-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Shinshu University Institutional Repository

Special INTERMAG issue of the IEEE Transactions on Magnetics. VOL.47, 2011 1

Increase of Q-factor of RF Magnetic Thin Film Inductor
by Introducing Slit-patterned Magnetic thin film
and Multi-line-conductor Spiral Coil

Takayuki Maruyama', Yosuke Obinata', Makoto Sonchara', Kenji Ikeda”, Toshiro Sato'
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In order to increase Q-factor of RF magnetic thin film inductor integrated in Chip-size-package RF-ICs, two schemes have been
investigated experimentally. For suppressing the in-plane eddy current of the magnetic thin film, a slit-patterned structure was
introduced, and it was found that the slit-patterned magnetic thin film is very effective for increasing Q-factor. On the other hand, for
suppressing ac copper loss, a multi-line-conductor spiral coil was introduced, and it was found that the multi-line coil is effective for
improving decrease of inductance at high frequencies. By introducing the two schemes, a maximum Q-factor of 18 at 1.5 GHz was
obtained in a spiral inductor with a bottom slit-patterned CoFeSiO/SiO, granular multilayer film and triple-line-conductor spiral coil.

Index Terms—On-chip RF magnetic thin film devices, inductor, Q-factor, eddy current, ac copper loss, RF front/end, cell-phone,

wireless LAN

I. INTRODUCTION

ECENTLY, various on-chip magnetic thin film inductors

for RF applications were reviewed by D. S. Gardner et al.

[1]. In order to develop the RF magnetic thin film devices
integrated in Chip-size-package RF-ICs, the authors have also
fabricated a CoFeB magnetic thin film directional coupler [2],
[3] and spiral inductor [4], [5].

However, the maximum Q-factor of the previously
fabricated inductors was lower than 10 because of high
frequency losses consisting of magnetic loss and copper loss.
High frequency magnetic loss includes eddy current loss, and
ferromagnetic resonance (FMR) loss near FMR frequency.
Therefore magnetic thin film for RF applications should have
the following features; higher electrical resistivity for
suppressing eddy current, higher FMR frequency and narrow
FMR linewidth for suppressing FMR loss.

K. Ikeda et al. [6] reported a CoFeSiO/SiO, granular
multilayer film with a FMR frequency of 2.4 GHz and very
narrow FMR linewidth. However, the electrical resistivity of
CoFeSiO granular layer was not so high (about 1 pQm).
Therefore when the granular multilayer film was used as a
magnetic core of the spiral inductor, the in-plane eddy current
would be induced in each CoFeSiO granular layer by
perpendicular magnetic flux component in the spiral inductor.
The perpendicular flux component also influences on spiral
coil, that is, it gives rise to eddy current in each coil conductor
and results in non-uniform current density distribution in the
coil conductor. Non-uniform current density causes excess
copper loss at high frequencies.

In this study, in order to increase the Q-factor of magnetic
thin film inductor for RF applications, two schemes have been
introduced for suppressing high frequency losses.

For suppressing the in-plane eddy current loss of the
magnetic core, four kinds of slit-patterned magnetic film
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structures have been introduced. K. Araki et al. [7] reported
that such slit-patterned magnetic film structure contributes to
obtain higher FMR frequency due to the increase of
demagnetizing field effect. In this study, the authors focus on
the effect of slit-patterned structure on the in-plane eddy
current suppression.

For suppressing excess copper loss at high frequencies,
multi-conductor-line spiral coil has been introduced. Such
coil structure contributes to improve non-uniform current
density distribution in the coil conductor. The same method
for suppressing ac copper loss was already confirmed in the
magnetic film inductor for MHz switching micro DC-DC
converter [8]. The authors have investigated whether this
scheme is effective or not for suppressing ac copper loss of
spiral inductor at RF band.

II. TWO SCHEMES FOR SUPPRESSING HIGH FREQUENCY
LOSSES

When the metallic magnetic thin film is used in spiral
inductor as shown in Fig. 1(a), the perpendicular flux
component ¢, gives rise to the eddy current in both magnetic
film and coil conductor. In this study, two schemes have been
introduced to suppress both eddy current losses.

The perpendicular flux component ¢, gives rise to the in-
plane eddy current in the magnetic thin film, which dominates
over high frequency magnetic loss below FMR frequency. In
this study, in order to suppress the in-plane eddy current, slit-
patterned structure has been introduced to magnetic film as
shown in Fig. 1(b).

On the other hand, also in each conductor line of the spiral
coil, the perpendicular flux ¢, gives rise to eddy current in the
conductor line, and the current density distribution becomes
non-uniform. Dynamic loss resistance, OR defined as R,. - Ry,
when it is owing to non-uniform current density distribution
only, can be expressed as follows [9],
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Fig. 1 Two schemes for suppressing high frequency losses for
spiral inductor with a bottom metallic magnetic thin film.
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where fis the frequency, ¢. is the conductor thickness, w is the
conductor line width, p is the electrical resistivity, and K is a
constant, respectively. Since 3R is proportional to w*, in order
to suppress the high frequency copper loss owing to non-
uniform current density distribution, multi-conductor-line

spiral coil structure has been introduced as shown in Fig. 1(c).

III. MAGNETIC THIN FILM INDUCTOR UNDER INVESTIGATION

A. Inductor structure and fabrication method

Fig. 2 shows the inductor structures for investigating the
effect of two schemes on the increase of Q-factor. The
fabricated inductors with 850X850 um foot-print consisted of
a 4-turn, 3 pm thick copper spiral coil on the bottom
CoFeSiO/SiO, granular multilayer film with an uniaxial
magnetic anisotropy aligned in the horizontal direction.
Therefore rotation magnetization is dominant in half area of
the spiral inductor. The granular multilayer film made by ICP
sputtering had a 6nm-CoFeSiO/1nm-SiO, structure and total
CoFeSiO thickness of 100 nm.

In this study, four kinds of the slit-patterned magnetic thin
film structures (Type A to D in Fig. 2(b)) and three kinds of
spiral-coil structures with a single, double and triple-line
conductor (Fig. 2(c)) were introduced. Narrow 5 um-width
slits were introduced by photo-resist lift-off process for the
magnetic film. Three kinds of 4-turn, 3 pwm thick copper spiral
coils were made by electroplating method, and had a 3 pm
constant spacing between adjacent conductor lines.

B. Magnetic properties of CoFeSiO/SiO, granular
multilayer film
Fig. 3 shows the magnetic properties of CoFeSiO/SiO,

Bottom 100 nm thick CoFeSiO/Si0O, granular multilayer film
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(a) Two examples of fabricated spiral inductor with a bottom 100
nm thick CoFeSiO/SiO, granular multilayer magnetic film
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Fig. 2 Structures of the fabricated magnetic thin film inductors
for investigating the effect of two schemes on the increase of Q-
factor.
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Fig. 3 Magnetic properties of CoFeSiO/SiO, granular multilayer
magnetic film with a 6nm-CoFeSiO/1 nm-SiO, structure and

total CoFeSiO thickness of 100 nm.

granular multilayer magnetic film. The film had a saturation
magnetization of 1.1 T which was diluted by a factor of 0.86
through the non-magnetic SiO, layer. Anisotropy magnetic
field H; was estimated to be 4 kA/m (50 Oe). The complex
permeability v.s. frequency, which was measured by a thin
film permeameter method [10], exhibited a FMR frequency of
2.4 GHz and narrow FMR linewidth [6].

IV. RESULTS AND DISCUSSION

A. Effect of two schemes on inductance and Q-factor

Fig. 4 shows the experimental results of inductance L and
QO-factor v.s. frequency measured in various inductors, (a) is
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(a) Effect of slit-patterned magnetic thin film structure

Q factor

the effect of slit-patterned magnetic thin film structure with
the same triple-line-conductor spiral coil, and (b) is the effect
of multi-line-conductor spiral coil with the same Type A slit-
patterned magnetic thin film.

As shown in Fig. 4(a), maximum Q-factor was increased by
introducing the slit-patterned magnetic thin film. Especially,
Type D consisting of fine magnetic film segments had the
maximum Q-factor of about 18 at around 1.5 GHz. Since
Type B and D inductor had slits aligned in the conductor line,
FMR frequency of magnetic film segment was estimated to be
higher than intrinsic value because of shape anisotropy
(demagnetizing field). Therefore, high Q-factor obtained in
Type B and D may be not only due to the in-plane eddy
current suppression but also increase of FMR frequency.

From Fig. 4(b), the inductance of the single-line spiral
inductor decreased with increasing frequency below 1 GHz. In
case of such wide-line-conductor spiral coil, since the induced
eddy current causes a decrease of magnetic flux linkage, it
was considered that the inductance decreases with increasing
frequency. On the other hand, multi-line spiral inductor had a
constant inductance at least up to 1 GHz, and had higher
maximum Q-factor than that of single-line spiral inductor
because eddy current can be suppressed by narrow conductor
line.

As shown in the prior art [11], the maximum Q-factor of the
previously fabricated magnetic thin film inductor with micro-
slits was lower than 10. In our study, the Q-factor of about 18
was obtained by introducing the two schemes. We consider
that the O-factor of 18 is higher than that of any prior art.

B. Effect of two schemes on dynamic loss resistance

The measured dynamic loss resistance OR is different from
Eq. (1), because it depends not only on the ac copper loss but
also on the high frequency magnetic loss.

Fig. 5 shows the frequency dependence of dynamic loss
resistance, the left side figure is the effect of slit-patterned
magnetic thin film structure with the same triple-line-
conductor spiral coil, and the right side figure is the effect of
multi-line-conductor spiral coil with the same Type A slit-
patterned magnetic thin film.
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Fig. 4 Effect of two schemes on inductance and Q-factor, (a) : effect of slit-patterned magnetic thin film structure with same triple-line-
conductor spiral coil, (b) : effect of multi-line-conductor spiral coil with same Type A slit-patterned magnetic thin film.
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Fig. 5 Effect of two schemes on the decrease of dynamic loss
resistance.

The SR increased markedly at high frequencies over 2 GHz
(region F in Fig. 5). The authors considered that such
behavior is owing to FMR loss of magnetic thin film. Since
the Type B and D slit-patterned magnetic thin film was
estimated to have higher FMR frequency due to shape
anisotropy, B and D exhibited small 6R at GHz band.
Therefore the slit-patterned magnetic thin film structure was
effective for suppressing in-plane eddy current in the
frequency region below 2 GHz (region E in Fig. 5). On the
other hand, as shown in the right side figure of Fig. 5, the
effect of multi-line-conductor spiral coil was effective for
decreasing 6R below 1 GHz.

From the experimental results, the dynamic loss resistance
can be suppressed in the wide frequency range by introducing
both slit-patterned magnetic thin film and multi-line-
conductor spiral coil.

V. CONCLUSION

In order to increase the Q-factor of RF magnetic thin film
inductor integrated in Chip-size-package RF-ICs, two
schemes have been investigated experimentally using
CoFeSiO/Si0, granular multilayer magnetic thin film and
copper spiral coil. The slit-patterned fine segment magnetic
thin film structure was effective not only for suppressing in-
plane eddy current but also for suppressing FMR loss due to
increase of FMR frequency. The multi-line-conductor spiral
coil was effective for suppressing ac copper loss at lower
frequency region below FMR frequency. Consequently, by
introducing the two schemes, high frequency losses can be
reduced at wide frequency range.

The fabricated spiral inductor with a slit-patterned fine
segment magnetic thin film structure and triple-line-conductor
spiral coil had a high QO-factor of 18 at 1.5 GHz.
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