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Abstract. In this paper, we present a room temperature two-step electrochemical process for the deposition of
large area (~10 cm?) nanocrystalline ferrite thin films. As an example, the optimized conditions for the deposition
of copper, nickel and cobalt ferrites on different conducting substrates and their physical properties are reviewed.
The films are spinel in crystal structure and well adherent to the substrates. The electrical and magnetic properties
of the films after annealing are comparable to the properties obtained with the films formed with other physical and

chemical techniques.
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1. Introduction

In recent years magnetic thin films are used in a number
of devices, ranging from various versions of magnetic
sensing and actuation to possible future applications
in the field of spin electronics. Ferrites, the magnetic
oxides having general formula MFe,O4 (M is divalent
metal or its mixture) have extensive applications in ra-
dio, television, microwave and satellite communica-
tions, bubble devices, audio-video and digital record-
ing and as permanent magnets [1]. Especially ferrite
thin films are promising as high-density recording lay-
ers, because of their low noise characteristics and good
mechanically durability [2—4]. Nowadays, there are ex-
tensive studies on ferrite thin films due to their potential
applications in magnetic recording industries. Gener-
ally ferrite thin films are deposited by using physical
techniques, which require high processing temperature.
It is well known that deposition at high temperature is
critical and affects the reproducibility and the quality of
the films and suffers additionally from the environmen-
tal pollution due to the evolution of toxic gases during
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the deposition. In order to overcome the shortcomings
arising mainly due to a high deposition process temper-
ature, in recent years low temperature processes have
been attracting increased interest for the deposition of
homogeneous, fine and reproducible ferrite films [5]. In
this connection we have developed a two steps electro-
chemical process consisting of the electrodeposition of
MFe, (M is either divalent metal or their mixture) alloy
followed by its anodization to form ferrite thin films at
room temperature. Here, we present and demonstrate
the viability of the idea with the large area deposi-
tion of simple systems such as CuFe, 04, NiFe,O4 and
CoFe, Oy ferrite thin films [6-8]. The results reviewed
here contain the study of plating variables and cathode
current efficiency of electrodeposition of alloy films,
anodization of alloy films to form ferrite and their char-
acterizations.

2. Experimental

The electrochemical process used for the deposition
of ferrite thin films mainly consists of two steps:
electrodeposition of alloy and its anodization to form
ferrite thin films at room temperature (25°C). The
CuFe;, NiFe,and CoFe, alloy films were electrode-
posited in galvanostatic mode in a two-electrode cell.
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The deposition was performed from the 100 ml bath so-
lution on the large area (~10 cm?) stainless steel, cop-
per and titanium metal sheets of 1 mm thickness. All the
chemicals were from commercial sources and were the
highest purity (99%) available. They were used without
further purification. The bath solutions were prepared
using requisite amounts of metal and ferrous sulfates
dissolved in double distilled water. The pH of the so-
lution was adjusted to 2.5 by adding 0.1 M H,SO4. All
solutions were prepared immediately prior to the depo-
sition. A conventional three electrodes electrochemical
cell was used for polarization studies. The counter elec-
trode was graphite. Saturated calomel electrode (SCE)
was used as the reference and all the potentials quoted
are with respect to it.

To deposit alloy films a constant current was sta-
bilized between the cathode and high quality graphite
plate placed parallel to each other with the distance of
0.5 cm. Before deposition, the substrates were polished
with smooth polish paper, degreased in alkaline solu-
tion, pickled in 0.1 M HCI to remove the rust and finally
cleaned ultrasonically in distilled water. Just before the
deposition, each substrate was anodically etched at a
constant current density 10 mA/cm? for 1 min in the
bath similar to that used for the deposition. The de-
position was carried out at room temperature without
stirring the solution. Table 1 gives the optimized con-
ditions for CuFe,, NiFe, and CoFe, alloy deposition
on different substrates used in the present study.

After each deposition at a fixed charge (current x
time), the film was stripped in a known volume of HCI
and HNOj; (2:1 concentrated solutions) to analyze the
film composition using Perkin-Elmer atomic absorp-
tion spectrometer (AAS). Nitric and hydrochloric acids
did not cause interference with the AAS measurements
of copper, cobalt, nickel and iron species.

Table 1. Optimized bath composition and current density (C.D.) for
the deposition of CuFe,, NiFe, and CoFe, alloys on stainless steel,
copper and titanium substrates. The observed film thickness and cur-
rent efficiency for 30 min. deposition are also included.

(C.D.) Thickness Efficiency

Alloy Bath composition (mA/cm?) (um) (%)

CuFe; (20 ml) 0.05M CuSO4 9 3.8 90
(80 ml) 0.1 M FeSO4

NiFe, (65 ml)0.05 M NiSO4 8 3.0 88
(35 ml) 0.1 M FeSO4

CoFe; (50 ml) 0.05 M CoSO4 7 3.5 94

(50 ml) 0.1 M FeSO4

The conversion of the alloy films deposited with the
conditions given in Table 1 to the ferrites was achieved
by anodizing them. Graphite was used as a cathode.
The distance between alloy film and graphite plate was
0.5 cm. 1 M KOH aqueous solution was used as an elec-
trolyte for the anodization. The anodization was carried
out with the current density of 10 mA/cm? for 10 min.
After anodization the films were washed with distilled
water and preserved in the desiccator for further stud-
ies. The films were smooth, compact and covered well
the substrates. After anodization, some of the ferrite
thin films underwent a post-deposition annealing in air
at 500°C for 1 h to improve the properties of the films.

Resulting ferrite films were investigated with re-
spect of their different physical properties. The X-
ray diffraction patterns of the films were obtained on
Philips PW 3710 X-ray diffractometer using CuKo ra-
diations operated at 25 kV and 20 mA. The infrared
spectrum of the film powder was recorded by using
Perkin Elmer infrared spectrophotometer model 783
in the spectral range 200-800 cm™!. The pellets were
prepared by mixing KBr with the film powder collected
by scratching from the stainless steel substrate in the
ratio 300:1 and then pressing the powder between two
pieces of polished stainless steel. Morphology of the
films was analyzed using scanning electron microscopy
(SEM) technique. The SEM images were recorded us-
ing a LEO1530 (Gemini) FE-SEM microscope with
Schottky field emission and acceleration voltage 10 kV.
The films deposited on copper substrates were used to
build up metal-oxide-metal (MOM) such as copper-
MFe,O4-silver structures. The top silver electrode was
either vacuum-coated or paste. The area of upper elec-
trode was approximately 10 mm?, so we could man-
age to obtain several structures on the same film. The
electrical resistivity measurements were performed by
means of a two probe method using same MOM struc-
ture. A constant low voltage was applied across the two
electrodes and current through the film was measured as
a function of temperature. The activation energy (AE)
was calculated from the variation of DC electrical re-
sistivity with temperature using the formula: p = p,
exp(AE/kT), where p is electrical resistivity at tem-
perature T, AE is the activation energy for electrical
processes, k is Boltzman’s constant and 7T is absolute
temperature. Magnetic hysteresis loops were measured
at 27°C temperature for the films deposited on cop-
per substrates using a vibrating sample magnetometer
(VSM). The magnetization field was applied parallel to
the film plane. The magnetization values were derived



from the measured values divided by the volume of the
films.

3. Results and Discussion
3.1. Electrodeposition of Alloy

3.1.1 Effect of Metal/lron lons Ratio on Alloy Film
Composition. If an electrolyte contains ions of two
or more metals each of which is capable of undergo-
ing electrochemical reduction with cathode deposition,
then in principle it is possible to obtain alloy of these
metals of different composition. Electrodepositon of
alloy can be divided into five types, regular, irregular,
equilibrium, anomalous and induced [9]. Electrodepo-
sition of binary alloys of the iron group metals (Co, Ni
and Fe) exhibits the phenomenon known as anomalous
codeposition [9]. In the anomalous codeposition, the
less noble metal deposits preferentially; consequently,
its relative content in the alloy deposit is much higher
than in the solution. Another important factor, which
influences the kinetics, composition and properties of
electrodeposited iron group metal alloys is simultane-
ous hydrogen evolution. Numerous studies focusing
upon the effects of additives, the presence of O,, the
inclusion of higher oxidation state of metals (M>T)
in the plating solution and differences in the anions
have been conducted for better understanding of iron-
group electrodeposition and several hypotheses have
been presented in the literature [10, 11]. The effect
of M?*/Fe?* ions ratio in the solution on the deposit
composition was investigated by varying volume of the
FeSOy solution in the bath. The Cu-Fe, Ni-Fe and Co-
Fe alloys were electrodeposited in the bath consisting
of 0.05 M metal sulfate and 0.1 M iron sulfate solutions
mixed in different volume ratios. Figure 1 displays de-
pendence of Fe content in the deposited Cu-Fe, Ni-Fe
and Co-Fe alloys with the volume of 0.1 M FeSOy so-
lution in the bath; the total volume of the bath solution
was 100 ml. It is seen that the dependence of Fe content
in case of Cu-Fe alloy with the Fe*? ions in the bath
is linear suggests that codeposition is of regular type
[9]. However, in case of Ni-Fe and Co-Fe alloy depo-
sitions in lower Fe concentration range, the anomalous
type of codeposition is observed. It is observed that
the alloy films deposited from the bath composition
at the current density given in Table 1 have the metal
iron compositions as 1:2 and therefore used for further
depositions.
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Fig. 1. Dependence of Fe content in the deposited CuFe,, NiFe; and
CoFe; alloys with the volume of 0.1 M FeSO4 solution in the 100 ml
total bath solution containing rest 0.05 M MSOj4 solution.
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Fig. 2. Cathodic polarization curves of Cu-Fe alloy films from
(20 ml) 0.05 M CuSOy4 and (80 ml) 0.1 M FeSOy4 bath solution
on stainless steel (ss), copper (cu) and titanium (ti) substrates.

3.1.2  Cathodic Polarization. Figures 2—4 show the
first scan polarization curves of CuFe,, NiFe, and
CoFe; alloys on different substrates. The deposition po-
tentials estimated from the polarization curves (Table 2)
are different for different substrates. This difference
may be due to polycrystalline substrates (as evidenced
by the XRD study) and different orientations of the
planes from the substrate to substrate. Thus the or-
der of mismatching between the deposited material
and the substrate gives different polarization curves.
Once the alloy covers the substrate, the substrate
does not play a role any more. Thus for the films of
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Fig. 3. Cathodic polarization curves of Ni-Fe alloy films from
(65 ml) 0.05 M NiSO4 and (35 ml) 0.1 M FeSO, bath solution on
stainless steel (ss), copper (cu) and titanium (ti) substrates.
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Fig. 4. Cathodic polarization curves of Co-Fe alloy films from
(50 ml) 0.05 M CoSO4 and (50 ml) 0.1 M FeSOy4 bath solution
on stainless steel (ss), copper (cu) and titanium (ti) substrates.

identical roughness, identical deposition potentials are
expected.

In all cases, hydrogen evolution was observed above
the estimated potentials during deposition resulted into
non-homogeneous film formation. It is seen that depo-
sition potential of MFe, alloy is lower than the depo-
sition potential of M and higher than the deposition
potential of Fe. This might be due to the fact that de-
position of noble metal takes place at lower potential
when it is a constituent metal of the alloy getting de-
posited having another constituent metal with much
less potential than the other metal [9].

Table 2. Estimated deposition potentials of MFe, alloys on different
substrates (SS: stainless steel, Cu: copper and Ti: titanium).

Reduction potential (V vs. SCE)

Substrate CuFe, NiFe, CoFe,
SS —0.89 —0.90 —-0.91
Cu —0.89 —0.96 —0.88
Ti —0.92 —1.08 —-0.97

3.1.3  Effect of Current Density on Alloy Film Thick-
ness. From the polarization curves (Figs. 2—4) it was
observed that in all cases the limiting current was about
10 mA/cm?. Effect of current density on alloy film was
studied up to 10 mA/cm? current density. The alloy film
thickness was determined by the method of gravimet-
ric weight difference in which area and weight of the
films are measured. Before and after alloy deposition
on stainless steel substrates, the films were precisely
weighed; the difference of two masses gives the mass
of the alloy films. The thickness was obtained by as-
suming the density of bulk M-Fe alloy expressed as:

Q = QMXM + QFeMFe (D

where Qum, Ore and Xy, Xg. are the densities and the
atomic fractions of M and Fe elements in the alloy.
Substitution of the values of densities of M and Fe
[12], and the atomic fractions determined from the AAS
measurements allow us to determine the density of the
alloy and thereby thickness of the alloy films.

The alloy films were deposited from the optimized
bath compositions at different current densities for 30
min. Figure 5 displays the influences of current density
on thickness of the CuFe,, NiFe, and CoFe, alloy films
deposited on stainless steel substrates. It is seen that the
thickness of the alloy film decreases after the optimized
current density (Table 1), possibly due to porous, foggy
and less adherent film formation. Also the films may
have tensile stress, which tend to cause delamination,
resulting into peeling off the films from the substrates
when they became thick [13]. The thickness of the films
can be controlled with the deposition time in a wide
range up to 5 um at optimum current density.

3.1.4 Effect of Current Density on Efficiency of Alloy
Deposition. The results of metal concentrations from
AAS measurements allowed the calculations of metal
and iron weight fractions for the alloy. By assuming
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Fig. 5. Influences of the current density on thickness of the CuFe,,
NiFe, and CoFe; alloy films deposited on stainless steel substrates
for 30 min.

that both single metals are reduced in two consecutive
steps and considering hydrogen evolution due to the
reduction of protons and dissociation of water as side
reactions, current efficiency (1) of MFe; alloy deposi-
tion is given as

I+ Ik

I Total

2)

where, Iy and Iy, are the partial currents of the metals
M and Fe calculated from the mass and composition
of M and Fe in the deposit and the electrolysis charge
passed using Faraday’s laws. Ity is the applied cur-
rent, which is sum of partial currents of metals and the
current utilized for side reactions. The effect of current
density on current efficiency was studied to get highest
efficiency.

Figure 6 shows the typical variations of cathode cur-
rent efficiency with the current density for 30 min of
CuFe,, NiFe, and CoFe, alloy depositions on stainless
steel substrates. The efficiencies increase with current
density, reach maximum at optimum current density
and fall for further increase in current density. Lower
current efficiency below optimum current density can
be attributed to the decrease in the rate of deposition of
metals to a point, where hydrogen evolution is the dom-
inant reaction on the cathode [11]. Further increase in
current efficiency above optimum current density only
leads to an increase in the rate of hydrogen evolution
due to the reduction of water molecules [14]. This re-
sults in decrease of the current efficiency above opti-
mum current density.
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Fig. 6. The variation of cathode current efficiencies with the current
density for 30 min deposition of Cu-Fe, Ni-Fe and Co-Fe alloys on
stainless steel substrates.

The optimized plating bath composition and current
density for the deposition of CuFe,, NiFe, and CoFe,
alloy films on different substrates are given in Table 1
with the observed thickness and current efficiencies.

3.2.  Anodization of the Alloy to Form Ferrite

In aqueous solution after application of potential, the
reactions occurring at cathode and anode are as fol-
lows :

M+ 20H™ — MO + H;0 4 2e~
2e” ~|—2H20 — H2 T +2OH7

(anode) (3)
(cathode) (4)

The reactions indicate that oxide films are grown on
the anode surface and hydrogen is evolving at cathode.

Table 3. The crystal structure and positions of IR absorption high
frequency (v1) and low frequency (v2) bands observed for (A) as
deposited and (B) annealed CuFe;04, NiFe;O4 and CoFe;04 thin
films.

CuFe,04 NiFe, 04 CoFe>04
Film A B A B A B
Crystal
structure  Tetragonal Tetragonal Cubic Cubic Cubic Cubic
vi(em~™1) 590 610 620 590 620 600
va(em™1) 390 380 410 400 410 400
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Fig. 7. Typical XRD patterns of (A) as deposited and (B) annealed
CuFe; 0y films deposited on stainless steel substrates.

In the present investigation, the conversion of MFe,
alloy to ferrite (MFe;O4) can be explained with the
following reaction.

MFCQ + 80H™ — MF6204 + 4H20 + 8e™ (5)

The MFe, alloy films were converted to ferrite
(MFe;04) thin films by using anodization at 10
mA/cm? current density for 10 min. It should be noted
that anodization charge (current density and time) was
less for the alloy films with lower thickness.

3.3.  Structure and Morphology

The crystal structures of the ferrite films were investi-
gated by using X-ray diffraction (XRD) technique. The
comparison of the observed ‘d’ values with the standard
JCPDS [15-17] values revealed that the films are poly-
crystalline with spinel tetragonal CuFe,04 and cubic
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Fig. 8. Typical XRD patterns of (A) as deposited and (B) annealed
NiFe, 04 films deposited on stainless steel substrates.

NiFe,0,4 and CoFe,0y structures. Typical XRD pat-
terns of as deposited and annealed CuFe; 04, NiFe,04
and CoFe,04 films deposited on stainless steel sub-
strates are displaced in Figs. 7-9. Similar structures
were observed for other substrates. It is seen from the
XRD patterns that after anodization the alloy films
are converted to spinel ferrite at room temperature. It
is also observed that after annealing the characteris-
tics peaks of bulk ferrites corresponding to (211) of
CuFe,04 and (311) of NiFe,04 and CoFe, 04 became
sharper and more intense. We attribute this improve-
ment in intensity of these characteristic peaks to the
crystallization of the films towards bulk materials. In
order to evaluate the mean crystallite size of the films,
the Scherrer’s formula was adopted. The mean crys-
tallite sizes of the films were below 50 nm suggest-
ing that the films are nanocrystalline. The nanocrys-
talline nature of the films is an advantageous factor to

obtain high efficient magneto-optic recording devices
[18].

Table 4. The observed room temperature (27°C) electrical resistivity (p) and activation energy (A E) values of (A) as deposited and (B) annealed

CuFe; 04, NiFe;04 and CoFe,Oy4 films deposited on copper substrates.

CuFCzO4 NiF€204 COF6204
Electrical property A B B A B
p(Q- cm) 1.73 x 10° 2.51 x 108 6.31 x 107 3.46 x 107 6.31 x 107 1.55 x 107
(AE) (eV) 0.49 0.48 0.29 0.45 0.46
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Fig. 9. Typical XRD patterns of (A) as deposited and (B) annealed
CoFe;0q4 films deposited on stainless steel substrates.

Further, IR absorption spectroscopy was used to ver-
ify the spinel structure of the films. It is observed that
positions of the high and low frequency bands of as de-
posited and annealed CuFe, 0,4, NiFe, 04 and CoFe, 04
films were at around 600 and 400 cm~!, which con-
firm the spinel structures of the films [19]. The ob-
served band positions for powders of as deposited and
annealed CuFe,0y4, NiFe,O4 and CoFe,O4 films are
given in Table 3. Different band position in the spectra
for as deposited and annealed films can be attributed to
different size and shape of the particles.

Typical SEM micrographs of annealed CuFe,Oy,
NiFe,04 and CoFe,0, films deposited on stainless
stell substrates are displayed in Fig. 10. It is observed
that copper ferrite films show better morphology than
nickel and cobalt ferrite films. The rough morphology
of the films with pin holes may be occurred during
anodization.

3.4. Electric Properties

The temperature variations of electrical resistivity of
as deposited and annealed CuFe,0,4, NiFe,O4 and
CoFe,04 films deposited on copper substrates are
shown in Figs. 11-13. Itis clear from the figures that the
resistivity increases as temperature decreases, showing
a semiconducting behaviour. Observed room temper-
ature resistivities and activation energies are given in
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Fig. 10. Typical SEMs of annealed (A) CuFe;04, (B) NiFe,O4 and
(C) CoFe,0y4 films deposited on stainless steel substrates.

Table 4. The observed resistivities are higher and calcu-
lated activation energies are comparable to the values
reported for the films or bulk samples prepared by other
physical or chemical techniques [20-23]. We attribute
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Fig. 11. Plot of log of electrical resistivity (p) against reciprocal of
temperature for (A) as deposited and (B) annealed CuFe;O4 films
deposited on copper substrates.
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Fig. 12. Plot of log of electrical resistivity (p) against reciprocal of
temperature for (A) as deposited and (B) annealed NIFe;O4 films
deposited on copper substrates.

higher resistivity of the films to nanocrystalline nature
and rough surface morphology. The change in activa-
tion energies for as deposited and annealed films is not
appreciable. It is observed that after annealing resis-
tivity decreases may be due to increase in grain size
or change in crystallographic texture and decrease in
defects and dislocations.
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Fig. 13. Plot of log of electrical resistivity (p) against reciprocal of
temperature for (A) as deposited and (B) annealed CoFe,O4 films
deposited on copper substrates.
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Fig. 14. Magnetic hysteresis curves measured for (A) as deposited
and (B) annealed CuFe,O4 films deposited on copper substrates.

3.5. Magnetic Properties

The magnetic hysteresis curves measured for CuFe, Oy,
NiFe,04 and CoFe, 0, ferrite films deposited on cop-
per substrates are displayed in Figs. 14—16. The satura-
tion magnetization (Ms), coercive field (Hc) and resid-
ual magnetization (Mr) values are determined from the
curves. Table 5 summarizes the magnetic properties of
the ferrite films (A) before and (B) after annealing. It
is seen that the Ms and Hc of the as deposited films
are enhanced and Mr reduced after annealing. The en-
hancement of Ms and Hc and reduction in Mr can be
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Fig. 15. Magnetic hysteresis curves measured for (A) as deposited
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Fig. 16. Magnetic hysteresis curves measured for (A) as deposited
and (B) annealed CoFe,Oy4 films deposited on copper substrates.

attributed to increase in particle size with improved
crystallinity after annealing [22]. The magnetic prop-
erties of the films possessed after annealing are compa-
rable to the reported values of films prepared by other
techniques [24-28].

4. Conclusions

We demonstrated the novel two-step electrochemical
process for the deposition of larger area nanocrystalline
ferrite (MFe,Oy4, M is Cu, Ni, Co, Mg, Mn, Zn, and Cd
or their mixtures) thin films at room temperature. This
process consists of two steps, namely, electrodeposition
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Table 5. The determined values from the hysteresis curves of sat-
uration magnetization Ms (emu/cm?), coercive field, He (kOe) and
residual magnetization, Mr (emu/cm?) of (A) as deposited and (B)
annealed CuFe;04, NiFe;O4 and CoFe; Oy thin films deposited on
copper substrates.

CuFe, O4 NiFe;Oq4 CoFey04

Magnetization values A B A B A B

Ms 155 267 117 246 151 293
Mr 59 95 24 99 36 104
Hc 0.05 0.05 0.05 006 0.05 0.03

of alloy followed by its anodization to convert alloy into
ferrite thin film at room temperature. This method fa-
cilitates the deposition of different ferrite thin films on
large area substrates with thickness up to 5 um from
aqueous medium without any high vacuum and/or tem-
perature. Feasibility of the process is checked by de-
positing simple systems such as CuFe,04 NiFe,0y4
and CoFe;04. The physical properties of the films are
promising after annealing and therefore our process
is a suitable alternative to other techniques used for
ferrite thin films formation. Thus, it opens a new chan-
nel for the investigation of other promising simple or
mixed ferrite films useful in optoelectronic and mag-
netic recording industries.
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