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Effect of vacuum annealing on the microstructures and magnetic properties of Feg,SisB; films has been inves-
tigated as a function of annealing temperature. X-ray diffraction and transmission electron microscopy were
employed to analyze crystallization behavior of the films. Permeability of the films was measured at various fre-
quencies by one-turn coil method. When the films were annealed below 673 K, the coercivity of the films did
not change a lot (~1500 A/m) although the grain size of a crystalline phase in the partially crystallized films
increased gradually up to about 16 nm. It then increased rapidly as the films became almost fully crystalline
mostly with o~(Fe,Si) phase at and above 723 K. On the other hand, the electrical resistivity of the films
decreased monotonically with the increase of annealing temperature. The permeabilities of the films annealed
at 473~673 K were all over 1000, showing the optimum value of 3500 at 523 K, and almost constant up to 300
MHz. However, those of the as-deposited and fully crystallized films were lower than 1000 and unstable at the

same frequency range.
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1. Introduction

Many studies have been carried out to develop magneto-
strictive materials for sensor and actuator applications.
Among various candidates, Metglas (Fe-based amorphous
alloys) is known to the best choice for magnetostrictive
sensors in electronic article surveillance (EAS) system
due to its large saturation magnetization, magnetostric-
tion, and permeability, with small coercivity and eddy
current loss [1-3]. The Metglas alloys are available only
in the form of ribbons so far. Accordingly, the production
cost of a sensor is relatively high due to complicate
multiple processes and it is difficult to make the sensor
smaller. Modern electronic parts, however, have a strong
tendency to be light, thin, simple, and small. In that sense,
thin film magnetostrictive materials that have good
enough soft magnetic properties should be developed for
miniaturization of the sensors. In order to develop such
films, in this study, we have fabricated amorphous FeSiB
thin films by DC magnetron sputtering and then examin-
ed their microstructures and magnetic properties after
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annealing in vacuum at various temperatures.

2. Experimental

It is known that metalloid content in the ribbon alloys
for a magnetic sensor plays an important role on the
magnetic properties. Therefore, the composition of films
in this study was chosen similarly to that of the commer-
cially available ribbon alloys, i.e., as FessSigB1o. Amorph-
ous films were prepared by DC magnetron sputtering.
Both the target holder and the substrate holder were water
cooled, and the distance between them was 5 cm. Vacuum
in the chamber prior to throttling was in low 107~ Pa
range, and process pressure and power were 0.2 Pa and
64 W, respectively, with Ar as sputter gas. Corning glass
was used as a substrate. Deposit area (1.3 x 0.85 cm) of
the films was equally controlled by a mask and the thick-
ness of the films was maintained to 100 nm. Annealing
was done at 473, 523, 673, 723, 823, and 873 K, respec-
tively, in a vacuum furnace (~10 Pa) to prevent oxida-
tion. Heating rate and holding time were kept at 10 K/min
and 1 hr, respectively.

Thickness of the deposited films was measured with an
alpha step. Chemical composition of the as-deposited and
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the annealed films were measured by the depth profile of
inductively coupled plasma (ICP) and auger electron
spectroscopy (AES). Phase development and microstruc-
tural change in the films by the annealing were examined
by means of Cu Ko x-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). Magnetic properties
of the films were measured with a vibrating sample
magnetometer (VSM) with a maximum applied field of
0.1 T. The resistivity of the films was measured with a
four-point probe and finally the permeability was investi-
gated by one-turn coil method.

3. Results and Discussion

The phase change in Feg,SigB o films with the increase
of annealing temperature is shown in Fig. 1. As reported
in the crystallization behavior of the ribbon specimens
[4], the amorphous state was maintained up to 673 K.
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From 723 K, however, o-Fe started to grow and finally
the silicon-contained o~(Fe, Si) phase seemed to appear. It
was reported that the tetragonal Fe,B was also found in
the annealed ribbon specimens possessing similar com-
position [4, 5]. To clarify the existence of Fe,B in the film
specimens, transmission electron microscopy was per-
formed.

Fig. 2 shows bright field images and the corresponding
SAD pattemns of the FeSiB films. The filtm was virtually
amorphous before annealing (Fig. 2(a)), supporting the
above x-ray diffraction results. As shown in Fig. 2(b) and
(¢), however, the films became fully nanocrystalline when
they were annealed for 1 hour above 823 K, and the Fe,B
that was not observed from the x-ray diffraction patterns
seemed to be formed together with already crystallized o~
(Fe,Si). It is quite possible that the formation of the Fe,B
was significantly limited because the activation energy for
the formation of Fe,B is higher than those of a-(Fe,Si) [6,
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Fig. 1. X-ray diffraction patterns obtained from Feg,SigB o films: (a) As deposited. From (b) to (g), annealed at 473, 523, 673, 723,

823, and 873 K, respectively.

Fig. 2. TEM bright field images and the corresponding SAD patterns of FegsSisB1o films: (a) As deposited. (b) Annealed at 823 K
for 1 hr. (¢) Annealed at 873 K for 1 hr.
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Fig. 3. Variation of the grain size and the coercivity of
FegsSieB 1o films with the annealing temperature.

7].
Fig. 3 shows variation of grain size and coercivity of
the FeSiB films with the annealing temperature. The gain
size was estimated by using the well-known Scherrer
formula [8]. The average grain size of the partially
crystallized a-Fe in as-deposited film was about 12 nm.
The grains soon grew to ~15 nm after annealing at 473 K,
probably due to easy aggregation of unstable tiny crystal-
lites. They then grew very slowly, maintaining the aver-
age grain size of ~16 nm up to 673 K, until the f{ilms
started to become crystalline substantially. The grain size
increased rapidly as the silicon-contained a-Fe fully
crystallized after annealing above 723 K, resulting in the
grains over 22 nm above 823 K.

It has been reported that the coercivity of a FeSiB
ribbon specimen can be reduced by a low temperature
annealing but it increases rapidly with the grain growth
[9]. As-quenched amorphous materials generally contain
many structural defects which increase internal stress
throughout the material and thereby the coercivity. By a
low temperature annealing that is enough to relieve the
internal stress, therefore, the coercivity of the ribbon
specimens can be reduced considerably. On the other
hand, as shown in Fig. 3, the coercivity of the FeSiB thin
films did not decrease obviously when the annealing was
done below 673 K, i.e., below crystallization temperature.
It indicates that the as-deposited film specimens contained
fewer defects than'the as-spun ribbons and, at the same
time, the nano-phases partially crystallized in the amorph-
ous films did not significantly affect the domain move-
ment in the films. However, the coercivity increased rapidly
after the films changed to crystalline by the annealing
above 723 K. Main driving force for such increase of the
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Fig. 4. Variation of the electrical resistivity of FegSigB,o films
with the annealing temperature.

coercivity is thought to be the formation and subsequent
grain growth of a-(Fe,Si) which may suppress the domain
movement. It should be noted that the coercivity of the
as-deposited FeSiB film was considerably higher than
that of the usual as-spun ribbon specimen although they
were in similar amorphous state. It is uncertain what
exactly makes such difference, but it may be partly due to
higher surface anisotropy originated from larger surface
to volume ratio in the film and the stress induced by the
substrate of the film.

Soft magnetic films need to have low loss and high
permeability for high frequency application. One impor-
tant source of total loss in soft magnetic materials operat-
ed at a high-frequency range is eddy current loss which
can be reduced by increasing electrical resistivity of the
materials. In general, the electrical resistivity of soft mag-
netic films is influenced by surface defect, grain size,
surface oxidation, and thickness of the films [10, 11]. As
shown in Fig. 4, the electrical resistivity decreased almost
linearly as the annealing temperature increased mainly
due to the decrease of structural defects and the increase
of grain size. Meanwhile, the permeability of the FeSiB
films was measured from 10 MHz up to 1 GHz as shown
in Fig. 5. The permeability measured from the films
annealed at 473~673 K was all above 1000, revealing the
maximum value of 3500 from the one annealed at 523 K.
Furthermore, it was virtually constant up to about 300
MHz while the permeability of the as-deposited and fully
crystallized films was all lower than 1000 and unstable at
the same frequency range. Above 300 MHz, however, the
permeability of all films, regardless of annealing temper-
ature, was severely fluctuated as the frequency increased.
It indicates that usable frequency range for the films
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resistivity of the films, however, decreased almost linearly
with the increase of annealing temperature. The perme-
ability of the films annealed at 473~673 K was all over
1,000 and almost constant up to 300 MHz while that of
the as-deposited and fully crystallized films, annealed
above 723 K, was lower and very unstable at the same
frequency range. For high frequency application, there-
fore, it is desirable to anneal the FeSiB thin films well
below 673 K to obtain good soft magnetic properties such
as high permeability that is stable enough at high
frequency range, high electrical resistivity as well as low
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Fig. 5. Variation of the permeability of as-deposited and
annealed Feg,SigBi, films with the applied frequency.

would be below 300 MHz. Considering the results in Fig.
4 and 5, therefore, it is desirable to anneal the FeSiB
films well below 673 K to secure higher and stable
permeability along with high enough electrical resistivity.

4. Conclusions

Microstructures and magnetic properties of FegSigBig
films prepared by DC magnetron sputtering were investi-
gated after annealing at various temperatures. When the
films were annealed below 673 K, the coercivity of the
films did not change much although the grain size of a
crystalline phase in the partially crystallized films increas-
ed gradually up to about 16 nm. It then increased rapidly
as the films became fully crystalline mostly with silicon-
contained a~(Fe,Si) phase above 723 K. The electrical
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