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Abstract : A n equivalent circuit f or a novel R F integrated induct or wit h f er rite t hin2f ilm is derived. The enhance2
ment of t he magnetic f e r rite t hin2f ilm on t he inductance ( L) and quality f act or ( Q) of t he induct or is analyzed.

Circuit element p arameters are ext racted f rom R F measurements . Comp ared wit h t he ref e rence air2core induct or

wit hout magnetic f ilm , L and Q of t he f er rite t hin2f ilm induct or are 17 % and 40 % higher at 2 G Hz , respectively.

Bot h t he equivalent circuit analysis and test results demonst rate signif icant enhancement of t he perf ormance of R F

integration induct ors by f er rite t hin2f ilm integration.
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1　Introduction

Radio f requency integrated circuit ( RF ICs)

technology has enjoyed unprecedented advance2
ment s in recent years t hanks to the rapid develop2
ment of wireless communication applications. How2
ever ,in t he passive element area ,a lack of compact ,
high2performance , high2f requency , on2chip RF in2
ductors hinders the realization of RF system2on2
chip ( SoC) devices in commercial p roduct s. The
t rouble is caused by two major difficulties[1 ] . One is
t he cost of area. Typical spiral inductors usually
consume large amount s of chip area compared to
ot her on2chip component s. The ot her is a p roblem
of performance. Different lo sses due to various par2
asitic effect s make t he inductor and total circuit
perform poorly. These difficulties have motivated
great research effort s to develop high2performance
inductors for RF IC applications. Some advances

have been achieved ,such as enhanced Q using spe2
cial subst rates[ 2～4 ] or M EMS techniques[5～6 ] and re2
duced size wit h stacked st ruct ures[7～8 ] . However ,it
is not easy to reduce t he size and enhance the per2
formance of the inductors simultaneously.

Integrating magnetic media as t he flux2amplif2
ying component of inductors is a new possible solu2
tion for t he realization of super2compact ,high2per2
formance inductors. The greater flux linkage con2
tained in magnetic material will increase inductance
and reduce loss. As a result ,inductor size can be re2
duced simultaneously. In Ref . [ 1 ] , we used ferrite
t hin2film as t he magnetic media and proposed a no2
vel RF integrated inductor with ferrite t hin2film.
However ,to date t he equivalent circuit of t he fer2
rite t hin2film inductor has not yet been proposed.
In t his paper ,t he equivalent circuit analysis of t he
reported inductor wit h ferrite t hin2film in Ref . [ 1 ]
is performed. Circuit analysis and test result s show
t he cont ribution of ferrite t hin2film to t he induct2
ance (L ) and t he quality factor ( Q) of t he inductor .
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2　Structure

Figure 1 shows an overhead view of t he spiral
coil and a cross2sectional view of t he RF integrated
inductor analyzed here. A ( 100 )2oriented n2type
silicon subst rate (900～1000Ω·cm) wit h a 015μm

t hick wet t he r mal oxidized SiO2 laye r is use d.

018μm t hick Co7 ZrO9 f e r rite t hi n2f il m is sp i n2coa2
ted on t he SiO2 laye r ,w hich has a rela tive p e r me2
a bilit y ofμr′= 4 ,μr″= 0 . 5 , a relative p e rmit tivit y

ofεr = 5 at 1 G Hz ,a nd a n i nt ri nsic FM R f reque ncy

a bove 2 G Hz. Af te r R F2dep ositi ng a 150nm t hick

Cu/ Ti seed laye r , a 4μm t hic k Cu laye r was elec2
t rop la te d on t he f e r rite t hi n2f il m t o f or m t he si n2
gle2t ur n sp i ral coil , w hic h has dime nsions of

440μm ×440μm a nd a 20μm li ne widt h . Figure 2
s hows a n S EM p hot ograp h of t he i nduct or sa m2
p le . The ref e re nce ai r2core induct ors a re f a brica2
ted usi ng si mila r p rocesses wit hout f e r rite t hi n2
f il m dep osition .

Fig. 1　St ructure of R F integrated induct or wit h f er2
rite t hin2f ilm　( a ) Overhead view of t he spiral coil ;

( b) Cross2sectional view

Fig. 2 　S EM p hot ograp h of induct or sample wit h

Co ZrO t hin2f ilm

3　Equivalent circuit analysis

3. 1　Air2core inductor

Figure 3 shows t he basic equivalent circuit of

an air2core on2chip spiral inductor [3 ] . L s and Rs are
t he series inductance and resistance of t he spiral . Cs

is t he series feedforward capacitance , taken as t he
combination of two part s : t he overlap capacitance
between t he spiral and t he center2tap underpass ,
and the intert urn f ringing capacitance. Cox rep re2
sent s the capacitance of the oxide insulator layer
between t he spiral and t he subst rate. The silicon
subst rate capacitance and resistance are modeled as
CSi and RSi .

Fig. 3 　Equivalent circuit of air2core on2chip spiral in2
ductor

To demonst rate t he inductor performance ,
concept s of quality factor ( Q) and self2resonant
f requency ( f 0 ) are used. Q rep resent s t he net mag2
netic energy storing capability of t he inductor .
When Q vanishes to zero ,t he magnetic and elect ric
energies are equal and t he inductor is at self2reso2
nance. This f requency is defined as f 0 . From the e2
quivalent circuit model ,Q is derived as

Q = metal factor×subst rate loss factor×
self2resonance factor (2)

where
metal f act or = ωL s / Rs

subst rate loss f act or =
Rp

Rp + 1 + (ωL s / Rs ) 2 Rs

self2resona nce f act or =

　　　　1 - R2
s ( Cs + Cp ) / L s - ω2 L s ( Cs + Cp )

(3)

　　In this expression , the metal factor account s
for t he magnetic energy stored in the metal spiral
and t he ohmic loss due to it s series resistance. The
subst rate loss factor rep resent s the energy dissipa2
ted in t he semiconductor silicon subst rate. The self2
resonance factor describes t he reduction in Q as t he
f requency increases due to the increase of elect ric
energy and t he vanishing of Q at f 0 . Cp and Rp are
t he equivalent series capacitance and series resist2
ance of t he shunt circuit including Cox , CSi ,and RSi :
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Rp =
1

ω2 Cox
2 RSi

2 +
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2

Cox
2

Cp = Cox
1 +ω2 ( Cox + CSi ) CSi RSi

2

1 +ω2 ( Cox + CSi )
2 RSi

2

(4)

3. 2　Ferrite thin2f ilm inductor

Figure 4 (a) shows t he equivalent circuit of the
on2chip spiral inductor wit h the under2spiral mag2
netic film , where t he element s L m , Rloss , Cm , Rm ,
Rmc ,and Cmlap with the subscript“m”are added. L m

rep resent s the inductance cont ribution of t he mag2
netic material to t he metal spiral ,caused by theμr′
of t he magnetic t hi n2f il m . Rloss exp resses t he mag2
netic loss i n t he magnetic t hin2f il m due t o t heμr″.
They a re i n se ries wit h L s a nd Rs . Cm a nd Rm

symbolize t he cap acit a nce a nd resist a nce of t he

t hi n2f il m betwee n t he sp iral a nd i nsula ting laye rs .

Cmlap rep rese nts t he a dditional ove rlap cap acit a nce

i nt roduce d by t he magnetic f il m . Rmc rep rese nts

t he oh mic loss due t o t he eddy cur re nt i n t he t hi n2
f il m .

For f e r rite t hi n2f il m , t he resistivit y is usually

a bove 104Ω·cm , so t he eddy cur re nt a nd t he

oh mic loss i n t he t hi n2f il m a re s mall e nough t o be

neglected . As a result , Rm a nd Rmc a re lef t out as

op e n bra nc hes . The n t he ci rcuit is si mplif ied , as

s how n i n Fig. 4 ( b) , w here L sm , Rsm , Coxm , Csm a re

used t o substit ute t he combi ned imp e da nce of L s

a nd L m , Rs a nd Rm , Cox a nd Cm , Cs a nd Cmlap , re 2

Fig. 4　Equivalent circuit of on2chip induct or wit h un2
der2spiral magnetic t hin2f ilm 　( a ) Modif ied two2p ort

circuit wit h magnetic f ilm added ; ( b) Simplif ied ci r2
cuit of induct or wit h f er rite t hin2f ilm

sp ectively.

Usi ng cur re nt i mage a nd i ntegral met h2
ods [ 9～12 ] , t he a dditional inducta nce L m cont ributed

f rom magnetic f il m t o t he i nduct or sp i ral ca n be

de rived as

L m =αL s (5)

　　The a mplif yi ng f act or α is not only dete r2
mined by t he relative p e rmea bilit yμr a nd conduc2
t ivit yσof t he f ilm , but also af f ecte d by t he f il m’s
t hic kness a nd ot he r st ruct ure p a ra mete rs . For a

se mi2i nf i nite nonconducti ng magnetic subst ra te ,α
is equal t o (μr′- 1) / (μr′+ 1) [ 9 ] , w hic h mea ns t he

upp er li mit of i nducta nce e nha nce me nt of a n in2
duct or wit h unde r2sp i ral magnetic mate rials is

nea rly 100 % ,w he nμr′is high e nough . For a mag2
netic t hi n2f il m wit h li mited t hic kness , t he e n2
ha nce me nt is less . Howeve r , si nce t he magnetic

f luxes a re mai nly conce nt rated wit hin a t hi n laye r

i n p roxi mit y t o t he surf ace , a ce rtain t hickness of

magnetic t hi n2f il m still e nsures a signif ica nt e n2
ha nce me nt of t he i nducta nce .

Wit h t he a ddition of t he magnetic t hi n2f il m ,

t he t h ree te r ms i n Q all c ha nge as

metal f act or = ωL sm / Rsm

substrate loss factor =
Rpm

Rpm + 1 + (ωLsm / Rsm) 2 Rsm

self2resona nce f act or = 1 - R2
sm ( Csm + Cp m ) / L sm

- ω2 L sm ( Csm + Cp m )

(6)

w here Rp m a nd Cp m a re used t o substit ute f or t he

combined imp e da nce of Coxm , CSi , a nd RSi . I n t he

metal f act or , bot h t he numerat or a nd de nomi nat or

a re i nc reased . For t yp ical f e r rites ,μr′is much

greate r t ha n μr″i n t he op e rati ng f reque ncy re2
gion , w hich mea ns t he e nha nce me nt f rom L s t o

L sm gover ns t he metal f act or . He nce , t he metal

f act or is i nc rease d signif ica ntly . The ot he r two

te r ms a re af f ecte d by t he f e r rite t hi n2f il m’s die2
lect ric p e rf or ma nce , rep rese nte d by Cm i n t he e2
quivale nt ci rcuit . I n t he subst ra te loss f act or , Rp m

i nc reases a lit tle due t o t he reduction f rom Cox t o

Coxm , if t he silicon oxide is not cha nged a nd Cox is

f ixe d. As a result , t he w hole subst rate loss f act or

i nc reases slightly at op e ra ting f reque ncies f a r

below f 0 ,w here t he Rp m gover ns t he f act or . As t he

f reque ncy i nc reases , t he f act or begins t o dec rease

w he n t he ωL sm / Rsm begi ns t o ta ke ef f ect , w hich

causes a f aste r rate of desce nt t ha n t he ai r2core in2
duct or wit hout f e r rite t hi n2f il m . The self2reso2
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na nce f act or has a si mila r cha nge as t he f reque ncy

i nc reases . In a ddition , f or f e r rite t hi n2f il m i n our

exp e ri me nts , t he rela tive p e rmit tivit yεr desce nds

t o a ve ry low value w hic h is nea rεr of SiO2 a t

multi2G Hz . This is helpf ul f or the increase of the

substrate loss f actor and self2resonance factor at oper2
ating f requencies far below f0 . In conclusion , Q sig2
nificantly imp roves due to the integration of ferrite

thin2film. Meanwhile , the ferrite causes a slightly

higher roll2off speed of Q and a slightly lower f0 than

in the inductor without ferrite thin2f ilm.

4　Results and discussion

Two2port scat tering parameters ( S2parame2
ters) of the inductors are tested by an Agilent
E8358A network analyzer and Cascade Microtech
coplanar ground2signal2ground probes with calibra2
tion performed up to the probe tip s. The as2tested
S2parameters are then changed to admittance pa2
rameters ( Y2parameters ) . The pad de2embedding
procedure is done by subt racting t he Y2parameters
of t he open2pad pat tern f rom t hose of t he pad2em2
bedded inductor [ 13 ] . Then the total inductance L ,
total resistance R ,and Q are ext racted according to
t he Y parameters

L =
Im (1/ Y11 )
ω

(7)

R = Re (1/ Y11 ) (8)

Q =
I m (1/ Y11 )
Re (1/ Y11 )

(9)

　　Accordi ng t o t he equivale nt ci rcuit in Fig. 4
( b) ,ele me nt p a ra mete rs ca n also be ext racte d . For

a n i nduct or wit h a si ngle laye r , Csm or Cs only

contai ns t he i nte rt urn cap acit a nce , w hich is ve ry

s mall a nd is t he ref ore neglected . The n t he ot he r

p a ra mete rs ca n be ext racte d as f ollows

L sm = ω- 1 ×I m ( - Y12 / | Y | ) (10)

Rsm = Re ( - Y12 / | Y| ) (11)

Cp m = ω- 1 ×I m (| Y | / Y11 ) (12)

Rpm = Re (| Y| / Y11 ) (13)

Comp a risons of L a nd Q betwee n our sa mple

wit h f e r rite t hi n2f il m a nd t he ref e re nce ai r2core

i nduct or a re show n i n Fig. 5 . The L of our sa mple

is 2 . 02n H , w hich is 17 % highe r t ha n t ha t of t he

ref e re nce i nduct or , f or w hic h L = 1 . 72n H at

2 G Hz . L dec reases slowly below 2 G Hz due t o t he

s ki n ef f ect i n t he metal sp i ral . A bove 2 G Hz , L be2
gi ns t o i ncrease t o t he resona nt p ea k . Our sa mple

yields a slightly steep e r asce nt because of its lowe r

f 0 , as de monst rated a bove . At 2 G Hz , t he sa mple’s
Q is equal t o 20 . 3 ,w hich is 40 % highe r t ha n t ha t

of t he ref e re nce i nduct or , f or w hic h Q = 14 . 5 a t

2 G Hz . A bove p ea k2Q f reque ncy , Q decreases as

t he f reque ncy i ncreases due t o t he i nc reased dissi2
p ation of elect ric e ne rgy. Our sa mple’s Q decrea2
ses a lit tle f aste r t ha n t hat of t he ref e re nce i nduc2
t or , also due t o t he lower f 0 . This agrees wit h t he

p rediction f rom t he equivale nt ci rcuit . B ot h f 0 of

our sa mple a nd t he ref e re nce i nduct or a re greate r

t ha n 9 G Hz. A detailed comp a rison of ext racted

p a ra mete rs of our sa mple a nd t he ref e re nce i nduc2
t or at 2 G Hz is listed i n Ta ble 1 .

Fig. 5　Comp arisons of L and Q between sample

wit h f er rite f ilm and ref erence induct or wit hout

f e r rite f ilm

Table 1 　Comp arison of measured p arameters be2
tween sample and ref erence induct or at 2 G Hz

Parameter Sample Ref erence induct or

L / n H 2. 02 1. 72

R /Ω 1. 3 1. 5

Series inductance / n H 2. 0 ( L sm ) 1. 7 ( L s )

Series resistance/Ω 0. 98 ( Rsm ) 0 . 95 ( Rm )

L m / n H 0. 3 —

Rm /Ω 0. 03 —

Cpm or Cp / f F 76. 1 ( Cpm ) 79. 3 ( Cp )

Rpm or Rp / kΩ 3. 8 ( Rpm ) 1 . 1 ( Rp )

Metal f actor 25. 6 22. 5

Subst rate loss f actor 0. 85 0. 69

Self2resonance f actor 0. 96 0. 97

Q 20. 3 14. 5

Exp eri me ntal results indicate t hat t he i nte2
gra tion of f e r rite t hi n2f il m i n a n R F i ntegration

i nduct or i mp roves L a nd Q , w hich ve rif ies t he

p rediction of L a nd Q’s a mplif ying eff ects f rom

t he equivale nt ci rcuit a nalysis . Wit h t he e nha nce2
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me nt of L a nd Q , t he size of on2chip i nduct ors

ca n be re duced ef f icie ntly.

5　Conclusion

We have derived an equivalent circuit for an
RF integrated inductor wit h ferrite t hin2film under
t he coil and presented a detailed analysis of t he am2
plifying effect s of t he magnetic ferrite t hin2film on
L and Q of t he inductor . Circuit element parameters
were ext racted f rom t he RF measurement s. Com2
pared wit h t he reference air2core inductor wit hout
magnetic film , L and Q of t he ferrite thin2film in2
ductor are 17 % and 40 % higher at 2 GHz ,respective2
ly. Both the equivalent circuit analysis and test results
demonstrate the significant enhancement of ferrite thin2
film integration on the performance of an RF integra2
tion inductor. With the enhancement of L and Q , the
size of on2chip inductors can be reduced efficiently.
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铁氧体磁膜 RF集成微电感等效电路分析 3
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摘要 : 针对已制作并发表的一种新型铁氧体磁膜结构射频集成微电感进行了等效电路分析 .阐述了磁性铁氧体薄
膜对电感的感值 (L)和品质因数 ( Q)的增强作用.对射频测试结果进行了电路元件参数提取.结果表明 ,与空气芯无
磁膜微电感相比 ,磁膜结构微电感的 L 和 Q在 2 GHz处分别提高了 17 %和 40 %.等效电路分析和测试结果均证明
了铁氧体薄膜的引入对增强射频集成微电感性能的作用显著.
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