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Metal/cobalt ferrite composite thin films with the saturation magnetization (M) of ~580 emu/cm*® and the coercivity (H.)
of 1700 Oe were prepared by the reactive sputtering. With increasing substrate temperature, M, of the thin films increased,
while H.. of the thin films decreased. This is attributed to the precipitation of Co, Fe,-, (x * 0.62) metal phase in the thin
films. The metal phase showed the BCC structure (a,=2.89 A) and Im3m space group. Also, the cobait ferrite phase was
identified as CoFe, O, with a cubic structure (a,=8.39 A) and a space group of Fd3m. For the higher cobalt content than
the stoichiometric composition, Co3;5 Feq,, the thin films with high M, and H. could be obtained in the wide substrate

temperature range (200-400 ).

1. Introduction

Cobalt ferrite thin films are very promising materials for the
magnetic recording media and thin film device applications be-
cause of high crystalline anisotropy energy, good chemical stab-
ility, and mechanical wear resistance [, 2]. The excellent mag-
netic properties of the cobalt ferrite are known to be mainly
attributed to the Co ions in a spinel lattice.

Cobalt ferrite has an inverse spinel structure, with half of the
Fe’* ions on tetrahedral sites (A sites) and the rest, together
with Co’" ions, on octahedral sites (B sites) at room tempera-
ture. According to the one-ion crystalline-field model, the
strong anisotropy of Co”* ion on the B site originates from in-
completely quenched angular momentum, which is attributed to
the interaction of the electronic structure of Co™* ions with the
crystal field [3].

The thin films have some problems to be solved before their
application can be realized. One of the problems is the low satu-
ration magnetization (M) of the thin films, less than half of
that of the metallic thin films. In this study, metal/cobalt ferrite
composite thin films were prepared by a reactive sputtenng.

The microstructure of the thin films was investigated by X-
ray diffraction (XRD) and transmission electron microscopy
(TEM). TEM studies were done by primitive cell volume
measurement and convergent beam electron diffraction (CBED)
pattern analysis, which can be a simple and reliable method for

the identification of the metal and ferrite phases [4-7]. The
valency state of the Co and Fe elements and the cation distri-
bution in the spinel lattice were analyzed by X-ray photoelec-
tron spectroscopy (XPS).

2. Experimental Procedure

Metal/cobalt ferrite composite thin films were prepared by
controlling the sputtering conditions, such as oxygen concen-
tration in sputtering gas, substrate temperature, and compo-
sition of the thin films using a facing targets-sputtering unit.
Three CoxFe -, alloys (x =28.5, 33.7, and 37.8 at.%) were de-
posited, i.e., hypostoichiometric, stoichiometric, and hyper-
stoichiometric compositions of cobalt ferrite. The sputter gas
was a mixture of Ar (99.999 at.% purity) and O, (99.99 at.%
purity) and each gas was introduced into the chamber indepen-
dently. Targets were composed of 60-mm-diameter iron discs
(99.9 at.% purity) and cobalt chips (99.9 at.% purity). The co-
balt content of ferrite thin films was controlled by adjusting the
number of cobalt chips attached on the iron discs. Prior to de-
position, the targets were presputtered at 1.0 X 10~ Torr for 30
min {o remove impurities on the targets. Thermally oxidized Si
wafers were used as substrates. Detailed sputtering conditions
are summarized in Table 1.

The cross-sectional and plan-view TEM specimens were
mechanically ground to ~120 pm, and then dimpled to ~30 um.
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The specimens were ion milled with 3 kV Ar ions and 1 mA
current at an incident angle of 12° until perforation was
achieved. The microstructure and chemistry of the specimens
were investigated by CBED and energy dispersive X-ray spec-
troscopy (EDS). Magnetic properties of the thin films were
measured by using a vibrating sample magnetometer.

Table 1. Deposition conditions of metal/cobalt ferrite composite
thin films.

Background pressure < 5.0 X 10°° Torr

Sputter gas 10 % O, + Ar

Input power 0.8 A X 580 VD.C.

Sputter pressure 1.0 X 107" Torr

Deposition rate 200 A/min

28.5 at.% Co-Fe
33.7 at.% Co-Fe
37.8 at.% Co-Fe

Film composition

Film thickness 0.2 tm

Room temperature
200 ¢
300 ¢
400 ¢

Substrate temperature

3. Results and Discussion

Figure 1 shows the variation of magnetic properties of the
thin films with the Co content and the substrate temperature.
With increasing substrate temperature, the M, of the thin films
increases and the H. of the thin films decreases. This resuit
agrees with that reported by Fujii er al. [8] previously. They
reported that the oxidation degree of iron oxide thin films was
dependent on deposition parameters, e. g., substrate tempera-
ture and oxygen partial pressure, and also more-oxidized
phases were deposited at low substrate temperatures.

It was also found that the magnetic properties of the thin
films depend on the composition. For the hyperstoichiometric
composition, Cox s Feq., the films with M, of ~580 emu/cm*
and H. of 1700 Oe, which might be applicable to the magnetic
recording media with high recording density, were prepared in
the wide substrate temperature range (200-400 ). The M,
value of the films is two to three times higher than that of the
conventional cobalt ferrite thin films and the H. value is com-
parable to the conventional metallic thin films [9, 10]. On the
other hand, for the near stoichiometric or hypostoichiometric
composition, CoyrFews or CoxsFess, the films with mag-
netic properties needed for the magnetic recording media were
prepared in the narrow substrate temperature range (~300 C).
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In addition, it can be seen in Fig. | that the magnetic proper-
ties of the CoxsFens and CoysFeg, thin films change sig-
nificantly with substrate temperature (200 to 400 ), while
those of the CoxysFe., thin films change slightly. In order
to understand the dependency of substrate temperature on
the magnetic properties, the microstructure of the thin films
was investigated.
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Fig. 1. Variation of magnetic properties of the thin films with the
Co content and the substrate temperature.
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Fig. 2. XRD patterns from the CoysFeg. thin films deposited at
(a) room temperature and (b) 400 C substrate temperature.
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Figure 2(a) and (b) represent XRD patterns from the Co s
Feq.. thin films deposited at room temperature and 400 C, re-
spectively. For the films deposited at room temperature, only
the peak corresponding to cobalt ferrite was detected. On the
other hand, for the films deposited at 400 °C, in addition to the
peak corresponding to cobalt ferrite, an extra peak was
detected. The extra peak may be originated from the precipi-
tation of Co-rich Co,Fe, -, metal phase in the films. The
microstructure and chemistry of the metal and fernte phases
were further investigated by TEM.

Figures 3 (a) and (b) show the cross-sectional bright field
images of the CosyFe: thin films deposited at 200 and 400
‘C substrate temperatures, respectively. It can be seen in Fig. 3
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Fig. 3. Cross-sectional bright field images of the CouwxFey. thin
films deposited at (a) 200 and (b) 400 T substrate temperatures.

that with increasing the substrate temperature the morphology
of the thin films was changed from the columnar to granular
structure. Especially, at high substrate temperatures (> 300 ),
Co-rich Co,Fe,_, alloys were precipitated from the cobalt fer-
rite. In Fig. 3(b). the Co-rich phase is indicated by an arrow.
No chemical reaction was found at the interface between the
films and substrates.

Figure 4(a) shows the plan-view bright field image of the Coyy
Feq, thin film deposited at 400 C substrate temperature. The
chemistry of cobalt ferrite and Co-rich Co,Fe,_, metal phases was
examined by EDS. Figure 4(b) shows the EDS spectrum obtained
from the metal precipitate (marked as an arrow in Fig. 4(a)). In
Fig. 4(a), all the grains except the grain indicated by the arrow are
cobalt ferrite. The precipitate has a chemical composition of 62 at.
% Co and 38 at.% Fe. To identify the microstructure of the pre-
cpitate, CBED pattern from the precipitate was obtained first, as
shown in Fig. 4(c), and then the primitive cell volume of the pre-
cipitate with the three possible crystal structures, i.e., BCC, HCP,
and FCC structures, was calculated, as shown in Table 2. Table 2
lists the crystallographic data and theoretical primitive cell volume
of the precipitate with the three possible crystal structures.

Table 2. Crystallographic data and theoretical primitive cell volume of
the metal precipitate with the three possible crystal structures, i.e., BCC,
HCP, and FCC structures.

BCC HCP FCC
Space group Im3m P6./mmm Fm3m
c =251
Lattice parameter (A) =289 ::l‘, =407 =355
Unit cell volume (A ") .14 22 74
Priritive cell volume (A) | 1207 221 118

The primitive cell volume (£2) of the precipitate metal phase can
be calculated from the CBED pattern shown in Fig. 4(c) using the
following equation {7]:

2.0 °
Q= - . ()
D - D:-sin o R

where L is the camera length, 4 is the wavelength of the electron
beam, D, and D, are the distances from the transmitted to
reflected spots, o is the angle between the two chosen spots, and
R is the radius of the first order Laue zone (FOLZ) ning. The in-
put data for the calculation of the primitive cell volume of the pre-
cpitate are given in Table 3. The calculated primitive cell volume
of the precipitate is 1198 A" This primitive cell volume is well
matched with the theoretical volume of Co,Fe, , (x = 0.62) with
a BCC or FCC structure (Table 2). However, identifying the crys-
tal structure of the metal precipitate is not simple since the primi-
tive cell volume of the CoFe -, (x = 0.62) with a BCC structure
is closely similar to that of the Co,Fe, ., (x 2 0.62) with an FCC
structure.
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Table 3. Summary of Input data for the calculation of the primi- To determine the crystal structure of the precipitate, zone axis
orientation and corresponding Laue zone spacing at a given
zone axis were considered. It was found that BCC structure is
Camera length {L) (mm) 30 suitable for the precipitate. The zone axis of the chosen BCC
structure for the metal precipitate was determined by zero order
Laue zone (ZOLZ) pattern. The [113] zone axis is suggested for
Radius of FOLZ ring (R) (mm) 3L0 the CBED pattern shown in Fig. 4(c). For this zone axis, theor-
etical Laue zone spacing was calculated and then compared
with measured value. The Laue zone spacing (H) can be

tive cell volume of the metal phase.

Wavelength of electron beam (1) (A) 0.0251

Distance of ZOLZ disks (D, and D.) (mm) | D,=3.65. D-=635

Angle between disks (degree) 74 calculated using the following equation [7}:
R
H- —R @
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Fig. 4. (a) Plan-view bright field image of the Co.xFeq. thin
film deposited at 400 C substrate temperature. (b) EDS spectrum
and () CBED pattern obtained from the metal precipitate
indicated by an arrow in (a).

Fig. 5. (a) EDS spectrum and (b) CBED pattern obtained from
the cobalt ferrite phase.
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The Laue zone spacing calculated from Fig. 4(c) and Eq. (2)
for the precipitate is 0.213 A", This value is well matched
with the theoretical value (0.209 A™'). Thus, the metal pre-
cipitate was identified as Co,Fe,—, (x ®0.62) with a BCC
structure (a,=2.89 A) and a space group of Im3m.

Figures 5(a) and (b) show the EDS spectrum and CBED pattern
from the cobalt fernte phase, respectively. The microstructure of the
ferrite phase was identified using the above method. The primitive
cell volume calculated from Fig. 5(b) and Eq. (1) for the cobalt fer-
rite is 148.1 A’ and the theoretical volume of the cobalt ferrite
having a cubic structure (a,=8.39 A)and a space group of Fd3m
is 147.6 A’ ZOLZ pattern was used to determine the zone axis of
the chosen cubic structure for the ferrite phase. The zone axis of
the CBED pattern shown in Fig. 5(b) was determined as [013].
The calculated and theoretical Laue zone spacings of the cobalt fer-
fite are 0.077 and 0075 A, respectively, indicating good agree-
ment between the calculated and theoretical Laue zone spacings.
Thus, the ferrite was determined as CoFe, Q. with a cubic structure
(a,=839 A) and a space group of Fd3m.

Figures 6(a)-(c) show XPS spectra of the CoysFeq, thin
films deposited at room temperature, 300 C, and 400 C sub-
strate temperatures, respectively. With increasing substrate tem-
perature, the shape of Co spectra changes significantly, while
that of Fe spectra changes slightly. Considering that the 3Py,
binding energies of Co metal and Co®* ion are 777.9 and 780.0
eV [11], respectively, the shape change of Co spectra indicates

(c)

™\

Co 2P32 (b)

Fe 2P3q
Fe 2Py

10 (a)
0 ; } ; —J\J\

800 780 760 740 720 700

10

|

107 Co 2P

N(E)/E

R

Binding enegy ( eV )

Fig. 6. XPS spectra of the ConsFeq. thin films deposited at (a) room
temperature, (b) 300 °C, and (c) 400 °C substrate temperatures.

that the Co-rich Co, Fe,-, metal phase in the thin films increases
with increasing substrate temperature. This result agrees with the
previous XRD and TEM results.

4. Conclusions

The metal/cobalt ferrite composite thin films with the M; of
~580 emufcm® and the H. of 1700 Oe were prepared by
controlling the sputtering conditions, such as oxygen concen-
tration in sputtering gas, substrate temperature, and compo-
sition of the thin films, under a deposition rate of 200 A /min.
With increasing the substrate temperature, the M, of the
thin films was increased and also the morphology of the thin
films was changed from the columnar to granular structure.
The thin films deposited at high substrate temperatures (>
300 ¢) were composed of the CoFe, O, phase with a cubic
structure (a,=2.89 A) and a space group of Fd3m and the
Co,Fe.., (x *0.62) phase with a BCC structure (a,=8.39
A) and a space group of Im3m. The Co,Fe,_, (x = 0.62)
phase could contribute to an increase in the M;. For the
higher cobalt content than the stoichiometric composition,
CoysFeq,, the thin films with high M, and H, were obtained in
the wide substrate temperature range (200-400 C). On the other
hand, for the near stoichiometric or hypostoichiometric compo-
sition, CosrFews or CoxsFens, the films with magnetic properties
needed for the magnetic recording media were prepared in the nar-
row substrate temperature range (~300 C).
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