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Abstract. This paper presents the design and experimental validation of DC-
dynamic biasing for > 50× switching time improvement in severely underdamped
fringing-field electrostatic MEMS actuators. The electrostatic fringing-field actuator
is used to demonstrate the concept due to its robust device design and inherently low
damping conditions. In order to accurately quantify the gap height versus voltage
characteristics a heuristic model is developed. The difference between the heuristic
model and numerical simulation is less than 5.6% for typical MEMS geometries.
MEMS fixed-fixed beams are fabricated and measured for experimental validation.
Good agreement is observed between the calculated and measured results. For a given
voltage, the measured and calculated displacements are typically within 10%. Lastly,
the derived model is used to design a DC-dynamic bias waveform to improve the
switching time of the underdamped MEMS actuators. With dynamic biasing, the
measured up-to-down and down-to-up switching time of the actuator is ∼ 35 µs. On
the other hand, coventional step biasing results in a switching time of ∼ 2 ms for both
up-to-down and down-to-up states.
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1. Introduction

Electrostatic actuation for microelectromechanical systems (MEMS) is the most

prevalent technique due to its virtually zero power consumption, high energy densities,

relatively short switching times, large forces, small device footprints, simplicity in

fabrication and testing, and ease of integration with post-CMOS processing. In

particular, typical switching times for electrostatic MEMS are on the order of 10s to

100s of microseconds [1] and [2]. This is made possible through careful electromechanical

design around the well-known pull-in instability. In these designs, it is standard practice

to design the beam to be critically damped as a compromise between up-to-down and

down-to-up switching time. The fixed-fixed beam will typically have an underlying

electrode that it will pull-down and adhere to, electrostatically, with minimum contact

bouncing. Upon release of the applied bias, squeeze film damping between the membrane

and the underlying substrate is the physical mechanism that prevents severe ringing

and brings the beam quickly to its initial gap height. Several applications that require

fast switching and low power consumption (electrostatic actuation) have benefited from

MEMS deployed in this manner [3] - [8]. However designs that make contact are

susceptibility to dielectric charging and stiction, thereby reducing the robustness of

this approach.

Electrostatic fringing-field actuated (EFFA) MEMS is an attractive alternative as a

robust actuator. EFFA MEMS have been analyzed and successfully deployed in sensor

and actuator applications [9] - [19]. These MEMS are appropriately called “fringing-

field” actuated due to the absence of a parallel counter electrode directly beneath the

movable membrane (Fig. 1). In the EFFA configuration, the pull-down electrode can

be considered as a single electrode that is split into two separate electrodes. These

electrodes are laterally offset such that no overlap exists between the moving membrane

and the pull-down electrode. This geometry results in effectively zero electrostatic

parallel-plate force, permitting EFFA MEMS to benefit from an inherent lack of “pull-

in” and continuous and stable displacement throughout the entire vertical gap height [9].

EFFA MEMS have been fabricated with and without the underlying substrate [9]

and [19]. In order to demonstrate an extremely underdamped fixed-fixed beam, in this

work, the underlying substrate is removed. Consequently, the removal of the substrate

from beneath the fixed-fixed beam results in virtually zero squeeze film damping. Which

also results in a MEMS device that suffers from severe ringing and long settling times

in response to a conventional unit step DC bias. DC-dynamic biasing can potentially

reduce the long settling time.

This paper reports on employing DC-dynamic biasing waveforms to significantly

improve the switching time of very underdamped and robust electrostatic MEMS

actuators [20] - [25]. The waveform concept is derived by exploiting the physical

phenomena of the step response of underdamped second order systems. As a result,

a > 50× improvement in switching time is experimentally demonstrated. This paper

is outlined as follows. In Section 2 a phenomenological model is developed to quantify
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Figure 1. Schematic of proposed electrostatic fringing-field MEMS fixed-fixed beam.
(a) 3D and (b) 2D perspective with biasing schematic. (c) Schematic of electrostatic
fringing-field configuration with labeled beam geometrical parameters.

the gap height versus voltage characteristics of the electrostatic fringing-field actuator.

Section 3 discusses geometrical design considerations for the EFFA MEMS actuators

based on the newly developed design expression. Section 4 describes the dynamic

behavior of the underdamped actuator and the design of the DC-dynamic input bias.

Lastly, section 5 presents the experimental validation.

2. Modeling

Existing closed-form solutions (as in [9], [18], and [19]) considers a piston like motion

and neglects spring softening effects along with the spring hardening effects associated

with the load-deflection characteristics of a uniformly loaded fixed-fixed beam. In

addition, the model becomes increasingly complex when one must consider the nature

of fixed boundary conditions, nonuniformity of the electrostatic pressure due to charge

redistribution, effects of residual stress, and the developed nonuniform stress distribution

due to the stretching of the beam. This leads to inaccurate prediction of the voltage
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Figure 2. Qualitative derivation of proposed electrostatic model for the fringing-field
capacitor. (a) Standard parallel-plate capacitor model with corresponding capacitance
versus vertical gap height characteristics; (b) fringing-field capacitor model with
corresponding capacitance versus vertical gap height characteristics; (c) proposed
qualitative model for fringing-field capacitor.

versus gap height characteristics. Considering this plethora of issues, a hueristic model

that maps the equivalent force through an extracted fitting constant to the familiar

parallel-plate expression is chosen as a means by which to develop the design expression

for the fringing-field actuator. Fig. 2 illustrates this phenomenological mapping

approach. Both capacitor topologies, the parallel-plate field (Fig. 2a) and the fringing-

field (Fig. 2b) share similar capacitance versus gap height characteristics when the

parallel-plate field capacitor is in its stable region of operation. Fig. 2c is the proposed

capacitor topology that maps the fringing-field topology to the familiar parallel-plate

field topology.

The electrostatic fringing-field force, Feffz, is given by the following equation

Feffz =
1

2
V 2dCff (h)

dh
= −1

2

ε0L(h0 − h)wemV 2

(s2 + (h0 − h)2)3/2
(1)

where V is the applied electrostatic bias, Cff is the fringing-field capacitance, ε0 is

the permitivitty of free space, L is the length of the fixed-fixed beam, h0 is the initial

gap height when no bias is applied, while h is a gap for a given applied bias, w is the

width of the fixed-fixed beam, s is the horizontal gap between the pull-down electrodes

and the fixed-fixed beam, and em is the correction factor specifically for the electrostatic

force expression. In order to facilitate at-a-glance first-principle-physics insight for rapid

device design and optimization, the gap height of the heuristic model is the hypotenuse

of the 90o triangle created by the sides s and h. Beam curvature will be embedded in

the expression for the correction factor due to direct extraction of fitting parameters

from numerical simulations of the beam deflection in response to an applied bias.

In static equilibrium Feffz is balanced by the mechanical restoring force, Fm, of the

suspension. Equilibrium is expressed as
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Fm = Feffz (2)

kz(h0 − h) =
1

2

ε0L(h0 − h)wemV 2

(s2 + (h0 − h)2)3/2
(3)

where kz is the linear spring constant of the fixed-fixed beam in the vertical direction.

The 1-D spring constant for a fixed-fixed beam with a load distributed across the entire

beam is given by [1]

kz = 32Ew

(
t

L

)3

+8σ(1 − ν)w

(
t

L

)
(4)

where E is the Young’s modulus of the material, t is the thickness of the fixed-fixed

beam, σ is the biaxial residual stress and ν is the Poisson’s ratio of the material.

To find an expression for m we solve equation (3) for the drive voltage

V =

√
2kz(s2 + (h0 − h)2)3/2

ε0wemL
(5)

When numerically solving for m, it is convenient to rewrite equation (5) as

√
2kz(s2 + (h0 − h)2)3/2

ε0wemL
− V = 0 (6)

The roots of equation (6) relate the gap height h (the dependent variable) to the drive

voltage V (the independent variable). Coupled boundary element electrostatic and

finite element mechanical method simulation with CoSolve in CoventorWare was used

to compute h from V . Matlab was used to numerically calculate m. The obtained m

values corresponding to each pair of h and V for equation (6) were plotted as a function

of the normalized vertical gap height, h/1-µm, hn. A logarithmic regression was used

to curve fit the plot of the m values. This is given by

m = a1ln(hn) + a2 (7)

where a1 and a2 are fitting constants based on the actuator geometrical parameters.

Through further curve fitting the fitting constants have the following form

a1 = a11ln(sn) + a12 (8)

a2 = a21ln(sn) + a22 (9)

a11 = a111ln(wn) + a112 (10)

where wn and sn are the normalized fixed-fixed beam width, w/1-µm, and normalized

horizontal gap, s/1-µm, respectively. The values of the fitting coefficients are a11 =

-0.31246 , a12 = -0.42129, a21 = 1.038679, a111 = -0.989331 and a112 = 1.053367.
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Figure 3. Comparison between the simulated and calculated voltage versus gap height
characteristics. Beam dimensions L = 400 µm, w = 10 µm, s = 5 µm, and t = 1 µm.

Table 1. Simulated Dimensions and Material Parameters of Electrostatic Fringing
Field Actuator

Parameter Value

Beam length (L) 250−500 µm

Beam width (w) 10−25 µm

Beam thickness (t) 1 µm

Fringing-field pull-down electrode spacing (s) 2−8 µm

Pull-down beam width (wpd) 10−25 µm

Pull-down beam thickness (tpd) 1 µm

Vertical gap height (h) 0−4 µm

Au Young’s modulus (E) 80 GPa

Au Poisson’s ratio (ν) 0.44

The beam parameters for the simulated geometries are listed in Table 1. Fig. 3

illustrates a typical applied bias versus gap height response curve comparison between

the simulated and calculated result. The error is 5.6 % for typical MEMS geometries.

The percent error changes depend on the values of s and h. What is consistent among

all simulations is that for small deflections within 1.5% of the total gap the error is ≥
10 %. The largest overall errors were observed for gaps s = 2 µm, s = 3 µm and s =

4 µm. The reason for this being the case is that at these gaps the C−h characteristics

were not as linear as our approximation asserts. The shape of the C−h curves for these

s values in particular resembles a parallel-plate capacitor that is near its unstable region

of operation. It was obsereved that for s ≥ 5 µm the error was well below 10% for beam

deflection greater than 1.5% of the total gap height. Secondarily, we assumed that t

was infinitely thin with respect to device dimensions which was not necessarily true.

When s = 2 µm, 3 µm and 4 µm the t/s ratio becomes 0.5, 0.3 and 0.25, respectively.

Therefore the infinitely thin approximation is poor for these horizontal gaps.
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Figure 4. Applied bias needed to close the gap, pull-down voltage, versus horizontal
spacing for various spring constants. The applied bias is calculated with the proposed
model in this paper. The initial gap height for the calculated result is h0 = 4 µm.

3. Example Cases

3.1. Spring Constant and Horizontal Gap Considerations

The design of EFFA MEMS is straightforward. For a given geometry, we can rapidly

compute the bias voltage needed to pull-down the beam. The most critical aspect of

fringing-field MEMS that needs close attention is its spring constant. Due to the weak

forces provided by the electrostatic fringing fields and lack of contact forces, low spring

constant designs ≤ 1 N/m may be necessary. Fig. 4 illustrates the applied bias versus

horizontal gap for several spring constants. The kz in the plot is the total spring constant

due to geometry and residual stress. It is evident from the plot that the mechanical

restoring force can easily exceed the electrostatic force resulting in high applied bias.

Therefore care must be taken in choosing the beam material, dimensions and in reducing

biaxial residual mean stress as much as possible. In section 5.1 a fabrication technology

is introduced that uses electroplated Au, a silicon sacrificial layer and a dry release to

achieve < 10 MPa biaxial mean stress.

3.2. Impact of Pull-down Electrode Geometry

The thickness and width of the pull-down electrodes do not necessarily need to be

the same as that of the movable membrane. The device footprint can be reduced by

decreasing the width of the pull-down electrodes. From an electrostatic perspective

we are concerned with maintaining the force. Fig. 5 illustrates the reduction in the

computed capacitance ratio when wpd < w. The capacitance is computed numerical

with Coventor. Fig. 6 illustrates the impact of tpd thickness on the capacitance ratio.

Capacitance at V = 0 V is represented by CU , and capacitance when the voltage pulls

the beam completely down (V = Vdown) is represented by CD. Similar to the impact

of the beam width on capacitance, increasing tpd has a marginal effect on CD/CU when

tpd > t for s > 1 µm. On the other hand, for s ≤ 1 µm it is shown that the CD/CU
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Figure 6. Simulated electrostatic force versus normalized pull-down electrode
thickness.

ratio can be improved, resulting in lower applied biasing. However, achieving s ≤ 1 µm

may be difficult in practice with low cost MEMS processes and therefore s ≥ 3 µm is

recommended and will result in applied biases that are close to the case when tpd = t.

Mechanically we are concerned with the pull-down electrodes remaining fixed. This

is a concern due to the fabrication technology implemented in this work where the entire

substrate is removed from beneath the beams (please see Fig. 10 in Section 5.2), thereby

releasing the pull-down electrodes and facilitating an undesirable deflection in response

to an applied bias. In order to ensure the pull-down electrodes remain fixed, the spring

constant of the pull-down electrodes needs to be greater than that of the movable beam.

The spring constant is proportional to t3. For example, ignoring the residual stress

term, if wpd = 3w and tpd = 3t then the pull-down electrode will have a spring constant

that is approximately 10 times greater than the movable beam. Alternatively, if device

footprint is not critical, then merely increasing the width of the pull-down electrodes

will result in a higher spring constant.
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4. Switching Time Considerations

4.1. Inertia-limited Calculation

The penalty paid for the robust EFFA device design is a substantial decrease in

mechanical damping coefficient, b, and an increase in the fixed-fixed beam mechanical

quality factor, Qff , which is indicative of a device with a long settling time (100s of

microseconds to milliseconds). The damping coefficient is calculated by the following [1]

b =
kz

2πfm0Qff

(11)

where fm0 is the mechanical resonant frequency of the MEMS membrane. The

mechanical quality factor, Qff , can be approximated by the following expression [1]

Qff =

√
Eρt2

µ(wL
2

)2
g3
0 (12)

where E is the Young’s modulus of the beam material, ρ is the density of the beam

material, g0 is the gap between the fixed-fixed beam and the underlying substrate, and

t is the beam thickness. The symbol µ is the coefficient of viscosity and at standard

atmospheric temperature and pressure is calculated to be 1.845 × 10−5 kg/m·s. It

is readily observed that b and Qff are strongly dependent on g0. The EFFA MEMS

topology in this work has the substrate completely removed from beneath the beam.

As a result, g0 is typically ≥ 20 µm. This correlates to a b < 10−7 kg/s and a Qff ≥ 2.

Based on the low b and relatively high Qff , the fixed-fixed beam is considered an inertia-

limited system (acceleration limited). Therefore, we can use the the following simplified

closed-form expression to calculate the switching time for the fixed-fixed beams [1]

tdown ' 3.67
Vdown

2πfm0Vapp
(13)

where Vdown is the voltage needed to pull the beams to the desired gap height and

Vapp is the applied bias which is typically 1.2−1.4Vdown to result in fast switching time.

The mechanical resonant frequency of the fixed-fixed beam is represented by fm0 and is

calculated by the following expression

fm0 =
1

2π

√
kz

meff
(14)

where kz represents the spring constant of the fixed-fixed beam due to a distributed

load applied over the entire beam and is used from (4). We can calculate the effective

mass, meff , of the fixed-fixed beam from [1]

meff = 0.44ρtwL (15)

The meff and kz for a fixed-fixed beam with w = 10 µm, L = 400 µm, t = 0.45 µm, and

residual mean stress, σ, of 5 MPa are 1.5 × 10−11 kg and 0.27 N/m, respectively. The



50× Switching Time Improvement in Severely Underdamped Actuators 10

calculated fm0 is 21 kHz. The calculated switching time based on (13) for the fixed-fixed

beam based solely on its inertia is 28 µs.

Fig. 7 illustrates the typical dynamic step response for a fixed-fixed beam that is

underdamped. This is a well-known response and has several key performance metrics

which are labeled on the plot. The metrics are: final gap height, Gf , peak gap height,

Gp, rise time, tr, peak time, tp, and settling time, tt. Typically, tr is defined as the time

it takes to get from 0.1Gf to 0.9Gf . While ts is defined as the time it takes to get within

5 % of Gf . For very low b, the physical mechanisms that provide damping is dissipation

in the beam anchors and the interface granules in the beam itself [1]. Consequently the

settling time of the fixed-fixed beam > 1 ms. This relatively long settling time will be

observed at every gap height since the damping surface is relatively far away from the

fixed-fixed beam. This lack of squeeze film damping can be alleviated by employing

DC-dynamic biasing.

4.2. Calculation Based on DC-Dynamic Biasing

The dynamic waveform proposed in this paper exploits the physics of the underdamped

second-order step response in order to explicitly quantify the necessary bias voltages

and timings that will improve the switching time. As illustrated in fig. 7, at Gp the

velocity of the beam is at a minimum. This is the most opportune time, tp, to apply an

electrostatic bias, resulting in a fast settling time. Fig. 8 illustrates the DC-dynamic

biasing concept. The red curve represents the DC-dynamic bias waveform while the

black curve represents the deflection of the fixed-fixed beam in response to the applied

bias. The gap heights G2 and G4 are the peak gap heights of G1 and G3, respectively.

The times t2 and t4 are when the bias is applied to hold the beam at the G2 and G4 gap

heights, respectively. The times t1 and t3 are user defined, however, t2 − t1 = tp and t4
− t3 = tp. Lastly, the voltages V1, V2, V3, and V4 are the voltages needed to obtain the

steady state gap heights G1, G2, G3, and G4, respectively. Both the voltages and gap

heights are found with the heuristic model presented in Section 2.

In order to find G2 and G4, the percent overshoot, %OS, must be obtained. The

overshoot in an underdamped second order system can be expressed as a function of

the fixed-fixed beam geometrical parameters through Qff . First, the damping ratio, ζ

is expressed as

ζ =
b

2meffωm0
(16)

We can relate ζ to Qff by the following

ζ =
1

2Qff

(17)

Now we can replace ζ by Qff for the time parameters

tr =
2.16( 1

2Qff
) + 0.6

ωm0

(18)
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Figure 7. Sketch of typical under-damped second order system response to a unit-step
input. Key metrics are noted: peak gap Gp, final gap, Gf , rise time, tr, peak time tp,
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Figure 8. Sketch of typical fixed-fixed beam response to an input DC-dynamic biasing
waveform.

tp =
π

ωm0

√
1 − ζ2

=
π

ωm0

√
1 − ( 1

2Qff
)2

(19)

ts ≈
3

ζωm0

≈ 6Qff

ωm0

(20)

The ts in (20) is for a settling time that is within 5% of the steady state equilibrium

gap height. Finally, the percent overshoot, %OS, can also be expressed as a function of

Qff

%OS = 100 × e
−ζπ√
1−ζ2 = 100 × e

− π
2Qffr

1−( 1
2Qff

)2

(21)

We can obtain an approximate value for Qff based on ts from simulation or

measurements. For a fixed-fixed beam with ts = 2 ms and fm0 = 21 kHz, Qff =

44, b = 4.6 × 10−8 kg/s (based on (11)), tp = 23.7 µs, tr = 4.7 µs, and %OS = 96.5.

Tables 2 and 3 shows the calculated voltage and timing parameters, respectively, for an
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Table 2. Designed Voltage Parameters of DC-Dynamic Bias Waveform
State V1 V2 V3 V4

20 V 13 V 20 V 13 V 0 V

30 V 17 V 30 V 17 V 0 V

40 V 29 V 40 V 29 V 0 V

50 V 36 V 50 V 36 V 0 V

60 V 43 V 60 V 43 V 0 V

70 V 51 V 70 V 51 V 0 V

80 V 55 V 80 V 55 V 0 V

90 V 60 V 90 V 60 V 0 V

Table 3. Designed Time Parameters of DC-Dynamic Bias Waveform
t1 t2 t3 t4

0 µs 30 µs 4 ms 4.03 ms

example DC-dynamic waveform based on Fig. 8 for a beam with L = 400 µm, w = 10

µm, t = 0.45 µm, and s = 8 µm.

5. Experimental Validation

5.1. Fabrication Technology

Fig. 9 summarizes the three-mask process for the fabrication of EFFA MEMS fixed-

fixed beams. The fixed-fixed beams are fabricated on a low-resistivity silicon substrate

(approximately 1−10 Ω-cm) with a thickness of 525 µm and 5000 Å of thermally grown

SiO2. The fabrication starts with patterning the SiO2 with buffered hydrofluoric acid.

This etch is used to create the mask layer for the subsequent bulk micromachining for

the silicon sacrificial layer. Next, we perform a bulk etch of the silicon substrate with

tetramethyl ammonium hydroxide (TMAH) 45 % by weight at 80◦C with stirrer spin

speed of 400 rpm. This etch is used to create the vertical gap height offset between

the movable fixed-fixed beam and the static pull-down electrodes. After completing the

bulk etch, the next step is to strip all of the oxide from the substrate and thermally grow

another 5000 Å of SiO2. Subsequently, we pattern the SiO2 to expose the silicon which

serves as the sacrificial layer for the final release of the fixed-fixed beams. A thin layer

(1000 Å) of low stress Au is sputter deposited. A very thin (<20 nm) Ti adhesion layer

is used as a seed layer. Next, we create a photoresist mold that defines the geometry

of the fixed-fixed beam. Then we electroplate Au to the desired thickness of the fixed-

fixed beam. Electroplating is chosen over sputtering or evaporating because it allows the

critical lateral design dimension to be realized (∼4 µm) as well as providing a low-stress

thin film. Also, electroplating conforms to the topological difference introduced by the

silicon bulk etch much better than evaporation and sputtering. After electroplating we
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(a) (b)

(c) (d)
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Au XeF2 etch recess

Figure 9. Process flow of the EFFA MEMS bridge. (a) TMAH bulk etch, (b) wet
thermal oxidation and oxide etch to expose sacrificial silicon, (c) Au deposition and
patterning of fixed-fixed beams and pull-down electrodes and (d) XeF2 dry release of
fringing-field actuators.

strip the photoresist mold using a standard dedicated photoresist stripper. The seed

layer is wet etched by submerging the entire sample in a dedicated gold etchant followed

by a subsequent titanium etchant. It was observed that approximately for every 100

nm of sputtered Au etched, 400 nm of electroplated Au is etched. Since the primary

fixed-fixed beam metal is unprotected and will be attacked while etching the seed layer,

when electroplating the fixed-fixed beam we grow the layer to be a little thicker than

the design in order to compensate. Lastly, a dry isotropic XeF2 etch that selectively

attacked the silicon and released the Au fixed-fixed beams is the final step.

Two key process steps make this fabrication successful: 1) low residual stress Au

film deposition and 2) the XeF2 dry release. As explained in Section 3.1 the EFFA force

is quite low. As a result, if the residual mean tensile stress is on the order of typical

stresses for MEMS thin films (>60 MPa), the drive voltage will become excessively

high and the reliability of EFFA MEMS may be compromised. To remedy this, we

carefully characterized the electroplating recipe to produce a film with extremely low

mean stress. In addition, the sacrificial layer type played an important role in ensuring

low mean tensile stress [27]. This is achieved by using silicon as the sacrificial layer type.

For the beams measured in this study, we extracted mean stresses of 1−8 MPa using

the newly developed model. Lastly, dry release with XeF2 enables high yield processing

by making stiction due to high surface tension virtually impossible.

5.2. Gap Height Versus Applied Bias Measurement

Figs. 11 - 15 show the measured results for 5 fixed-fixed beams with different s, h0,

L and σ parameters. A Young’s modulus of 35 GPa is used in the calculation for the

electroplated gold [28]. The deflection versus voltage characteristics of the beams are

measured with an Olympus LEXT OLS-3000 laser scanning confocal microscope [29].

The measurements have an uncertainty of ±50 nm. The model demonstrates good
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Figure 10. Scanning electron micrograph of EFFA MEMS bridges.

Figure 11. Measured gap height versus applied bias of EFFA fixed-fixed beams: w

= 10 µm, t = 0.46 µm, L = 350 µm, s = 4 µm, and σ = 4 MPa.

agreement with the experiment. By pursuing an heuristic approach and basing the

model on the exact curvature of the fixed-fixed beam, the trajectory is inherently

tracked. This accounts for several electromechanical phenomena listed in the beginning

of Section 2 that are difficult to capture in a compact closed-form model. The primary

limiting factor in our model, like all current models, is process based.

5.3. Switching Time Measurement

The switching time measurements are captured with a polytec laser doppler vibrometer

(LDV) [30] in the setup illustrated in Fig. 16. The function generator is connected to

a linear high-voltage high-speed amplifier in order to achieve the necessary voltages to

actuate the electrostatic fringing-field fixed-fixed beams. The applied biases and timings

are found in real-time by viewing the LDV output and making manual adjustments on

the function generator as the beams are actuating.

Figs. 17 and 18 illustrates the switching time of the EFFA MEMS fixed-fixed beam

for a standard unit-step bias waveform and the DC-dynamic input for the 60 V gap

height. Figs. 19 and 20 illustrates how the DC-dynamic bias waveform can be used
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Figure 12. Measured gap height versus applied bias of EFFA fixed-fixed beams: w

= 10 µm, t = 0.46 µm, L = 600 µm, s = 4 µm, and σ = 4 MPa.

Figure 13. Measured gap height versus applied bias of EFFA fixed-fixed beams: w

= 10 µm, t = 0.46 µm, L = 700 µm, s = 6 µm, and σ = 4 MPa.

Figure 14. Measured gap height versus applied bias of EFFA fixed-fixed beams: w

= 10 µm, t = 0.46 µm, L = 700 µm, s = 8 µm, and σ = 7 MPa.

for all gap heights. Table 4 and 5 shows the voltages and times, respectively, used to

achieve the measured gap height positions shown in Figs. 19 and 20. By using the

DC-dynamic bias waveform, the settling time reduces from ∼ 2 ms down to ∼ 35 µs for
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Figure 15. Measured gap height versus applied bias of EFFA fixed-fixed beams: w

= 10 µm, t = 0.46 µm, L = 350 µm, s = 8 µm, and σ = 1 MPa.

Laser Doppler Vibrometer
(Polytec)

Function Generator
(33250A)

Oscilloscope
(DS05034A)

DUTBroadband Linear
Ampli!er

Computer

Figure 16. Measurement setup for switching time.

Table 4. Measured Voltage Parameters of DC-Dynamic Bias Waveform
State V1 V2 V3 V4

20 V 14.2 V 20 V 13.8 V 0 V

30 V 21.2 V 30 V 20.4 V 0 V

40 V 28 V 40 V 27 V 0 V

50 V 34.6 V 50 V 33.2 V 0 V

60 V 41 V 60 V 39 V 0 V

70 V 46 V 70 V 44.4 V 0 V

80 V 52.4 V 80 V 49.4 V 0 V

90 V 57.2 V 90 V 54.6 V 0 V

both up-to-down and down-to-up states. It is observed that the calculated switching

time using (13) and (19) are 28 µs and 23.7 µs, respectively, for a beam with w = 10

µm, L = 400 µm, t = 0.45 µm, s = 8 µm, and σ = 5 MPa. It is also observed from (13)

and (19) that tdown and tp are ∝ σ−1/2. Therefore small changes in the residual stress

can give large changes in the switching time calculation. For example, the switching

time for the same fixed-fixed beam with a residual stress of 3 MPa and 5 MPa results

in a calculated switching time of 35 µs and 28 µs, respectively, using (13). Using (19),

the calculated times are 30 µs and 23.7 µs, respectively. As with the compact model for

calculating the applied bias, the switching time model is also limited by the processing

parameters of the film.



50× Switching Time Improvement in Severely Underdamped Actuators 17

Figure 17. Measured up-to-down switching time of the 60 V gap height of the EFFA
MEMS fixed-fixed beam in response to a typical unit step and DC-dynamic applied
bias.

Figure 18. Measured down-to-up switching time from the 60 V gap height of the
EFFA MEMS fixed-fixed beam in response to both a typical unit step and DC-dynamic
applied bias.

Figure 19. Measured up-to-down switching time of the EFFA MEMS fixed-fixed
beam in response to both a DC-dynamic applied bias for several intermediate gap
heights.
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Figure 20. Measured down-to-up switching time of the EFFA MEMS fixed-fixed
beam in response to a DC-dynamic applied bias for several intermediate gap heights.

Table 5. Measured Time Parameters of DC-Dynamic Bias Waveform
State t1 t2 t3 t4
20 V 5 µs 41 µs 4 ms 4.036 ms

30 V 5 µs 41 µs 4 ms 4.036 ms

40 V 5 µs 41 µs 4 ms 4.036 ms

50 V 5 µs 40 µs 4 ms 4.035 ms

60 V 5 µs 42 µs 4 ms 4.035 ms

70 V 5 µs 39 µs 4 ms 4.034 ms

80 V 5 µs 37 µs 4 ms 4.033 ms

90 V 5 µs 36 µs 4 ms 4.032 ms

6. Discussion

The method presented in this work demonstrates significant improvement in switching

time for electrostatic fringing field actuators where the substrate is removed. This

topology is chosen because it demonstrates a worst case scenario where squeeze film

damping is effectively zero. However, many designs of electrostatic MEMS actuators

and sensors leave the underlying substrate intact. The method presented in this work is

independent of whether a substrate is beneath the device or not. As long as the device

is underdamped and its gap height versus voltage characteristics can be calculated, the

presented method will be useful in improving switching time.

7. Conclusion

The design, fabrication, and experimental validation of fast switching in severely

underdamped electrostatic fringing-field actuators is presented. An > 50× switching

time improvement is achieved through the use of DC-dynamic biasing. Electrostatic

fringing-field actuation is used due to its robust device design and inherently low

damping conditions. A qualitative model that maps the fringing-field capacitance
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of the EFFA MEMS actuator as a parallel-plate capacitor in its analog capacitance

versus gap regime is presented and discussed. A quantitative compact model for the

voltage versus gap height characteristics based on the effective parallel-plate model is

successfully developed and validated with numerical simulation. The error between

the model and the numerical simulation results is less than 5.55% for typical MEMS

geometries. Electromechanical design considerations is presented based on the proposed

compact model and numerical simulation. A DC-dynamic waveform is designed based

on the newly derived model. Experimental validation of the model is performed and

for a given voltage good agreement is demonstrated with typically less than 10% error.

With dynamic biasing the measured up-to-down and down-to-up switching time of the

actuator is ∼ 35 µs. On the other hand, conventional step biasing results in a switching

time of ∼ 2 ms for up-to-down and down-to-up states. Future work includes finding a

common waveform for multiple switches in a system.
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