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Sandwich-Type Ferromagnetic RF
Integrated Inductor

Masahiro Yamaguchi, Makoto Baba, and Ken-Ichi Arai

Abstract—The first demonstration of a sandwich-type ferro-
magnetic RF integrated spiral inductor for the 2-GHz range is 1
reported. Two ferromagnetic CoNbZr films were set to sandwich - .
the spiral in order to enhance the amount of magnetic flux linkage
across the coil current. The stresses given from the insulator to
the ferromagnetic film were studied. The inductanceL of 7.9 nH
and the qualify factor @ of 12.7 were obtained for a 200um X
400 pm size four-turn rectangular spiral at f = 2 GHz. The
inductance was better than that of an air core of the same coil
size by 19%, and the@ was better by 23%. Comparison with the
on-top magnetic film type was also discussed.

Index Terms—nductors, integrated circuit fabrication, mag-  rig 1. outlook of the fabricated sandwich-type ferromagnetic RF integrated
netic films, magnetic resonance, magnetic susceptibility. inductor (200x 400 ;im?).

. INTRODUCTION soft ferromagnetic film with AISi coil material wak = 7.6 nH,

HERE IS A strong demand for high-quality integrated pad? = 6-8 {2, and@ = 7.1 at 1 GHz. This work has demonstrated

T sives for RF circuitry. The primary interest for the imelhatthefgrromagnencfll.m enhanc_ed the inductance without any
grated inductors is to obtain a high quality fac@rwhich is in degradatlon of the quality factor in the 1-GHz range. The rate
most cases achieved by the reduction of losses and parasitic@dhe inductance enhancement, however, was only 12% of the
pacitances. The method of loss reduction was to utilize thick aR@nventional air-core spiral of the same size. _ _
low-resistivity metal to reduce coil resistance [1], [2], as well as N this paper, a new sandwich-type ferromagnetic RF inte-
to employ high-resistivity semiconductor substrate or to form@ated inductor for a 2-GHz application was microfabricated.
cavity beneath the coil to reduce eddy currents in the substraf2e two ferromagnetic CoNbZr films sandwich the spiral to en-
[3]. Stacked coil was also tried in order to save the coil area afance the magnetic flux linkage across the coil current. The per-
to increase the mutual inductance but the coil resistance wagnance obtained was = 7.9 nH and@) = 12.7 at 2 GHz for
doubled. Thus, it is not easy to achieve a higtfactor and the & 200x 400 pm? size four-turn rectangular spiral.
size reduction simultaneously.

A new approach to solve this problem is to apply ferromag- Il. STRUCTURE AND DESIGN
netic thin films to the RF integrated inductor. The original idea

. . . . . Currently, the magnetic films usable for the RF inductor are
is to enhance the magnetic flux associated with the coil currep y 9

) . ; \} ilable only by sputter-deposition. Each film has uniaxial
and accordingly to enhance the inductance and quality faCtora(ﬁfiasotropy with the easy axis of magnetization oriented along a

the mductor_. A ferromagnepc RF mte_grated mducto_r with P€ertain direction in the film plane. In the RF range, the perme-
formance higher than an air core spiral has been ploneered(%

th h dit : dina to oth h EL lity along the hard axis of magnetization is much higher than
€ authors and Is use IS spreading to other research groups, ‘permeability along the easy axis of magnetization, which is
Our first trial was the on-top type ferromagnetic inductor fogt

the 1-GHz range. We simply applied a ferromagnetic film o a right angle to the hard axis. This is because the rotational

. . . magnetization process governs the magnetic flux reversal
top of an integrated spiral [5], [6]. The performance obtaine . : : .
for a four-turn square spiral of a 347 377 um? area CoNbZr ;aong the hard axis, while the magnetic domain movement and

resulting large eddy current losses are significant along the
easy axis. Therefore, hard axis excitation effectively increases
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Fig. 3. Cross-sectional view of the sandwich-type inductor.

Maanetic fim 0.1 xm. The permeability and FMR frequency are a function
o Ungerla er of the width, spacing, and thickness of the wires. As mentioned

| L~ﬁ B go!yiflm <?| for Fig. 2, this technique is useful to adjust apparent magnetic
| - .— Si%ra co properties to the desired operation frequency range. The on-top
{ «7; Si 2 type inductors are listed in Table | for comparison. Note that the

b on-top type inductors are almost twice as large (37377 m?)

®) as the sandwich-type one and have a square spiral coil.
Fig. 2. Two types of ferromagnetic RF integrated inductors. (a) Sandwich
type. (b) On-top type.

Ill. I NSULATOR

sulator in between. The CoNbZr film is a known soft mag- Magnetic permeability is usually sensitive to stress because
netic material with zero magnetostriction at the composition 8f magnetostriction. In Fig. 2(a), the bottom magnetic layer is
CossNby2Zrs. The direction and the intensity of the magnetié”ess_ed by the stacked over—layers., especially by the insulator
easy axis orientation of the CoNbZr film is controllable by thdePosited nextto the bottom magnetic layer. The degree of stress
magnetic field annealing with good production reproducibilitf/€Pends on the material of the insulator. Therefore, two kinds of
The hard axis of magnetization is in the vertical direction in tri#m-thick dielectric materials were compared. A photosensi-
figure. Magnetic field from the coil current is applied to the harfiv€ Polyimide film (Toray, UR3100 series) is easily processed
axis direction at the top and bottom legs of the spiral, which cofind Patterned to the thickness of a few micrometers. Itis known,
tributes to enhance the amount of magnetic flux. On the otH&Wever, that its volume shrinks by 50% after curing, which
hand, the magnetic field at the left and right legs of the spiral [RigNt resultin large amount of stress. The other candidate was
applied along the easy axis direction. Here, the amount of maySPutter-deposited Sidilm with careful stress control by the
netic flux remains unchanged. sputtering gas pressure.

In detail, the magnetic films are applied to narrow slits alon Iln the eAxpgrllmentsr;_thkree wafehrs were (;\(l)k:nr;only pfrocessed as
the length of the spiral, as shown in Fig. 2(a). These slits or t (_)W]fl' n | '“Sm't ICh'alin'l(')'r?I ous C&RFIQ 3 SO; mag- g
magnetic wire array structure increase the demagnetizing fié\ﬂt'c im an ad -nrr|1-t Ic bl lim were -sputterh epSSIteTh
along the flux path. Therefore, the effective magnetic anisotro Iturn qn a EO ag assdsudks]tra.te 'B a vacuur:n cham e_r' G €
field H* increases. This greatly helps to enhance the ferromad-ayer Is to have a good adhesion between the magnetic film

netic resonance (FMR) frequency of the magnetic film and ?dwl the !nsulgtgr. The CoNbZr—Ti double 'a¥ef is 'Fhen applied
make a broad-bandwidth inductor [7]. through ion milling to get a 4-mm-long 8m-wide micro wire

As compared with the on-top type inductor shown array structure with 3sm spacing. The 363 parallel wires were

Fig. 2(b), the sandwich-type inductor has the following advaH—att?med to occupy & 4 mm? area in tot-al. This siz€ 1S S0
tages. designed to have good signal-to-noise ratio (SNR) during mag-

) ) _netic measurements. The slits were made along the easy axis of
1) The amount of magnetic flux linkage across the coil CUfyagnetization. Slitting a single large film provides the benefit
rent is larger. Therefore, the inductance and the qualigy requcing internal stress of the magnetic film. This structure

factor are enhanced. _ and its dimensions will be used in the real fabrication of the in-
2) The amount of magnetic flux leakage is smaller. Thergyctor in this work.

fore, electromagnetic interference (EMI) to the integrated Tps js the completion of a reference test sample wafer that
circuits and devices should be insignificant. has no overcoat. The second wafer was then spun-coat with
3) Eddy current losses in substrate should be smaller Bgjqotosensitive polyimide film and cured at a temperature of no
cause of low-level leakage flux. higher than 360°C. The cured polyimide film was #m thick.
In the cross-sectional view of Fig. 8, is the coil thickness, The third wafer was RF-sputter deposited onto themthick
w, the coil width, d, the coil spacingt,, the magnetic film SiO, film with an Ar gas pressure of 2.8 10~* torr, an Q gas
thicknessyw,,, the slitted magnetic wire width, an}, the mag- pressure of 1.2« 10~* torr, and an electric power of 200 W.
netic film wire spacing. The dimensions of fabricated indud 3-in-diameter SiQ@ target was used. The deposition rate was
tors are listed in the left-most column in Table I. Each coil ha&71 um/h.
four turns with 3pm thickness, &m width, and 3zm spacing. Magnetization curves were measured by a vibrating sample
The thickness of the magnetic film wire is also a constant afagnetometer (VSM). In Fig. 4, the reference CoNbZr mag-
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TABLE |
SPECIFICATIONS AND CHARACTERISTICS OF THEFABRICATED FERROMAGNETIC RF INTEGRATED INDUCTORS
1GHz 2GHz
(Unit: pm) L(nH) R(Q) Q L(nH) R(Q) Q
Sandwich type
air(w.=8,d.=3,t.=3)(Cu) 6.23 5.09 7.81 6.67 8.16 10.3
no slit 9.14(+47%)  13.08 4.46(-43%) 6.14(-7.9%)  46.96 1.65(-84%)
Win=9,d,=2,tn=0.1 6.86(+10%) 5.73 7.64(-2.2%) 8.06(+21%)  10.56 9.62(-6.7%)
Win=8,dpn=3,tn=0.1 6.68(+7.2%) 543 7.85(+0.5%) 7.83(+17%)  7.82 12.61(22%)
W="7,dm=4,t5=0.1 6.75(+8.3%) 5.09 8.46(+8.3%) 7.94(+19%) 7.86 12.72(+23 %)
On-top type
air(w.=11,d.=11,t.=2.7)(Al-Si) 6.66 6.85 6.15 7.35 15.72 591
w,=10.25,d,=0.75,t,=0.1 7.38(+11%) 7.51 6.27(+2.0 %) 8.62(+17%) 20.81 5.22(-12%)
wi=9.5,d,.=1.5,t =0.1 7.34(+10%) 7.6 6.16(+0.1%) 8.25(+12%) 18.54 5.57(-5.8%)
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Fig. 4. Magnetization curve of an 0gm-thick CoNbZr film covered with a Fig. 5.  Magnetization curve of an 0gdm-thick CoNbZr film covered with a
4-pm-thick polyimide film. (a) Along the easy axis direction. (b) Along the hard-um-thick SiC, film. (a) Along the easy axis direction. (b) Along the hard axis
axis direction. direction.

netic film without the overcoat exhibited good anisotropic chals because of the residual magnetization of the electromagnet

acteristics, showing a square hysteresis loop along the easy @siéd in our VSM (Tamagawa Works Co).

and a flat loop along the hard axis. The coercive force along the

easy axis was well below 10 Oe and that along the hard axis

was negligible. With a polyimide overcoat, however, the coer-

cive force of both the easy and the hard axis directions degradeg\s shown in Fig. 6, a 1.4sm-thick SiO, layer was formed

to 60 Oe and the film was no longer anisotropic because of thg a(100)-oriented n-type Si wafer with resistivity of 5@2cm

strong stress from the cured polyimide film. On the other hangy higher by wet thermal oxidization and LPCVD. The Q.1-

the SiG, overcoat did not damage the magnetic characteristicsyf thick CoNbZr film was then RF-sputter deposited and then

the SiG film was deposited under the written gas pressure aiwh-milled to form the bottom magnetic wire array structure.

electric power, as shown in Fig. 5. Therefore, the Si@ercoat Followed by the RF-sputter deposition of gué-thick Si0,

was used to the inductor fabrication. insulator, a 3zm-thick Cu film was RF-sputter deposited and
In detail, the magnetization curve of the reference sample difioff to form the four-turn rectangular spiral. The top Si@nd

not close as shown in the bottom left of Figs. 4(b) and 5(b). Thi®oNbZr ferromagnetic layers were then formed just the same

IV. FABRICATION PROCESS
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In Fig. 7(a), the inductance of each ferromagnetic inductor
I | l ! was higher than the air core inductance. In the low frequency
(e) 0] range, the inductor with no-slit ferromagnetic film showed the

Fig. 6. Fabrication process. (a) SiQleposition by wet oxidization and highest inductance, achievidg= 9.1 nH at 1 GHz. The value
LPCVD. (b) Bottom CoNbZr/Ti RF-sputter deposition and micro patterningbtained was higher than the air core’s by 47%. This is be-
O . enone opochon s st o o TS caise of high permeabilty of the no-Si ferfomagnetc fim.
deposition by RF sputtering and patterning by liftoff. (f) Top TiiCoNbzrWith raising the drive frequency, however, the inductance de-
RF-sputter deposition and micro patterning by ion milling. graded because of the low FMR frequency of the no-slit fer-
romagnetic film. The influence of the FMR is also seen as the
increase of resistance in Fig. 7(b) and the degradation of the
quality factor in Fig. 7(c).

The ferromagnetic inductors with micro wire array film struc-
ture exhibited as high quality factor as the air core up to 2 GHz.
The best performance was = 7.9 nH and@ = 12.7 at
2 GHz obtained for the ferromagnetic wire width of:.#h and
its spacing of 4:m. The inductance was higher by 19% and the
e T — quality factor was better by 23% than the air core.

Frequency (GHz) Frequency (GHz) In the case of the on-top type inductors, quality factor was
@) (b) maxim between 1 GHz and 2 GHz, and the value obtained was
s . less than 8 as shown in Fig. 8. Thus the quality factor and the
[ e Aircore ] bandwidth of the sandwich type inductor are advantageous to
[ 2d,=2um those of the on-top type inductor. This is because: 1) design of
: slit work was optimized for the 2-GHz band; 2) the amount of
magnetic flux per unit area was larger; and 3) stray capacitance
might be smaller.

Further improvement should be possible by optimizing the
X ) . N magnetic film thickness with optimum slit work, terminating the
0.1 02 04 12 top and bottom magnetic layers at their edges, and employing a

Frequency (GHz) magnetic film with higher anisotropy field and higher saturation
© magnetization.

Fig. 7. Measured electric characteristics. (a) Inductance. (b) Resistance.
(c) Quiality factor.
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VI. CONCLUSION

as were the bottom layers. The top and bottom magnetic Iayeré:irSt microfabrication of a sandwich-type ferromagnetic RF
were applied the 5-nm-thick Ti underlayer films. integrated spiral inductor over a 2-GHz range is demonstrated.

These processes can be completed as the post-Si procesdiswo ferromagnetic CoNbZr films sandwich the spiral to en-
This is a great feature to integrate ferromagnetic inductors. Nance the magnetic flux linkage across the coil current. An in-
ductance of 7.9 nH and a qualify factor of 12.7 were obtained for

a 200pm x 400.m four-turn rectangular spiral gt= 2 GHz.
The inductance was better than that of an air core of the same

Fig. 7 shows the measured high-frequency characteristicsegf| size by 19%, and the quality factor was better by 23%.
the sandwich inductors. A wafer probe (GGB Industries, Pico-

probe Model-10) and a network analyzer (HP 8720D) were used
to extract the impedance parameters. Major results at 1 GHz and
2 GHz are summarized in Table I. The reference air core exhib-The authors wish to acknowledge Dr. S. Tanabe and Dr. K.
ited L = 6.8 nH and@ = 10.3 at 2 GHz. Itoh, Mitsubishi Electric Company, for helpful discussions. The

V. HIGH-FREQUENCY CHARACTERISTICS
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