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Abstract Cobalt films were electrodeposited onto both
iron and copper substrates from an aqueous solution con-
taining a mixture of cobalt sulfate, boric acid, sodium
citrate, and vanadyl sulfate. The structural, intermetallic
diffusion and magnetic properties of the electrodeposited
films were studied. Cobalt electrodeposition was carried
out in a passively divided cell aided by addition of vanadyl
sulfate to keep the counter electrode clean. The divided
electrolytic cell with very negative current densities cause
the electrodeposited Co to adopt a face-centered cubic (fcc)
structure, which is more magnetically reversible than the
hexagonally close-packed (hcp) structured Co. The coer-
cive field is also significantly less in the fcc-
electrodeposited cobalt than in the hcp. SEM images show
dense, uniform Co films without any cracks or porosity.
Beside the deposition current, thickness of the film was
also found to affect the crystal orientation particularly on
iron substrates. Diffusion of cobalt film into the iron sub-
strate was studied under reduced environment and a fast
process was observed.
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Introduction

The increasing demand in the design of transformers,
motors, and generators for use in electric vehicles and other
high-temperature applications has triggered intensive
investigations of alloys of iron groups that exhibit high-
saturation magnetization M and high Curie temperatures
T. (T. ~ 900 °C) [1-6]. Cobalt and cobalt alloys have
magnetic and electrical properties that are very attractive
for technological applications such as magnetic recording,
transformer core materials, thin film inductors, and giant
magneto-impedance sensors [7-10]. Electrochemical
deposition of cobalt has been carried out on substrates such
as nickel, vitreous carbon, and copper, and from different
electrolytic baths containing chloride, sulfate, or thiocya-
nate aqueous solutions [11-14]. However, reports on cobalt
electrodeposition on iron substrates have yet to define the
mechanisms involved. Though codeposition of Co-Fe
alloys has been performed successfully [7], from the
applications point of view growth of Co film on Fe sub-
strates is preferable. It is well known that Fe and Co form
body-centered cubic (bcc) solid solution (Co.Feigg — )
over an extensive range [15]. In the range of 30 < x < 70,
FeCo alloys undergo a phase transformation from a dis-
ordered bce structure to the ordered CsCl type structure
below 730 °C [16]. The ordered FeCo alloys are excellent
soft magnetic materials with negligible magneto-crystalline
anisotropy K; [17]. However, the equiatomic FeCo alloys
are extremely brittle and other elements such as V are
usually added to obtain workable materials. The brittle
nature of FeCo binary alloys is attributed to the formation
of an ordered B2/L2, superlattice from the bcc solid solu-
tion below 730 °C. Additional elements such as V induce
precipitation of a second phase of L1, structure [18, 19],
whose volume percent and morphology depend on the
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concentration of the added elements. The precipitation of
second phase, however, significantly deteriorates the soft
magnetic properties [20]. Besides the second phase, all
other structural defects such as grain boundaries [6] and
dislocations also considerably affect the magnetic proper-
ties especially the coercive field, H.. However, we believe
that instead of equiatomic FeCo alloys, deposited Co film
can be diffused into the Fe substrate to make Co-deficient
FeCo alloys without V addition for the electrical equipment
applications.

Since the electrodeposition technique is a very promis-
ing candidate to produce Co films on Cu and Fe substrates
with quality competitive with those produced by physical
vapor deposition (PVD) techniques, we have chosen elec-
troplating technique for cobalt film growth and
characterization of these films. In this article, we report a
comprehensive and systematic study to understand the
growth process, effects of control parameters on structure
and microstructure, and microstructural dependence on the
film thickness. Also the effects on the magnetic and
structural properties of Co were investigated by electro-
deposition of Co film on Cu substrates.

Experimental

All deposition experiments were performed using a sta-
tionary passively divided electrode system consisting of a
Pt counterelectrode surrounding the central working elec-
trode with a separating membrane. Both plate (0.1 mm
thickness) and wire (0.5 mm diameter) of Fe and Cu were
used as the working electrodes. Co films were grown on
slightly (2 0 0) textured polycrystalline Fe and Cu plates
washed with deionized water, cleaned with acetone by
ultrasonic process, and rinsed with deionized water before
being placed in the electrolyte. To simplify magnetic
measurements, Co film was deposited on Cu round wire.
Diffusion of cobalt into iron was tested by depositing Co
on both Fe tapes and wires. A Princeton Applied Research
potentiostat/galvanostat (Model 173) was used to control
the applied current during the depositions with a Princeton
Applied Research Digital Coulometer. All depositions
were performed under constant current condition. Deposi-
tion rate and film thickness were controlled by varying
applied current and deposition time. The thickness uni-
formity of the electrodeposited films was determined by
using a stylus profiler.

The plating bath was prepared by dissolving 0.5 M
cobalt sulfate, 0.1 M vanadyl sulfate, 0.1 M boric acid, and
0.1 M sodium citrate in deionized water. All chemical
reagents used were as received from Alfa Aesar. Deaera-
tion of the electrolyte solutions was not performed. The
constant current mode electrodeposition of cobalt was

carried out at room temperature with 0.5 M cobalt solution
prepared as described with the presence of boric acid and
sodium citrate as additives for the pH adjustment in the
range of 2-3. A moderate agitation was maintained by
stirring at the rate of 300-500 rpm during the deposition to
help remove the bubbles from the electrode surfaces. All
the electrodeposition experiments were carried out at room
temperature with the variation of solution pH, current
density, and time. The nominal current densities were
obtained through direct division of cathodic current by
geometrical area of the working electrode.

The electroplated samples were characterized using
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and SQUID magnetometry. Surface characteriza-
tion of the metallic coating was obtained by XRD using a
Rigaku Rotaflex difractometer using Cu-Ko radiation and
power rating of 50 kV and 100 mA. The morphology and
microstructure of the cobalt films were determined by SEM
analyses using a Hitachi S-4100 field emission SEM. For
magnetic measurements, cobalt-coated Cu wires were cut
into strips of about 6 mm in length and mounted between
two plastic tubes such that the long axis of the wire was
parallel to the magnetic field in a SQUID-based magne-
tometer. The magnetic moment m was measured as a
function of applied magnetic field in the range from 0 Oe
to 65,000 Oe and then from 65,000 Oe to —500 Oe.
Measurements were conducted at temperatures of 5 K and
then from 50 K to 300 K in 50 K steps.

Results and discussion
Cobalt deposition on copper substrate

Copper tapes with dimension 5 mm x 40 mm (width x
length) were electrochemically deposited under the con-
ditions described above. The effective deposition length is
between 20 mm and 30 mm. X-ray diffraction analysis
shows that electrodeposited Co favors hexagonally close-
packed (hcp) structure at lower negative current densities
(2-40 mA/cm?), face-centered cubic (fcc) structure at
higher negative current densities (150 + mA/cm?), and
mixed phases of fcc and hcp in between. Figure 1 shows
the XRD patterns for three different cobalt films on copper
substrates deposited with current densities 13.5, 74, and
154 mA/cm?, respectively, as presented from bottom to top
in the graph. The bottom pattern is consistent with hcp-
structured cobalt, middle is the mixed phase of hcp and fcc,
and the top one purely fcc structure. Control of crystal
structure is very important for tuning magnetic properties
in the cobalt. Here we have demonstrated that the crystal
structure, particularly on copper substrates, can be tuned
by controlling the deposition parameters. The structural
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Fig. 1 An XRD plot for cobalt films grown on copper substrates
using electrochemical deposition

variation with current density is also evident from the SEM
images. Figure 2 shows the surface morphology of two
films deposited at 13.5 and 153.5 mA/cm? current density.

Fig. 2 SEM micrographs of cobalt film on copper substrates for (a)
low current density and (b) high current density deposition

@ Springer

Samples created under low current density formed nano-
comb grains (Fig. 2a), while samples prepared under high
current density formed pyramidal structures (Fig. 2b). At
this point it is not clear how these two very different
structures evolve. Further experimental analysis is neces-
sary to fully understand this interesting behavior of the
cobalt film on copper substrates.

The magnetic response of samples electrodeposited in
fcc and hep orientations, corresponding to very high neg-
ative current and very low negative current, respectively, is
shown in Fig. 3. The saturation magnetic moment mg,, (at
T =5 K) was 8.66 and 10.1 milliemu for the two respec-
tive cases (1 milliemu = 107> G cm®). Assuming that the
saturation magnetization (magnetic moment/volume) is
that of bulk cobalt metal, My, = 1,446 G, we determined
the volume of cobalt and normalized M accordingly. (Note
that M, is very nearly the same for hcp and fcc forms of
cobalt.) Values for the corresponding thickness of the
electrodeposited films are 0.328 pm and 0.389 pum. The
more interesting effect was seen in the cobalt film depos-
ited with very high negative current. The resulting fcc
cobalt film exhibits a significantly reduced magnetic hys-
teresis, compared with the hcp film. This is dramatically
evident in the coercive field, H, of the fcc-structured cobalt
film. Figure 4, which presents the H. values versus tem-
perature for both hcp- and fcc-structured films, clearly
shows that H, is significantly reduced by a factor of 6 or 7
when compared with hcp case. These results are consistent
with the general trend that the magnetocrystalline anisot-
ropy constant is lower in cubic structures than in hexagonal
or lower symmetries. The so-called remnant moment, M, of
the fcc cobalt is larger than that for the hep film (Fig. 5).
Here the remnant moment was normalized by the satura-
tion moment to eliminate the volume dependence.
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Fig. 3 Hysteresis loop for cobalt deposited on copper wire. Here H is
the applied field measured in Oe (oersted) while M is the magnetic
moment/volume of the sample measured in G (gauss). Inset:
expanded view near the origin
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Fig. 4 A plot of the coercive field against temperature
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Fig. 5 The remanent moment expressed as a fraction of the
saturation moment, plotted versus temperature
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Fig. 6 Room temperature XRD patterns for cobalt films grown on
iron substrates using electrochemical deposition

Cobalt deposition on iron substrate

Flat iron substrates with dimension 5 mm x 60 mm
(width x length) were electrochemically deposited under
constant current density condition ranging between
5 mA/cm? and 20 mA/cm?®. The deposited thickness was
varied from 0.5 pm to 10 um by controlling current
density and deposition time. Room temperature XRD
patterns for Co films on Fe substrates with three different
thicknesses are shown in Fig. 6. Clearly, all these films
have hcp crystal structure. It can be also noticed that the
peak intensity of the Fe substrates diminishes with
increase in thickness of Co.

A clear trend of Co grain orientation with the film
thickness was observed. It can be seen in Fig. 7 that cobalt
film with thickness 0.6 pm (Fig. 7a) has randomly oriented
grain. However, as the thickness increases to 3.5 um the
grains (Fig. 7b) become oriented along a-axis which is
parallel to the substrate surface. With further increase in

Fig. 7 Surface morphology of cobalt films with thickness (a) 0.6 pm, (b) 3.5 um, and (¢) 10 pm deposited on iron substrates
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thickness (10 um) Co film grains gradually lose this
ordered form as seen in Fig. 7c. One of the obvious mea-
sure of degree of orientation is the intensity ratio of (1 0 0)
peak compared to (1 1 0) peak of the Co films and clearly
this value is much higher for film with thickness 3.5 pm.
At this point the driving mechanism for the ordered grain
cobalt film is not clear. A further investigation is important
to understand the ordering of Co grain on iron substrates.
The diffusion of cobalt film into iron substrate was
investigated by heat treating the Co films at 950 °C in the
reducing atmosphere of Ar-4% H,. Both flat substrate and
round wire of Fe substrate was used for this investigation.
It was found that Co film (thickness of less than 5 pum) was
completely miscible with Fe and formed an alloy when
heat treated at 950 °C for 30 min. The samples were ana-
lyzed by XRD, AUGER, and SEM to determine if there is a
presence of Co on the substrate surface after post-anneal-
ing. As per Fig. 8, X-ray reflections from pure Co film
were absent possibly due to the complete miscibility of Co
into Fe. There was no noticeable shift in the Fe reflection
observed. This could be mainly due to the low content of
Co present. Also, the microstructure of Co grains changed
after post-annealing (see Fig. 9). To quantify the amount of
Co present at the alloy surface, Auger scans were con-
ducted on both as-prepared and post-annealed samples.
Auger scans (as shown in Fig. 10) indicated the presence of
Co to be around 59% at the surface after post-annealing.

Summary

We have successfully demonstrated the growth of cobalt
film on both copper and iron substrates. We have also
identified the electrodeposition conditions to preferentially
deposit hep, fcc, or mixed phases of cobalt film on copper
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Fig. 8 Room temperature XRD patterns for both as-deposited and
post-annealed (950 °C; 30 min) cobalt films grown on iron substrates
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Fig. 9 SEM micrograph for the post-annealed cobalt films on iron
substrates. Figure inset shows the microstructure of as-deposited
cobalt films

Auger Electron Spectroscopy

4000

2000
- - - As Deposited

Annealed

-2000 1 y

dN(E) (a.u.)

-4000

-6000 ; ; ; ; ; :
200 300 400 500 600 700 800 900

Kinetic Energy (eV)

Fig. 10 AUGER depth profile scans (derivative form) of both as-
deposited and post-annealed (950 °C; 30 min) cobalt films grown on
iron substrates

substrates. At low current density (2-40 A/cmz), the Co
film adopts an hcp structure. However, at high current
density (150+ A/cmz), the structure is mostly fcc; and in-
between the current density, films with mixed hcp and fcc
structures were obtained. From the magnetic measurement
it was found that the coercive field is significantly lower in
the fcc-electrodeposited cobalt than in the hep. The thick-
ness of the film has a growth effect on the orientation of
cobalt film when deposited on iron substrates. More
investigation is necessary to understand this behavior of
grain ordering.
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