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ABSTRACT

We report the design and fabrication of a mi-
cromechanical tunable capacitance device with a
lithographically-programmable capacitance-voltage (C-
V) characteristic. Device prototypes utilizing a contact
“zipping” actuator achieve a 25% tuning range with a
linear C-V characteristic. Three significant results are
described: (1) realization of a device with a large capac-
itive tuning range and programmable C-V device char-
acteristics, (2) development of a stable zipping actuator
using flat structures, and (3) development of an auto-
mated meshed simulation/optimization technique used
to design the device.

INTRODUCTION

Recent growth in the wireless communications indus-
try has spawned tremendous interest in the development
of highly-integrated transceiver solutions. Microelec-
tromechanical (MEMS) tuning elements have received in-
creasing attention for integrating off-chip components in
order to reduce the fabrication cost, size, and complexity
and increase the power efficiency of wireless devices.

For example, voltage-controlled oscillators (VCOs) tra-
ditionally require an off-chip LC tank using a tunable
capacitor (a varactor) for frequency tuning. Fabricating
the LC tank on chip requires the development of low-
loss monolithic inductors and varactors in order to meet
phase noise requirements. VCOs have been constructed
by Young and Boser [1,2] using micromechanical varac-
tors consisting of an electrostatically-actuated aluminum
plate suspended over a fixed bottom plate fabricated in
a CMOS-compatible process. The two plates are not al-
lowed to contact each other, so the tuningrange is limited
to the top 1/3 of the gap, due to the electrostatic pull-in
instability.

Other variable capacitance MEMS devices for RF sys-
tems include RF switches [3-5] for use in phase shifters
and steerable antenna arrays. Although these switches
are not designed for analog capacitance tuning, large
on/off capacitance changes can be obtained by electro-
statically pulling down one conductive diaphragm elec-
trode onto a thin insulating layer deposited on top of the
second electrode of a two-plate capacitor [5).

In this paper, we report the design and fabrication of
analog-tuned micromechanical varactors based on a con-
tact electrostatic “zipper” actuator. Zipper actuators are
attractive for varactor applications for several reasons.

First, like MEMS RF switches, a large ratio of available
gap sizes is used to obtain increased capacitive tuning
ranges and large capacitances per unit area. However,
unlike previous RF switches or analog-tuned varactors,
the zipper varactors are designed to always operate in
a contact “zipping” mode, providing analog capacitance
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tuning without significant limitations from electrostatic
pull-in instabilities.

In addition, the specific capacitance-voltage (C-V)
characteristic of the device can be tailored by lithograph-
ically programming the geometry of an electrode. The
specific geometry that is necessary to achieve a desired
C-V characteristic is determined by an optimization re-
quiring meshed simulations of a coupled electromechani-
cal problem involving contact mechanics.

DEVICE DESCRIPTION

The zipping actuator varactor (Fig. 1) consists of a
conductive cantilever beam over a shaped bottom elec-
trode. The capacitance between the beam and the bot-
tom electrode is controlled by an applied DC voltage, and
the C-V characteristic of the device is determined by the
geometry of the bottom electrode.

When an increasing voltage is applied between the
beam and the bottom electrode, the beam first bends
downward, then collapses toward the substrate due to
the electrostatic pull-in effect. Dimples in the cantilever
hold the beam a small distance off the bottom electrode.
At first, only the beam tip contacts the substrate, but
as additional voltage is applied, the tip flattens and the
beam “zips” along the substrate toward the cantilever
support, increasing the area of the beam close to the
bottom electrode, thus changing the device capacitance
(see Fig. 2).

The device is designed to operate in the “zipping”
regime (Fig. 2(c)) with the actuator in contact with the
substrate. Electrostatic zipper actuators are attractive
for a variety of applications because they provide large,
stable displacements. Actuation force can be compar-
atively small due to small gaps and the zipping action
of electrodes that are curved during operation. Previ-
ous efforts to fabricate zippers relied on the fabrication
of curved electrodes [6-8]. Gilbert and Senturia [9] pro-
posed a zipper actuator for use in torsional mirrors in-
volving flat electrodes separated by a dielectric; however,
no devices were fabricated.

As in previous work on zippers [6-9], the first versions
of the varactors were fabricated using a dielectric to iso-
late the two electrodes. However, hysteresis was observed
in these devices, which we attribute to trapped charge on
the surfaces of the dielectric. In order to eliminate this
effect, the dielectric between the electrodes was removed
and replaced by an air gap defined by dimple spacers.
The dimples also help reduce any other adhesion effects
due to surface contact. In addition, the cantilever and
substrate are DC grounds, minimizing the potential dif-
ference across the dielectric between the beam and the
substrate. The device is actuated by applying a DC bias
to the bottom electrode.

Prototype devices were fabricated using the MUMPs
process from MCNC [10]. With the MUMPs process,
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Figure 1. Tunable capacitance device. (a) Top view show-
g a shaped bottom electrode underneath a rectangular can-
tilever beam. (b) Lengthwise cross-section of beam under ac-
tuation in the zipping regime. The air gap under the end of
the beam is defined by dimple spacers. (c) Width cross-section
showing the dimple spacers. (d) Photograph of device.

the cantilever and bottom electrode are both polysilicon.
The nominal beam thickness and gap size are 2 um and
the dimple depth is 0.75 um. The MUMPs process is not
optimal for varactor fabrication. The default thickness
values and dimple depth severely limits the design space.
Also, metalized structures will ultimately be necessary to
minimize resistive losses for many RF applications. How-
ever, MUMPs was chosen for prototyping convenience in
order to test the basic actuation principle and verify the
capacitance-voltage characteristics of the varactors.
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Figure 2. Zipper actuator operation with increasing volt-
age applied between the cantilever and bottom conductor. (a)
At first, the beam bends stably. (b) The beam suddenly crashes
to the substrate, supported by the beam tip. (c) The tip flat-
tens and the beam ‘“zips” along in contact with the subsirate.
In the varactors, the insulating layer is replaced by an air gap
defined by dimple spacers in order to reduce hysteretic effects
of dielectric charging and stiction.

SIMULATION

Because of the computational demands of optimiza-
tion, it is important to be able to simulate the device
quickly as well as accurately. The deflection of the can-
tilever is modeled by an elastic beam equation with elec-
trostatic force and a contact force when the beam touches
the substrate:

4
- (1)
ozt

where z(z) is the height of the lower beam above the
bottom electrode, z is the distance along the length of
the beam, E' is the elastic modulus of polysilicon, I =
wh3/12 is the moment of inertia of the beam, w is the
width of the beam, h is the thickness of the beam, Fyo: is
the force exerted on the beam by the substrate once the
beam touches down, and F,.. is the electrostatic force
per unit length. If fringing fields are neglected we can
approximate:

EI elec T Fbot

where w(z) represents the shape of the bottom electrode
and V is the applied voltage. The cantilever support
is assumed to have perfectly clamped boundary condi-
tions. Eq. (1) is simulated using finite differences. Full
3D simulations [11] would produce greater accuracy, but
the computation time would be prohibitive, since hun-
dreds or thousands of beam deflection profiles must be
computed for each design.

The contact condition (Fp.) adds significant complex-
ity to the simulation. It requires solving both for the con-
tact area and force simultaneously with the beam equa-
tion. This is accomplished by using a time-based relax-
ation technique. A hard contact condition is assumed

Feee = —



constraining z(z) > d for all £ where d is the dimple
depth. No sliding is allowed. Note that an air gap re-
mains between the beam and bottom electrode when the
dimples are in contact, so there is some unmodeled deflec-
tion of the beam along the width of the beam. Varactors
must be designed so that the deflection along the width
does not cause the beam to contact the bottom electrode.

The C-V characteristic of the device is computed by
simulating the deflection profile of the beam at several
different voltages and calculating the capacitance at each
voltage according to the parallel-plate formula (i.e., ne-
glecting fringing):

o) = /

OPTIMIZATION

Previous efforts to automate the design of microme-
chanical devices have focused on the optimization of a few
parameters of lumped-element models [12]. Electrode
shaping and optimization techniques for comb drives
have also recently been reported [13].

The design of the varactor requires meshed simulation
and optimization of the continuous shape of an electrode.
For the varactor, it would be quite difficult to design the
device without the use of a significant simulation and
optimization effort, since the resulting electrode shapes
are not trivial.

The inputs to the optimization routine consist of geo-
metric specifications including the length L and width W
of the cantilever device as well as the optimization merit
function to use. The merit function M : E — R takes
a bottom electrode geometry representation, e € E, and
returns a scalar evaluation of how good the design is,
where E is the space representing possible bottom elec-
trode widths w(z). In defining the merit function, there
is a choice in how to represent electrode geometry. For
example, w(z) could be represented by a parameterized
family of functions [13], or a discretized approximation.
In addition, one can also choose the range of operating
voltages that should be targeted for device operation.

For example, for the first prototype varactors, we at-
tempt to design devices with a linear C-V characteristic
while maximizing the capacitive tuning range. Electrode
geometry e € E = RN is represented by a simple N-point
discretization of the width function w(z). A specific volt-
age range is input as the target voltage range for linear
C-V behavior. This voltage range is chosen so that it is
possible for the device to reach the zipping regime with
the given geometrical constraints.

The merit function for this design is computed as fol-
lows: First, a C-V curve is sampled in the target voltage
range V € [V, V] using the given electrode geometry, e.
A linear regression is then performed to approximate the
capacitance as C' = a + bV in this voltage range, where
a and b are fitting constants. Let AV = |V, — V;|. We
then set M to be the product of three factors:

bAV (bAV)?
) (—— 3)
a+ b, X
where x? is the least squares regression residual, and p

is a penalty factor which incorporates design rule con-
straints and verifies that the device is in the zipping

eow(z)
2(z, V) -

M=p(
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Figure 3. Comparison of measured and simulated C-V
characteristic for a MUMPs device with 8 cantilevers in par-
allel. Jumps in each curve around 10V and 20V demark tran-
sitions between pull-in regimes (Fig. 2). The discrepancy in
the data between 10V and 20V may be due to unmodeled slip-
page of the cantilever tip. Model and measurement agree well
in the linear zipping regime (20-35V ) in which the device is
designed to operate.

regime. Note that the second factor in Eq. (3) is a mea-
sure of the capacitive tuning range, while the third factor
is a measure of how closely the C-V curve approximates a
straight line. Clearly, this is not the only choice, and one
can use different functions to emphasize different charac-
teristics.

Since the merit function, M, is quite complicated, it is
difficult to compute the gradient of M. Thus gradient-
based optimization routines are not used. Instead a
downhill-simplex [14] optimization routine is used to min-
imize 1/M.

RESULTS

The C-V characteristics of prototype MUMPs varac-
tors were measured using an HP4192A. Fig. 3 shows a
comparison of measured and simulated C-V characteris-
tics for a device with 8 cantilevers in parallel (Fig. 1(d)).
The cantilevers are 400 um long and 90 um wide. The
device is optimized to obtain a linear C-V characteristic
in the zipping regime voltage range, 20-35V.

The simulation uses film thickness data measured us-
ing a WYKO interferometer. Experimental data is only
available up to 35V due to test setup limitations. Jumps
in each curve around 10V and 20V demark transitions
between the regimes depicted in Fig. 2. Initial beam
pull-in occurs around 10V. From 10V to 20V, only the
tip of the beam contacts the substrate. Above 20V, the
device is in the zipping regime. The discrepancy in the
data between 10V and 20V may be due to unmodeled
slippage of the cantilever tip in the real device. The
measured C-V characteristic is quite linear in the zip-
ping regime (20-35V’) and agrees well with simulation in
this voltage range. The offset between the measured and
simulated C-V characteristic may be due to unmodeled
fringing fields and parasitics.

Since experimental data from MUMPs devices ver-
ify basic actuator function and modeling accuracy, it
is interesting to explore simulated varactor designs with
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Figure 4. Simulation of aluminum varactor with 8 paral-
lel cantilevers (0.5 pym thickness, 0.25 um dimple). (a) C-V
characteristic. (b) Frequency, ﬁ, with L = 20.4nH. The
three different curves represent optimizations for linear C-V,
linear frequency dependence on V', and mazimal tuning range.
The operational voltage range is 1-3.3V.

high conductivity material and different geometric con-
straints. There are two geometric parameters to consider,
the cantilever thickness and the dimple depth. The can-
tilever thickness controls the actuation voltage and the
dimple depth controls the capacitive tuning range.

Consider an aluminum varactor similar to the baseline
MUMPs design except with a 0.5 um beam thickness,
0.25 pym dimple depth, and 70 um beam width (width is
reduced to prevent electrode contact due to deflection
across the width of the beam). We optimize for three
different objectives using actuation voltages (1.0-3.3V)
consistent with CMOS: (1) linear C-V characteristic, (2)
linear 1/4/C(V), for linear frequency tuning of an LC
tank, and (3) maximum tuning range.

The results are depicted in Fig. 4. The simulations
show that it should be possible to actuate varactors with
3.3V while optimizing for the three different objectives.
Note that an analog tuning range greater than 150%
(2.5:1 ratio) can be achieved if one allows a highly non-
linear C-V characteristic.

CONCLUSIONS

This paper reports results in three areas. First, suc-
cessful development and fabrication of a stable zipping
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actuator is reported using flat structures. Second, this
actuator is used to implement a tunable capacitance with
a programmable C-V characteristic determined by the
geometry of a shaped electrode. Third, the automated
meshed simulation, optimization, and layout procedure
used to design the electrode geometry shape is imple-
mented and verified with experimental data.

Prototype devices were fabricated using the MUMPs
process from MCNC. A numerical study shows that this
approach can be applied to metalized structures, as will
be required for integrated RF applications.
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