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Abstract- In this work, deep sub-micron CMOS process
compatible high Q on chip spiral inductors with air- gap structure
and parallel stacked inductor have been fabricated with 0.18μm
CMOS compatible process. In the design the electromagnetic
solver, SONNET, and the finite element program, ANSYS, were
used for electrical-characteristics and maximum mechanical
strength, respectively. Experimental results show that measured
peak Q and peak-Q frequency attain 7.06 and 1.8GHz for the
structure of four metal layers parallel and metal width of 15um at
5.5 turns, respectively and 5.2 and 1.6GHz for the suspending
spiral inductor. Besides, the experimental results also shows the
parallel stacked structure saves the chip area significantly and
reduces resistance to obtain high Q value at low frequency
significantly.
I.
INTRODUCTION
On-chip inductor has been widely used in integrated radiofrequency (RF) CMOS circuits as on-chip matching network,
inductive load, passive filter, transformer, etc. [1]. For these
applications, the most issue is the large silicon substrate losses
[2], which will limit the performance of inductors at higher
frequencies. Research has focussed on improving the Q factor
of CMOS inductors by using custom process modules. In the
past, many high performance structures on Si substrates have
been proposed to overcome this issue [1][2][3]. These include
fabrication of inductors with thick copper layers on Saphire
substrates, and removal of the underlying silicon by
wetetchants. With the continuing reduction of the chip size, the
unit-current-gain (ft) of device in CMOS technology has
exceed 10 GHz [4]. Therefore, CMOS technology has been
widely used on various CMOS RF applications. However, the
poor characteristics of the passive devices, especially the onchip inductors become the greatest topics in real applications.
One of the most important characteristics of the inductor is
quality factor (Q). The Q factor significantly affects the
performances of the RF circuits and systems, such as the
gain/power ratio of the LNA[5], and the phase noise of the
VCO[6]. Since the inductors possess poor Q factor due to the
substrate loss and higher resistance in RF frequencies.
Therefore, to realize high Q on-chip inductor in the standard
CMOS process is one of the major challenges for CMOS RF
applications. In the past, on-chip inductors include flatness and
stacked structures. In a conventional RF on-chip planar spiral
inductor that is embraced by the SiO2, the capacitive and
substrate losses can result in interference with other devices
through substrate coupling due to its large area, thus making it
difficult to integrate a high energy RF power amplifier and a
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sensitive RF receiver circuit on the same die, because it is
necessary to keep each planar on-chip inductor away to lower
the substrate coupling noise. Recently, the CMOS process
compatible RF inductors with air gap structure and laterally
laid out structure were introduced to reduce the substrate loss
for obtaining high Q has been reported [7][8]. Although the onchip air gap inductors possess higher Q, but the structures are
suffering to vibrate and complicate process compared with
conventional process. With the continuing reduction of the chip
size, the metal thickness become more and more thin thus
result in the higher resistance which degrade the Q value. The
series structure inductors not only have higher resistance but
also consume area. It is well known that the lower resistance
will promote the Q factor in low frequency [4].
In this paper, on-chip suspended spiral inductor and parallel
stacked structure inductors with CMOS process compatible
was implemented. We use the mature CMOS technology
compatible processing and air gap structure to reduce substrate
losses and parallel stacked structure to reduce the resistance,
thus can promote the Q factor.
II . DESIGN AND FABRICATION
The samples in this study were prepared by using
conventional 0.18μm
full eight-level Cu metal/FSG
(fluorinated oxide) low-k IMD CMOS process technology on
silicon substrate with a field oxide of 0.4um thickness as
shown schematically in Fig.1(a) (top view) and Fig.1(b) (side
view).

Fig1.(a) The schematic diagram of the on-chip suspended
spiral inductor (left) and parallel stacked structure (right)
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The Ls and Rs at low frequency (200 MHz) can be derived as
following:
Fig1.(b) The schematic diagram of cross section for the on-chip
suspended spiral inductor (left) and parallel stacked structure (right)

After having finished the single layer inductor with a
thickness of 1um by dual damascene electroless copper plating
with a thickness of 0.9um, the windows of the inductor were
opened over the proposed on-chip inductor by removing
LPCVD Si3N4 (0.1um) and SiO2 (0.6um) layers on the using the
process for the opening of bonding pad window. Then the slope
wet etching solutions consists of 107ml DI water, 509ml 10:1
BOE, 35ml 49% HF, and 349ml CH3COOH per one liter at 250C
was applied for three minutes to form the air gap, i.e., to remove
the SiO2 embraced the inductor. Next, upper metals with desired
pattern were completed using same metalization process. Fig.2
shows the SEM pictures of the completed developed spiral
inductors. The dimensions of the proposed suspending spiral
inductor are 100um, 10um, 2um and 10 turns for the inner
diameter, width, spacing, and number of turns, respectively,
while the dimensions of the parallel stacked inductor are 30μm,
3μm, for the inner diameter, and spacing, respectively（Fig.2）
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After decision of Rs, Ls, and Cf, the parameters of the other
elements can be obtained from simulation by tuning fine fitting
curves such as S-parameters in smith chart, plots of Q, Ls, and Rs
between the model and de-embedding data of the same inductor.
The Q factor is the main parameter to determine the quality of an
inductor and its general definition is expressed in [1-3]. Result
from the stored energy is proportional to the imaginary part of
the Zin and the dissipated energy is proportional to the real part
of the Zin, the Q factor can be extracted from the de-embedding
Y-parameters expressed as following:
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Q=
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The substrate resistivity is 2 K ohm-cm. The using of high
resistivity substrate is to reduce conducting losses of substrate
and thus raising quality factor (Q) [10].

Fig.2 The SEM photos of the on-chip suspended spiral
inductor (left) and parallel stacked structure (right)

Finally, the samples were taken to HP 8510C Vector
Network Analyzer (VNA) for measurement of S-parameter to
obtain Q and Cascade Micro-tech probe station with the
Cascade HPC G-S-G (ground-signal-ground) probes are
provided to measure S- parameters of device characteristics on
wafer from 45MHz to 50GHz. After transforming the measured
S-matrix of the total on-chip inductor with periphery
components and periphery components itself into the Y-matrix,
respectively, the Yde-embbed that represents the desired Y-matrix
of DUT can be obtains by the subtracting the periphery
components out as follows.

[

Yde −embbed = YDUT = Y [Stotal ] − Y S periphery

]

All the parameters in the Ashby’s lump circuit model at a fixed
frequency can be extracted from Yde-embbed. For example, the Y11
can be derived approximately as following:
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Fig.3 Measured Q inductance as a function of frequency
for the different parallel metal layers
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width due to the increase of capacitances from the metal layer to
the substrate and the fringing capacitance between the upper and
lower metal lines.

Fig.4 The quality factor of the suspended spiral inductor
and the parallel-stacked structure

III. RESULT AND DISCUSSION
Fig.3 presents the measured Q as a function of frequency for
the different parallel metal layers with the number of turns,
radius, spacing and metal width of 5.5 turns, 30um, 3um, and
15um, respectively. From the Fig.3, the peak Q value increases
with increasing the parallel layer numbers. This is because of the
reduction of resistance which promotes the quality factor at low
frequency. A comparison of the quality factor of the suspended
spiral inductor and the parallel-stacked structure is shown in
fig.4. The measured maximum Q and peak-Q frequency for
maximum Q of suspended spiral inductor and parallel-stacked
structure are 7.3, 2.1GHz and 7.06, 1.8GHz, respectively. Since
the dimensions of the suspending spiral inductor and parallel
stacked inductor are about 210×210 um2, 117×117 um2,
respectively. The chip area can be reduced significantly for the
parallel stacked structure and the resistance can be reduced by
using the parallel stacked structure thus results in an obviously
improving of the Q at low frequency. Furthermore, comparing to
the parallel stacked structure, the thickness of suspended spiral
inductor’s metal wire is very thin (0.4um), so that the
mechanical stability of the suspended structure, especially for
the inductor with large number of turns, may still be vulnerable
or distorted by it’s own gravity. The maximum impact force for
the parallel stacked structure is much higher than the suspended
spiral with air-gap structure [11]. Fig.5 show the measured Q
and L as a function of frequency for the parallel stacked inductor
with using the top and bottom signal pad with the number of
turns, radius, spacing and metal width of 5.5 turns, 30um, 3um,
and 15um, respectively. The measured peak Q and peak-Q
frequency for top and bottom signal pad are 7.06, 1.8GHz and
6.65, 1.6 GHz. It can be clearly found that the top signal pad
structure has lower capacitance between the metal wire and
substrate thus increasing the quality factor.
Fig.6 (a) and (b) present the measured Q and inductance as a
function of frequency for the 5.5 turns inductor with metal width
of 6um, 9um and 15um, respectively. The measured peak Q and
peak-Q frequency with metal width of 6um are 6.5 and 6GHz,
respectively. The peak Q decrease with increasing the metal
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Fig.5 the measured Q and inductance as a function of frequency
for the parallel stacked inductor with using the top and bottom
signal pad

Fig.6 The measured Q as a function of frequency for the 5.5
turns inductor with metal width of 6um, 9um and 15um,
respectively.

IV . SUMMARY
In this study, a deep-submicron CMOS process compatible
parallel stacked inductor has been successfully developed.
Experimental results evidence that by using the parallel stacked
structure, the chip area can be reduced significantly for the issue
of continuing reduction of the chip size. Furthermore, the
resistance can be reduced by using the parallel stacked structure
and thus results in an obviously improving of the Q at low
frequency. The measured peak Q and peak-Q frequency with the
parallel metal layer of M8//M7//M6//M5 are 7.06 and 1.8GHz,
thus enhancing its applications for higher frequency RF IC.
Therefore, the developed deep-submicron CMOS process
compatible parallel stacked inductor is suitable for CMOS RF
integrated circuit applications.
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