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ABSTRACT

Co-Fe-Al-O nanogranular thin films were fabricated by RF-magnetron sputtering under an Ar+0, atmosphere. High resolu-
tion transmission electron microscopy revealed that the Co-Fe-Al-O films are composed of bee (Co, Fe) nanograins finer than 5 nm
and an Al-O amorphous phase. A very large electrical resistivity of 374 uQcm was obtained, together with a large uniaxial anisot-
ropy field of 50 Oe, a hard axis coercivity of 1.25 Oe, and a saturation magnetization of 12.9 kG. The actual part of the relative
permeability was measured to be 260 at low frequencies and this value was maintained up to 1.3 GHz. The ferromagnetic reso-
nance frequency was 2.24 GHz. The resulting Co-Fe-Al-O nanogranular thin films with a high electrical resistivity and high res-
onance frequency are considered to be suitable for GHz magnetic device applications.
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1. Introduction

ith a large volume of information and a variety of
W communication media such as mobile telephones and
satellite broadcasting devices, the development of high-fre-
quency devices is of significant practical importance. The
goal of mobile/wireless communications in the coming years
will be to allow users to access the global network at any
time, without regard to mobility or location. Continuing
developments in satellite communications, fiber-optic and
digital microwave radio communications are aimed at this
goal. Many component devices such as band-pass filters,
duplexers and resonators must also conform to high-fre-
quency bands."?

As the operating frequency of the Radio Frequency (RF)
wireless communication devices is usually very high being
in the GHz range, the magnetic materials utilized in them
should exhibit a high FMR frequency (f;). A high £, can be
obtained at a large saturation magnetization (4zM) and
anisotropy field (H,), according to the equation f,=(¥/
27)(4xM H, )" obtained for a single domain magnetic thin
film. Here yis the gyromagnetic ratio. Another important
requirement is a high electrical resistivity (p); otherwise,
the eddy current losses are extremely large in the GHz fre-
quency range. Of course, a high relative permeability (u) is
desirable, since x4 is directly related with the level of the
output signals of the RF magnetic devices. In the case of
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bulk ferrites with a small 47M_ value, p, is low and f,, is also
relatively low. This is the reason why bulk ferrites are not
widely used in high-frequency applications, although they
are mostly insulators. On the other hand, ferromagnetic
metals generally have a large x4 value due to their large
47zM_ value and relatively small H, value. However, the
main limiting factor is a small p value, causing large eddy
current losses. Thus, ferromagnetic metals are not suitable
for practical use in the high frequency region. Consequently,
magnetic materials suitable for high-frequency RF applica-
tions should have a large 47z}, value and a high H, value,
thereby increasing f5, as well as a large p value, thereby
reducing eddy current losses.*®

Recently developed nano-granular magnetic thin films
were known to meet these requirements. The nano-granu-
lar thin films consist of nano-meter scale ferromagnetic
grains and these grains are usually completely separated by
an insulating phase such as an oxide, nitride, or boride. This
microstructural feature is important to achieve a high p
value. Exchange coupling between nano-granules still exists
across the insulating boundary. This is a necessary condi-
tion for the random anisotropy model by which the effective
magnetocrystalline anisotropy is greatly reduced, resulting
in excellent magnetic softness.” Thus, it is expected that the
nano-granular magnetic thin films have a high x4 value and
low eddy current losses even in the high frequency region.

Previous work on Fe-based nano-granular magnetic thin
films has shown a relatively high 470, value but small H,.
This is insufficient for high frequency operation, as the
resulting f, is not high enough for GHz-level frequency
applications.” On the other hand, Co-based magnetic thin

-143 -



144 Journal of the Korean Ceramic Society - Jae Cheon Sohn and Dongjin Byun

films show a small x4, value due to a relatively small 4z,
value and large H, value when compared to Fe-based mag-
netic thin films."*!? Co-Fe-based nanogranular alloys have
combined merits of respective Fe- and Co-based alloys. The
microstructural feature in which Co-Fe grains are
completely surrounded with an insulating phase is essential
to the realization of a high p value. Co-Fe-Al-O thin films
with (Co, Fe) nanograins in an amorphous Al-O oxide
matrix were reported to show very good soft magnetic prop-
erties even in the GHz range.'” The thin films also exhibit a
small coercivity, mainly due to a very small (nano-crystal-
line) (Co, Fe) grain size. Common applications of these thin
films are inductors and noise suppressors in the GHz range.
In these applications, a large magnetostriction is harmful in
general and, accordingly, an alloy with a small magneto-
striction was sought mainly by adjusting the Fe/Co ratio. A
good magnetic softness and a high f, value are the two key
factors for the RF magnetic device applications. With this in
mind, high-frequency soft magnetic properties of nano-
granular Co-Fe-Al-O thin films are investigated in this
work.

2. Experimental Procedure

Co-Fe-Al-O nanogranular thin films with a thickness of
approximately 0.1 um were fabricated by RF magnetron
sputtering in an O, + Ar atmosphere. The background pres-
sure was higher than 7x 10" Torr. The O, flow ratio was
varied mainly to a change in the oxygen content of the thin
films. Co-Fe-Al composite targets composed of a Co-Fe alloy
target and Al chips were used. The films were grown on Si
substrates in a static field of 1 kOe to induce uniaxial mag-
netic anisotropy. The microstructure was examined by X-
Ray Diffraction (XRD) using CuK« radiation and by High-
Resolution Transmission Electron Microscopy (HRTEM)
combined with nano-beam electron diffraction. The overall
composition of the films was determined by Electron Probe
Microanalysis (EPMA) and Auger Electron Spectroscopy
(AES). The composition of nanograins was mainly mea-
sured by Energy Dispersive X-ray spectroscopy (EDX) com-
bined with HRTEM with a beam diameter of 2 nm.
Magnetic properties were evaluated with a Vibrating Sam-
ple Magnetometer (VSM). The magnitude of f, was obtained
from the frequency profile of complex permeability, 4 = '+
ji”, measured up to 9 GHz with a pick-up coil-type per-
meameter. The value of p was obtained through using the
conventional four-point probe method.

3. Results and Discussion

3.1. Microstructure

XRD patterns of as-deposited Co-Fe-Al-O films at various
O, flow ratios are shown in Fig. 1. The input power (200 W)
and the sputtering pressure (5 mTorr) were fixed, but the
O, flow ratio is varied from 6.63 to 16.67%, as indicated in
the figure. Also indicated is the grain diameter (d), which
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Fig. 1. XRD patterns of the as-deposited Co-Fe-Al-O films.
The input power (200 W) and the sputtering pressure
(5 mTorr) were fixed, but the O, flow ratio varied from
6.63 to 16.67% and indicated in the figure. Also indi-
cated is the grain diameter (d), which was deter-
mined by using the Scherrer formula.

Intensity (a.u.)

was determined by using the Scherrer formula. The (110)
diffraction peak corresponding to the bee (Co, Fe) phase was
observed at low O, flow ratios of 6.63, 9.09 and 13.04%, but
was absent at the highest O, flow ratio of 16.67%. No peaks
related with oxides were observed, indicating that Al-O was
present as an amorphous phase and (Co, Fe) grains were
not oxidized, at least at a substantial amount to be detected
by XRD. The absence of the bee (Co, Fe) phase at the highest
O, flow ratio may indicate that the amount of the bee (Co,
Fe) phase is significantly reduced at this high O, flow ratio.
The width of the (110) peak increased and the height
decreased with an increasing O, flow ratio, indicating a
smaller grain size at a higher O, flow ratio. The reduction of
the grain size with the increase of the O, flow ratio is in
agreement with a previous observation,'” as the amorphous
Al-O phase surrounding (Co, Fe) grains provides a barrier
for the diffusion of Co and Fe ions, thereby suppressing the
crystal growth of the Co-Fe alloy grains."”

Fig. 2(a) through (h) show TEM micrographs and Selected
Area electron Diffraction (SAD) patterns of the as-deposited
Co-Fe-Al-O thin films prepared at two different O, flow
ratios of 6.63% (Sample A) and 13.04% (Sample B). The
compositions of nanograins of Sample A and B are those
corresponding to Co,Fe Al O, and Co,Fe Al O, (in
atomic %), respectively. It is seen from the planar TEM
micrograph in Fig. 2(b) for Sample A that the micro-
structure is composed of large granules (dark dots) with a
size of nearly 20 nm in an amorphous Al-O matrix (grey
area). The cross-sectional TEM micrograph in Fig. 2(a)
clearly shows a columnar growth of the granules. A clearer
image of the (Co, Fe) grains can be seen from the planar
high resolution TEM micrograph shown in Fig. 2(c). The
value of r is somewhat low (57 uQcm) for Sample A, indicat-
ing that the (Co, Fe) grains are not completely isolated from
the amorphous Al-O matrix. Rather, these grains are
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Fig. 2. TEM micrographs and SAD patterns are shown in (a)
through (h). The results of as-deposited Co-Fe-Al-O
films prepared at O, flow ratios of 6.63% (Sample A)
and 13.04% (Sample B) are shown in (a) through (d),
and (e) through (h), respectively.

Plane

interconnected, although this is not clear from the TEM
micrographs. The increase of the oxygen content caused a
severe change in the microstructure. The size of (Co, Fe)
grains was much reduced, being 3~5 nm, and no columnar
growth occurred. The value of p for Sample B was very high
(374 uQcm), indicating that each (Co, Fe) grain in this case
was mostly isolated by the insulating Al-O amorphous
phase. The HRTEM micrograph shown in Fig. 2(g) clearly
shows this microstructural feature. SAD patterns are
shown in Fig. 2(d) and (h) for Sample A and B, respectively.
The diffraction rings of the SAD patterns are consistent
with those expected from the bce (Co, Fe) phase. It is
interesting to note that the SAD patterns of Sample A with
the lower oxygen content (Fig. 2(d)) are sharper than those
of Sample B (Fig. 2(h)). No SAD patterns related with oxide
phases were observed, in agreement with the XRD results.

3.2. Electrical Resistivity and Magnetic Properties

Fig. 3(a) shows the results for r in as-deposited Co-Fe-Al-
O granular films as a function of the O, flow ratio at various
input powers of 100, 200, and 300 W, but at a fixed sputter-
ing pressure of 5 mTorr. For a given O, flow ratio, p
increases with a decreasing input power, while at a given
input power, it increases with an increasing O, flow ratio.
This difference in p depending on the input power may be
explained by the thermalization process. A sputtered light
metal element, Al in this study, is considered to be highly
thermalized in a high input power and is subjected to a high
scattering, resulting in a low deposition rate.'” As the input
power increases, the amount of Al decreases, causing a low
content of the Al-O phase. An abrupt increase in p occurs
near an O, flow ratio of 20% in the cases of 200 W and 300
W. A possible reason for this is that the conductive path col-
lapses near the O, flow ratio due to the percolation of the
non-metallic, amorphous Al-O network.'”

The O, flow ratio dependence of 47M,, H,, and coercivity
(H) is shown in Fig. 3(b) for as-deposited Co-Fe-Al-O films
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Fig. 3. (a) the magnitude of p of the as-deposited Co-Fe-Al-O
films as a function of the O, flow ratio at various
input powers of 100, 200, and 300 W, but at a fixed
sputtering pressure of 5 mTorr and (b) the values of
47Mg, H,, and H, of as-deposited Co-Fe-Al-O films as
a function of the O, flow ratio. The input power
(200 W) and sputtering pressure (5 mTorr) were fixed.

fabricated at an input power of 200 W and a sputtering
pressure of 5 mTorr. As the O, flow ratio increases from 0 to
16.67%, the value of 47M, decreases monotonically from 23
to 11.9 kG, while the value of H, increases from 0 to 55 Oe
and then decreases again to 0 Oe at the highest O, flow ratio
of 16.67%. H, tends to decrease with an increasing O, flow
ratio and shows a minimum at an O, flow ratio of 13.04%. It
is noted here that the values of 470 and p for Sample B are
12.9 kG and 374 pQcm, respectively, a suitably high 4zM,
being combined with a high p. The degradation of 47M, with
the increased O, flow ratio is caused possibly by the
formation of a non-magnetic phase at the outer region of the
Co-Fe grains. This means that the oxidizing process takes
place not only in the grain boundary but also in the grain
itself. The decrease in H,, at the O, flow ratios of 13.04% and
below is due to the nanocrystallization of Co-Fe alloy grains.
In the well-known random anisotropy model for nanocry-
stalline soft magnetic materials,™ H_ is proportional to the
sixth power of the grain size. It is important to note that H,
rapidly increases at O, flow ratios above 13.04%, possibly
due to a weak exchange coupling between ferromagnetic
grains across a very thick non-magnetic Al-O amorphous
phase. It is further noteworthy that, in the random
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anisotropy model, exchange coupling among magnetic
grains is essential for a reduction of the effective magneto-
crystalline anisotropy.'®

As was mentioned previously, the following relationship
exists among fy, 47M, and H,; fr = (v/27)(47Mg H)"*. 47M,
and H, are two important factors for f;. In this study, the
films were deposited in a static field as high as 1 kOe to
induce a large uniaxial anisotropy. A static field of 1 kOe
during sputtering, which was made possible with a specially
designed sample holder, is considered to be high enough to
completely saturate the sample, as this magnitude of
applied field is much larger than the coercivity of the
samples. However, induced anisotropy is not always
formed; for example, at a fixed sputtering pressure of 5
mTorr, the induced anisotropy is not formed at input pow-
ers of 100 and 300 W, but is formed at an intermediate
input power of 200 W. Although the precise reason for this
is not clearly understood at this point, it seems somehow
related to the microstructure. A detailed microstructural
investigation shows that nanocrystalline grains with a
grain size smaller than approximately 5 nm are observed
only at an input power of 200 W (and also at a suitable
oxygen flow ratio). Pair ordering is known to be the reason
for the induced anisotropy. This means that atomic
diffusion should occur during the deposition in order for the
induced anisotropy to be formed. In general, atomic
diffusion in bulk crystals is (much) lower than that in the
amorphous phase or grain boundary. This mainly explains
the well-known fact that the induced anisotropy is more
easily formed; moreover, its magnitude is generally larger
in amorphous materials. The large induced anisotropy
observed in this study for thin films with ultra-small grains
can similarly be explained. With nano-crystalline grains
whose grain size is in the range of 5nm, there is a
significant portion of grain boundary, resulting in enhanced
atomic diffusion. In Fig. 3(b), considering the relationship
between the H, and the O, flow ratio, the induced
anisotropy reaches a maximum value at 13.03% and then
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Fig. 4. Hysteresis loops of Sample B, measured under in-
plane fields applied in the directions parallel and per-
pendicular to the induced anisotropy.
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suddenly decreases above 13.03%.

Hysteresis loops of Sample B, measured under in-plane
fields in the directions parallel and perpendicular to the
induced anisotropy, are shown in Fig. 4. Important magnetic
properties are; 4zM =129 kG, H,=500e, H, (in the
perpendicular, difficult direction)=1.25 Oe, and [, (in the
parallel, easy direction)=1.15Oe. The thin film indeed
exhibits a very good magnetic softness, combined with the
high values of 42zMy; and Hj, which are important
parameters for f,.

The real and imaginary parts of the effective permeability
for Sample B are measured in the very high frequency
range, up to 9 GHz. The results are described in great detail
in another work.'® The actual part of the permeability () is
nearly flat up to 1 GHz and, in this frequency range, the
imaginary part of the permeability is very low. The imagi-
nary part (#') shows a peak at f, (=2.24 GHz). The
measured value of the (pseudo) dc permeability is 260. The
theoretical permeability spectra are computed by using the
Landau-Lifshitz-Gilbert equation. The agreement between
the experimental and theoretical results is workable in
most cases. The calculated value of the (pseudo) dc
permeability 1s 258 based on the rotation magnetization
mechanism, and this value is in excellent agreement with
the measured value of 260. This agreement indicates that
the magnetization mainly occurs by spin rotation.

4. Conclusions

Co-Fe-Al-O nanogranular films with excellent soft mag-
netic properties at high frequencies were fabricated by RF
magnetron reactive sputtering. A systematic investigation
concerning the microstructure, electrical, and magnetic
properties indicates a large role by the oxygen content in the
thin films. Important electrical and magnetic properties of a
typical thin film with the composition (in atomic %)
Co, Fe, Al O, are; 374 uQem (p), 12.9kG (47My), 50 Oe
(Hy), 1.25 Oe (H,), and 1.15 Oe (H,), 260 (¢/) and 2.24 GHz
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