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In this paper, the effect of electrodepositing current density on the composition, microstructure and
electric properties of FeCo films were investigatedatads by using EDS, XRD, SEM and XAS. The
composition of FeCo films keeps nearly constant at different current densifies.deposited films
have a mixed str uctWGofe phdse. The bcc phase ib domieantanrthe filasc ¢
electrodeposited at current density less than 40 mA(c@ 4 0 1) Avliile for phase is dominant in

the film deposited at current detysbf 50 mA/cnf. High electrodepositing current density leads to a
small decrease in the lattice parameter and an increase in grain sizes for the bcc phase. At all currer
densities, a colonifke morphology which consists of a lot of grain colonies hawiagous sizes is

seen. With increasing current densities (e.g., 10~20 m?/csmooth, uniform and compact
electrodeposits are obtained, while at higher current densities (e.g., 30~50%niNerdeposits are
porous and cracks can be observed in the fikAsS results of the electrodeposited films indicate the
presence of Féand C&" ions which mainly come from the surface oxidation of theegsosited films

and electrolytes.
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1. INTRODUCTION

Ferromagnetic nanocrystalline FeCo alloys are used in the fabrication of high areal density
heads, microelectromechanical systems (MEMS), and protective coatings due to their high saturation
magnetic flux density and high Curie temperafdr,e2]. Oneof the very important properties of FeCo
films is microstructure, which resulting very different in the magnetic properties. Thus, in order to
improve magnetic properties of FeCo films, it is necessary to understand the origin of the
microstructure.
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Nowadys, in order to fabricate nanocrystalline metallic films, many deposition techniques are
available, such as sputtering, molecular beam epitaxy, vacuum evaporatigel, ®bkctrodeposition
and etc. But all these methods require high precision proces®lcavhich demands higher capital
cost and incurs huge material waste. As compared to different deposition methods for the metallic
films, electrodeposition has always been a well accepted mgBholl due to its relatively higher
efficiency, easier cdrol and lower cost. It has an advantage of preparation of films over a large
surface area without impairing materials purity in a relatively shorter period of time. During the
electrodeposition process, the structural factors and properties of the elbfdsis are strongly
affected by the deposition conditiof&11], such as deposition temperature, electrolyte pH, current
density and potential. By adjusting the electrochemical deposition parameters, it is possible to control
and optimize the structur@nd properties of the electrodeposited films, such as thickness, grain size,
phase, etc.

The authors have previously reported on the effect of electrochemical deposition temperatures
on the composition and microstructure of FeCo filfhg]. It shows thathe composition and phase
structure of the deposited o films are greatly affected by the electrolyte temperatimesddition,
the processing of other deposition conditions, such as pH of deposition solution and composition of
solution, on the microgicture and magnetic properties of FeCo films was investigdiad .
However, there have been very few studies which have been done on the systematic investigation o
the effect of electrolytic current density on the microstructure of the electrochetamadited FeCo
alloy films. To address these issues, in this paper, we have investigated systematically the compositior
and microstructure evaluation in electrodeposited FeCo alloy films at different current densities in the
range from 10 mA/cAto 50 mAENY.

2. EXPERIMENTAL

FeCo thin films were fabricated by electrodeposition from Sulfate bath using a conventional
three electrode cell. The copper plate serves as the working cathode with the surface aréa of 1cm
while a graphite plate serves as the anaith much larger surface area. Prior to deposition, the
substrate was first mechanically polished, then washed in 18%&Hand distilled water. The
reference electrode was a saturated calomel electrode.

Table 1.Compositions of the electrolytes and matectrodepositing parameters

Composition ' Temperature®C) |

Co0SQ.7H,0 (0.2mol/L) 3 RT
FeSQ.7H,0 (0.15mol/L)
Na,SOy, (0.7mol/L)
Ascorbic Acid(0.05mol/L)
Boric acid (0.4mol/L)

The compositions of the electrolytes of°0Be** were shown in Table logether with major
electrodepositing parameters. The total concentration of ferrous sulfate 4[F&88] and cobalt



Int. J. Electrochem. SciMol. 8, 2013 91¢

sulfate [CoSQL 7,6 was kept 0.35 mol/L. All chemicals were reagent grade and dissolved in
distilled water. The electrodeposition was cocted at current dengifrom 10 mA/cnf to 50 mA/cnt

with a certain stirring rate. During electrodeposition, the bath temperature is kept at room temperature
(RT).

The crystallographic structure of electrodeposited FeCo films was characterizedgrdyy X
Diffraction (XRD). The compositions of the samples were detected through energy dispersive
spectrometer (EDS). Fieleimission scanning electronic microscopy (FESEM) was employed to
examine the morphology of the films. SoftrXy absorption spectroscopy (XAS)easurements on
electrodeposited films corresponding to the energy of Fe ang £edges was performed at beamline
08U of Shanghai Synchrotron Radiation Facility (SSRF).

3. RESULTS AND DISCUSSION

The composition of electrodeposited FeCo alloy films #édint current densities is shown in
Fig.1. As can be seen, the Fe and Co concentrations in the electrodeposited films are approximatel
47.5 at.% and 52.5 at.%, respectively. The molar ratio of Co:Fe in the bath solution was 4:3, which
should result in lectrodeposited films with compositions of ~57 at% Co (~43 at% Fe) assuming non
preferential electrodeposition. As can be seen from above results, Fe is preferentially deposited,
relative to the composition of electrolyte solution, at the expense of Quesent study. Iron has a
lower reduction potential than Cobalt. Therefore, the results indicate slightly anomalous
electrodepositing behavior for the electrolyte solution at room temperature. This behavior is well
established in previous studiek6{18] and is thought to be the result of an inhibiting effect of Fe on
the nucleation and growth of Co on the cathode surfefle [
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Figure 1. Compositions of CioFe thin films electrodeposited at differentrrent densities
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Interestingly, the Fe and Co contenh the deposited films keep almost constant when the
electrodepositing current density changes in the range of 10~50 mAvcfact, according to Brenner
[19], an increase in the applied current density causes increasing the percentage of the lesstaioble
However, in present study, the composition of the deposited films relatively remains constant in the
current density range of 10~50 mA/erThis indicates that current density (10~50 mAjchas very
little influence on the contents of Fe and CoFeCo films during the electrochemical deposition
process and the reduction of Fe and Co metals at the cathode surface is mainly controlled by diffusior
in present experiment.
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Figure 2. XRD patterns of FeCo films electrodeposited at diffecemtent desities

Fig.2 shows the XRD patterns of FeCo films electrodeposited at different current density. From
the patterns, it canebseen that the films have a mixed phases of-dan&ered cubic (fcc) solid
solution ( 9 -cpnteeed crbic (bad)Co,Fd phasy (-Fe type). As seen from the figure,
the reflections from the characteristic (111), (200) and (220) crystal pidifies CoFe solid solution
phase were observed at approximatefy42’, 51° and 75, respectively. In addition, the (110), (200),
(211) pe aCGofe phdse Wwere obsdived at about, 48 and 84, respectively. The patterns
indicate that the filra electrodeposited at current densities less than 40 Mi&/dh4 0 ) Adveam
mixed phase of fcc and bcc phases but the bcc phase is dominant. When the current density i
increased to 50 mA/chthe peak intensity of fcc phase increases sharply. Thissrteat the bcc
phase transforms to fcc phase and the fcc phase becomes dominant in the FeCo film. This indicate
that although the Fe and Co contents did not change with different electrodepositing current density,
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the different current densities indeegsult in a phase transformation in the electrodeposited FeCo
films.

According to the phase diagram of-Ee binary alloy P0], fcc solid solution phase is
thermodynamically stable for high Co concentration (>90 at%) at low temperatureN<7@0for all
alloy concentrations at temperatures between $9&md ~1473\ while bccUphase is stable for Fe
concentrations in excess of 80 at% at temperatures below 50the binary phase diagram gives a
good indication of the phases that might bpested in FeCo thin films at a particular composition.
However, although thermodynamically stable at low temperature and over a wide compaosition range
(25~75 at % Fe) accordi ng tbphase hsenever hobseneed id iow g r
electrodeposetd thin films and other researche&l-R5. It is reported 21-25 that under many
electrodepositing conditions the fcc-Eeo0 s ol i d sol uti on phase and
electrodeposition. The formation of nequilibrium phases of the two solid saotut phases is not
surprising for electrodeposition systems as the deposition rates do not provide sufficient time for the
ordering of Co and Fe atoms on specific lattice positions to foroFe phase. In our work, for
electrodeposition of FeCo films witlCo concentrations keeping at around 52.5 at.% at all
electrodepositing current densities, the fcc and bcc solid solution was obtained for all the samples.

Table 2. Average lattice parameters (nm) of bcc phase in FeCo films electrodeposited at different
current densities

Current density

10 20 30 40 50

bee phase 0.2830 0.2815  0.2807 0.2805  0.2801

The lattice parameters of bcc phase in the electrodeposited FeCo films were calculated basec
on the peak positions in the XRD patterfiable.2 shows the average lattice parameters of bcc phase
in alloy films fabricated at different current densities. Higher depositing current density leads to a
small decrease in the lattice parameter for the bcc phase. It is known that the composition of
electrodeposited FeCo films keeps almost constant at different current densities. It can be expected the
the change of lattice parameters of bcc phase in FeCo films at different current densities is not causet
by composition variations. Therefore, anotpessible reason for the change of lattice parameter may
be raised. It is known that with increasing current density, the film thickness increases, which results in
higher strains in the film. Eventually, cracking of the films can be observed in the HeGo f
electrodeposited at high current density (shown in Fig.4). This indicates that there is an increasing
strain in the FeCo film with increasing electrodepositing current density. The higher strains in FeCo
film lead to larger lattice distortion, whiclesults in the decrease of lattice parameter of bcc phase in
deposited FeCo films.

By using Scherer equation, the averaged grain sizes of bcc phase in FeCo films
electrodeposited at different current densities are calculated and shown in Fig.3. It eam leas
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with increasing current densities, the averaged grain sizes of bcc phase increase a little from around 2
nm (10 mA/cm) to 23 nm (40 mA/cr). Further increasing the current density, the bcc phase partially
transforms tdcc phase and the correspting averaged grain size loéc phase increases sharply from
around23 nm @0 mA/cnf) to 45 nm 40 mA/cnf). Deposition of FeCo grains in an electrodeposition
process involves two steps. The first step is the discharge of Fe and Co ions and generatemdof F

Co atoms. There are two scenarios in the growth of FeCo grains: (1) the incorporation of Fe and Co
atoms into the grains and thus grain growth and (2) the formation of new nucleus when the rate of
grain growth may not be sufficient to cater for gatien of atom [B]. It has been shown that the
critical radius of the surface nucleus is a function of the overpotendjaltfz higher the overpotential

is, the smaller the nucleus radius and thus the higher the nucleation rate would be. Therefare, with
increase in the current density, a higher overpotential, an accompanying increase in nucleation
frequency and a reduction in the grain size could be achieved. As it was known, parameters which
increase the nucleation rate would decrease the grainlgeowitvice versa. From above discussion, it

can be possibly suggested that a special condition is governed during the deposition of FeCo films
which allows an increasing grain sizes to be obtained with increasing current densities.

50
4.
01
35-

30 -

Grain size (nm)

25+

20 -

1 5 T L T v | ' T M L)
10 20 30 40 50

Current density (mA/cm?)

Figure 3. Averaged grmm sizes of bcc phasm FeCo films electrodeposited at differecurrent
densities

Fig. 4 shows the surface morphology of FeCo films electrodeposited at various current
densities ranging from 10 mA/émo 50 mA/cni. At all current densities, a colotike morphology
which consists of a lot of grain colonies having various sizes is seen. Each colony could be found to
contain several smaller grains. With increasing current densities (e.g., 10~20 InAdomoth,
uniform and compact electrodeposits are otgdj while at higher current densities (e.g., 30~50
mA/cn) the deposits are porous and cracks can be observed in the films. This change in morphology
can be explained in the following way. At low current densities the discharge of Fe and Co ions occurs
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slowly, and hence the rate of growth of nuclei exceeds the rate at which the new ones form; the
deposits obtained under these conditions should be smooth and uniform.

Figure 4. Surface morphology of FeCo films electrodepositatl different current dengies
(a)/(f):10mA/cnt; (b)/(g):20mAlcni; (c)/(h):30mA/cn3; (d)/(i):40mA/cnt; (e)/(j):50mAlcnd.



