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Abstract—The aim of this letter is to demonstrate the pos-
sibility of building high quality factor ( Q) integrated inductors
in the conventional complementary metal–oxide semiconductor
(CMOS) process without any additional processes of previous
papers, such as thick gold layer or multilayer interconnection.
The comparative analysis is extensively carried out to investigate
the detailed variation of Q performance according to inductor
shape and substrate by varying the substrate resistivity with
circular and rectangular shape. The high Q of nearly 12 is
achieved from the fabricated inductors with 2�m metal thickness
on the 2 k
 � cm silicon substrate using the CMOS process.

Index Terms—Inductor, microwave, silicon technology.

I. INTRODUCTION

W ITH THE RAPID growth of wireless communication
markets, Si is recognized as a fascinating material to

meet the demands of low-cost, high integration, mature tech-
nologies [1]. For the silicon radio frequency (RF) integrated
circuit (IC) applications, the realization of high quality factor
(Q) inductors is important task to be solved imperatively,
but this task is confronted with the challenge of microwave
performance degradation due to higher substrate losses than
GaAs materials [2]. In the early development of inductors on
silicon substrate, only a few results have been reported [3],
because of the difficulty of obtaining highQ on Si wafers.
Recently, Ashbyet al. described a 2.88-nH inductor with a
measured peakQ of 12.1 at 3.3 GHz in a Si bipolar process
using a thick gold process and high-resistivity silicon wafer
(150 200 cm) [4]. At the same time, Burghartzet al.
reported 1.95-nH inductors with a peakQ of 9.3 at 4 GHz fab-
ricated using the multilevel interconnection metals in BiCMOS
technology [2]. It is very difficult and expensive, however,
to apply these previous technologies with the conventional
Si CMOS process. Thus, it is more attractive to obtain high
Q only by increasing the Si substrate resistivity, without any
modifications from the existing conventional complementary
metal–oxide semiconductor (CMOS) technology.
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In this letter, spiral inductors with the rectangular and cir-
cular shape were built using the conventional CMOS process
on Si wafers with various kinds of resistivities in order
to investigate the substrate effect on theQ in detail. High
Q performance, comparable with a previous result [4], was
achieved for the inductors on high-resistivity Si wafers without
any complicated or additional process. With this standard
CMOS process, of 13 GHz and of 17 GHz was
normally obtained for nMOSFET’s with the gate length of
0.8 m.

II. I NDUCTOR FABRICATION PROCESS

A standard CMOS technology with double-metal TiW/Al-
1%Si/TiW interconnects was used to fabricate various inductor
structures with rectangular and circular spiral shapes. In this
work, geometry dimensions were fixed to be 10m width, 2

m spacing, and inner diameter of 100m. Metal layer for
inductors was formed by the second metal layer with the total
thickness of 1.1 m, consisting of TiW(75 nm)/Al-1%Si(800
nm)/TiW(220 nm) [5]. Thus, the actual thickness of Al used
for CMOS process is much smaller than that for [2] and [4],
resulting in higher resistance. Inter-metal dielectrics (IMD’s)
was deposited with a thickness of 800 nm. The isolating oxide
thickness between the first metal and the silicon substrate
was about 1.2 m, the same thickness in the conventional
CMOS process. The substrate was grounded to make the
inductors operate in CMOS RF IC’s. To find the influence of
substrate resistivity on the inductor microwave performance,
we use three kinds of 625-m-thick silicon wafers with the low
resistivity of 4 6 cm, medium resistivity of 30 50 cm,
and high resistivity of 2 k cm. To reduce the high metal
resistance of our process, the other inductors with TiW/Al-
1%Si multilayer metal of 2 m thickness were fabricated by
repeating the second metal process twice.

III. RESULTS AND DISCUSSION

Two-port -parameters were measured on the fabricated
inductors using a HP 8510B network analyzer and Cascade
Microtech RF probes. The “open” pad patterns without any
inductor connections were also measured and used to remove
the pad parasitics from measured-parameters [6]. This
pad de-embedding was accurately performed by subtracting

-parameters of “open” pad pattern from those of the in-
ductors, after the measured S-parameters are converted to
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Fig. 1. The quality factorQ of rectangular (filled mark) and circular (open
mark) spiral inductors with various kinds of the substrate resistivity as a
function of frequency.

-parameters. TheQ of the inductor was determined as the
ratio of the imaginary part to the real part of the one-port
input impedance transformed from the measured two-port-
parameters.

Fig. 1 shows theQ values as a function of frequency
for rectangular and circular spiral inductors of eight turns
fabricated on various kinds of silicon substrate with different
resistivity. To inspect the influence of the metal thickness,
the Q value of the rectangular spiral inductor with the metal
thickness of 2 m was also compared with these results.
The 2- m metal inductor shows the highestQ with the peak
value of the 11.5 at 3.3 GHz, which is nearly comparable
with the reported result using gold process [4]. In this figure,
Q increases with the frequency up to the peak value and
drops at higher frequencies. This is easily understood by the
fact that the reactance of input impedance dominated by the
inductance at lower frequencies rolls off at higher frequency
due to fringing and substrate capacitances.

To describe the variation ofQ at different layout and
substrate, the lumped equivalent circuit in Fig. 2 has been
used. In this circuit, and represent the series induc-
tance and resistance, respectively. models the fringing
capacitance between the metal lines. and represent
the capacitance between the metal layer and the grounded
substrate, and and model the resistance associated
with the substrate losses. Model parameters were extracted
by fitting the lumped model to the measured-parameters
using HP-EEsof LIBRA. Fig. 2 shows the comparison between
the measured and modeledQ for the 2- m metal inductor
on high-resistivity wafer, showing a good agreement. This
good agreement verifies the accuracy of the lumped-equivalent
circuit for inductors. Note that the degradation of fitting
accuracy was found for inductors on low-resistivity wafers,
which may results in uncertainties in extracted parameters.

Fig. 2. Measured and modeledQ as a function of frequency using the lumped
equivalent circuit shown in this figure for the 2-�m metal inductor.

Table I shows the number of turns (), maximum value
of Q ( ), the frequency at thisQ ( ), self-resonant
frequency ( ), and fitted model parameters for various kinds
of fabricated inductors. This information is very useful to
explain the frequency response ofQ. In Fig. 1, the peak
value of Q increases at higher substrate resistivity. This
effect is reasonable because of the reduction of value
with decreasing the resistivity of wafer, indicating the rise
of substrate conducting losses. Another important observation
in Fig. p1 is that the circular spiral inductors have higher peak
and broader profile ofQ than rectangular inductors. These
phenomena can be explained by observing the fact that the
circular inductor has a higher ratio of and calculated
from Table I than the rectangular one.

To observe the physical information of , , and
with varying , the values of , , and

are also listed in Table I with modeled parameters. With the
increase of , the values of and increase because of
longer metal length. However, , , and decrease
with increasing , because of larger total area, which is
confirmed by the increase of and and the decrease of

, shown in Table I. This information becomes very useful
to choose the proper in the frequency range of operation of
silicon RF IC design for wireless communications.

IV. CONCLUSION

We fabricated the highQ inductors of the rectangular and
circular spiral type on the various kinds of Si substrate with
different resistivity and demonstrated the possibility of the
high Q inductor designs even in conventional CMOS double-
metal interconnection technology. The highQ of nearly 12
is attained for the inductor with 2 m-metal thickness on
the high-resistivity Si wafer of 2 k cm, using only the
CMOS process, which is comparable with previous results
using complex Si technology. By modeling these inductors as a
lumped circuit, we extensively analyze the effects of substrate
resistivity on the frequency dependences ofQ and confirm
that the substrate losses are dominant factor to determine the
Q performance of Si inductors.
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TABLE I
SUMMARY OF PERFORMANCE PARAMETERS AND EQUIVALENT CIRCUIT LUMPED-ELEMENT DATA FOR THE VARIOUS KINDS OF SPIRAL INDUCTORS WITH 1.1-�m

METAL THICKNESS, EXCEPT FORHIGH-R(T). THE SYMBOLS USED IN THIS TABLE ARE: HIGH (2 K
 � cm); MED (30 � 50
 � cm); AND LOW: (4 � 6 
 � cm) FOR

SUBSTRATE TYPE; R (RECTANGULAR) AND C (CIRCULAR) FOR SPIRAL SHAPE; HIGH-R(T) FOR 2 K
 � cm SUBSTRATE WITH 2-�m METAL
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