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ABSTRACT

Polysilicon surface micromachined var-
actors using two- and three-plate structures
with 1.5:1 and 1.87:1 tuning ranges, respec-
tively, are presented. The tuning ranges are
near-theoretical limits and can be obtained
within 4.4 V control voltage. The two-plate
varactor has a nominal capacitance of 2.05 pF
and a Q-factor of 20 at 1 GHz.

1. INTRODUCTION

High quality tunable passive components such
as varactors are essential elements in RF
voltage-controlled oscillators (VCOs) and tun-
able �lters. A low-noise VCO needs high Q-
factor components since its phase noise is pro-
portional to 1=Q2

T
where QT is the overall

Q-factor of the LC tank [1]. Additionally, a
highly linear LC tank is needed for RF �lter
applications [2].
Recently, micromachined varactors have

been shown to have an adequate Q-factor
when they are fabricated in either an alu-
minum [3] or a polysilicon [4] surface micro-
machining technology. These varactors are ex-
pected to o�er an excellent linearity since they
do not respond to high frequencies outside
their mechanical resonance frequencies. How-
ever, their tuning ranges thus far have been
less than the theoretical limits [3]-[4].
This paper reports two- and three-plate

polysilicon micromachined varactors that have
the largest tuning range reported to date.

2. VARACTOR DESIGN

Two- and three-plate varactors have been de-
signed and fabricated in a polysilicon surface
micromachining process (MUMPS) which fea-
tures three layers of polysilicon and one layer
of gold [5]. Despite the superior electrical
properties of aluminum, polysilicon was cho-
sen as the structural material for varactors due
to its good mechanical properties [6].

A two-plate micromachined varactor con-
sists of a �xed plate and a suspended plate
(Fig. 1). A dc voltage V1 applied across
the plates causes an electrostatic force which
moves the suspended plate closer to the �xed
plate, and thus increases the desired capaci-
tance CD. It can be shown that the maxi-
mum theoretical tuning range of such varactor
is 1.5:1 [3].

A prototype two-plate varactor was de-
signed with a nominal capacitance of 0.57 pF
and a maximum capacitance of 0.85 pF when
V1 = 3:3 V. To minimize the varactor loss, the
most conductive layers (Poly1 and Poly2/Gold
layers) were chosen for the varactor plates.
Given 0.75 �m spacing between Poly1 and
Poly2, the size of the varactor plates must be
210 �m by 230 �m. To achieve the desired
tuning range, a suspension with a spring con-
stant of 37.2 N/m is needed. The mass of the
suspended plate, which is composed of the top
Poly and Gold layers, is 0.6 �g, and the me-
chanical resonant frequency is estimated to be
39 kHz. A �xed parasitic capacitance of ap-
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proximately 0.37 pF appears in parallel with
the variable capacitor.

A three-plate micromachined varactor con-
sists of a suspended plate and two �xed plates
(Fig. 2). The top and bottom plates are me-
chanically secured while the middle plate is
suspended by some spring arrangement. Since
dc voltages V1 and V2 can now be used to either
increase or reduce the desired capacitance CD,
a wider tuning range can be achieved. It can
be shown that the maximum theoretical tun-
ing range of such varactor is 2:1 if distances
between the plates are the same [4].

An experimental three-plate varactor was
designed with a nominal value of 1.9 pF.
A spring constant of 122 N/m is needed to
accommodate the maximum capacitance of
2.85 pF when V1 = 3:3 V and V2 = 0 V.
To obtain the required nominal capacitance, a
400 �m by 400 �m capacitor plates are used.
The mass of the suspended plate, which con-
sists of Poly2 layer, is then 0.7 �g and the
mechanical resonant frequency is estimated to
be 66.5 kHz. The �xed parasitic capacitance
that appears in parallel with the varactor is es-
timated at approximately 0.6 pF. Dimples are
used to prevent the middle plate from sticking
to the bottom plate in the presence of exces-
sive bias voltage V2.

The standard pad in the MUMPS process
has a parasitic capacitance of 1.5 pF which
limits tuning range. To minimize parasitic ca-
pacitance of the pad, a low parasitic pad has
been developed that has a parasitic capaci-
tance of 0.25 pF. A smaller capacitance per
area is achieved by the use of only Poly2 and
Gold layers, which are deposited on 2.25 �m
thick oxide prior to sacri�cial layer release. To
protect the oxide underneath the pad from HF
etch, anchors are placed around the edges of
the pad. In addition, a smaller 86 �m by
86 �m pad is used.

3. RESULTS AND DISCUSSION

All measurements were done using an HP
8753D network analyzer, a Cascade probe sta-
tion, and WinCal software. The measure-
ments include the parasitic capacitance of the
pads.
The microphotographs of the two- and

three-plate varactors are shown in Fig. 3 and
Fig. 4, respectively. An HF etch followed by
a CO2 drying process were used to release
the experimental devices [5]. The holes in
the plates are required in order to ensure the
proper HF etch of the sacri�cial layers.
The prototype two-plate micromachined

varactor has a measured nominal capacitance
of 2.05 pF when V1 = 0 V and a Q-factor of
20 at 1 GHz (Fig. 5). The varactor is tunable
from 2.05 pF to 3.09 pF as the bias voltage
V1 is swept from 0 V to 4 V, and the tuning
range is 1.5:1 (Fig. 6). Statistics show that
the average measured nominal capacitance is
1.98 pF and the standard deviation is 0.14 pF
using the data from 14 functional devices (16
devices were fabricated).
The experimental three-plate device has a

measured nominal capacitance of 4 pF when
V1 = 0 V and V2 = 0 V and a Q-factor of 15.4
at 1 GHz (Fig. 7). The capacitance is tunable
from 3.4 pF (V1 = 0 V and V2 = 4:4 V) to
6.35 pF (V1 = 1:8 V and V2 = 0 V), and the
tuning range is 1.87:1 (Fig. 8). Out of the 96
fabricated devices, 7 varactors were not func-
tional. The average measured nominal capaci-
tance was 3.63 pF and the standard deviation
was 0.52 pF.
A 100 Hz, 3 V square-wave was applied ac-

cross the two-plate varactor in order to test the
reliability of a micromachined varactor. No
change in varactor characteristics has been ob-
served even after 60 milion cycles.
Experimental devices exhibit some degree

of plate buckling, which manifests itself in
a higher measured nominal capacitance than
the designed value. Furthermore, in a case of
the three-plate varactor, buckling of the sus-
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pended plate is suspected to be responsible for
bistability of the three-plate varactor which
limits the minimum capacitance value that the
varactor can be tuned to without a disconti-
nuity. Structures with low residual stress are
being investigated to minimize this e�ect so
that the tuning range of three-plate varactors
can be further improved.
The Q-factor of micromachined varactors is

limited by the series resistance of the intercon-
nect. Alternative suspension designs that can
provide the desired spring constant and have a
low series resistance will be also investigated.
In addition, future designs will use wider inter-
connect in order to increase the Q-factor even
further.

REFERENCES

[1] W.P.Robins, Phase Noise in Signal

Sources: Theory and Applications, Pe-
ter Peregrinus Ltd., Stevenage, UK, 1982,
pp. 49-53.

[2] S. Pipilos, Y. P.Tsividis, J. Fenk, and
Y.Papananos, \A Si 1.8 GHz RLC �lter
with tunable center frequency and qual-
ity factor," IEEE J. Solid-State Circuits,
vol. SC-31, pp. 1517-1525, Oct. 1996.

[3] D. J.Young and B.E.Boser, \A micro-
machined variable capacitor for mono-
lithic low-noise VCOs," in IEEE Solid-

State Sensor and Actuator Workshop Di-

gest, June 1996, pp. 86-89.

[4] A.Dec and K. Suyama, \Micromachined
varactor with a wide tuning range," Elec-

tronics Letters, vol. 33, no. 11, May 1997,
pp. 922-924.

[5] D.A.Koester, R.Mahadevan, A. Shishko�,
and K.W.Markus, \SmartMUMPs design
handbook including MUMPs introduction
and design rules," MEMS Technology Ap-

plications Center, July 1996, pp. 1-8.

[6] K.E. Petersen, \Silicon as a mechanical
material," Proc. IEEE, vol. 70, pp. 420-
457, May 1982.

m210 µ

m
23

0 
µ

100 µ m

10
0 

µ
m

10 µm

10
 µ

m

m0.5 µ
1.5 µm

1.5 µm

0.75 µ m C D

C P

V 1
m2.0 µ

Anchors

Suspension

Gold

Poly2

Anchor

Nitride

Air Gap

Poly1

Suspended Plate

Fixed Plate 10 µmAir Gap

Top
View

Cross
Section

Fig. 1. Top and cross-section views of the
two-plate micromachined varactor.
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Fig. 2. Top and cross-section views of the
three-plate micromachined varactor.

0-7803-4471-5/98/$10.00 (c) 1998 IEEE



Fig. 3. Microphotograph of the two-
plate varactor.

Fig. 4. Microphotograph of the three-plate var-
actor.
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Fig. 5. Measured S11 of the two-plate var-
actor (V1 = 0 V).

Fig. 7. Measured S11 of the three-plate var-
actor (V1 = 0 V & V2 = 0 V).
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Fig. 6. Tuning characteristics of the two-
plate varactor.

Fig. 8. Tuning characteristics of the three-
plate varactor
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