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A Study of Micro, High-Performance Solenoid-Type RF Chip Inductor
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Abstract - In this work, small-size, high-performance simple solencid-type RF chip inductors utilizing an Al:Q3 core
material were investigated. Copper (Cu) wire with 40 um diameter was used as the coils and the size of the chip inductor
fabricated in this work was 2.1 mmX15 mmxX1.0 mn. The external current source was applied after bonding Cu coil leads
to gold pads electro-plated on each end of backsides of a core material. High frequency characteristics of the inductance
(L), quality factor (Q), and impedance (Z) of developed inductors were measured using an RF Impedance/Material
Analyzer (HP4291B with HP16193A test fixture). This HP4291B was also used to obtain the equivalent circuit and its
circuit parameters of the chip inductors. The developed inductors have the self-resonant frequency (SRF) of 1.1 to 3.1
GHz and exhibit L of 22 to 150 nH. The L of the inductors decreases with increasing the SRF. The Z of the inductors
has the maximum value at the SRF and the inductors have the quality factor of 70 to 97 in the frequency range of 500

MHz to 1.5 GHz.

Key Words : RF, chip inductor, solenoid, Al:O3 core

1.8 B

Az H F4A4, Hgy), == QY 2 nF3g Azt
71 Zzle] dig) Fo} EAe %7] A& L& radio frequency
(RF) 94golM $8% 840}

A2 gol AEHE A4 ferrite Tob ARE HE Fis
GANN 2 £AEE RAL 1 MHz ol 4e) 5& Fo5 o
QoA Fago] F&E dass B4 27 Bl 4

3 olgdez e AT sFuAdelA o 28y 300
MHz o138l F35gdelq A5hgo] F4aA gaste n
4% RF chip A=E Aol 2 Zohzt 3 kLl

RF chip Q989 Agexs moke) a7, A4%, A4

7t7 Fol o3 Z2A Pt AUE 9 quality factor (Q-factor)
v £%9 AU AF 5HY FH=eu 2] 1HBE 14T
9] dd¥ = Q-factor7} Eolokgt e} =§ ¥ Q-factor
g 4 AT FA A"9€EAE Z7HA7)7) YA AA
F& Z7MATE Wl 73 AnAou AFgE wE ol
UL 77 M AMY HFe] Folxlmz Ti9 A
go] Zvlste] Q-factor’} Z4&HA ®rt 2o ¢4y

28t Q-factor& FAll Fo3A 7171 YETH3A4L
Solenoid ¥E ) chip JAHEE o9t B& e AHE

YF @ Bk ETILER Mg
TF @ B WEA BRIEE Wi - I
E @ B ik BRI #g - I
S T @ 89Tk BTTEN &2 IH
BEZHSE C 19994 11H 23H
EMSET 1 20008 34 30H

Solencid #Ele|l 2% - 24 RF Chip ¢HE{of TS A

Eol v& chg 73% S
Feje] AYHAA L Q
3l ¢l substrate effectE A
€ A F/AIIEAN e
JEE2E dg 5 on, (3)
BHx A& AMRsl f4A Qd9d
Uth

Wt B =FdAe FEFQ0 mE FHA 9 HE
AgE Foli, loss7t A HALH Y Fo} ARE o] &3
A3, 7Y FAHY Cu TY 2 ARE winding 71&ES &
38t 71€9 chip dY9EHET Y29 Q-factorg FA
°i] :"‘393'5]-*]2_ (71&9 AAERT & [ gd vy 9

& Q & JYEhE) @& solencid EHS 48 - 24T

RF chip JHYEHE A& - d73At

7HA 1 AeH56]

AATE 2T 299

F 813, () AFAsE WA

Aeg S7HI-ezA &
UitHez I &

AR AL AT

(1) planar

_%

Ll
=

3|

Ris

dasm
2%

&
A
&

2.4 #

39 1& B =8 Agd" dEA solencid 3 <
RF chip 9149€ 9 8&H F2& Jehddd. A7l 21 m
X15 mX1.0 mmo]l3 Fo}e] AR EZE 7|E9 ferrite’} obd
AlO3 alumina& AME3lHel. B =89 AdHES 3o} AR
2 AEE ALOs= 889 w2 A9 0.00069] w2
loss tangent& 7“-‘=‘3}[7]

2 ¥efe) A IS §7180, 2EA (PVB, poly-
vinyl butyral), plasticizer (DOP, dioctyl phthalate), ©]#¢]
e SgE 53 T8 AlLO; paste® AR P20, o]
& triple roller& ©] 8% 23d U4 WHo=m JolE AR
sted 1500C o]de] 2ol 273 T4 1 mE A=

() [«
‘YT%_]E'

283



VAP HINES 49CH 58 2000%F SR

Aot Y& chip ¢9E 9 skin-effectd] €<lol & metal
lossE& Zo]7] 98l B=EAo] $43 & 40 md A Cu
E AHgEsg. RAFYL Zde IS FHof sFE9
% gt 2dd F AslE. GF g9xEs Hagoen
oAt FALAHES Bt FAPANRALH, o A4
=R4E A7) 9isted Ni-PEE & Bstgch

23 1 RF chip 2l=E{e] ot&ER 7=
{L=22 nH, HM=4)

Fig. 1 Bottom view of the RF chip inductor
(L=22 nH, Number of turns=4)

JddE 9 QYA Q-factor, YHE A A7)} Aol o
£ EAn 7t AdHE 59 F713Z sevEEe RF
Impedance/Material Analyzer (HP16193A test fixture7} %
¥ HP4291B)2 &£A3l9 1, DC A% (DCR)S RF LCR
Meter (HP4286A)2 ZAsAc. A7|FF34+ (SRP)E
Network Analyzer (HP8719D)2 &= A&+t

= =
@ s

3. 243 o o

E 12 ¥ =FA A4" RF chip AHEES DC ~&
3} A73AFHE S4EL 28t uyehdth Chip 99
He DC A%e =Y olol s FPY 1Rz =
U9 9 Be AUSE o A =Y dold Festn A
Wx 2g ohje DC A%E W A ste Azt 9o
(8-101.

T 1
Table 1

RF chip ¢IlE{e]l DC M &2t Ap7| ST Fats
The DC resistance and self-resonant frequency
of the RF chip inductors
Sample No. 1 2 3 4
Inductance (nH) 22 33 100 150
Number of Tums 4 5 10 12
DCR (ohm) 0.09 014 0.3 0.3
SRF (GHz) 31 25 15 11

&, & 1o)X 22 nH A4 &0] 31 GHzZE 7H3 & A%
B4 e bAH, 150 nH AEL 11 GHz2 743 ®e
& ¢ % A 2R AYHLA FAAE 1
A

AFdest gasts wuld A 28E ¢ 5

go ¥ o

z

o
1=}
271

30 OB
o)

2% 2% 800 MHze] FaeA QYEs A
N Apole] #AE vehded, olw HAL gy g2 2

284

o3 A AYHLE ERATHE-10]

2
L= ﬂO#rIJVA
o714 N dAMHF, Aet /& AlLOs Zoly @uAHI Zo,
w® o, AFZTFEAEI} ALO; ZotY HAFAESS el
o 2¥ 2904 & F dxel AMdE I FHHE e F
gAst At

200
1804 Calculated Value

160 o Measured Value ]

T 140

o 120

100 u
80

60

40 &

20 L1

0
0 2

n

Inductanc

4 6 8 10 12 14
Number of Turns

16 18 20

a3 2 RF chip elgEjoA el QidEiA ()t AMF (N)
Atole] A

Fig. 2 Relation between the inductance (L) and the
number of turns (N) of the RF chip inductors

29 3& ¥ 10 JEd 1A Ad9EHES B 99
Ha-Fie EAE vebdd. addAM dgda g2 800
MHz 7t A9 A em 22~150 nH ¥ =
7bAc} EE 800 MHz ©449 nFay FPe
27 8 AEYFE o ve FaFdM JEHEs &
&g Hold, ole JAYHEAI 45 FAFHAF F

A g€ vehdd

500 a
oo 32 2
2000 o u s ssssssmmmasmossssttt® o
lOOI --0-0® DOse

Inductance [nH]

-400
10!

102
Frequency [MHz]

18 3 RF chip SIHE{E2| tHEXMQI Qe A-Filys §N
Fig. 3 Typical inductance-frequency characteristic of the RF
chip inductors




T3 19 3ol 100 nH A Zo] 9F 15 GHz, 150nH A&
o] ¢ 1.1 GHz A=A FAFHASF g& 2A F& veld
o} o]#1gt L3} SRF Atole) #AIE Network Analyzer2 <
oz F 16149 TAIY xS & 5 Uk

I9 4v 5AE J9HEY HIF A< quality factor-F 3
E4¢ JerdTh RF chip 498 Y Q-factore F357}
Z7 el wel Foiste AHdigtel =gsiA "o 3 o)A
g7t 7184 HlW Q-factord] g #AEHA "k o
o3 Zo] BdE 4 Uvh5,11,12]

(Z N ofN ¥

o2 Q-factore

peak magnetic o] 11X — peak electric o] WA
3 7] St B2 el A AuE o)A

Q=2r
2

Qe = A7 FEAF A5 A peak magnetic oy =2} peak
electric AW A 7} 271 W&ol A E]e) Q-factore FHF
FoljA 09 g& Zeos) webd 29 494 Q-factorst 0
o] ¥ we] FaAFE AUEE ArIAFHAFER UFE
F 9z, o] TAFASF g2 100 nH #Z o o 15 GHz,
150nH #E9Y o ¢ 1.1 GHz7F €8 ¢ 5 o} £3 Q=
500 MHz~15 GHz 34 @ 9olA ) 70~978 #& 2
& ¢ 5 A

100

80F  o--—o 100nH
70 &-a 150nH

Quality Factor
3

40

30 ioe
X 2871
10! 103

102
Frequency [MHz]
2™ 4 RF chip e &2 i EXQl Quality factor-F it
£4
Fig. 4 Typical quality factor-frequency characteristic of the

RF chip inductors
¥ 58 1~900 MHz B9ule 22 FagdA 471R
AE JHEEHEY JEE2Y Q-factor Alolg] #AE =AE
Aot dAFEHFI ¥ A Jd9dast Frbgel uel
Q-factor7t F718tY AR FHF7 S AF (500 MHz ©]
) AYe 29 Frle] wel Q-factors F7HEtYt AA A4
st ZaEE Yedt ole b3 22 Hoz Adygs]

Q = a)_RL - substrate loss factor - self — resonant factor

(3)

o oM R WA F& AZL A7 AF RejA 9

Solenoid EEje| 28 - THE RF Chip Aejof et o3

Trans. KIEE. Vol. 49C, No. 5, MAY, 2000

ohmic ¢A4< Jehs], T ®ixd g dzxy Az
substrateol 8] oy X EAE YEMNE  substrate loss
factor® 9Justed, ® =8olA A4 ® solenoid FE=
substrateE 7R L YA Fomg 124 FAY £ ot 2
g vl & Fog F7le] wel peak electric ©lu A
7t 718l welA 27| FAFFFAA QI 00 HeE £
W&ol Avle A7ITH8rolth IF Lo} go] dAHF
#57 we A% Qe (wL/R)X14 984 1&g +
gon, Faprt FAEFE A7)THLAVE 1Y oy 3
A o dd'a Lo] FrslE QUF A #4EA Aot =
& 2% 5dMe w2 FosdA LT Q7 A st
2 £ AL ki & 900 MHz o)49 FagdlA
L=75 nH, Q=75%] A4YE| 9 o] 7}58L & & gt

120

100

80 -

% 500 MHz
~a 200 MHz

60

Quality Factor

40

20

. 1 MHz
0 20 40 60 80 100 120 140 160 180 200
Inductance [nH]

2" 5 Faieof tist ol e A9l Q-factor AlOl2l A
Fig. 5 Variation of quality factor (@) with the inductance
(L) for different fixed frequencies.

10 -
9} o-< 22nH
=—a -33nH i
= 8] e--o 100nH
g 7 &4 150nH
s 5
B 4
<9 £
E3
2 ‘: 3
2
1
m——omwwﬁ%%g]

—
=

102 103
Frequency [MHz]

3238 6 RF chip /HE{E] cfFHQ dudAa 3r|-Falx
ek

Fig. 6 Typical impedance amplitude—frequency
characteristic of the RF chip inductors

19 62 YEAQ PPhz 27)
(1Z)-F94 5S4 dehdth 19 6ol = Fisot

285



BRBHIHNEE 49CH SR 2000& 58

bl met 1ZI7t 2
AW~ A7E e g

o},

i

1Z| = VR*+(wL)? )

ol & FoFdM QHH2It FALFE |Z|7F oM
& ¢ F o, a8 6ME 98 5 ok £F dukH
o2 |1ZIE A7BFAFEREAA Ayt B 100 nH 4F
J A% FAFAEIE 15 GHz, 150 nH 4EQ 3% 11
GHz7t 8¢ 1% 6222 ¢ 4 gov, o A3t 19 3
i 43 Aot YAk

e 249 QY59 BEHA
& Yehdoh awrxoz AYEHEY 94
NFZAFgGe Bop e Fage oA +90 degree
(FEH). A7 FAFREAN 0 degree (£ A 4E), 2
I AZ|FAFEDS 2d 2 Fo5 A -90 degree (&
F)7h Slol REA-§IY FRFAM ANFAFATE
dolyjed $8% 9488 dd(5] webxd 28 72FH 100
nH QEEE 15 GHz, 150 nH AHEE 11 GHz 359 ¥

AFH5E HIe BT F Aok

A A +

e

o
or

i

==
T
_?,]

100
_ gofesono00= —
5 Bl
:QQ: 60 \
o 40 ®
a
8 0
s -20
<
'§--40 et ggng

—=8

E 601 55 100nH 4

_80 Dreedd ISOHH Mb

-100

10! 102 10}

Frequency [MHz]

123 7 RF chip ¢!HE{E2 cHEXQ ujdA A-Fup
4

Fig. 7 Typical impedance phase-frequency characteristic of
the RF chip inductors

ALy AHEEY 57152 € 2 SvEE 47 99
HP16193A test fixture’} 43¢ HP4291BE Abg3te oz
742 2dg FoA L Feug gre] 29 44X FHE L
#HEF 1 24 2de HAYsdn 1Y 82 HAHeR
Adg 24328 Jepdod, 474 BRI Ce 2Y9 FE
EAT =X 7P Apeold A A ANHHAIE A(stray
capacitance)& olw| gt} o] mde FuFH [9ld AAL
293 AR, £ FuE o] 2o substrate
loss factor® 1% ¥ %S wWe F712ddx AU o
eldE o Aaz B4 AgAdas SUHS 2 AE AHEE)
o Fulfo F5aH Y JdHds A7 AR IE
FEHUT A AlgR 4712 MFo 5732 geEbvE

gt @

I

286

#He E 29 o

F 29 L #ES ¥ 19 L e A9 dxQen, &
2 AR AE F RS FHE g /MIABE AR FaF
o FAlE2 Ax9 e ang zed uHds B =
FolA AeE chip QHHEL A4S, 2Fd AA7)7) W

o FEA £A2H g A5 ¢ & Ak

R L

O =

a2l g 3|2 nlelole] 240 ALRE RF chip IHE 9
AU

Fig. 8 The equivalent circuit of RF chip inductor used to
analyze circuit parameters

® 2 &3 odeg 5ol dist Stz 29 u2lo|g
Table 2 The equivalent circuit parameters for RF chip
inductors
L R C
22 nH 21.956 nH 226.17 mQ 10864 fF
33 nH 32.852 nH 269.46 mQ 119.47 fF
100 nH 99.101 nH 441.3 mQ 109.29 fF
150 nH 149.28 nH 54843 mQ 12361 fF
4.8 B

889 W& HHE A9 000062 & loss tangentE
Zr= ALO; AMete] 3ol AR E o] &3 @& solenoid FE 2]
A% - 4% RF chip 99E 7} A2 A} o] chip JEH
9] A7]E 21 mmX15 mx1.0 moly, 2UYZ ArEE Cu9
AR o 40 mech A8l AMHEFE 4714 HELS 22 nH,
33 nH, 100 nH, 150 nHY QHBEAE 7}AH, A7 FHAFT
= 717} 31 GHz 25 GHz, 15 GHg, 11 GHz7} =9
Network Analyzer (HP8719D)2 #A® #ET IR stA)
w2t AN F74ge wek Q9" ge Frkste W
4, A7 FAFHA5E7t Zastgo. Q-factors] @& FH47t
Z715te} uhe} E718d FHulge Z=estAl S, I o]4to]
He 7Y esd s #ZAsE AFS JEhdH, 500
MHz~15 GHz ¥9dA 3 70~97712] Lzt 48&
) &% A3 75 nHe AYHAE ztey 759 Q &S
7t 1/3% RF chip 9EHY e 7tsfes AT +
duth Fago] i s BEAHE FHFIHF A
A 2717 AREE HAH, Q4L FEAH(+90° )ellM B F
A(-90° Yoz AgPL 3 9rt HP4291BE o]&3le
ol7 QHEEEY SIS EE of] TEE FAS AHEHE]
57182 dXEHR o] 57432 EERRE Foi C
grolg g fF Ax9 ze e 7IAez C Y A%
Wi AAH e dUxE T2 & vk gebA Q ¢



Sostsle d3%E 48 & A A

A oR B =FN

MeE" 2% RF chip Q9E =

solenoid FE2 A zo] ZhasiciE QM-S 7M™, substrate
A

a
& AAY Y2 substrate effect® FA|8l3 AMSE =
FIA D2 2ZM RF 99X & Que2rel 88 Q-factorE
FAl S = e FEE e 953 548
g F YAt
i 1 g #
(1] Takanori Tsutaoka, Teruhiro Kasagi, Kenichi

{21

(31

(4]

(51

Solenoid #Eefe] 4y

Hatakeyama, “Magnetic Field Effect on the Complex
Permeability for a Mn-Zn Ferrite and its Composite
Materials,” Journal of the European Ceramic Society,
pp. 1531-1535, 1999.

Rob Groves, David L. Harame, Dale Jadus,
“Temperature Dependence of Q and Inductance in
Spiral Inductors Fabricated in a Silicon-Germanium/
BiCMOS Technology,” IEEE Journal of Solid-State
Circuits, vol. 32, no. 9, pp. 1455-1459, Sep, 1997.

I Wolff and H. Kapusta, “Modeling of Circular Spiral
Inductors for MMICs,” IEEE MTT-s Digest, pp.
123-126, 1987.

Y. Kobayashi, S. Ishibashi, K. Shirakawa, J. Toriu, H.
Matsuki, K. Murakami, “New Type Micro Cloth-
Inductor and Transformer with Thin Amorphous
Wires and Multi-Thin Coils,” IEEE Trans. on
Magnetics, vol. 28, no. 5, pp. 3012-3014, Sep, 1992.

C. Patrick Yue, S. Simon Wong, “On-Chip Spiral
Inductors with Patterned Ground Shields for Si-Based
RF IC’s,” IEEE Journal of Solid-State Circuits, vol.
33, no. 5, pp. 743-752, May 1998.

- 345 RF Chip eI Efol st o1

Trans. KIEE. Vol. 49C, No. 5, MAY, 2000

(6] Jun-Bo Yoon, Chul-Hi Han, Eui-Sik Yoon and
Choong-Ki Kim, “Monolithic Fabrication of Electro-
plated Solencid Inductors Using Three-Dimension
Photolithography of a Thick Photoresist,” Jpn. J. Appl.
Phys. Vol. 37, pp. 7081-7085, Partl, No. 12B, Dec
1998.

(71 'W. H. Hayt Jr, "Engineering electromagnetics,” 5Sth
ed. New York : McGRAW-Hill, 1989.

[81 R. F. Sochoo, “Magnetic Thin Film Inductors for
Integrated Circuit Applications,” IEEE Trans. on
Magnetics, vol. MAG -15, 1803, 1979.

[9] Chong H. Ahn, Mark G. Allen, “A New Toroidal-
Meander Type Integrated Inductor With A Multilevel
Meander Magnetic Core,” IEEE Trans. on Magnetics,
vol. 30, no. 1, pp. 73-79, Jan, 1994.

[10] Chong H. Ahn, Mark G. Allen, “Micromachined Planar
Inductors on Silicon Wafers for MEMS Applications,”
IEEE Trans. on Industrial Electronics, vol. 45, no. 6,
pp. 866-876, Dec, 1998.

{11] K. Shirakawa, K. Yamaguchi, M. Hirata, T. Yamaoka,
F. Takeda, K. Murakami, and H. Matsuki, “Thin Film
Cloth-Structured Inductor for Magnetic Integrated
Circuit,” IEEE Trans. on Magnetics, pp. 2262-2264,
1990.

(121 H. Matsuki, N. Fujii, K. Shirakawa, J. Toriu, K.
Murakami, “Magnetic-Multi-Turmn Planar Coil Induc-
tor,” IEEE Trans. on Magnetics, vol. 27, no. 6, pp.
5438-5440, Nov, 1991.

287



BRABRFHARIEE 49CH 54 20005 SA

Z A s (& xR A
1970 79 624, 1989 3€~19933 249
AU B AAFI ZSQGEAD. 19939
39 ~1998d 89 ¥ Wiz AAFTEH F
A (A A}E). 19989 Sé ~dA & dgd A=
8w A, -’F*ﬂ"é-‘?‘”? A5 Ao,
-111] 11101 chip inductor 7}%
: 0418-549-6778, Fax @ 0418-548-2932.
E—mail :

jaewook@opentown.net

gl EFEE

£ | 10629 29 2194, 19859 29 1AW @
— o AATEI EH(AD. 19889 129 7

stel A7) FEF 2G(AAh. 19943 5€ n|
= The University of Texas at Austin
sty Az)zstn (FW). 19949 6¥~1996d 8¢ vl
The University of Texas at Austin ¥4 Center for
Magnetics Post-Doctor @74, 19963 9€~dA AU A
71EeR zad FpiBore Metal/Oxide/Metal (MOM)
utol Azt A 9] A}stE 4, Fiber-Optic Magnetic Sensor
M, Agdure Qg 2 429 /A9, chip inductor A%

el : 0418-540-5486

E-mail : ejyun@office.hoseo.ac kr

7 i The University of Texas at Austin

Ao A (B8F X 43)

19479 29 1094, 19699 249 AEN A
713ets 2Q4(3hh. 19763 29 § uE
2 Az|Fsts 29(HAh. 1986 28
Ad gy AR EJ(FHE. 1979
W 2g~dAA BAd AVFER aF F
BA B o} : %579}, chip inductor 71'%, optical scanner A}
Tel : 0418-540-5486

E-mail : ycjung@office.hoseo.ac kr

288

’S .§_ (/I\ tl fﬂ)

5ad 49 2694, 19779 29 Ao AT} EAE
) 19819 29 5 dgd AxFstn E2A(MAD. 1989 2
= gty AxTEY 439, 19833 39 ~1980d 2
et A=Az _._114. 1989 39 ~AA ZAM H7]

@, FRARCE 1 BNEA 2AFA A,

2% Ao, chip inductor 7A'&
1 0418-540-5481
il : chhong@office hoseo.ac.kr

A Ax

ﬁn‘é‘OHﬂﬁ‘BnL-,-

Mo E T 2)

19479 6€ 20 A 19713 29 HEC

A7lzsty 4. 19783 8¥ FFd oiE

A AAFSI =Y (A, 2000 2€ &

A dgg EA(FE. 19783 19~ dA
Y AAFES 2y

Tel : 0654-450-7511.

swc@sunny.howon.ac.kr

E-mail :



