co and CoFe films were also
analysed by energy-dispersive spectroscopy (EDS) and no trace
of oxide or other contamination was found near the detection
limit. From the AFM measurements the root mean square
(RMS) surface roughness was calculated over the
4 pm x 4 pm area for Pt/Si(1 0 0) substrates, Co films and
CoFe (10/1) alloy. The RMS parameter is equal to 10.9, 8.95
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Fig. 5. (a) Current transient for the electrodeposition of CoFe (1/1) alloy on Pt/Si(1 0 0) surface from the solution with pH 3.8 and at —0.95, —1 and —1.1 V vs. SCE,
respectively. (b) Current transient for the electrodeposition of CoFe (10/1) alloy on Pt/Si(1 0 0) surface from the solution with pH 3.8 and at —0.95, —1 and —1.1 V vs.

SCE, respectively.
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Fig. 6. (a) Current transient for deposition of CoFe (1/1) alloy at —1 V vs. SCE plotted in dimensionless form. The dashed and full lines represent the theoretical
curves for progressive and instantaneous limiting cases, respectively. (b) Current transient for deposition of CoFe (10/1) alloy at —1 V vs. SCE plotted in
dimensionless form. The dashed and full lines represent the theoretical curves for progressive and instantaneous limiting cases, respectively.
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Fig. 7. 3D AFM images (4 pm x 4 wm) of the surface topography of (a) Pt/
Si(1 0 0) substrates, (b) Co films at —1 Vafter deposition for 100 s and (c) CoFe
layer at —1 V after deposition for 300 s.

and 45.14 nm for Pt/Si(1 0 0), Co and CoFe films, respectively.
It is difficult to compare this result with the literature data
because RMS parameter strongly depends on the scan length
and the films thickness.

4. Conclusion
In this study we have presented a nucleation study of the

electrodeposition of Co and CoFe alloys on Pt/Si(1 0 0) surface
in mixed chloride sulfate solutions. The obtained electro-

deposited samples take place through 3D island nucleation
process with controlled growth and show an instantaneous
nucleation mechanism for Co layers and CoFe (10/1) alloys.
For CoFe (1/1) alloy the nucleation was in agreement with the
progressive mechanism. It is clear; the influence of the co-
deposition phenomena and the composition chemistry is in the
mode of nucleation and growth.
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