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Abstract : An equivalent circuit for a novel RF integrated inductor with ferrite thin-film is derived. The enhance-
ment of the magnetic ferrite thin-film on the inductance (L) and quality factor (Q) of the inductor is analyzed.
Circuit element parameters are extracted from RF measurements. Compared with the reference air-core inductor
without magnetic film,L and Q of the ferrite thin-film inductor are 17 % and 40 % higher at 2GHz ,respectively.
Both the equivalent circuit analysis and test results demonstrate significant enhancement of the perf ormance of RF

integration inductors by ferrite thin-film integration.
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1 Introduction

Radio frequency integrated circuit (RF ICs)
technology has enjoyed unprecedented advance-
mentsin recent years thanks to the rapid develop-
ment of wireless communication applications. How-
ever ,in the passve element area,alack of compact ,
high-performance , high-frequency ,on-chip RF in-
ductors hinders the realization of RF system-on-
chip (SC) devices in commercial products. The
troubleis caused by two major difficulties™ . Oneis
the cost of area. Typical spira inductors usually
consume large amounts of chip area compared to
other on-chip components. The other is a problem
of performance. Different losses due to various par-
adtic effects make the inductor and total circuit
perform poorly. These difficulties have motivated
great research efforts to develop high-performance
inductorsfor RF IC applications. Some advances
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have been achieved ,such as enhanced Q using spe
cia substrates® * or MEM S techniques® ®and re-
duced size with stacked structures’ ®. However ,it
is not easy to reduce the sze and enhance the per-
formance of the inductors s multaneoudly.
Integrating magnetic media as the flux-amplif-
ying component of inductorsisa new possible solu-
tion for the realization of super-compact ,high-per-
formance inductors. The greater flux linkage con-
tained in magnetic material will increase inductance
and reduce loss. Asaresult inductor sze can be re-
duced smultaneoudy. In Ref. [1] ,we used ferrite
thin-film as the magnetic media and proposed a no-
vel RF integrated inductor with ferrite thinfilm.
However ,to date the equivalent circuit of the fer-
rite thin-film inductor has not yet been proposed.
In this paper ,the equivalent circuit analyss of the
reported inductor with ferrite thinfilm in Ref. [1]
isperformed. Circuit analyss and test results show
the contribution of ferrite thinfilm to the induct-
ance(L) and the quality factor (Q) of the inductor.
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2 Sructure

Figure 1 shows an overhead view of the spiral
coil and a cross sectional view of the RF integrated
inductor analyzed here. A (100)-oriented ntype
silicon substrate (900 100 - c¢cm) with aQ I m
thick wet thermal oxidized SiO: layer is used.
0. 8 m thick Co7 ZrOg ferrite thin-film is spin-coa-
ted on the SiO:z layer ,which has a relative perme-
ability of M. = 4 4," = 0.5,a relative permittivity
of €, =5at 1GHz,and anintrinsic FM R frequency
above 2GHz. After RF-depositing a 150nm thick
Cu/ Ti seed layer,a 4 m thick Cu layer was elec-
troplated on the ferrite thin-film to form the sin-
gle-turn spiral coil, which has dimensions of
440 m X 44 m and a 2 m line width. Figure 2
shows an SEM photograph of the inductor sam-
ple. The reference air-core inductors are fabrica-
ted using similar processes without ferrite thin
film deposition.

Cu coil
Ferrite film

Si-substrate

(b)

Fig.1 Structure of RF integrated inductor with fer-
rite thinfilm (a) Overhead view of the spira coil;
(b) Crosssectional view

Fig. 2 SEM photograph of inductor sample with
CoZrO thinfilm

3 Equivalent circuit analysis

3.1 Air-core inductor

Figure 3 shows the basic equivalent circuit of

an air-core orrchip spiral inductor™ . Ls and Rs are
the seriesinductance and red stance of the spiral. G
is the series feedforward capacitance ,taken as the
combination of two parts:the overlap capacitance
between the spiral and the center-tap underpass,
and the interturn fringing capacitance. Cox repre-
sents the capacitance of the oxide insulator layer
between the spiral and the substrate. The dlicon
substrate capacitance and res stance are modeled as
Cs and Rs.

Fg.3 Equivalent circuit of air-core on-chip spira in-
ductor

To demonstrate the inductor performance,
concepts of quality factor (Q) and self-resonant
frequency (fo) are used. Q represents the net mag-
netic energy storing capability of the inductor.
When Q vanishes to zero ,the magnetic and electric
energies are equal and the inductor is at self-reso-
nance. Thisfrequency is defined as fo. From the e
quivalent circuit model ,Q is derived as

Q =metal factor x substrate loss factor x

self-resonance factor (2)
where
metal factor = W Ls/ Rs
Rp
R +L1+ @Ls R R

substrate loss factor =

self-resonance factor =
1- R(C+ C)/Ls-WLs(C + Cp)

(3)
In this expresson ,the metal factor accounts
for the magnetic energy stored in the metal spiral
and the ohmic loss due to its series redg stance. The
substrate loss factor represents the energy disspa
ted in the semiconductor slicon substrate. The self-
resonance factor describes the reductionin Q asthe
frequency increases due to the increase of electric
energy and the vanishing of Q at fo. G and R, are
the equivalent series capacitance and series red st-
ance of the shunt circuit including Gu ,Cs ,and Rs :
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_ 1 Rs (Co + Cq)°?
T W Co’ Re? Cox’

1 +0W (Cyx + Cq) Cy Ry?
1+wW (Cwx + Cs)’Rs’

Rp
(4)

Cp = Cox

3.2 Ferite thin-film inductor

Figure 4(a) showsthe equivalent circuit of the
on-chip spira inductor with the under-spiral mag-
netic film,where the elements Lm , Ross , Gn , Rn,
Rmc ,and Gmap With the subscript® m” are added. Lm
represents the inductance contribution of the mag-
netic material to the metal spiral ,caused by they '
of the magnetic thin-film. R expresses the mag-
netic loss in the magnetic thin-film due to thep.".
They are in series with Ls and Rs. Cm and Rn
symbolize the capacitance and resistance of the
thin-film between the spiral and insulating layers.
Cmip represents the additional overlap capacitance
introduced by the magnetic film. Rmc represents
the ohmic loss due to the eddy current in the thin
film.

For ferrite thin-film,the resistivity is usually
above 10°Q - cm, so the eddy current and the
ohmic loss in the thin-film are small enough to be
neglected. As a result, Rm and Rmc are left out as
open branches. Then the circuit is simplified, as
shown in Fig.4(b) ,where Lsn, Rm, Com, Csm are
used to substitute the combined impedance of Ls

and Lm , Rsand Rm , Cxand Cn , Csand Cuiap , re-
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Fig.4 Equivalent circuit of on-chip inductor with un-
der-spiral magnetic thinfilm (a) Modified twoport
circuit with magnetic film added; (b) Simplified cir-
cuit of inductor with ferrite thin-film

spectively.

Using current image and integral meth-
ods”® " |the additional inductance L = contributed
from magnetic film to the inductor spiral can be
derived as

Lm =0Ls (5)

The amplifying factor 0 is not only deter-
mined by the relative permeability M and conduc-
tivityo of the film,but also affected by the film’s
thickness and other structure parameters. For a
semi-infinite nonconducting magnetic substrate ,d
isequal to U, - 1)/ (. +1)™ ,which means the
upper limit of inductance enhancement of an in-
ductor with under-spiral magnetic materials is
nearly 100 %,when{," is high enough. For a mag-
netic thinfilm with limited thickness, the en-
hancement is less. However, since the magnetic
fluxes are mainly concentrated within a thin layer
in proximity to the surface,a certain thickness of
magnetic thin-film still ensures a significant en-
hancement of the inductance.

With the addition of the magnetic thin-film,
the three termsin Q all change as

metal factor = ®W Lsm/ Rsm
Rom
Rm +[ 1+ @Len/ Rm)? R
self-resonance factor = 1 - Rin(Csn + Com)/ Losm
- W Len (Csm + Com)

substrate loss factor =

(6)
where Rpm and Cpm are used to substitute for the
combined impedance of Com, Cs ,and Rs.In the
metal factor ,both the numerator and denominator
are increased. For typical ferrites,J," is much
greater than U." in the operating frequency re-
gion,which means the enhancement from Ls to
Lsm governs the metal factor. Hence, the metal
factor is increased significantly. The other two
terms are affected by the ferrite thin-film’ s die-
lectric performance, represented by Cn in the e
quivalent circuit. In the substrate loss factor, Rom
increases a little due to the reduction from Cu to
Com ,if the silicon oxide is not changed and Cox is
fixed. As a result,the whole substrate loss factor
increases slightly at operating frequencies far
below fo,where the Rym governs the factor. As the
frequency increases,the factor begins to decrease
when the WLsw/ Rsm begins to take effect, which
causes afaster rate of descent than the air-corein-
ductor without ferrite thinfilm. The self-reso-
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nance factor has a similar change as the f requency
increases. In addition,for ferrite thin-film in our
experiments,the relative permittivity €. descends
to a very low value which is near €: of SiO:2 at
multi-GHz. This is helpful for the increase of the
substrate loss factor and self-resonance factor at oper-
ating frequencies far below fo. In conclusion, Q sig-
nificantly improves due to the integration of ferrite
thinfilm. Meanwhile, the ferrite causes a slightly
higher roll-off speed of Q and aslightly lower fo than
in the inductor without ferrite thin-film.

4 Resultsand discussion

Two-port scattering parameters ( Sparame
ters) of the inductors are tested by an Agilent
E8358A network analyzer and Cascade Microtech
coplanar ground-signal-ground probes with calibra
tion performed up to the probe tips. The astested
Sparameters are then changed to admittance pa
rameters ( Y-parameters). The pad de-embedding
procedure is done by subtracting the Y-parameters
of the open-pad pattern from those of the pad-em-
bedded inductor™ . Then the total inductance L ,
total resistance R,and Q are extracted according to
the Y parameters

L = Imfl('{) Y1) ?)

R Re(1/ Y1) (8)
_ Im(1/ Yii)
Q= Re(1/ Yu) (9)
According to the equivalent circuit in Fig. 4
(b) ,element parameters can also be extracted. For
an inductor with a single layer, Gsm or GCs only
contains the interturn capacitance,which is very
small and is therefore neglected. Then the other
parameters can be extracted as f ollows

Lem = W1 X Im(- Y/ | Y]) (10)
Rm = Re(- Y/ |Y]) (11)
Com =W X Im(|Y|/ Yu) (12)
Rm = Re(] Y] / Yu) (13)

Comparisons of L and Q between our sample
with ferrite thinfilm and the reference air-core
inductor are shown in Fig.5. The L of our sample
is 2.02nH ,which is 17 % higher than that of the
reference inductor, for which L = 1. 72nH at
2GHz. L decreases slowly below 2GHz due to the
skin effect in the metal spiral. Above 2GHz,L be-
gins to increase to the resonant peak. Our sample
yields a slightly steeper ascent because of its lower

fo ,as demonstrated above. At 2GHz ,the sample’ s
Q is equal to 20.3,which is 40 % higher than that
of the reference inductor,for which Q =14.5 at
2GHz. Above peak- Q frequency, Q decreases as
the frequency increases due to the increased dissi-
pation of electric energy. Our sample’s Q decrea-
ses a little faster than that of the reference induc-
tor,also due to the lower fo. This agrees with the
prediction from the equivalent circuit. Both fo of
our sample and the reference inductor are greater
than 9GHz. A detailed comparison of extracted
parameters of our sample and the reference induc-
tor at 2GHz is listed in Table 1.

48 24
—8— With ferrite film
—A— Without ferrite film

0 1 2 3 4 5 6
Frequency/GHz

Fig.5 Comparisons of L and Q between sample
with ferrite film and reference inductor without
ferrite film

Table 1  Comparison of measured parameters be-
tween sample and reference inductor at 2GHz
Parameter Sample Reference inductor
L /nH 2.02 1.72
R/Q 1.3 1.5
Series inductance / nH 2.0(Lsm) 1.7(Ls)
Series resistance/Q 0.98( Rsm) 0.95(Rm)
Lm/nH 0.3 —
Rm/Q 0.03 —
Cpm or Cp/fF 76.1( Cpm) 79.3(Cp)
Rpm or Rp/ K 3.8( Rpm) 1.1(Rp)
Metal factor 25.6 22.5
Substrate loss factor 0.85 0.69
Self-resonance factor 0.96 0.97
Q 20.3 14.5

Experimental results indicate that the inte-
gration of ferrite thinfilm in an RF integration
inductor improves L and Q, which verifies the
prediction of L and Q' s amplifying effects from
the equivalent circuit analysis. With the enhance-
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ment of L and Q,the size of on-chip inductors
can be reduced efficiently.

5 Conclusion

We have derived an equivalent circuit for an
RF integrated inductor with ferrite thinfilm under
the coil and presented a detailed analyssof the am-
plifying effects of the magnetic ferrite thinfilm on
L and Qof theinductor. Circuit element parameters
were extracted from the RF measurements. Com-
pared with the reference air-core inductor without
magnetic film,L and Q of the ferrite thinfilm in-
ductor are 17 % and 40 % higher at 2 GHz ,regective-
ly. Both the equivalent drcuit andyds and test results
demonstrate the sgnificant enhancement of ferrite thinr
film integration on the performance of an RF integra
tion inductor. With the enhancement of L and Q,the
sze of orrchip inductors can be reduced dficently.
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