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High-Performance Inductors

Inder J. Bahl Fellow, IEEE

Abstract—n this paper, we describe the design, test data, and
analysis of several circular spiral inductors fabricated on GaAs
substrates using the multifunction self-aligned gate multilayer
process. Various factors such as high inductance, high-quality
Q, high current handling capacity, and compactness are studied.
Several configurations for inductors were investigated to optimize
the inductor geometry such as the linewidth, spacing between the
turns, conductor thickness, and inner diameter. It includes mea-
sured effects of various parameters on inductor performance, such
as linewidth, spacing, inner diameter, metal thickness, underlying
dielectric, and dielectric thickness. It is shown experimentally GaAs Substrate
that the @ factor of spiral inductors can be enhanced by using
9-pem-thick metallization and placing inductors on a 104:m-thick @)
polyimide layer, which is placed on top of the GaAs substrate.
Using this technique, we have observed up to 93% improvement in
the @ factor of circular spiral inductors, as compared to standard
spiral inductors fabricated on GaAs substrates. Inductors having
thick metallization can also handle dc currents as large as 0.6 A.

Index Terms—High-current inductors, improved @, monolithic
inductors, multilayer inductors, spiral inductors.

|. INTRODUCTION ; e
HE emergence of wireless and mobile applications alon GaAs Substrate
with increased phased-array applications is relentlesss
driving efforts to reduce monolithic-microwave integrated-cir- (b)

cuit (MMIC) cost. Lumped-element design using inductorssg. 1. Circular spiral inductors. (a) Standard. (b) Multilayer.
capacitors, and resistors is a key technigue for reducing MMIC

chip area, resulting in more chips per wafer, and leading {herever possible for comparison purposes, square spiral induc-
higher yields and lower cost. Currently available inductokg s will be discussed.

[1]-[6] are not always suitable to these applications due to lim-\e have designed several types of circular spiral inductors

itations in inductance per unit area, current handling capaci%\,ing different dimensions such as the linewidth, spacing
and unloaded) factor. _ _ between the turns, and inner diameter. These inductors
Multilayer polyimide MMIC technologies employing mul- (gjg 1) were fabricated using a standard and multilayer
tilevels of metallization are finding increasing applications ig\c process and different conductor thicknesses. A sum-
compact and high-performance circuits. One can also develpgy of these inductors is given in Table I, including the
very high-density MMICs using multilevel inductors. Usingyimensions (Figs. 1(a) and 2) and current handling capability

a multilayer polyimide process, we have designed over 3 several inductors studied in this paper. In the inductor
single-level test inductors to study experimentally the |nduct%|umn, the first three characters show the number of turns
characteristics such as tlig factor, self-resonance frequencye_g_ 2.5), the fourth character (i.e., I) designates that the

(fres), inductance per unit area, and current handling capacityj| inductor has circular geometry, the fifth character as
Results of this investigation are presented in this paper. a numeric designator represents the inductor’'s dimensions
(W, S, W/, Di), and the last character signifies its fab-
Il. INDUCTOR DESIGN rication using polyimide layers and multilevel conductors:

Both square and circular spiral inductors are being used§fndard-S, inductor conductor on p&  polyimide—A
microwave integrated circuits (MICs) and MMICs. It has beend B, conductors on 1@sm polyimide and multilevel
reported [7], [8] that the circular geometry has about 10%—2004Rting—\ and conductors on 1fm polyimide, and thick
higherQ and f... values than the square configuration. In thigultilevel plating—I". Using the multilayer process, we

paper, we will describe only circular spiral inductors, howeveptudied two types of low-loss and high current handling
inductors for integrated circuits (ICs) compatible with

, : , multifunction self-aligned gate (MSAG) GaAs monolithic
Manuscript received November 16, 1999; revised May 20, 2000.
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TABLE |
SUMMARY OF VARIOUS INDUCTORS WITHDIMENSIONS AND CURRENT HANDLING CAPACITY. FOR DIMENSIONAL LABELS REFER TOFIGS. 1 AND 2
Current
Inductor # # of Turns Dimensions Handling*
n (um) (mA)
W S Di w’ t t d, d;
T1511S 1.5 20 ] 108 | 20 0.6 45 0 3 40
1.511A 1.5 20 8 108 | 20 15 45 0 3 100
1.511B 1.5 20 3 108 | 40 1.5 45 0 3 200
1.51IM 1.5 20 8 108 | 20 45 45 3 7 300
T5IT 15 20 ] 108 | 40 45 9.0 3 7 600
2.511S 2.5 16 10 108 16 0.6 4.5 0 3 32
2.511A 25 16 10 108 16 15 45 0 3 80
2.511B 23 16 10 108 | 32 15 i3 0 3 160
2.51M 25 16 10 108 16 45 43 3 7 240
2510T 2.5 16 10 108 | 32 43 5.0 3 7 480
3.511S 35 12 14 108 12 0.6 45 0 3 24
35TIA 35 12 14 108 12 15 45 0 3 60
3.511B 33 2 14 108 | 24 15 45 0 3 120
3.51IM 33 12 14 108 12 43 45 3 7 180
35MT 35 12 14 108 | 24 45 9.0 3 7 360
3.5158 35 8 8 50 8 0.6 4.5 0 3 16
3515A 35 ] ] 50 8 1.5 45 0 3 40
3.515B 35 8 ] 50 16 1.5 45 0 3 80
3.515M 35 8 8 50 8 45 45 3 7 120
3.515T 33 8 8 50 16 45 5.0 3 7 240
*Based on 3x10° amp/cm? current density
f is about 10;m. Both metallizations are 4.pm thick and
o ds are connected by a via in the gm-thick polyimide. Fig. 2
Polyimide 3 ' | shows the multilayer structure used for multilayer inductors.
— Metal 2 L We also designed several compact inductors having various
Polyimide 2 Polyimide 2 i number of turns (1.5, 2.5, 3.5, 4.5, and 5.5). All these inductors
4 Metal 1 l“z have inner mean radius of 50- andu& linewidth and 8xm
v spacing between the turns. Metal 1, which is placed on GaAs,
Polyimide 1 fa i i i
olyimice s has a thickness of 1.bm, whereas metal 2, having thickness
of 4.5 um, is placed on 3:m polyimide. They are of types A
GaAs and B. The only difference between types A and B is that, in
£=12.9, h=75 pm type-A inductors, W’ = W (Fig. 1) and in type-B inductors,

V2722777777777 7777 W' =2w. . . .
Inductors fabricated using two levels of plating can be de-

Fig.2. Cross-sectional view of the multilayer inductor. For multilayer processigned for much higher current capacity than is possible if one
t1 =ty =45 pumandd; =3 pm, anddy = ds = 7 pm. wiring layer must be thin, as is the case if only one layer of
plating is available. Along with increased current capability,
the inductor pattern with thick plated metallization 2 ishe @ factor is enhanced due to lower resistance. The current
placed on 3zm-thick polyimide layer backed by 7pm handling capability of a conductor is limited by the onset of
GaAs substrate. The inner most turn of the conductor éectromigration. The conductor thickness and linewidth deter-
connected to the output line through a via in the:rB- mine the current carrying capacity of the inductor. A safe value
polyimide layer 1 and metallization 1. The metallization df maximum current density of gold conductors on a flat sur-
is about 1.5xm thick and placed on the GaAs substratdace is 3.3x 10> A/lcm?. For example, for a 4.%m-thick con-
Parameters for these inductors are listed in Table Il. Fig.dictors, the calculated maximum current handling capacity is
shows some of 2.5-turn inductors studied in this paper. Alb-mA/zm-wide line. Table | provides the calculated value of
inductor patterns are drawn to the same scale. In the secomaximum current handling for several inductors investigated in
type of inductors, two levels of plating are used. The firghis study.
conductor layer is placed on ;an-thick polyimide and it
connects the inner most turn of the inductor to the output
line through the via. The second conductor layer is placed
on 7-.um-thick polyimide and forms the inductor pattern. The fabrication process used in the manufacture of these
The total polyimide thickness under the inductor patterinductors is the MSAG standard and multilayer plating process

I1l. FABRICATION
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TABLE I
MODEL PARAMETER VALUES FORTYPE A INDUCTORS
Inductor # Inductor #of Dimensions Ry, R, Ry L, L, L Cea Cep C, C, Sres Peak
Type Turns (um) Q) @ @ (nH) (nH) (nH) (pF) (pF) (pF) (pF) (GHz) Qe
W S Di

1.510A X0 1.5 20 g 50 0.1 | 0.167 | 0.001 0.0001 0.0001 0.378 0.019 | 0.020 0.0001 0.00001 >40 49
T.511A X1 1.5 20 g 108 | 0.18 | 0.15 0.005 | 0.0001 0.0001 0.563 0.028 | 0.027 0.0001 0.00001 37.6 52
1.512A X2 1.5 20 3 158 | 023 | 0.16 0.018 0.0001 0.0001 0.760 0.038 | 0.036 0.0001 0.00001 272 48
1.53A X3 135 20 3 210 | 024 | 0.24 0.02 0.092 0.077 0.85 0.048 | 0.046 0.0001 0.00001 223 40.5
1.514A X4 15 12 g 50 | 0.10 | 0.19 | 0.0001 | 0.0001 0.0001 0.342 0.0I14 | 0.011 0.0001 0.00001 >40 413
1.515A X5 1.5 B 3 50 | 0.20 | 0.155 0.01 0.0001 0.0001 0.32 0.010 | 0.008 | 0.00002 0.00001 >40 35
2 510A X0 2.5 16 10 50 | 0.20 0.3 0.03 0.18 0.30 0.42 0.020 | 0.033 0.002 0.0096 28.7 37
2.511A X1 2.5 16 10 108 | 030 | 0.35 0.06 0.16 0.10 1.10 0.035 | 0.037 0.0016 0.0043 21.00 39
2352A X2 2.5 16 10 158 ] 035 | 027 0.1 0.21 0.23 145 0.048 | 0.054 0.0045 0.0045 16.2 38
253A X3 2.5 16 10 210 | 0.38 0.3 0.15 0.24 0.26 1.91 0.059 | 0.065 0.0023 0.0052 13.15 353
2.514A X4 25 2 3 50 | 025 | 033 0.021 0.028 0.029 0.751 0.022 | 0.021 | 0.00002 0.00001 342 35
2353A X35 25 [ 3 50 | 0.25 | 040 0.02 0.033 0.032 0.696 0.019 | 0.015 | 0.00003 0.00003 38.1 30.0
3.510A X0 35 12 14 50 | 038 | 035 0.06 0.32 0.32 .18 0.036 | 0.039 0.0048 0.0075 187 30.0
3351A X1 35 12 14 108 | 045 | 032 0.13 0.26 0.29 2.08 0.047 | 0.053 0.0001 0.006 140 315
3.5RA X2 35 2 14 158 | 0.6 0.7 0.17 0.30 0.33 3.00 0.061 | 0.071 0.0001 0.0025 106 29.5
3.53A X3 3.3 12 14 210 | 0.7 0.80 0.25 0.37 0.48 3.74 0.073 | 0.082 0.0003 0.0032 8.75 27.5
3.5T4A X4 35 12 g 50 0.3 0.55 0.06 0.033 0.44 1.12 0.022 | 0.037 0.016 0.0001 20.5 30.0
355A X3 35 g 3 50 0.3 0.60 0.07 0.036 0.034 1.407 0.023 | 0.023 0.001 0.0018 250 275
4.510A X0 45 2 14 50 | 0.46 | 0.66 0.12 0.33 0.34 2.36 0.053 | 0.066 0.002 0.008 11.9 30.0
4.515A X5 45 3 [ 50 0.4 0.8 0.16 0.044 0.036 2.421 0.029 | 0.033 0.0023 0.002 17.5 25.5
555A X5 55 8 B 50 0.5 1.0 0.21 0.047 0.038 3.64 0.044 | 0.054 0.0029 0.002 1.8 25.0

used in M/A-COM Inc.'s MMIC and radio-frequency in-
tegrated-circuit (RFIC) production. The multilayer process
features two levels of global 4.56m plated gold metallization.
Polyimide is used as an interlevel dielectric for the intercon-
nect metal and a glassivation or buffer layer for mechanical
protection of the finished circuitry. The polyimide Iayers are 25104 25134 25144 25154
fabricated using automated coating and curing equipment.

Patterning is accomplished using thick photoresist masks &gl 3. Four different types of 2.5-turn inductors. 2.510K = 16, 5 = 10,
reactive ion etching in oxygen. The thickness for the interlev@’D:i i0'5%"5§$: ;‘5|§A1£ 5::511, [s),l Di 2:105’ (f_'ﬂﬁg:i%vénziolnzs' ire:in
layers 1, 2, and buffer layer polyimide are 3, 7, angim, micrometers.

respectively. The thickness of the plated gold metallizations 1

and 2 are about 4.5 and 4uBn. Thicker (10;:m) metallization

2 is also available for the M/A-COM Inc.'s MMIC process.

The separation between the two plated metallizations is about TABLE 1l

7 um and they are connected together by vias througim7- PROPERTIES OFPOLYIMIDE MATERIAL

polyimide. In the standard process, the thicknesses of metals
1 and 2 are 0.6 or 1.5 and 4/om, respectively, and am

Dielectric constant = 3.2

polyimide is used as an interlevel dielectric for crossovers Loss tangent = 0.005
[see Fig. 1(b)]. Test data reported in this paper was taken Dielectric strength = 430 V/um
for inductors fabricated on a 7&m-thick GaAs substrate. Thermal conductivity = 0.002 W/em"C

; i Coeffcient of thermal expansion
The GaAs substrate thickness tolerance-m. Polyimide =65 X 10°PC in x-and.y direction

tolerances are-1um in thickness andt0.1 in the dielectric =70 x 10°/°C in z-direction
constant value. Characteristics of the polyimide material used
in our production process are listed in Table IlI.

IV. INDUCTOR MODEL AND THE FIGURE-OFMERIT

Various methods for modeling and characterization of spirahere R, represents dc resistance of the trace, &d and
inductors have been described in the literature [10]-[18]. The iR;, represent model resistances due to skin effect, eddy cur-
ductors are characterized by its inductance value, the unloadent excitation, and dielectric loss in the substrate. In the model
(Q factor, and its resonant frequengy,. The two-port lumped- L, (L + Ly + L»), R andC’s represent the total inductance,
element equivalent-circuit model used to characterize these $eries resistance, and parasitic capacitances of the inductor, re-
ductors is shown in Fig. 4. The series resistaReesed to model spectively. The frequency is expressed in gigahertz.
the dissipative loss is given by There is no unique definition of th@ factors for printed in-

ductors, which can be used over a broad microwave frequency
R=Ry.+ Rac\/f + Ryf (1) range. Several different definitions @6 factors for inductors
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G the self-resonance frequency, the above definition is tradition-
L ally accepted [21], and is used throughout the paper to compare
| several types of spiral inductors described here.
| The Q.g-factor values were obtained by converting two-port
c | S-parameters data into one-péHparameters by placing a per-
fect short at the output port. In this case, the following relation-
ships were used to calculate t@efactor andf,es:
L L R L.
° W ° 512591
-1 c. —— Cu - _
T 8 T Fm Sll 1+ 522 (7)
. . - . and
Fig. 4. Lumped-element equivalent-circuit model of the inductor.
i,025()1_““ =R+jX (Q). (8)
have been used in the literature [13]-[21]. The most general def- 1+ Tin
inition of () is based on ratio of energy storét's to energy  The self-resonant frequencgi{) of an inductor is calculated
dissipated}V, in the inductor per cycle, i.e., whenIm[Z;,] = 0, i.e., the inductive reactance and parasitic ca-
pacitive reactance become equal. At this pditat.7;,,] is max-
Ws imum and the angle o, changes sign. The inductor’s first
Q= Wp' (2)  resonance frequency is of a parallel resonance type. Beyond the

resonant frequency, the inductor becomes capacitive.

For a given inductance value, one would like to have the
highest possiblé).; and f.., in the smallest possible area of
an inductor. In an inductor changig, .5 and the inner diam-
Q= wly ®) eter affects its area and it is difficult to have good comparison.

R Here, we define a unique figure-of-merit of an inductor (FMI)

When the inductor is used as a resonant component clos@%f©llows:

its self-resonance frequengy.,, a more appropriate definition
of the @ factor is in terms of 3-dB bandwith (BW) given by

At low frequencies { < f,..), inductor’s primary reactance is
inductive and

Qeﬂ ’ fres
Ml = ——~ | 9
Inductor Area ©)

Thus, a highest FMI value is desirable.

. fres (4)

T BW’ V. TESTDATA AND DISCUSSIONS

Q

. - . We tested several inductors for two-péHparameters up to
Lsed fo disibuted resonators, and 15 evaluated from the 1A GHZ Using RE probes. Measured data was taken using an
of change of input reactance Wi,th frequency [22], [23] %h-wafe_r thrL_J-reerct line (TRL) deembedo!lng technique. The
' TRL calibration standards were placed directly on the same
GaAs substrate carrying the inductor structures so that the same
0= Jres {de} ) calibration standards can be used for all multilayer inductors.
2R | df From the deembeddefl-parameter data, the model element
values were derived and tlig.g factor andf,., were obtained,
whereXj, is the input reactance of the inductor ah¥l;, /df is as described in j[he previous_ section. Whg: va_lues_ are Ob?
determined aff,... tained at a maximun®).-point frequency, which is experi-
In microwave circuits where the inductors are used far belo.'(ﬁem"’lIIy observed at abo(lt/2) fre,. Table_ll summarizes typ-
the self-resonance frequency, the degree at which the induéﬁﬂj model parameter values for various circular spiral inductors

deviates from an ideal component is described by the eﬁectﬁ?ﬁézd"% ;ZZ{Q:S;CESSQS disrlljgzgg:]eil. J:?Z?;Ztssrfoirzncéas'

factor Qg d as follows [6], [15], [16], [18]-[21]: "€ \ _ _
@ factor Qe expressed as follows [6], [15], [16], [18]-{21] the inner diameter. Fig. 5 shows the total inductance as a func-

tion of inductor area for inductor type A. Higher inductance and
(6) area for a given inductor type mean more number of turns. The
description of six groups of inductors is as follows:

Im[Z;,]
Re[Zw]

=

Qeff =

whereRe[Z;,] andIm[Z;,] are the real and imaginary parts of o haveDi =50 andn = 1.5 W = 20. S — 8
the input impedance of a spiral inductor, respectively. This def- o5 W =16 S—10 ’
inition leads to an unusual condition th@ts becomes zero at n=a0 - =
resonance. Since in RF and microwave circuits, for series appli- n=35 W=12 S=14
cations of inductors, the operating frequencies are well below n=45 W=12 S=14
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Fig. 5. Variations of measured total inductance versus area for differdfig. 7. Variations of measured self-resonance frequency versus area for

inductors of type A. different inductors of type A.
60 60 : ‘ 0.06
55 o fres (GHZ) 0.055
50 ——Qleff 0.05
——Area
45 - 0.045
40 0.04 o
° / E
S 35 0.035 £
dt' n\><:x/ g
. 30 — - 003 &
] 25 b . 0.025
o ——
20 o1 0.02
15 — 0.015
20 |- —
10 i ; | 0.01
8 12 16 20
10 Line Width (tm)
Fig. 8. Inductor'sQ., fr.s and area as a function of linewidth for 1-nH
| | | | inductance value.

0
0 0.02 0.04 0.06 0.08 0.10
Inductor Area (mm2)
X4haveDi =50 W =12 S=8 n=1.5,2535

? ?
Fig. 6. Variations of measured..r versus area for different inductors of type
Fa W Y& X5haveDi=50 W =8 S=8 n=15253545,

Ut

5.

X1lhaveDi =108andn =15 W =20 S=38 All dimensions are in micrometers.
n=225 W=16 S=10 For 1-nH inductance value, thé5-type inductors have about
four times less area than tBé3-type inductors, whereas larger

n=35 W=12 S=14 . . .
value inductors are about three times smaller. Fig. 6 shows the
X2haveD: =158andn =15 W =20 S=38 Q.r values as a function of inductor area. The broken lines
n=25 W=16 S=10 indicate theQ.g values for 1- and 2-nH inductance values. It

may be noted that for an inductor having about 1-nH value,

n=35 W=12 S=14 _ . _
X2-type inductors provide the maximu@.x , whereas for

X3haveDi =210andn =15 W =20 S5=38 2-nH value X 2— and X 3—type have similar). g values, while
n=25 W=16 5=10 X 3—type inductors have about 25% larger area. Fig. 7 shows
n=35 W=12 S=14 the self-resonant frequency of these inductors as a function of
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TABLE IV
INDUCTOR PARAMETERS FORSEVERAL INDUCTORSFABRICATED USING A MULTILEVEL MMIC PROCESS ON75-1:m-THICK GAAS SUBSTRATE
Width .
Inductor Spacing L fres Peak
(um)
# (um) (nH) (GHz) Qor
1.514A 12 8 0.342 >40) 41.5
2.514A 12 8 0.808 34.2 35
3.514A 12 8 1.593 20.5 30
3.714A%* 12 8 1.82 18.0 29
3.510A 12 14 1.82 18.7 30
3.511A 12 14 2.63 14.0 315
3.512A 12 14 3.63 10.6 29.5
3.5I3A 12 14 4.59 8.75 27.5
* Extrapolated from Figs. 5,6 and 7.
50 — 1 1 01 60 1.2
—ufres (GHz)
— Qeff
40 ——Area / 0.08 50 1.0
30 § 0.06 o~
'.-g r——"’”—‘—_‘/ / E 40 ] 0'8
& | 8 »
9 2 0.04 % 2 =
e c
10 "] 0.02 s
(<]
20 —0.4
0 0
8 12 16 20
Line Width (Lm) 10 —0.2
Fig. 9. Inductor'sQ.r, fr.s and area as a function of linewidth for 2-nH
inductance value. | | | |
0 0
0 50 100 150 200 250

Inner Mean Diameter, Di (um)

area. The broken lines indicate the resonant frequency values,g‘lglrlol
1- and 2-nH inductance values. In general, the larger the argauctors.
the lower is the resonant frequency, axid-type inductors have
the lowest and{ 5-type inductors have the highest resonant fr
quencies.

Inductor'sL,, Qrr, @andf,. versus inner mean diameter for 1.5-turn

e80%. For higher inductance values, an optimum linewidth is
about 16:m for the maximun(.g factor realization. The vari-
A Linewidth able Iipewidt'h. [24], [25] may also be u;ed to improve ther .
' factor in addition to several other techniques, as discussed in the
The linewidth is the most critical variable in the design ofiterature [26]-[28].
coils. In general, th€).z factor increases due to lower dc resis-
tance and...; decreases due to higher parastic capacitance Wgh
the increase of linewidth. Figs. 8 and 9 show the variations of
Qe fres, @nd inductor area for 1- and 2-nH inductance values, In general, thel g-factor increases with the area of an in-
respectively. FOW = 8 ym: S = 8 um, Di = 50 um and ductor. However, small-area inductors mandate small separa-
the variable is the number of turns. Fdf = 12 um: S, D¢, tion between the turns. Table IV shows inductors parameters
andn are variables. FoWW = 16 ym: S = 10 yum andDi and for 8- and 14pm spacing. As expected, the 3.5I0A inductor has
n are variables, whereas foF = 20 pym: S = 8 um andDi slightly higher inductance and lowgr,., than 3.514A due to in-
and the number of turns are variables. For the 1-nH inductor, ttreased area. Since the 3.510A inductor has higher inductance
increase i value is not significant when the linewidth in-and lowerf,.s, it is expected that it§.r should be higher than
creases from 16 to 20m, while the increase in area is abouthe 3.514A inductor's).z. The data in Figs. 5—7 have been used

Spacing Between Turns
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Inner Mean Diameter, D; (.m) Fig. 13. Typical variations of ; versus frequency for different inductor turns.
Fig. 11. Inductor'sLy, Qerr, andf,.s versus inner mean diameter for 3.5-turn
inductors.
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1515A
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30 — 15 Fig. 14. Typical variations ofy)..c factor versus frequency for different
inductor turns.
20 |— 1.0
10 05 increased inductor area. As can be seen, the maximuoc-
B ) curs aroundD; = 100 pzm. Similar optimumbD); is obtained for
0 | | [ | other linewidths and multilayer inductors.
0
1.5 2.5 3.5 4.5 5.5
Number of Turns D. Number of Turns

Multiturn inductors have higher inductance per unit area, but
Fig. 12.  Variations of.., Qerr, andf... area function of number of turns for que to higher parasitic capacitances, have lower self-resonance
X5 inductors. frequencies. Fig. 12 shows the plotsigf Q.r, and f..s versus
the number of turns fox 5 inductors. The decrease@f with
an increasing number of turns is because of increased parasitic
to extrapolatef,.s and Qg values for the inductance value ofcapacitance and increased RF resistance due to eddy currents.
1.82 nH. As expected, the 3.7I4A inductor has lower and Figs. 13 and 14 show typical variations of inductance and the
Qg values than the 3.510A inductor. Q.g factor as a function of frequency for 1.5-, 2.5-, 3.5-, 4.5-,
and 5.5-turn inductors. Data is shown up to first resonance. The
maximumd@).g point decreases with the increase of number of
Since the contribution of the innermost turn is low, due tturns because of increased RF resistance due to eddy current
a very small inner diameter, enough empty space must be lafid increase of parasitic capacitance. Below the maxi@um
in the center of coil to allow the magnetic flux lines to paspoint, the inductive reactance atidg increase with frequency,
through it in order to increase the stored energy per unit lengthhile at frequencies above the maximdpgy point, the RF re-
We designed inductors with four different inner diameters (58istance increases faster than the inductive component. This re-
108, 158, and 21@m). Figs. 10 and 11 show the variationssults in decrease in th@.g value with frequency an@.g be-
of L, Qes, and f,.s as a function of inner diameter fé&% = comes zero at the resonance of the inductor. As expected, the in-
20 pm, S = 8 ym,n = 1.5, andW = 12 um, S = 14 ym, ductance increases approximately:dswheren is the number
n = 3.5, respectively. As expected, the inductance increasefturns. For theX 5—-type inductors, the value of total induc-
and f,.s decreases with increasing inner diamet@y)(due to tance (in nanohenry¥).r factor, and resonance frequency (in

C. Inner Diameter
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Fig. 17. Comparison off..s for various inductors types fabricated using

Fig. 15. Comparison ofZ, for various inductors types fabricated usingstandard—S, multilayer—A4, multilayer and multilevel metallization34,

standard—S, multilayer—A, multilayer and multilevel metallization34,

and multilayer and multilevel thick metallizationprocesses. For inductor

and multilayer and multilevel thick metallization£-processes. For inductor parameters, refer to Tables | and II.
parameters, refer to Tables | and II.
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and multilayer and multilevel thick metallization¥processes. For inductor Fig. 18. Comparison of FMI for various inductors.
parameters refer to Tables | and II.

difficult because of lower resonant frequencies due to inter-turn

gigahertz) may be approximately calculated using the followiginging capacitance and shunt capacitance to ground. These

empirical equations:

L, =0.04 4+ 0.12n2

38
Qeﬂ = 0025

fres

36.52

E. Multilayer Inductors

T0.9432 + 0.0103 15"

for < 30 GHz

parasitic capacitances can be reduced significantly by using a
multilayer configuration [29].

Several type of multilayer inductors have been tested
and compared with standard inductors. Variations of
L, (L + L; + L»), theQ factorQ.%, and resonance frequency
(fres) for four inductor types (see Table | for designation)
are shown in Figs. 15-17, respectively. In comparison to the
standard inductors, the inductors using multilayer process have
about 17%-21% higher resonance frequency and 65%—73%
higherQQ.; factor values. The thicker polyimide layer increases
the values of the).g factor and the resonance frequency of

Typical inductance values for MMIC applications on a GaA#he inductors due to reduced dissipated loss and lower parasitic
substrate in the microwave frequency band fall in the range frarapacitance similar to the characteristics observed in multilayer
0.2 to 10 nH. On a thin GaAs substrate (3 mil or smaller), thaicrostrip data [29]. Similar improvements in the inductor’s
use of high value inductors in the matching networks becompsrformance have also been observed by placing inductor
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TABLE V
INDUCTOR PARAMETERS FORSEVERAL VALUES OF POLYIMIDE THICKNESSES ANDMETALLIZATION THICKNESSES
Polyimide Thickness Inductor L Peak fres
(um) # (nH) Qcrr (GHz)
0 2.5138 2.35 31.1 11.8
3 2.513A 2.41 355 13.15
10 2.513M 2.26 53.7 14.3
10 2.513T 2.15 55.2 14.35
60 50
\y— Circular Inductor on 3 um Polyimide
50 \
W\ 401 -y
" |
\ \ \'q
40 \ 1l
N \
VNN <30F 4
\ ~N S ] 1\
5 N — e W\ .
g 30 ~ —e - ™ Circular Inductor on
- ~— = 2 AN 3 um Polyimide
S~ AR\
------ _\.__7:—_\__ 20 - y
20 — variable Width Standard
Square Circular
Standard 10 ST
10— Square Variable Width T
Square Standard Standard
Square Circular
0 | | | | ! 0 ] | | |
0 1 2 3 4 5 0 1 2 3 4 5
Total Inductance (nH) Total Inductance (nH)

Fig. 19. Comparison of).(r for type A, and standard circular-, square-, andrig. 20. Comparison of... for type A, and standard circular-, square-, and
variable-width inductors. variable-width inductors.

conductor on thick oxidized porous silicon [18]. The tota}y, increasing the separation between the turns. In general, a
inductance value is more or less invariant. wider line dimension reduces the dc resistance of the coil. How-
. ever, the parasitic capacitance of the inductor trace and the RF
F. Thickness Effect . ; . . X
resistance due to eddy current increase with the linewidth and
We also investigated the effect of metal 2 (Fig. 2) thicknesgts the maximum limit for the linewidth. For a micromachined
on the inductors characteristics. TQefactor of an inductor is inductor, this limit is about 2Q:m [24], whereas for planar
increased by increasing the conductor thickness as it reducesifigRictors on a 3-mil-thick GaAs substrate, this limit is about
series resistance. For this study, we increased the thickness friam,m for larger inductance values.
4.510 9.0pm. This increases the current handling by a factor of However, for low-cost considerations, one needs compact in-
two when the width of metal 1 is twice the inductor’s linewidthyyctors. Fig. 18 shows the figure-of-merit for several inductors
(Table |) Inthe thick metallization case, t@gﬂ value is further of type A. The value of inductance chosen is 1 nH. It may be
enhanced by about 3%-17%, the inductance value decreaggféd that theX5 structure has the best FMI because of the

by about 4%—6% and the resonant frequency did not changfiallest area and highest resonance frequency due to lower par-
due to increased parasitic capacitance, as shown in Figs. 15-gkftic capacitances.

Table V summarizes the inductor model parameters for Severairhe data presented in this paper for circular spiral inductors
2.5-turn inductors. These inductors have up to 93% high@r s also compared with the standard [28] and variable linewidth
factor values than the standard inductors. [25] square inductors in Figs. 19 and 20. As expected, the square
inductors have lowef). than the circular inductors; however,
for higher values of inductances, thg values for the circular
Theq factor of a coil may be enhanced by increasing its aréductor on a 3zxm polyimide and the variable linewidth square
using either larger inside diameter or wider line dimensions orductors are comparable. The resonant frequencies for small

G. Inductor Area
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inductance values are comparable; however, for high values of4]
inductance, the circular inductors have higher resonant frequen-
cies, primary due to small linewidths. [5]

VI. CONCLUSION (6]

Several types of circular coil inductors were designed, [7]
fabricated, tested, modeled, analyzed, and compared. W
developed high Q. and compact multilayer inductors
having high current handling capacity for MMICs on GaAs
substrates. In our experiments, we have demonstrated inf®l
creased@.q factor by up to 93%; however, by optimizing [10]
the inductor’s layout, th&? factor of planar spiral inductors
may further be increased. The results of our finding can
be summarized as follows. For a higher inductance valudiil
one generally needs larger inner diameter, smaller linewidth,
larger spacing, and a larger number of turns. For a giver[hZ]
value of inductance, larger inner diameter, larger linewidth,
and a smaller number of turns result in higligyr, whereas
smaller inner diameter, smaller linewidth, larger gap, anchs]
a larger number of turns are desired for highgr,. On
the other hand, compact size requires small inner diameter,
small linewidth, small spacing, and a larger number off14]
turns. Inductors ofX'5 type are a good compromise between
the performance and size. Thicker conductors improve the
current handling capacity, reduce the RF resistance withoyis)
making variable linewidth [24], [25], and increase the reso-
nant frequency of coil inductors. The performance of these
inductors can be further improved by using low dielectric
constant(e, = 2.7) and low loss(tané = 0.0006) benzo-
cyclobutene (BCB) as a multilayer dielectric. The thermal[17]
resistance of polyimide or BCB is about 200 times the
thermal resistance of GaAs. In order to ensure the reIiabISFlgl
operation of these components for high-power applications;,
these components must be thermally modeled.

The use of compact multilayer (3on-thick polyimide) in-
ductors in passive and active MMICs will result in improved
RF performance, smaller size, and lower cost. These inducto 50]
can also be used as RF chokes for biasing power-amplifier cir-
cuits. The multilayer inductors also allow to use thinner (2—3
mil) GaAs substrates, which help in the reliability of the GaAs

[19]

power ICs without increasing attenuation loss in the circuits. [21]
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