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Abstract—µA position sensing scheme for the detection of
hysteresis and dielectric charging is presented. The sensing mech-
anism is based upon piezoresistance and is applied to an RF
MEMS variable capacitor fabricated using a standard 0.35 µm
CMOS process with MEMS postprocessing. The position sensor,
based upon the piezoresistive property of the CMOS polysilicon
layer, proves capable of detecting the effects of hysteresis and
dielectric charging in the fabricated device. Potential applications
of the sensing scheme include the mitigation of the effects of
hysteresis and dielectric charging on MEMS variable capacitors
through closed-loop control.

Index Terms—Microelectromechanical systems (MEMS),
MEMS components and techniques, MEMS for multifunctional
wireless communications systems, MEMS reliability, microsen-
sors, tunable microwave circuits.

I. INTRODUCTION

R F microelectromechanical systems (MEMS) have been
demonstrated as effective tuning elements for tunable fil-

ters, impedance matching networks, and phase shifters [1], [2].
RF MEMS reconfigurable elements have higher quality factor,
linearity and power handling than competing technologies [1].
Switched capacitors, contact switches, capacitive switches and
variable capacitors are several of the demonstrated types of RF
MEMS reconfigurable elements.

Interest in MEMS variable capacitors in particular has waned
in favor of MEMS switched capacitor banks due to reliability
and controllability challenges of continuously variable MEMS
capacitors. The preferred actuation mechanism for RF MEMS is
electrostatic actuation due to its low power consumption. Elec-
trostatic actuation naturally exhibits a bistable response and is a
better suited actuation principle for switched capacitors as op-
posed to continuously tunable variable capacitors. Switched ca-
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pacitors require predictable performance in only two states re-
sulting in simple control and requiring mechanical design for
only two positions. The simple control and mechanical design
make switched capacitors easier to realize for reliability and
control.

Nonetheless, significant research has been done on continu-
ously tunable electrostatically actuated MEMS variable capaci-
tors despite practical challenges. Research in continuous tuning
of RF MEMS devices has been driven by applications that re-
quire fine resolution, such as tunable filters, where capacitance
control down to 1 fF may be required [3].

Most reported tunable MEMS varactors have tuning ranges
that are limited by the electrostatic pull-in phenomenon. It has
been shown that in a simplified parallel plate variable capacitor
model the force balance equation has an instability at a plate
separation that is 2/3 of the initial gap [4]. The instability re-
sults in a collapse of the suspended plate. The actuation voltage
that results in collapse is known as the pull-in voltage and is
given in (1) where is the initial gap, is the area of the plates,

is the spring constant, is the thickness of the dielectric and
is the relative dielectric constant of the dielectric. Similarly,

a force balance equation can be written to solve for the voltage
necessary for the plate to release as given in (2). The pull-out
voltage is generally lower than the pull-in voltage resulting in
a hysteresis effect in the capacitance versus voltage curve. The
hysteresis effect makes the control of a variable capacitor be-
yond pull-in difficult.

(1)

(2)

Several methods have been proposed to extend the tuning
range of tunable MEMS capacitors through mechanical design
and control techniques [5], [6]. One mechanical design method
for the extension of the analog tuning range is the application of
a piecewise linear spring [6], [7]. In some cases, the piecewise
linear spring constant may result in multiple pull-in events and
lead to multistep behavior [8], [9]. Each pull-in event is subject
to hysteresis further complicating controller design.

The reliability and controllability of electrostatically actuated
MEMS devices is also affected by dielectric charging that leads
to an evolution of the capacitance versus voltage characteristic.
Dielectric charging has been shown to lead to device failure in
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long term reliability testing of some devices [10]. The varia-
tion of the capacitance versus voltage curve with time com-
pounds the difficulties of controlling MEMS variable capaci-
tors. MEMS capacitors have the distinction that their electrical
behavior is determined by the mechanical position of the mov-
able plates. The effects of both hysteresis and charging are man-
ifested as a deflection of the mechanical structure. Therefore, it
is proposed that if the position of the mechanical structure can
be precisely controlled the electrical characteristics will follow.

The aim of this work is to demonstrate an integrated sensing
mechanism that is capable of detecting the effects of both hys-
teresis and dielectric charging in RF MEMS variable capaci-
tors. The proposed scheme relies on detecting the mechanical
position of the capacitor plates thereby also detecting the effects
of dielectric charging and hysteresis. The piezoresistance-based
position sensing technique for the control of CMOS-MEMS
variable capacitors was first introduced in [11]. The work pre-
sented in [11] is expanded here to demonstrate the capability of
the proposed technique to track the shift of the CV curve caused
by dielectric charging. The effects of dielectric charging have
been shown to be reduced using bipolar actuation [10]. In this
work, we verify that the dielectric charging effect is reversible
and that the proposed position control technique can be used
to monitor the state of the dielectric charge of the variable ca-
pacitor. Furthermore, it has been demonstrated in the literature
[12], [13] that closed-loop position control can extend the stable
range of electrostatic actuators beyond the pull-in point. Posi-
tion control, therefore, has the potential to solve many of the
fundamental problems in analog tunable RF MEMS variable ca-
pacitors. Integrated position sensing is a necessary first step to
fully integrated position control.

II. FABRICATION PROCESS

The fabrication process used for this design employs a CMOS
postprocessing technique to release MEMS structures from the
CMOS metal and polysilicon routing layers. The base CMOS
process used here is a two-polysilicon four-metal layer 0.35 m
process, as shown in Fig. 1(a). The 0.35 µm process was chosen
because of its low cost and its support of four planarized metal
layers. At least four metal layers are required for the release of
parallel plate MEMS structures using the University of Waterloo
(UW) CMOS postprocessing technique.

The four metal layers are composed of aluminum with sil-
icon dioxide intermetal dielectrics, as shown in Fig. 1(a). Inter-
connect between metal layers is accomplished using tungsten
via plugs. In the UW CMOS-MEMS process, the aluminum
metal layers act as patterning, structural, and release layers. The
metal layers are also used to route electrical signals through the
MEMS structure for actuation and sensing.

The residual stress of the aluminum layer is tensile while
the residual stress in the oxide layer is compressive. The metal
and the oxide have thermal coefficients of expansion (TCE) that
differ by an order of magnitude. The large difference in TCE
makes lateral thermal actuators popular in other CMOS-MEMS
processes such as the ASIMPS process [14]. The differences in
TCE are parasitic in this design and are beyond the scope of this
work.

Fig. 1. CMOS-MEMS process flow used in the fabrication of the
CMOS-MEMS variable capacitor with integrated position sensing. (a)
Initial CMOS die. (b) Oxide RIE. (c) Isotropic Si etch with RIE. (d) TMAH
anisotropic Si etch. (e) PAN and � � release. (f) Final oxide etch.

In addition to the four metal layers, the 0.35- m process also
offers two polysilicon layers. The first polysilicon layer is pri-
marily intended for logic level (3.3 V) transistors, while the
second polysilicon layer is used to define 5 V transistors. The
two polysilicon layers can also be used to fabricate resistors and
high capacitance density polysilicon–insulator–polysilicon ca-
pacitors. Only the second polysilicon layer (Poly2) is used in
this design. The higher resistivity of the second polysilicon layer
makes it better suited for strain sensing applications. A high re-
sistance strain sensing resistor reduces the current necessary for
readout of the resistance bridge. A lower sense current reduces
the power dissipation within the mechanical structure that can
cause parasitic deflection.

The postprocessing procedure used to fabricate the variable
capacitors with integrated position sensing is similar to the one
used in [8] and is summarized in Fig. 1. The fabrication of this
device uses the top metal layer (M4) as the masking layer, the
second metal layer (M2) as the sacrificial layer, and the first
(M1) and third (M3) metal layers as the bottom and top elec-
trodes of the MEMS variable capacitor, respectively.

The fabrication process begins with loose die provided by a
CMOS multiproject wafer or shuttle run, as shown in Fig. 1(a).
The first postprocessing step is a reactive ion etching (RIE) step
using and to expose the silicon substrate, as shown in
Fig. 1(b). The M4 metal is used as a mask for the first oxide
etching step. M4 extends beyond all structural metal by at least
1–2 m such that structural layers do not have any metal ex-
posed by the first oxide etching step. The first oxide etching step
takes two hours and results in RIE grass formation that is re-
moved using a one hour soak in EKC 265 at room temperature.

The die cross section after the removal of the RIE grass is
shown in Fig. 1(b). The next step is to etch the silicon sub-
strate in order to increase the exposed surface area of the sil-
icon. The silicon RIE is done using to isotropically etch
the substrate, as shown in Fig. 1(c). The increased surface area
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of the silicon substrate reduces the time required for the tetram-
ethylammonium hydroxide (TMAH) wet etching step to achieve
complete release. The TMAH wet etching step takes 90 min at
80 , and results in a structure resembling the one shown in
Fig. 1(d). TMAH also attacks aluminum. The M4 aluminum
masking layer and the M2 sacrificial aluminum layer are par-
tially removed at this point.

The remainder of the mask and sacrificial metal layers are
removed using wet etching in phosphoric–ascetic–nitric (PAN)
acid solution for 40 min, followed by 40 min in hydrogen per-
oxide and another 40 min in PAN etch solution. The
metal etching steps were done at 60 yielding the structure
shown in Fig. 1(e). The wet etching steps, including the TMAH
step, are done in sequence without allowing the die to dry. After
the final wet etching step, the die are dried using a critical point
dryer to prevent stiction and complete the release process. M4 is
etched away during the metal etching step and is not available
for electrical contacts, therefore, M3 is used as the top metal
for wire bonds and electrical probing. The M3 pads are exposed
using a final 30-min oxide etching step that exposes M3 and per-
mits the formation of electrical contacts.

III. THEORY

The transduction principle for position sensing employed in
this work is based upon piezoresistance. The piezoresistive ef-
fect causes a change in resistance that is proportional to the
change in length of a material. The piezoresistive property of
a material is characterized by its piezoresistive gauge factor

, as shown in (3). The piezoresistive gauge factor relates
the proportional change in resistance to the propor-
tional change in length . The proportional change in
length is known as the strain of a material and is represented by

(3)

Traditionally, piezoresistors in strain gauge applications are
realized using p-type crystalline silicon and have gauge factors
around 100 [15]. In the CMOS-MEMS process, the bulk silicon
is used as a sacrificial layer and, therefore, cannot be integrated
into the mechanical structure to realize a strain gauge. Another
available material in the CMOS process with piezoresistive
properties is polysilicon. Polysilicon is used in CMOS circuits
for the gate electrode of field effect transistors and for the
fabrication of resistors and polysilicon-insulator-polysilicon
capacitors. Polysilicon appears next to the substrate in the
CMOS-MEMS beam stack, therefore, the polysilicon layer can
only be used for position sensing of structures comprising the
bottom of the material stack. As a strain gauge, polysilicon has
a gauge factor of about 20 [15].

The piezoresistive position sensing mechanism has been re-
ported in the literature in MEMS-based sensor applications such
as scanning probe microscopy [16], ultrasonic transducers [17]
and micro-resonators [18]. In [17], piezoresistive feedback was
found to be more area efficient than capacitive position trans-
duction for ultrasonic transducers.

The readout of a piezoresistive strain gauge can be done using
several methods. The three methods discussed here are the cur-

Fig. 2. Current-source, half-bridge and full-bridge configurations for voltage
read-out of a piezoresistive strain gauge. (a) Current-source. (b) Half-bridge.
(c) Full-bridge.

rent-source method, a half-bridge method and the full-bridge
configuration, as shown in Fig. 2. The current-source method
is a two-wire resistance measurement such as one done using a
digital multimeter (DMM). A current source applies a bias cur-
rent , as shown in Fig. 2(a), and the resistance is measured as
a ratio of the output voltage and . This mea-
surement method lumps all resistance effects into the measure-
ment. The effect of temperature on the resistance is measured in
addition to the piezoresistive effect.

The half-bridge configuration is used to reduce the effect of
temperature on the resistance measurement. Consider the half-
bridge configuration shown in Fig. 2(b). The output voltage of
the half bridge is where is the
resistance of the strain gauge or sense resistor and is the
resistance of the reference resistor. If the reference resistor is
selected to have a nominal resistance equal to the sense resistor
then the temperature coefficient can be canceled to the first order
[16]. The sensitivity of the half-bridge circuit to a change in the
sense resistance is shown in (4) where the nominal resis-
tance is [16]. However, the half-bridge circuit is
sensitive to noise on the supply voltage

(4)

A full-bridge configuration is shown in Fig. 2(c). The full-
bridge configuration has the benefits of enhancing both supply
noise rejection and compensating temperature effects. Since the
measurement is made as a differential signal across the two anti-
parallel half-bridges, the supply voltage appears as a common-
mode signal and is effectively canceled. In addition, the anti-
parallel configuration of the two bridges results in a differential
signal level from the full-bridge that is double that of a half-
bridge. The sensitivity of the full-bridge circuit to change in the
two sense resistors and is given in (5) [16] where the
nominal resistance of all the resistors in the bridge is assumed
to be

(5)

The capital benefit of the CMOS-MEMS process is the ability
to monolithically integrate the sensing circuit and MEMS de-
vice on a single die. Amplification of the output voltage of a
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Fig. 3. SEM picture of the fabricated device after the completion of the release
process.

resistance bridge is accomplished using an instrumentation am-
plifier. The instrumentation amplifier’s high input impedance
results in reduced measurement error due to loading effects.
An instrumentation amplifier can easily be integrated in CMOS
using three operational amplifiers. In an on-chip circuit, the
full-bridge configuration is the preferred voltage readout con-
figuration for its common mode noise rejection.

IV. DESIGN

The curled plate design from [8] was chosen as the basis for
this work, with two key design enhancements: the use of an
isolated DC actuation electrode and the integration of a position
sensing piezoresistor.

A scanning electron microscope micrograph of the fabricated
device is shown in Fig. 3. The layout of the top and bottom plates
is shown in Fig. 4. The near pads in Fig. 3 are the RF pads while
the far pads are for DC biasing and piezoresistance based posi-
tion sensing (left and right pads in Fig. 4). The upward curl of
both the top and bottom plates is caused by the residual stresses
in the metal and oxide layers. The residual stress establishes the
up-state, zero-bias capacitance, as shown in Fig. 5(a). The ap-
plication of a DC voltage between the top and bottom plates es-
tablishes an electrostatic field that applies a force that brings the
two plates together causing them both to deform, as shown in
Fig. 5(b). The deflection of the bottom plate deforms the strain
sensing resistor that is integrated into the composite structure
of the bottom plate. The deformation of the resistor results in a
change in resistance. The change in resistance is related to the
deflection and, hence, the capacitance.

The variable capacitor is connected to ground-signal-ground
(GSG) coplanar probe pads with 150 m pad pitch, as shown in
Fig. 4. The bottom plate of the variable capacitor is connected
to the RF ground pads while the top plate is connected to the
RF signal pad, as shown in Fig. 4(a) and (b), respectively. The
modifications to the design from [8] lie in the configuration of
the bottom plate shown in Fig. 4(a). The bottom plate area is di-
vided into two electrically isolated segments—one for DC bias
and the other for RF ground. One of the target applications for
integrated CMOS-MEMS variable capacitors is for integrated
reconfigurable RF components. Biasing circuits can consume
appreciable die area and may require off-chip components. This
design incorporates a separate actuation pad for the isolation of
the DC biasing and RF ports in order to simplify biasing require-
ments. The biasing electrode is integrated into the bottom plate
since there are additional isolated electrical routing layers in the

Fig. 4. Layout of the top and bottom plates of the parallel plate variable capac-
itor with integrated position sensing. The bottom plate contains a sense resistor
and a dedicated DC actuation pad. T1 indicates the cross section used in Fig. 5.
(a) Variable capacitor bottom plate. (b) Variable capacitor top plate.

Fig. 5. Cross section of the top and bottom plates during actuation at plane T1
shown in Fig. 4. Both the top and bottom plates deflect with an applied voltage.
The bottom plate contains the piezoresistor and registers deflection of the bottom
plate as a change in resistance. (a) Initial device deflection. (b) Actuated device.

bottom plate (M1 and Poly2). The Poly2 layer is used to route
the DC bias to the actuation electrode in the bottom plate. The
resistance of the polysilicon layer does not affect electrostatic
biasing since there is no DC current at steady state. A highly
resistive bias also reduces the leakage of RF energy through the
DC biasing electrode.

The sense resistor is integrated into the bottom plate adja-
cent to the plane of symmetry. The length is set to achieve a
resistance of 3.3 and limit the current consumption to 0.5
mA per half-bridge at 3.3 V. The test chips fabricated for the
characterization of piezoresistive feedback for RF MEMS con-
trol are limited in the number of available contact pads. Due
to area limitations, only a single sense resistor has a dedicated
bonding pad. The three remaining resistors are used as dummy
devices to maintain device symmetry for mechanical purposes.
In this design, we are limited to using the current source-based
readout method. The full-bridge configuration will be used in
subsequent designs.
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Fig. 6. Block diagram of the measurement setup.

The common connection of the sense resistor is tied to the
RF ground that composes the majority of the bottom plate area
and is connected to the ground of the RF GSG pads. In order
to maximize the relative change in resistance, the parasitic re-
sistance is reduced by routing to the polysilicon sense resis-
tors using the first metal layer. Signal routing to the DC elec-
trode is done by routing using the Poly2 layer underneath the
first metal layer. The integration of the DC actuation electrode
results in a substantially lower capacitance since a large area
of the bottom plate is consumed by the DC electrode. The bi-
asing simplicity achieved using an isolated DC electrode plate
is traded-off against a reduction in capacitance density.

V. MEASUREMENT SETUP

Simultaneous capacitance versus voltage (CV) and resistance
versus voltage (RV) measurements were performed using an au-
tomated test setup on a Cascade vibration isolated wafer probe
station. The MEMS die was mounted using epoxy onto a two
layer gold plated printed circuit board. The DC bias pad and
sense resistor read-out pad were wire bonded to two traces on
the PCB that led to two soldered wire connections that were
connected to a Trek PZD350 high-voltage amplifier and Agilent
34401A digital multimeter (DMM), as shown in Fig. 6. The in-
strumentation setup is shown in Fig. 7. The RF GSG pads were
probed using a Cascade ACP-40 GSG probe that was connected
to an Agilent 8722ES vector network analyzer (VNA) through a
bias-T. The bias-T set the DC bias on the RF ground and signal
lines to 0 V DC. The RF ground and signal were DC shorted
together through the RF choke of the bias-T. The common con-
nection for RF ground, high-voltage ground and the sense re-
sistor was made at the RF choke of the bias-T. The high-voltage
amplifier was driven by an Agilent function generator that acted
as a digital to analog converter for the LabVIEW application.
The VNA and DMM were interfaced to the PC running the Lab-
VIEW application using GPIB through a GPIB-to-USB adapter.
The function generator was directly interfaced to the PC using
a USB interface.

In order to measure the RF capacitance of the variable ca-
pacitor as quickly as possible, the VNA was set to operate in
continuous wave mode at 5 GHz with only 11 points captured
per sweep. The VNA was calibrated using a one-port SOL cal-
ibration on a Cascade impedance standard substrate. The ca-
pacitance was extracted by first converting the S-parameters to

Fig. 7. Illustration of the measurement setup with the test chip mounted on a
gold plated PCB and tested using a cascade ACP-40 RF GSG probe.

Z-parameters and then calculating the capacitance using (6)

(6)

The offset and gain of the amplifier were calibrated at output
voltage set points of 0 V and 100 V, respectively. The gain of
the Trek amplifier was set using a potentiometer and the offset
was corrected in software using the LabVIEW application.

At each voltage step of each waveform a sequence of mea-
surements was made: first, the voltage was set, then the VNA
data was captured, and lastly the resistance was measured. The
VNA and resistance data at each voltage step were stored. At
each voltage step, it took 1.4 s to measure, format and store all
the data. Each of the waveforms tested was run for 50 periods
in sequence.

VI. MEASUREMENT RESULTS

The three test waveforms are shown in Fig. 8. Testing of all
three waveforms was performed using 2 V steps. The 2 V step
size was chosen in order to limit the time required to complete
each sweep while also achieving sufficient resolution of the CV
curve. The first waveform tested was a positive triangle wave-
form with the voltage ramped between 0 V and 100 V. The
second test was a bipolar triangle waveform ramped between

100 V and 100 V. Finally, the negative triangle waveform was
tested between 0 V and 100 V. Fig. 8 indicates the sweep
number of each period of a waveform as well as the sample
number. The evolution of the capacitance versus voltage for
each sweep were logged as well as the corresponding sense re-
sistance per sample. Each sweep number identifies a complete
waveform period.

The thermal coefficient of resistance for the polysilicon resis-
tors in this process had an impact on the absolute value of resis-
tance that was read using the direct measurement with a DMM.
The DMM measures the absolute value of resistance and not the
relative value as would be the case with the full-bridge. There-
fore, the resistance data was normalized to the peak resistance
read during a sweep to reduce the effects of temperature drift
on the presented data. The peak resistance corresponds to the
capacitor in its up-most relaxed state. In an on-chip implemen-
tation, the half-bridge or full-bridge read-out could accomplish
the same effect. The resistance data is presented as a percentage
change in resistance from the maximum read during a sweep as
given in (7)

(7)
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Fig. 8. Three test waveforms. The top waveform is a positive triangle waveform
from 0 V to 100 V; the second waveform is a bipolar triangle waveform from
�100 V to 100 V; the third waveform is a negative triangle waveform from 0 V
to �100 V. A sample was taken every 2 V in all cases. Each sweep (period) of
the positive and negative waveforms was 101 points, while each sweep of the
bipolar waveform was 201 points.

The data for the three waveforms was collected over a period
of 8 h. The calibration of the VNA drifted over this time frame.
In order to eliminate the effect of this drift from the data, the ca-
pacitance measurements have also been normalized. The capac-
itance is normalized to the minimum capacitance. The nominal
minimum capacitance is 0.845 pF. In this case, the minimum
capacitance of each sweep is normalized to one using the ex-
pression given in (8)

(8)

The effects of both hysteresis and dielectric charging were
detectable using the piezoresistive feedback mechanism. First,
the results for the detection of dielectric charging are presented
followed by the results for the detection of hysteresis and elec-
trostatic pull-in discontinuities.

A. Detection and Tracking of Dielectric Charging

The evolution of the capacitance versus voltage (CV) is
shown in Fig. 9(a) and the evolution of the resistance versus
voltage (RV) characteristic for the unipolar positive triangle
waveform is shown in Fig. 9(b). Three characteristic sweeps are
shown for the second, ninth, and fiftieth sweeps of the positive
voltage waveform. Only the data collected for the positive ramp
is shown, i.e., for the first half of the positive triangle waveform
period, as shown in Fig. 8. The hysteresis data is not shown
in order to reduce clutter in the plots. The effect of dielectric
charging manifests itself as a shift of the capacitance versus
voltage curve. The positive triangle waveform results in a shift
of the CV curve in the positive voltage direction with each
subsequent sweep. The shift of the curve is observed in both
the CV and RV curves shown in Fig. 9(a) and (b). No attempt
was made to optimize the device design to mitigate dielectric
charging effects, and the materials used are from a standard
CMOS process.

The minimum capacitance occurs when there is maximum
separation between the top and bottom plates. In traditional

Fig. 9. Evolution of the capacitance versus voltage and resistance versus
voltage characteristics for a positive triangle waveform excitation with the
voltage ramped between 0 V and 100 V. Each sweep takes, on average, 141 s.
Therefore, sweep 2 is the data collected during testing between 141 s and 242
s into the test. (a) Capacitance versus voltage evolution. (b) Resistance versus
voltage evolution.

single movable plate variable capacitors the point of minimum
capacitance is referred to as the up-state capacitance. The
term up-state capacitance is used here to denote the minimum
capacitance. The voltage that corresponds to the up-state capac-
itance is referred to as the up-state voltage. The up-state voltage
moves along the voltage axis as the CV curve shifts. With a
positive triangular voltage waveform, the up-state voltage shifts
in the positive voltage direction with each subsequent sweep
until it saturates at a final voltage offset of 40–45 V.

The up-state voltage versus sweep number is shown in Fig. 10
for the positive triangle waveform. The up-state voltage is ex-
tracted from both the sense resistor data and the capacitance
measurement. The up-state corresponds to the maximum of re-
sistance, as shown in Fig. 9(b) and the minimum of capacitance,
as shown in Fig. 9(a). Fig. 10 plots the voltage that results in a
minimum capacitance and maximum sense resistance for each
waveform period. Fig. 10 shows good agreement between both
sense resistance derived up-state voltage and capacitance mea-
surement derived up-state voltage. The data shown in Fig. 10
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Fig. 10. Up-state voltage versus sweep number as determined by the minimum
capacitance and maximum resistance for each sweep of the positive triangle
waveform.

Fig. 11. Evolution of the capacitance versus voltage characteristic with a
bipolar triangle waveform with voltage ramped between �100 V and 100 V.
Each sweep takes 282 s for 202 points.

appears noisy since it is difficult to find the minimum of curves
that are flat near the minimum in the presence of noise.

The bipolar measurement was performed by actuating the de-
vice with a ramp between 100 V up to 100 V and back to 100
V for 50 periods in 2-V increments. The duration of a bipolar pe-
riod is, therefore, twice as long. The bipolar test commenced im-
mediately following the positive triangular waveform test. The
up-state voltage was already shifted to between 40 V and 45 V
at the start of the bipolar test. The evolution of the CV curve
for the bipolar triangle waveform is shown in Fig. 11. Although
the positive triangle waveform actuation shifted the CV curve
significantly in the positive actuation direction, the switch to a
bipolar actuation waveform shifts the up-state capacitance of the
CV curve back toward 0 V, as shown in Fig. 11. After the 50th
sweep of the bipolar waveform the charging effect of the positive
triangular waveform is nearly eliminated, as shown in Fig. 12.

Finally, the triangle waveform tests were completed with the
test of a negative waveform with ramps between 0 and 100 V.
The evolution of the CV curve under a negative triangle wave-
form is shown in Fig. 13. The application of a negative bias re-
sults in the up-state voltage shifting in the negative voltage di-

Fig. 12. Up-state voltage versus sweep number for the bipolar voltage wave-
form showing the elimination of the up-state voltage shift caused by the positive
triangle waveform.

Fig. 13. Evolution of the capacitance versus voltage characteristic with a neg-
ative triangle waveform with voltage ramped between 0 V and �100 V.

rection. The negative triangle waveform appears to progress in
a slower fashion than the positive waveform when comparing
Figs. 10 and 14.

B. Detection of Hysteresis Events

Operating an electrostatic MEMS variable capacitor beyond
its initial pull-in requires a control scheme to deal with hys-
teresis due to electrostatic pull-in discontinuities. Devices that
exhibit multistep behavior are, therefore, particularly chal-
lenging to control since they have multiple hysteresis regions.
The CMOS-MEMS variable capacitor presented here has a
particularly complex capacitance versus voltage characteristic
with multiple discontinuities. Each discontinuity results in a
degree of hysteresis imposed by the step change in capacitance
as discussed previously. In this section, we investigate the
ability of the sense resistor to distinguish hysteresis events
resulting from pull-in discontinuities.

The hysteresis curves for capacitance versus voltage and
resistance versus voltage for a bipolar triangle waveform are
shown in Fig. 15. The data shown in Fig. 15 is from sweep
number 50 of the bipolar waveform test. By sweep 50, the
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Fig. 14. Up-state voltage versus sweep number as determined by the minimum
capacitance and maximum resistance for the negative triangle waveform.

Fig. 15. Hysteresis curves for resistance and capacitance versus actuation
voltage are shown. Thicker lines are used to plot the normalized resistance while
the thinner lines are used for capacitance. The solid lines are for increasing
voltage sweeps while the dashed lines are used for decreasing voltage sweeps.

residual effects of dielectric charging caused by the positive
triangle waveform have settled out. Therefore, the up-state ca-
pacitance voltage in Fig. 15 is near zero. The discontinuities in
both the resistance and capacitance curves match up precisely
within the 2 V voltage resolution. Each hysteresis window in
the CV curve of Fig. 15 has a corresponding hysteresis window
in the RV curve as shown. As a result, it can be concluded that
the pull-in events can be detected through position sensing of
the bottom plate.

C. Evaluation for Closed-Loop Control

Evaluation of the sensing mechanism for closed-loop control
was performed by creating a scatter plot of capacitance versus
voltage and capacitance versus resistance for the data collected
during the bipolar waveform test. Data from fifty bipolar ac-
tuation sweeps are collected, with 202 (R,C) points per sweep
represented in Figs. 16 and 17. The data shown in Fig. 16 is the
same data shown in Fig. 11 with all 50 waveforms represented.

Fig. 16. Scatter plot of capacitance for the collected data points of capacitance
versus voltage for the bipolar actuation waveform immediately following a pos-
itive triangle waveform. There are many potential capacitance values for a given
voltage set point. This figure indicates that controlling a variable capacitor using
fixed voltage control has significant uncertainty in the capacitance when taking
into account hysteresis and dielectric charging.

Fig. 17. Scatter plot of capacitance versus resistance for the bipolar actua-
tion waveform. The capacitance versus resistance points are nicely behaved in
straight lines. There are a finite number of capacitance points with respect to
resistance.

A total of over 10 000 points are shown in each plot, from data
collected over nearly 4 h.

In Fig. 16, there are continuous bands of potential capaci-
tance values for a given voltage due to hysteresis and dielectric
charging effects. Plotting the same data with respect to resis-
tance results in Fig. 17, where there are three distinct lines on
the scatter plot that correspond to operating regions with stable
position using fixed voltage control. The gaps correspond to
areas of capacitance and resistance that are not reachable using
voltage control. Only in a small region of the domain, circled in
Fig. 17, are multiple capacitance values possible for a measured
resistance. In comparison to Fig. 16, the continuous bands of ca-
pacitance versus voltage have been reduced to narrow lines of
capacitance versus resistance, thus, significantly improving the
capacitance uncertainty.

The cause of the multiple capacitance values per measured re-
sistance circled in Fig. 17 has been traced to features of the me-
chanical design that result in multiple stable states for a given
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Fig. 18. Capacitor actuation schematic showing the effect on the deflection of
the resistor if one side actuates before the other. The sense resistor is located on
the left half of the capacitor resulting in two different sense resistor signals for
the same capacitance value. (a) Initial position. (b) Sense side first. (c) Dummy
side first.

voltage. Fig. 18 schematically depicts the cross section of the
two curled plates during actuation in the vicinity of the oper-
ating region circled in Fig. 17. The sense resistor is located in
the left half of the structure, as shown in Fig. 18. The sensor
was placed on only one half of the structure since a symmetric
mechanical response was initially expected. Viewing the actu-
ation of the device using a microscope, it was discovered that
in some instances one half of the structure actuates before the
other. Since the sense resistor is installed in only one half of the
structure, only the strain of that half results in a sensed resis-
tance change. Therefore, there are two potential positions that
result in the same capacitance, as shown in Fig. 18(b) and (c).
This discrepancy registers in the scatter plot data of Fig. 17 as
an array of points where the resistance-based control law would
fail. Increasing the bias voltage returns the capacitance to a func-
tion of resistance.

Despite the uncertainty in the circled region of Fig. 17, the
capacitance versus resistance shows a substantial improvement
in determining the capacitance compared to voltage control, as
shown in Fig. 16.

VII. CONCLUSION

A position sensing scheme for the control of CMOS-MEMS
variable capacitors has been demonstrated in a commercial
CMOS process with MEMS postprocessing. The results demon-
strate the potential for closed-loop control of capacitor position
to mitigate hysteresis and charging effects in CMOS-MEMS
capacitors. The proposed sensing scheme promises to reduce
capacitance uncertainty in the presence of hysteresis and di-
electric charging by applying a position control scheme based
upon integrated piezoresistive sensing.
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