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Influence of magnetic layer thickness on
[FegoNizg—O/Si0-],, multilayer thin films*

Wei Jian-Qing(F1 #7%), Geng Hao(Bk ), Xu Lei(#% #), Wang Lai-Sen(F K#%)",
Chen Yuan-Zhi(f4iz %), Yue Guang-Hui({% )6 #%), and Peng Dong-Liang(3#:22)*

Department of Materials Science and Engineering, College of Materials, Xiamen University, Xiamen 361005, China

(Received 4 September 2013; revised manuscript received 26 March 2014; published online 10 June 2014)

In the present work, a series of [FeggNiyg—O/SiO;],, multilayer thin films is fabricated using a reactive magnetron
sputtering equipment. The thickness of SiO, interlayer is fixed at 3 nm, while the thickness values of FeggNiyg—O magnetic
films range from 10 nm to 30 nm. All films present obvious in-plane uniaxial magnetic anisotropy. With increasing the
FegoNipg—O layer thickness, the saturation magnetization increases slightly and the coercivity becomes larger due to the
enlarged grain size, which could weaken the soft magnetic property. The results of high frequency magnetic permeability
characterization show that films with thin magnetic layer are more suitable for practical applications. When the thickness
of FeggNipp—O layer is 10 nm, the multilayer film exhibits the most comprehensive high-frequency magnetic property with

a real permeability of 300 in gigahertz range.

Keywords: magnetron sputtering, multilayer films, soft magnetic property, high frequency permeability

PACS: 75.75.—, 75.70.Cn, 75.30.Gw, 75.50.Gg

1. Introduction

With the rapid development of electromagnetic equip-
ment such as magnetic sensors, planar inductors, and trans-
formers, the development of magnetic films with excellent soft
magnetic properties and high-frequency characteristics is ur-
gently needed. For soft magnetic films, they should firstly
keep low coercivity (H.) and high saturation magnetization
(Ms). Meanwhile, large electrical resistivity (p) is required
to effectively restrict the eddy current loss to a low value.
When operating in GHz range, they should possess large
permeability (¢) and high resonance frequency (f;).['™! Ac-
cording to the Snoek’s limit,>! static permeability (us) is ex-
pressed as s = 1 +4nM;/Hy, and the f; is proportional to
(Hx % 47rMS)1/ 2, where H, is the magnetic anisotropy field.
So the coordination between the Mg and Hy is important to ad-
just the ug and f; in order to adapt to different requirements.
In earlier years, mainly Fe-based and Co-based single-layered
thin films have been studied and some important progress

[6-8] However, increasing the thickness values of these

made.
films will apparently influence their microstructures and in-
ner stresses. When the film thickness value exceeds hundreds
of nanometers, the high-frequency performance will deterio-
rate due to the fact that the coercive force becomes larger."!
Besides, any post fabrication treatment or induced condition

may possibly make the films unstable and increase the dif-
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ficulty in their preparation. In recent years, multilayer film
with structure composed of magnetic and nonmagnetic layers,
has received much attention. The nonmagnetic interlayer can
break the grain growth in the magnetic layer, so a film with
large thickness can still possess low coercivity and small grain
size. On the other hand, the high resistivity of the nonmag-
netic phase and layered structure can reduce eddy current loss
in high frequency. Studies show that multilayer thin films are
promising materials for high frequency applications.

Usually Fe-based alloys with high M, are used for pro-
viding magnetic moments, and different insulating phases are
widely studied to improve the values of p and Hy in order
to obtain good magnetic properties when operating in GHz

10-12] 1n our previous work, we chose FegoNig-based

range.!
alloy as the magnetic layer and systematically investigated the
effects of different insulating phases used as the interlayer on
the magnetic properties of multilayer thin films, and achieved
high-frequency soft magnetic multilayer thin films with excel-
lent properties.[13] In this paper, the [FegyNipg—0O/SiO,],, mul-
tilayer thin films are prepared with the SiO, interlayer thick-
ness fixed at 3 nm. Further study is focused on changing the
FegoNizo—O magnetic layer thickness value (¢) to investigate
its influence on the magnetic properties and high-frequency

characteristics of the films.
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2. Experiments

[FegoNiz9—0/Si0; ], multilayer thin films were deposited
on Si substrates and glass slides by reactive magnetron sput-
tering at ambient temperature. The background pressure of the
chamber was below 5 x 10~ Pa. Before deposition, the flow
rates of Ar gas and O gas introduced into the chamber were
20 and 0.2 sccm respectively. During sputtering, the pressure
was maintained at 0.4 Pa. The high-purity FegygNiyy (purity
99.99%) and Si (purity 99.99%) target were used to prepare
the multilayer films. The discharge power was set at 75 W
to sputter the FeggNipg target using the equipment DC Ad-
vanced Energy, while the power for sputtering Si target was
set at 100 W using the RF power supply. A substrate for de-
positing the films rotated at a rotation speed of 24 rpm, and
the distance between the substrate and the target was 8 cm. In
order to obtain well-laminated structure in the film, we set a
baffle above each of the targets to perform the alternative sput-
tering. Each layer thickness was controlled by the opening
time of the baffle. The thickness of SiO; interlayer was fixed
at 3 nm, while the FegygNiy—O layer thickness was changed
from 10 nm to 30 nm. The total thickness of the [FeggNiyg—
0/Si10;],, multilayer thin film was measured by surface profiler
(Dektak-IIT). X-ray diffraction (XRD) with Cu K radiation
(40 kV, 30 mA) was used to analyze the crystal structures and
phases of the films. The cross-section structures of the films
were investigated by transmission electron microscopy (TEM,
Tecnai F30). The vibrating sample magnetometer (Lake Shore
VSM-7404) was used to measure the magnetic properties of
the films at room temperature. The high frequency properties
of the films from 100 MHz to 5 GHz were measured by a vec-
tor network analyzer.

3. Results and discussion

Figure 1 shows the XRD results of the [FegoNipo—
0/Si10,],, multilayer films with the values of magnetic layer
thickness (¢) ranging from 10 nm to 30 nm. Each sam-
ple shows a (110) texture of body-centered cubic (bcc) a-
FegoNiyy phase. No diffraction peak of SiO; phase is found,
indicating that SiO, exists as amorphous silicon oxide. As ¢
increases from 10 nm to 30 nm, the intensity of the peak turns
sharper and sharper, which means that the grain size becomes
larger with the increase of film thickness ¢. This was caused by
the more effective time in which the FeggNiyo—O grains grew
before the SiO, interlayer was interrupted.

The typical [FegyNiyg—O/SiO;], multilayer film with
FegoNizo—O magnetic layer thickness (f = 10 nm) was used
for TEM test, of which the cross-sectional image is shown in
Fig. 2. As shown in the figure, the interface between the ad-
jacent layers is clear and the magnetic grain growth is totally
interrupted by the insulating SiO; interlayer, which reflects a
well layered structure in the multilayer film.
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Fig. 1. (color online) XRD patterns of the [FeggNiyg—O/SiO>], mul-
tilayer thin films with magnetic layer thickness values varying from
t = 10 nm to 30 nm.
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Fig. 2. (color online) High-resolution cross-sectional image of the
[FegoNipo—0/SiO, ], multilayer film with magnetic layer thickness t =
10 nm.

The hysteresis loops of these multilayer films with dif-
ferent value of ¢ are shown in Fig. 3. Each of all the films
could remain obvious in-plane uniaxial magnetic anisotropy
(IPUMA) with the residual magnetization close to the satu-
rated magnetization. The easy axis is parallel to the tangential
direction of the substrate and the hard axis is in the vertical
direction. The origin of the anisotropy field Hyx had been ex-
plained elsewhere.[4-161 According to these points, there are
several reasons for introducing the Hy. Firstly, introducing a
very low dose of oxygen can apparently affect the orientation
of the magnetic moment. Secondly, the oblique incidence with
respect to the substrate rotation will induce a preferable orien-
tation of the magnetic atoms. Thirdly, the exchange coupling
between adjacent ferromagnetic layers will result in stronger
Hy. After comparison, we find that the change in ¢ does not
have an obvious effect on the Hy, with the H; kept chang-
ing. As shown in Fig. 4, when ¢ increases from 10 nm to
25 nm, the H, monotonically increases and reaches its max-
imum when ¢ = 25 nm. According to random anisotropy
model,!'”! H, shows positive correlation to the Db (D denotes
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the grain size), and from XRD patterns in Fig. 1 we have al-
ready known that the FeggNizo—O grain size becomes bigger
as t increases. While ¢ increases from 25 nm to 30 nm, H, be-
comes smaller. This is because the grain growth is interrupted
by the SiO, interlayer, so the grain size is nearly equal to the
thickness of magnetic layer. Meanwhile, the ferromagnetic ex-
change coupling length (L¢x) of FegoNiy—O is about 26 nm.
Therefore, a bigger magnetic layer thickness will result in the
larger value of D than that of Lex. Then the H, has a negative
correlation to the D, and a smaller H; will be achieved when ¢
is larger than 25 nm.
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Fig. 3. (color online) In-plane hysteresis loops of the [FegoNizo—

0/Si0;],, multilayer thin films with the values of magnetic layer thick-
ness f in a range from 10 nm to 30 nm. The unit 1 Oe =79.5775 A-m~!.
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Fig. 4. (color online) Dependences of coercivities (Hee and Hep) on
magnetic layer thickness ¢ of the [FegoNipo—0/SiO;], multilayer thin
films.

Figure 5 shows the dependences of M and p on ¢ in a
range from 10 nm to 30 nm. As ¢ increases, the magnetic vol-
ume fraction increases and leads to M; increasing from 1.01 T
to 1.42 T. Meanwhile, more metal phase fractions implies
lower resistance when the electrons move. As a consequence,
the M; increases monotonically as ¢ turns thicker while the p
decreases.

As far as the high frequency permeability is concerned,
we find that the real component of the permeability (¢t') turns

a little larger with ¢ increasing from 10 nm to 30 nm while
the ferromagnetic resonance frequency (f;) remains almost
unchanged at about 2.5 GHz as shown in Fig. 6. However,
for the film with a larger value of ¢, the resonance frequency
peak becomes wider. According to the XRD results, the grain
size of the film becomes larger as the magnetic layer thick-
ness increases, which will result in strong magnetocrystalline
anisotropy and evident dispersion in Hy. Each of the two fac-
tors cause an adverse effect on the rotation of magnetic mo-
ment when operating in GHz range, which makes the reso-
nance frequency peak wider.
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Fig. 5. (color online) Dependences of M and p on magnetic layer thick-
ness ¢t of the [FegoNipo—O/SiO, ], multilayer thin films.
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Fig. 6. (color online) High-frequency permeability spectra for the
[FegoNipo—0/Si0O; ], multilayer thin films with different values of mag-
netic layer thickness 7.

According to the above discussion, we find that variation
in magnetic layer thickness does not exert an obvious effect on
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the magnetic layer properties, particularly the resonance fre-
quency. The Hy could not be varied in a board range simply by
changing the magnetic layer thickness. On the other hand, the
ferromagnetic resonance frequency remains almost unchanged
no matter how the magnetic layer thickness is changed. More-
over, film with a thicker magnetic layer gives rise to a worse ef-
fect on high frequency property due to its larger magnetocrys-
talline anisotropy, dispersion in Hy and low resistivity. In our
paper, high-frequency magnetic properties are achieved in the
film with a real permeability of 300 and a resonance frequency
of 2.5 GHz when ¢ = 10 nm.

4. Conclusion

In the present work, a series of [FeggNiyg—O/SiO;],, mul-
tilayer films with different magnetic layer thickness values is
prepared by alternately magnetron sputtering. The structures,
magnetic properties, and high frequency permeabilities of the
multilayer films are systematically analyzed. All films present
evident IPUMA and high M;. Besides, the films with thin mag-
netic layer thickness values exhibit good high frequency prop-
erties. For our typical sample with # = 10 nm, the saturation
magnetization is 1.01 T and the resistivity equals 113 pQ-cm.
When operating in GHz range, the real part of the permeability
could remain at 300 in GHz range and the resonance frequency
is 2.5 GHz, implying a good candidate for high frequency ap-

plication. Meanwhile, further studies are needed to extend the
resonance frequency into a larger range.
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