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ABSTRACT

To meet i in mobile ication and mi i circuits, miniaturization of the inductive
components that many of these systems require is of key importance. At present, active circuitry is used which simulates
inductor performance and which has high Q-factor and inductance; however, such circuitry has higher power consumption

and higher potential for noise m_|ect|on than passive inductive An alternate h is to fabricate i
in which li are used to pattern an inductor directly on a substrate or a chip. However,
mtegrated inductors can snffcr from low Q-factor and high parasitic effects due to substrate proximity. To expand the
of i d these characteristics must be improved.
HighQi spiral i are i ig: using i i hni and surface
hini hni These i have spiral geometry with an air core and a large air gap (40pm height) between
the coils and the substrate (to reduce substrate capacitance), and thick, highly i copper lines

(to increase the quality factor). Various inductor geometries are investigated by designing and fabricating several inductors
with differing core areas and numbers of turns. The fabricated inductors have a Q-factor of 40~75 at 300~700 MHz and an
inductance at these frequencies between 30~70nH.

Key : high Q indi i low surface mi ining, p
processing, electroplating

1. INTRODUCTION

There are a large number of discrete passives and relatively fewer integrated circuits (ICs) required in many
consumer electronic products such as VCRs, pagers, cellular phones, GPS receivers, and camcorders or other RF or mixed-
signal systems. The impact of the large number of discrete passives on system cost, size, weight, and reliability is substantial.

An approach to addressing these issues is i ing these passive directly into a multichip module (MCM) or
other packaging substrate 2. Using this approach, Lhe size of the board can be reduced (especially if chips can be placed
above embedded passive ) and the i with the passive components may also be reduced due to

the elimination of leads and the shorter connections between passive components and other IC chips.

Due to these limi t i typically spiral coils supported on subslrates, have been
fabricated. For example, a thin film LC filter has been fabricated by RF spunenng and jon- mlllmg techniques . A passives
filter with a multilayer thin-film air core inductor for the 850 MHz band was di . A large ded inductor
on silicon for RF amplifier applications was fabricated in *; the delelenous effects of the SlllCOn substrate were reduced by
selectlvely etching out the silicon under the inductor. Transist spiral i formed from the

ion used in GaAs ies have been using air-bridge lechnologles these devmes have a typical air
gap of 3 um between the conductor lines which form the inductor and the . Si id-type inds have also been
using a ination of ing and mi i iques that are ded i 20 pm

above the substrate ’; such devices have reported Q-factors ranging from 30-60.
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Another issue in the fabrication of i d passive is ility. Much research has been done
to realize integrated passive components based on MCM-C (ceramic) and MCM-D (dcposnled) technology %10 In much of
this research, it is usually necessary to undergo high temperature fabrication steps such as firing of conductlve pastes or
ceramics. However, in many cost-driven applications that require the use of organic laminate substrates, the use of low
temperature fabrication steps is necessary in the realization of these passive components. In this research, suspended air core
inductors and a low pass filter are designed, fabricated, and characterized using low temperature fabrication processes, MCM-

L, and MCM-D technol to test the ibility of i ion of passives for wireless applications.
2. DESIGN AND MODELING
For high icati it is most appropriate to consider air-core inductor devices, since the high frequency

behavior of many magnetic core materials is relatively poor. The characteristics of an integrated inductor with a non-magnetic
core can be determined solely by the coil geometry and location. In addition to accurate determination of the inductance of
air-core inductors, it is also important at high frequency to assess parasitic effects such as stray capacitance and conductor
skin effect in order to understand the effective operation of the device. Much research has been done to analyze the stray
capacitance of an integrated inductor in high frequency applications !""'%. The stray capacitance of the inductor determines the
self resonant frequency (SRF) and the Q-factor. Therefore, the stray capacitance should be kept low. Various aspects of the
inductor geometry, such as the cross-sectional area of the conductor line, the line spacing, and the core size, must be
considered such that the inductor has the desired performance after fabrication.

The resistivity of the conductor should be low to obtain a high Q-factor at very high frequencies. Since high
frequency current flows mostly along the surface area of a conductor, the skin effect causes the winding resistance to increase
as the frequency is increased. The skin depth of the conductor is given by:
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Figure 1. Skin depth of commonly used conductor materials such as silver, copper, and gold as a function of frequency




where frep , f. permeability, and ¢ conductivity. Figure 1 shows the skin depth of commonly used conductor
materials such as sllver, copper, and gold ca.lculawd using the skin depth equation. Literature resistivity values of silver,
copper, and gold of 1.59 x 10°® ohm-m, 1.67 x 10°® ohm-m, and 2.35 x 10°® chm-m respectively were used to calculate the skin
depth. Thicknesses of conductor lines much in excess of several skin depths at the frequency of interest will not greatly

reduce the conductor resistance or increase the inductor Q-factor.

A spiral inductor design is i d for the ization of a high-Q i d inductor due to its simplicity of
fabrication as well as its large achi core tional area. Y: hi et al. ™ have reported the stray capacitance of
various parts of thin film inductors employing meander and spiral-type coils. It was reported that for inductors in direct
contact with the substrate that the i between lines was ively small with that p by

the substrate-to-conductor coupling.

Figure 2 shows a schematic drawing of an integrated spiral inductor with a large air gap between the conductor lines
and the substrate. The air gap is maintained by plated copper metal supports that allow the air gap to be large compared with
traditional air bridge approaches, thus reducing the stray capacitance from the substrate. Thick (e.g., electrodeposited)

conductor lines (i. e., several skm depths) are also necessary to increase the tional area of the a.nd to reduce
the d plated copper is useful to achieve thick d lines for i d ind and
interconnections.
D
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Figure 2. A schematic drawing of an integrated spiral inductor with a large air gap

At frequencies on the order of several hundred MHz and above, it is usually necessary to use air (or dielectric) cores
in ind due to the magnetic losses iated with many magnetic core materials at these frequencies. Thus, the quality
factor of the integrated inductor is strongly dependent upon the coil windings and stray capacitance between windings and
substrate. Air core solenoid type inductors may be easily affected by nearby metallic surfaces due to their high leakage
inducmnceis As shown in Equation (2), a square spiral inductor may be defined by the 5 independent geometric variables in
free space

L,=F(D+d,D-d,N,s,t) )
where D and d are the outermost and innermost dimensions, respectively, as shown in Figure 2; and N, s, and t are the number

of turns, line spacing and metal thickness of the given square spiral inductor. Bryan found an empirical equation to calculate
the inductance of a square spiral-type inductor at high frequency based on these variables 3%

L, = kaN* In(33/) @

where:




D+d D-d %
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The variable k has units of inductance per unit length, and is dependant on the conductor material as well as on the geometric
variables s and t; it is also dependent on the thickness of the substrate on which the inductors are formed (if a ground plane
exists on the other side of the substrate). This semi-empirical equation separates out an explicit geometric dependence on
number of turns and conductor x-y dimensions from an implicit geometric dependence on conductor spacing and thickness
(which is lumped into the variable k). Thus, for ii of similar d spacing and thi but varying size and
number of turns, the variable k is expected to be a constant if equation (3) is obeyed.

The self resonant frequency (SRF) of the integrated inductor is defined as follows:

1 1
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where Q, is the unloaded Q of the inductor not including parasitic capacitance due to bonding pads and interconnect. The
unloaded Q is found by taking the ratio of the imaginary part of the inductor impedance to the real part of the inductor
impedance (neglecting bonding pads and interconnect):
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A high quality factor means that the inductor has the desirable properties of low dissipation and
characteristics when utilized in filter circuits. A high Q-factor can be achieved by reducing the series resistance, (i. e using
highly conductive material, short lines, and cond with thi equal to several skin depths), and reducing
the stray capacitance between windings and the substrate, especially if the substrate is lossy. The substrate stray capacitance
can be reduced by mtroducmg a large air gap between the substrate and the spiral coils. Such large air gaps can be achieved
using a surface mi andap ist, or other organic sacrificial layer.

3. FABRICATION OF HIGH Q MICROINDUCTORS

The fabricated high Q spiral-type inductors are suspended from the substrate using thick electroplated copper metal
posts. Figure 3 shows the fabrication sequence of the integrated high Q spiral-type inductor. A Ti/Cu/Ti seed layer was
deposited on the cleaned glass substrate and polyimide (Dupont PI-2611) was then coated on top of the deposited seed layer
to build electroplating molds for posts, test pads, and grounds. Two coats were applied to obtain 20 pm thick polyimide
molds. Each coat was cast at 600 rpm for 20 seconds, 3500 rpm for 4 seconds, and soft-baked at 120 °C in a convection oven
for 10 minutes prior to the application of next coat. After spin-casting all coats, the polyimide was hard-cured at 220 °C for
0.5 hours and 350 °C for 1 hour in nitrogen. The polyimide molds were formed using plasma O, etch and an aluminum hard
mask. The electroplating molds were then filled with copper using standard electroplating techniques. Two coats of
polyimide on top of the plated copper metal were spun and hard-cured. Electroplating molds were formed for upper posts to

support lines and via ions between selected posts and spiral-typ: di lines. The P forms
were then filled with copper using standard electroplating techmques A seed Iayer (Ti/Cw/Ti) was then deposited and 20 pm
thick photoresist was coated on the seed layer and w form dditi ing molds. The electroplating
molds were again filled with copper using standard The ist molds were then removed and

the seed layer wet-etched. Plasma etching using 80 % O, and 20 % CHF;, was used to remove all polyimide on top of the
substrate. The addition of the CHF; gas also facilitated the removal of the polyimide under the metal conductor lines. After
removing all polyimide, the bottom seed layer was wet-etched.

Figure 4 shows a scanning electron micrograph (SEM) of the high Q inductor suspended over the substrate using
plated posts. Figures 5 and 6 show scanning electron micrographs (SEM) of large suspended spiral conductor lines, plated
posts, vias, and signal connection under the conductor lines. Figure 7 shows a close up view of large-gap suspended (40 pm)
spiral conductor lines and plated posts of the high Q inductor.




Swd{:zer

@ | J
Polyimide molds for posts
(b)
Plated posts
©

/ Vias

i

Plated spiral-type conductors

Figure 3. Fabrication sequences of the high Q inductor: (a) seed layer deposition; (b) formation of polyimide molds for posts;
(c) plating of posts (copper) (d) via formation; (e) formation of spiral type lines using lati i ®
removal of polyimide using plasma etcher and seed layer using wet-etching solutions.

Figure 4. ing electron mit of i high Q inductor.




Figure 5. ing electron mi h of ded plated spiral lines and plated thick posts of the integrated

high Q inductor.
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Figure 7. ing electron micrograph of el via posts (40 um height) to support the spiral conductor lines in the
air.

4. EXPERIMENTAL RESULTS AND DISCUSSIONS

The fabricated air core spiral-type inductors have been measured using an HP 8510C Network Analyzer terminated with 50
ohms and CASCADE MICROTECH ground-signal-ground high freq coplanar probes with 150 um pitch size. The
measured two-port S-parameters were transformed into one-port S-parameters by terminating one port with ground at a HP
Microwave and RF Desxgn System (MDS). A reﬂecllon coefficient, Sy; of the transformed one-port S parameters was

translated into an input d 2, for d and quality factor of fabricated inductors using an HP
Microwave and RF Design System (MDS) The unloaded Q-factor was determined by dividing the i lmagmary part by the real
part (dissipated energy) of the input imped Zy;. The ind can be using a si quivalent circuit in

which the inductor is connected in series with a coil resistance and in parallel with a parasitic capacitance. The inductance was
computed by dividing the imaginary part (inductive stored energy) by the frequency, @, since the effect of the parasitic
capacitance in these structures and at these frequencies was small (with the exception of the largest inductor).

Table 1 shows a list of the different geometries of the designed air core spiral-type inductors. These inductors have 40 pm
wide and 15 pm thick electroplated copper conductor lines, and the spacing between the windings is 40 um. All inductors are
suspended over the substrate by 40 pm air gaps. We were observed process variation 10~20 % in this geometry due to the
thick photoresist used.

Table 1. Designed parameters of fabricated spiral-type inductors with air core

Type Di ion of ‘Width, thi and | Core area (mm) | Number of turns
fabricated spacing of conductor
inductors (mm) lines (pm)
A 1.5x15 40x 15 x40 0.46 x 0.46 7.5
B 19x1.9 40x 15 x40 L1 x1.1 55
C 22x22 40 x 15 x 40 1.1 x1.1 7.5




Table 2. Comparison of and d ind of the fabricated spiral-type air core inductors
Type Measured Calculated
inductance (nH) ductance (nH’
A 34 34.24
B 40 40.18
C 70 69.61

The measured dc resistance of the fabricated inductors varies from 0.9 to 1.1 ohms, depending on the length of
conductor lines; these values are well matched with calculated values based on conductor line geometry and the low
q resistivity of d copper.

Figures 8, 9, and 10 show inductive part of input impedance and quality factor as a function of frequency of the a\r

core spiral inductors. As both the number of turns and core area are i , the i is as
However, as freq y is i the ind with large number of turns produce lower quality factor and self resonant
frequency, since the longer conductor lines produce higher series resi and stray i At high short

conductor lines and large core area are required to have high quality factor and self resonant frequency (SRF).

Table 2 shows a comparlson of and i of the fabricated suspended air core spiral
inductors. The calculated was eval d using Equations (3) and (4), in which the variable k was used as a variable
fitting coefficient, and the best-fit value of k, 0.488 nH/mm, was used in the prediction of all of the inductor values. Even
though only one fitting coefficient was used, good agreement between equation (3) and the experimental data was observed,

indicating that equation (3) captures the dependence of the inductance on inductor size and number of turns very well.
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Figure 8. Quality factor and inductive part of input impedance of the fabricated A-type air core spiral inductors suspended
from the substrate.
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Figure 9. Quality factor and inductive part of input impedance of the fabricated B-type air core spiral inductors suspended
from the substrate.
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Figure 10. Quality factor and inductive part of input impedance of the fabricated C-type air core spiral inductors suspended
from the substrate.




As shown in Table 1, A, B, and C type inductors have the same conductor geometries, while each having a different
number of turns and different core area. At constant overall dimension, as the number of turns is increased, the core area is

decreased. As the number of turns is d d, the ind is while the Q-factor is increased because of the
reduced series resistance and stray capacitance. As the number of turns is i d, the i is i and the Q-
factor is decreased because of the i and stray i d. In the comparison of these

fabricated inductors, the B-type inductor has the highest Q-factor, approxlmalely 75 at 570 MHz. Although the C-type
inductor has the highest inductance, it has the lowest Q-factor, approximately 58at 280 MHz. Obviously, increasing the
number of turns increases the inductance. However, this increases the resistance and the stray capacitance of the inductor,
which lowers the self resonant frequency and Q-factor.

5. CONCLUSIONS

Large suspended integrated spiral microinductors with air core for high frequency applications have been proposed
and fabricated using low temp MCM-D/L technol i with surface micromachining techniques. A 40 pm air
gap is introduced between the spiral-type conductor lines and the substrate to achieve high Q-factor by reducing the stray
capacitance of the lossy substrate which is dominant in the total stray capacitance. The air gap was realized by supporting the
spiral-type conductor lines using plated copper posts at the edges and at the center of the conductor lines.

Fabricated inductors with various geometries have been compared As the number of turns is increased, the

i and stray i are also i The i i and stray i reduce the Q-

factor and the self resonant frequency. These inductors with high inductance, Q-factor, and low dc resistance are useful for
communications, signal processing, MMIC circuitry, and analog circuitry applications.
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