SANDIA REPORT

SAND2008-0211
Unlimited Release
Printed January 2008

High-Speed, Sub-Pull-In Voltage MEMS
Switching

Gregory N. Nielson, Michael J. Shaw, Olga B. Spahn, Gregory R. Bogart,
Michael R. Watts, Roy H. Olsson Ill, Paul Resnick, David Luck,
Steven Brewer, Chris Tigges, Grant Grossetete

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of Energy’s
National Nuclear Security Administration under Contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

@ Sandia National Laboratories



Issued by Sandia National Laboratories, operated for the United States Department of Energy by
Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government, nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors, or their employees, make any
warranty, express or implied, or assume any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represent that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government, any agency thereof, or any of their contractors or subcontractors. The
views and opinions expressed herein do not necessarily state or reflect those of the United States
Government, any agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best
available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728
E-Mail: reports@adonis.osti.gov

Online ordering: http://www.osti.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd.
Springfield, VA 22161

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online




SAND2008-0211
Unlimited Release
Printed January 2008

High-Speed, Sub-Pull-In Voltage MEMS
Switching

Gregory N. Nielson, Michael J. Shaw?, Gregory R. Bogart, Olga B. Spahn®,
Michael R. Watts*, Roy H. Olsson 111}, Paul Resnick?, David Luck?,
Steven Brewer, Chris Tigges®, Grant Grossetete®

!Advanced MEMS
’MEMS Core Technologies
*RF/Optoelectronics
*Applied Photonic Microsystems
>Photonic Microsystems Technologies

Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM 87185-1080

Abstract

We have proposed and demonstrated MEMS switching devices that take advantage of the
dynamic behavior of the MEMS devices to provide lower voltage actuation and higher switching
speeds. We have explored the theory behind these switching techniques and have demonstrated
these techniques in a range of devices including MEMS micromirror devices and in-plane
parallel plate MEMS switches. In both devices we have demonstrated switching speeds under
one microsecond which has essentially been a firm limit in MEMS switching. We also developed
low-loss silicon waveguide technology and the ability to incorporate high-permittivity dielectric
materials with MEMS. The successful development of these technologies have generated a
number of new projects and have increased both the MEMS switching and optics capabilities of
Sandia National Laboratories.
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Executive Summary

In this report we describe and explore a new concept for switching microelectromechanical
systems (MEMS). This approach takes advantage of the dynamic motion of the switch to allow
both lower voltage operation and higher-speed switching. Secondary benefits include slower
contact speeds which reduces material damage at the contact points and lower energy
requirements for operation.

We have applied this switching technique to a number of devices. The first device that we
demonstrated this approach on was a relatively large MEMS micromirror device. This device
was fabricated and designed under a different project but had the proper structure to allow
operation with the new dynamic switching concept. We demonstrated switching at voltages
below the pull-in voltage of the structure.

We also designed, fabricated, and tested a series of MEMS micromirrors that were designed to
operate at very high speeds. These micromirrors switched in 225 ns, which established a new
switching time record for micromirror devices by an order of magnitude. These devices have
switching speeds that are competitive with acousto-optic modulators and therefore extend the
reach of MEMS micromirrors to a whole new range of applications.

We also demonstrated an in-plane, parallel plate MEMS structure that provides switching in
under 500 ns, over a gap of almost 2 mm. This also sets a high-speed switching mark, relative to
the switching gap. This device was a precursor to a MEMS integrated optical switch where a
MEMS structure is combined with optical waveguides to create a MEMS switching device. As
part of this work, low-loss crystalline silicon waveguide technology was developed at Sandia for
the first time. These new silicon waveguides have led to a number of new projects and
significantly increase the optical technology capability of Sandia National Laboratories. MEMS
devices were fabricated that combined the MEMS structures with the waveguides but the
waveguides had extremely high loss resulting in an inability to fully test these devices. Work is
ongoing in a new project to address the optical loss problem and simplify the fabrication of these
switches.

Finally, some exploratory work was done on incorporating high-permittivity materials into
MEMS devices. The high-permittivity materials enable lower hold-voltages for MEMS switches
which has been the limiting parameter on the switching voltage of these devices. This work
experimentally demonstrated the viability of incorporating high-permittivity into MEMS with
functional devices.

Overall, this project was highly successful. The dynamic switching mechanisms proposed were
demonstrated in a range of devices illustrating both a reduction in voltage required and high-
speed switching records. In addition, many new technologies were developed that have spawned
a range of new projects. These results squarely place Sandia National Laboratories at the
forefront of high-speed MEMS switching.
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Figure 1.1 Switching speed versus actuation voltage for a number of RF MEMS switches [1]. Note
the clear relation between switching speed and voltage.

1.0 Introduction

MEMS switching has been an area of significant research for a number of years. MEMS
switches operate in a number of different domains with the most significant of those being
electrical (low frequency), RF, optical, and fluidic. The functional benefits resulting from these
switches have been hampered by either high voltage required (i.e. electrostatic and piezoelectric
switching) or high power requirements (i.e. thermal and magnetic switching). In addition, all of
these switching techniques have been hampered by slow switching speeds. Many mechanisms
switch in speeds on the order of milliseconds while the fastest devices have been limited to at
best a few microseconds. There is a fundamental relation between switching speed and voltage
for electrostatic MEMS switches that dictates the speed achievable with MEMS devices. Figure
1.1 shows a number of RF MEMS switches developed by a number of research labs and
companies that shows the clear relation between switching speed and voltage.

Standard electrostatic MEMS switching operates under quasistatic conditions. If the dynamic
behavior is considered, and taken advantage of, the relation between the switching speed and
voltage follows a different relation that allows both a decrease in voltage and a decrease in
switching time. To achieve this requires that the MEMS device be designed specifically for
dynamic electrostatic MEMS switching.



Through these techniques, we demonstrate both a reduction in actuation voltage and an increase
in switching speed for both torsional and parallel plate devices. The trade-off to these dynamic
switching techniques is that the control of the devices becomes more complex than for the simple
quasistatic switching case. Judgment needs to be exercised in determining which switching
technique provides the best performance for a given application.
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Figure 2.1 Lumped parameter model of a standard parallel plate electrostatic actuator showing
the open and closed position of the switch [2].

2.0 Dynamic Switching Theory

Taking advantage of the dynamic behavior of MEMS switches significantly improves the
performance achievable. To understand the benefits of operating MEMS switches according to
the dynamic switching principles requires first an understanding of standard electrostatic MEMS
switching, since the behavior that enables dynamic switching is based on the standard switching
technique.

2.1 Standard Electrostatic MEMS Switching

An electrostatic MEMS switch is comprised of two parallel plate electrodes, one of which is
fixed and the other is suspended by a compliant structure that allows it to move. When a voltage
is applied across the two plates, opposite signed charges build up on the two plates which exert
an attractive force that pulls the plates together. Because of the nonlinearity of the force resulting
from the electrostatic attraction, the plates experience an equilibrium bifurcation that results in a
“pull-in” effect. This pull-in effect occurs at a voltage level defined by the design of the structure
and is referred to as the pull-in voltage. This behavior is readily shown by analyzing the
equations of motion of a lumped parameter model of an electrostatic switch.

Figure 2.1 shows a lumped parameter model of a standard parallel plate electrostatic MEMS
switch. The equation of motion for the movable plate is

2
MK+ b+ kx = — Y (2.1)

2(d, —x)*

where m is the mass of the plate, k is the spring constant of the suspending structure, b is the
damping coefficient of the system, ¢ is the permittivity of free space, A is the overlap area of the
two electrodes, do is the initial gap between the plates, and x is the displacement of the movable
plate from its equilibrium position.

According to standard operation, quasistatic conditions are assumed which allows the velocity
and acceleration terms to be neglected. Solving then for the voltage gives

V- | 2kx(d, — x)? | 22)
eA

Equation 2.2 has a local maximum at x =d, /3. This point is the position at which the pull-in
phenomenon occurs. The voltage associated with this pull-in position is
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Figure 2.2 Applied voltage versus displacement equilibrium curve for a parallel plate electrostatic
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Equation 2.2 is plotted in Figure 2.2 with the voltage scaled by the pull-in voltage and the
displacement, x, scaled by do. The typical mode of operation of an electrostatic switch is also
depicted in the Figure 2.2. The voltage is increased until it exceeds the pull-in voltage which
causes the movable plate to snap into the pulled-in position. The pulled-in position is defined by
the dielectric material or mechanical stops that keeps the two plates from touching and
electrically shorting. We will refer to this air or dielectric layer as the isolation layer thickness, tg.
To release the plate from the pulled-in position requires that the applied voltage be lowered until
it reaches the hold voltage threshold level. At this point, the movable electrode snaps free from
the isolation layer. The hold voltage level is given by

Vh — 2k(d0_td )[5 .

A
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Figure 2.3 Applied voltage versus displacement equilibrium curve for a torsional electrostatic

actuator [3].
Note that the isolation layer thickness determines the level of the hold voltage. If the layer is very
thin, the hold voltage will be very low. The minimum isolation layer thickness is determined by
the actuation voltage required by the switch and the breakdown field of the isolation layer
material. In Equation 2.4, we assume that the relative permittivity of the isolation layer is unity
but this is often not the case. By using an isolation material with a higher permittivity, the hold
voltage is reduced for a constant isolation layer thickness. For dynamic switching, this can be a
desirable mechanism and is explored in Section 6.0.

A comparable derivation is possible for torsional electrostatic MEMS switches. The behavior is
similar to the parallel plate structure, with some subtle differences. For instance, the local
maximum associated with the pull-in phenomenon is shifted slightly to the right. The equilibrium
curve associated with the torsional electrostatic actuator is plotted in Figure 2.3. For the full
derivation of the torsional switch behavior, see [3] reprinted in Appendix A.
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Figure 2.4 Lumped parameter model of the structure required for dynamic operation of a
parallel plate electrostatic actuator. The two pulled-in positions, which constitute the two switch
positions during operation, are also shown [2].

2.2 Dynamic Electrostatic MEMS Switching

The dynamic switching approach requires a more complex structure than that shown in Figure
2.1. One additional fixed electrode or plate is required and needs to be positioned such that the
two fixed electrodes are symmetrically located around the movable plates’ zero bias equilibrium
position. The switch operates between the two pulled-in positions defined by the fixed
electrodes. Figure 2.4 shows the required electrode arrangement for a parallel plate actuator with
the two switch positions during operation.

For a torsional switch, the structure required for dynamic switching is the same structure
typically used for standard torsional switching. A lumped parameter model illustrating this
structure is shown in Figure 2.5. In this case, the switch rotates from one pulled-in position to the
opposing pulled-in position. This means that most torsional electrostatic MEMS switches can
operate with the dynamic switching technique as constituted.

Figure 2.5 Lumped parameter model of a torsional electrostatic actuator. Note the two fixed
electrodes placed symmetrically relative to the rotating electrode.

Dynamic switching operates between the two opposing pulled-in positions defined by the two
fixed electrodes on either side of the moving electrode’s unactuated equilibrium position.
Because the switch is always in one of two pulled-in states, the switch always possesses stored
energy in the mechanical domain to drive switching.

The switch operation is initiated by the release of the voltage holding the movable electrode in its
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initial pulled-in position. Upon release from one pulled-in position, the movable electrode will
accelerate, overshoot its equilibrium position, and come near the second fixed electrode if the
system is underdamped. Due to this close proximity, the second electrode can catch and hold the
movable electrode in a pulled-in position with a voltage less than the pull-in voltage.

The hold voltage, defined in Equation 2.4, is the lower limit of the actuation voltage for the
dynamic switching technique; however, the actuation voltage may need to be higher if the
mechanical resonance quality factor is too low. A quality factor as low as five can provide an
appreciable decrease in the required actuation voltage [2].

Under normal operation, the switch operates at a voltage just above the hold voltage. However,
the switch requires initialization (i.e. initial pull-in of the movable electrode from its undeflected
equilibrium). This can be achieved by applying a relative large voltage that exceeds the pull-in
voltage; however, this then requires that the isolation gap between the electrodes be able to hold
off this high voltage and thus be thicker than would be required by just the hold voltage. This
additional thickness leads to an increase in the hold voltage and reduces the performance
improvements resulting from the dynamic switching approach. However, by again taking
advantage of system dynamics, this initial pull-in can also be achieved at a voltage much less
than the pull-in voltage [3].

The switch can be initialized by applying a voltage signal at the resonant frequency of the device
such that energy is built up in the mechanical resonance of the structure. When there is sufficient
energy stored in the mechanical resonance, the device will achieve a pulled-in state. This allows
the switch to be initialized at a voltage less than the pull-in voltage of the device.

2.3 Initializing the MEMS Switch (Resonant Pull-in)

The concept behind initialization of the switch with resonant pull-in is that energy is injected into
the mechanical system over time and thus allows for a lower voltage to be used than would be
required if a simple ramp or step function signal were applied. The lower initialization voltage
that is provided by the resonant pull-in technique allows a thinner isolation layer to be used and
thus reduces the hold voltage level. Combining the resonant pull-in with the dynamic switching
creates a system optimized for the fastest possible switching speed at the lowest voltage possible.

A detailed analysis of the dynamic behavior leading to pull-in was conducted. This analysis is
found in [3], included in Appendix A.

2.4 Discussion of Design Considerations

The hold voltage is defined by the effective gap between the electrodes when the suspended
structure is in its pulled-in position. The thickness of this gap need not be large but the gap does
need be thick enough to maintain electrical isolation between the two electrodes. If the operating
voltage is low, the gap can be very narrow.

The isolation gap is sometimes defined by a dielectric material in between the two plates
(deposited on either the fixed electrode, the moving electrode, or in some cases both electrodes).
In other devices, the isolation layer is created by using mechanical stops to limit the motion of
the movable electrode before it comes into contact with the fixed electrode. In this case, the
dielectric between the two is air, some other gas, or vacuum.

Whatever comprises the dielectric separating the two electrodes, the key material parameter
metric to judge candidate materials by is the product of the relative permittivity of the material
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with its dielectric strength. A high permittivity makes a dielectric layer appear thinner to the two
electrodes. A high dielectric strength allows a thinner dielectric layer to be used. Thus, both
material parameters are equally important in determining the ideal material. As part of this
project we explored the use of high-permittivity materials in electrostatic MEMS switches (see
Section 6.0).

Another important consideration for the dielectric material used in the MEMS structure is its
propensity for dielectric charging. This can be a significant problem for MEMS electrostatic
switches. The least likely devices to exhibit dielectric charging are structures where the dielectric
layer is defined by mechanical stops. This may not be possible or desirable in all situations. An
alternative approach that we used to reduce dielectric charging was to operate the switches in
vacuum. We experienced much less charging when we tested our devices in vacuum as compared
to air. The vacuum operation also allowed an increased mechanical quality factor which is a
benefit to the dynamic switching behavior.

One last design consideration for high-speed MEMS switches is that through particularly good
design practices the voltage can be lowered dramatically, thus allowing the stiffness of the
MEMS structure to be increased to allow for high-speed switching. However, the stiffness of the
structure can only be increased to a certain degree due to limitations imposed by material
properties and device geometries. These limitations determine the ultimate speed at which a
MEMS device can switch. For the very smallest MEMS (NEMS) switching structures, switching
speeds of 1 ns are theoretically possible [4].

16



Figure 3.1 SEM of the large MEMS mirror device. The mirror surface is 120 um by 160 pm.

3.0 Large MEMS Micromirror Switching

For the initial demonstration of the dynamic switching technique we took advantage of the fact
that most torsional micromirror devices have the required structure for dynamic switching. A
lumped parameter model of the structure of a MEMS micromirror device is illustrated in Figure
2.5.

3.1 Mirror Device

The device we used was a relatively large MEMS micromirror device developed at Sandia
National Laboratories. An SEM image of the device is in Figure 3.1. This device has both a large
mirror surface (120 um x 160 um) and a large angular displacement (£10°). This device was
designed and fabricated in the SUMMIT V™ process.

3.2 Testing Results

This micromirror device was set up in a test stand that included an illuminating laser, computer
control of the actuation voltage of the device, and a position sensitive optical detector (PSD).
The output of the PSD was collected and compared with the applied voltages to determine the
system response. These tests were all performed in air. The quality factor of the mechanical
system was in the range of five to ten.

17
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Figure 3.2 Plots showing the applied voltage and the resulting dynamic switching of the large MEMS
torsional mirror[2].
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Figure 3.3 Plots showing the applied voltage and the resulting resonant pull-in of the structure.
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Figure 3.2 shows the results of a test indicating successful dynamic switching. This is indicated
by the ability to switch between pulled-in positions at a voltage lower than the pull-in voltage of
the MEMS micromirror. To initialize the switch (intitially pull-in the device), we applied a
voltage that exceeded the pull-in voltage (74 V for this device). Once pulled-in, we lowered the
voltage to 53 V which was just above the hold voltage of 49 V and switched the 53 V bias
between the two fixed electrodes. As seen in Figure 3.2, with this change in bias, the structure
switched between the pulled-in positions defined by the fixed electrodes. The switching time for
the device was 25 s (0 to 100%). Note that a small delay was included between turning the
voltage off of one of the fixed electrodes and turning it on the other fixed electrode. This delay
was necessary for the switching to operate properly.

We also performed tests related to the resonant pull-in of the MEMS micromirror device. Figure
3.3 shows the results of these tests. The applied voltage was below the pull-in voltage yet after
about the fourth cycle, the structure reached an amplitude that brought the micromirror into
contact with the fixed electrode on the side that the voltage was applied to. Because of the
constraints of the computer control of the applied voltage, it was difficult to move from a square
wave to a constant voltage so it was not possible to catch the switch in its pulled-in state;
however, had there been more flexibility in the applied voltage this would have been trivial to
accomplish. The key thing that this test demonstrated was that the device performed as expected
with the resonant pull-in technique. The voltage used in this test was 65 V. With higher quality
factors (i.e. vacuum operation), this voltage is expected to go down dramatically.
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4.0 Fast MEMS Micromirror Switching

Optical MEMS micromirrors have unique characteristics that make them appealing for such
applications as telecommunications, projection displays, quantum computing, and wavefront
correction. One performance characteristic that has limited the application of MEMS
micromirrors is switching speed. Prior to this work, the switching speeds reported for MEMS
micro-mirror devices have been in the range of a few microseconds to milliseconds [5-7].

As part of the high-speed switching project, we developed a high-speed MEMS micromirror
device. This research was motivated by the need within Quantum computing for a chip with a
large number of high-speed optical switches. These switches needed to switch faster than one
microsecond and ideally would be competitive with acousto-optic modulators (i.e., switching
speeds on the order of 100 ns). The devices we designed and tested switched between states in
225 ns and are therefore competitive with acousto-optic modulators but with the additional
beneficial characteristics of micromirrors (e.g. cost, size, integration ability, low-power, etc.).

4.1 Design

The design of these MEMS micromirror devices was driven by high-speed switching. To achieve
this goal, there were several important considerations. In general, the mechanical resonant
frequency of a MEMS switching device is closely tied to the switching speed. This is especially
true of MEMS switches using the dynamic switching approach. For a micromirror device that

operates in a torsional mode, the resonant frequency is w, = (k /1), where k is the stiffness of

the torsional spring and | is the mass moment of inertia of the moving mirror plate. Therefore, to
achieve high-speed switching requires that the mass moment of inertia be reduced while the
stiffness is increased. Without any other changes, this leads to an increase in the operating
voltage and higher stresses in the material. To alleviate these two issues, the gap between the
plates was minimized at the cost of a smaller angular displacement between the switching states.

The micromirror plate is essentially a rectangular plate. The mass moment of inertia of a plate of
this nature rotated about the axis defined by the torsional springs is

1 1

| =—mb* =— pthb®, 4.1

12 127 4
where m is the total mass of the plate , b is the long dimension of the plate orthogonal to the axis
of rotation, h is the long dimension of the plate parallel to the axis of rotation, t is the thickness
of the plate, and p is the density of the material comprising the plate.

To minimize the mass moment of inertia of the plate requires either a change in one of the
dimensions of the plate or changing the material, and thus the density, of the plate. Because of
the cubic exponent on the b dimension, manipulating this term has the strongest effect, however,
it is normally desirable for mirrors to have an aspect ratio close to one.

The thickness of the plate can be reduced only to the extent that deformations of the mirror
surface don’t exceed the planarity metric required for the application. This constraint brings into
consideration the Young’s modulus of the material forming the mirror plate. A material with a
high modulus will deform less for a given thickness than a material with a low modulus.

Because of our constraint to use SUMMIT V™ for fabrication of the devices, the material was
fixed as polysilicon. This also fixed the defined the thicknesses that could be used for the
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micromirror plate (essentially the thicknesses of the different polysilicon layers or a combination
of them).

The torsional stiffness is defined by the torsional springs that suspend the micromirror plate
above the substrate. A simple torsional spring that is commonly used is just a fixed-fixed beam
between the micromirror plate and the substrate. This beam operates in a twisting mode with a
torsional stiffness of
3
- Gk,b, h; | 4.2)
Lt
Where G is the shear modulus, by is the long dimension of the rectangular cross-section of the
beam, h; is the short dimension of the rectangular cross-section of the beam, L is the length of
the beam, and k; is a parameter dependent on the aspect ratio of the beam cross-section (by/hy).
Values for k; are given in Table 4.1.

Table 4.1 k, parameters for a range of beam cross-section aspect ratios [REFERENCE].

b/h 1 1.5 2 2.5 3 4
Ky 0.141 0.196 0.229 0.249 0.263 0.281
The shear modulus is related to Young’s modulus, E, and the Poisson ratio, v.
E
G=—r1—-, :
20+v) (43)

From Equation 3 it is apparent that there are three independent geometric parameters to vary in
the design of the torsional spring as well as the shear modulus (which is varied by using different
materials for the spring). In our design, the shear modulus is fixed by the SUMMIT V™
polysilicon. Also, the thickness of the spring (which could correspond to either b; or h,
depending on the final design) is constrained to the layer thicknesses of SUMMIT V™. This
leaves just two parameters to freely vary in the torsional spring design, the spring length and the
spring width. (It should be noted that there are two springs on each micromirror providing a total
torsional stiffness twice that given by Equations 4.2). In the actual spring designs, the connecting
points of the springs were rounded to reduce stress concentrations at those points. This resulted
in an increased stiffness of the torsional springs above that predicted by Equation 4.2.

The requirements for these mirrors were to have a mirror surface of at least 20 um x 20 um and
to have a switching speed of less than a microsecond. This means that, the resonant frequency
needs to be approximately 500 kHz or higher (assuming that a switch operation requires the time
of about one-half resonant cycle).

22




(A)

(B)

(©)

Figure 4.1 Three lowest frequency modes of the device #32. The frequency of the mode shown in
A) is 830 kHz (torsional), B) is 3.1 MHz (bending), and C) is 5.9 MHz (twisting).

We designed a number of micromirror devices that use the polyl and poly?2 layers. In some
instances the polyl layer was used for the micromirror and poly2 was used as the torsional
spring. In other instances, the usage was reversed. Table B.1 in Appendix B shows a complete
listing of the different designs created. The resonant modes of the designs were evaluated to be
certain that the lowest frequency mode was the torsional mode of the mirrors. Figure 4.1 shows
the three lowest resonant modes of device #32. This mirror uses poly2 for the mirror surface and
poly1 for the torsional spring. The mirror surface is 40 um x 40 um.
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Figure 4.2 (A) Die layout for chip containing devices 1-16, and device 33 (along with other
unrelated devices). (B) Die layout for the chip containing devices 17 through 32 and 34 (along
with other unrelated devices.
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(B)

Figure 4.3 Example layouts of the two basic designs. A) utilizes the poly 1 layer for the mirror and
the poly 2 layer for the torsional spring. B) uses the poly 1 layer for the torsional spring and the
poly 2 layer for the mirror.
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(B)

Figure 4.4 Combined mirror designs for achieving very high stiffness. A) combines two mirrors
where the poly 1 layer is used for the torsional spring and poly 2 is used for the mirror structure.
B) combines two mirrors where the poly 1 layer is used for the mirror structure and the poly 2
layer is used to create the torsional spring.
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For device #32, the predicted resonant frequency indicates a switching time of 602 ns. This is a
conservative estimate because the electrostatic forces driving the switching will, even with the
dynamic operation, reduce the time required for switching below one-half the time for a resonant
cycle. The range of devices included designs that had mirrors sized as small as 20 um x 20 um.
Some of these devices had torsional resonant frequencies as high as 3.6 MHz, corresponding to a
(conservative) switching time estimate of 140 ns. The smaller mirror sizes of these higher speed
devices results in a smaller actuator area and therefore higher pull-in and hold voltages.

Figure 4.2 shows the die layout of the two modules containing the different device designs.
There are two basic designs. One design uses the Polyl layer as the mirror surface and the Poly2
layer as the torsional spring. The other design reverses the usage of those layers. Example
layouts of each of those two basic designs are illustrated in Figure 4.3.

The constraints on the metallization in SUMMIT VTM would not permit the application of
aluminum to the Poly1 or Poly2 layers. We did design some metallized structures to evaluate the
roughness and curvature of the surface resulting from the metal deposition but this required that
we build up the mirror surface with the higher poly layers. These designs are included in the die
layout and are numbered according to the design that they were built up on.

One of the challenges in designing these mirrors was achieving a high torsional stiffness. To
address this, two designs were created where two mirrors were connected with bending tethers to
provide a “folding” style operation. This allows for a total stiffness resulting from the four
torsional springs holding the two connected mirrors as well as the folding tethers connecting the
two mirrors. The layouts for these designs are shown in Figure 4.4.

4.2 Fabrication Results

The MEMS micromirror device was fabricated with Sandia National Laboratories’ SUMMIT
V™ MEMS fabrication process [8]. The SUMMIT V™ process uses polysilicon for the
structural material and silicon oxide as the sacrificial material. There are five distinct layers of
polysilicon in the process. Chemical mechanical polishing (CMP) is utilized to smooth the
silicon oxide layers prior to the deposition of the polysilicon layers. Owing to the fact that this is
a standard process at Sandia National Laboratories, the devices resulting from the fabrication
process were impressive.

Figure 4.5 shows SEM images of a typical device #32. The micromirror plate portion of the
structure is formed out of the third polysilicon layer (Poly2) and is 40 um by 40 um by 1.5 um
thick. The torsional springs on either side of the plate are formed from the second polysilicon
layer (Polyl) and are 1.0 um thick, 3 um long, and 2 um wide. The fixed electrodes located
underneath the micromirror plate for electrostatic actuation are formed by laminating the first
and second polysilicon layers together (Poly0 and Poly1). The gap between the fixed electrodes
and the torsional plate is 0.3 um. The overlap area between each fixed electrode and the torsional
plate is 480 pm?. Mechanical stops are employed to keep the plate from coming into contact with
the fixed electrodes. The mechanical stops are also comprised of the first and second polysilicon
layers laminated together but are electrically isolated from the fixed electrodes.

Figure 4.6 shows SEM images of device 16. The micromirror plate for this device is also 40 um
by 40 um but since it is comprised of the poly1 plate it is only one micron thick. Note that the
torsional spring is on the top of the plate and is composed of the poly 2 layer. The gap between
the torsional plate and the fixed electrodes is 0.5 pum.
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Figure 4.5 SEM images of device 32. The mirror structure is 40 pm x 40 um.
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Figure 4.7 SEM image of device 32 with built up poly layers and metallization layer.

Figures 4.7 shows an SEM image of a device that has additional poly layers built up on the
mirror which allows the metallization layer for a better mirror surface. We analyzed the surface
quality of the metallized mirror using a white-light interferometetry based profilometer. Figure
4.8 shows the results from that profilometer measurement. The RMS roughness of the aluminum
surface was under 5 nm. The surface of the micromirror had some curvature. This is likely due to
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the tensile residual stress of the aluminum film. The radius of curvature of the mirror was
measured to be about 8 mm.

Date: 05/02/2007
Time: 10:04:03

. 3-Dimensional Interactive Display
O

nm

Surface Stats:
Ra: 82.12 om
Raq: 98.68 nm

Rt 44234 nm

Measurement Info:
Magnification: 10527
Measurement Mode: PST
Sampling: 79.80 nm
Array Size: 736 X 480

Title: RS571 id5915
Note: device 32

Figure 4.8 Veeco white-light interferometry based profilometer measurement of the surface of the
metallized mirrors.

Figure 4.9 shows the fabricated results for the micromirror designs that combined two mirror
devices together in a folding mechanism to allow increased stiffness. The fabrication results of
both designs appeared to be quite good.

AMRAY  soooc

(A) (B)

Figure 4.9 SEM images of the two mirror designs that combined two mirrors in a folding style
operating to allow for increased stiffness. A) uses the Poly2 layer for the mirror structure and B) uses
the Poly1 layer for the mirror surface.

4.3 Switching Results

The switches were tested in a series of experiments to characterize their behavior. The first tests
performed were quasistatic tests where the applied voltage was ramped up slowly and
measurements were made of the angle of the mirror surface. These tests were conducted for all
32 single mirror designs. The results of these tests are summarized in Table 4.2 with plots of all
the data in Appendix C. In places where the data did not follow the traditional pull-in behavior,
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an “NA” was placed in the table. This result indicates that either the design of the structure did
not perform in the traditional manner (many of the aggressive designs fell into this category) or
the structure itself was damaged somehow. The angle of the mirrors was determined using

interferometry.

Table 4.2 Quasistatic test results for micromirror devices. NA indicates a value was not obtained.

Device # State #1 Vi | State #1 Vi, | State #1 State #2 Vi | State #2 Vi, | State #2
Angle Angle
1 NA NA NA NA NA NA
2 NA NA NA NA NA NA
3 NA NA NA NA NA NA
4 75 NA NA 75 60 -1.95°
5 62 52 2.15° 60 48 -2.23°
6 90 NA 1.66° 75 NA -1.78°
7 45 NA 1.89° 45 NA -1.94°
8 NA NA NA NA NA NA
9 42 38 1.78° 44 40 -2.01°
10 48 34 1.72° 50 38 -1.72°
11 44 20 1.55° NA NA NA
12 52 38 1.43° 52 38 -1.60°
13 32 20 1.49° 36 22 -1.72°
14 34 NA 1.43° 44 18 -1.49°
15 30 NA 1.60° 52 NA -1.49°
16 38 22 1.09° 28 22 -1.26°
17 68 62 1.26° 66 62 -1.43°
18 NA NA NA NA NA NA
19 58 52 1.49° NA NA NA
20 50 34 -1.26° 48 26 -1.26°
21 34 34 1.38° 34 30 -1.38°
22 50 40 1.26° 44 34 -1.03°
23 48 42 1.14° 54 48 -1.09°
24 32 28 1.03° 36 28 -1.20°
25 30 18 1.15° NA NA NA
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26 NA NA NA 28 14 -1.15°
27 40 28 0.92° 32 30 -0.097°
28 40 24 0.97° 32 22 -0.92°
29 28 32 0.97° 38 18 -0.92°
30 NA NA NA NA NA NA

31 20 16 0.97° 18 24 -0.92°
32 24 16 0.86° NA NA NA

We tested the metallized mirrors to show that they also are operational. Figure 4.10 shows the
results of one of those tests. The total displacement of the edge of the micromirror is
approximately 0.6 um. The total reflection angle change between states is just under 2°.

nm

Figure 4.10 showing an actuated micromirror (device 32) with metallization.

The switching tests exploring switching speed and dynamic switching used device 32. Device 32
had the largest overlap area of the electrodes combined with the smallest gap. This made the
capacitance changes associated with device 32 the largest and thus allowed the best chance for
the control circuitry to perform well.

The switching speed and dynamic switching tests were performed in a vacuum chamber. Under
quasistatic conditions the mirror tested had a pull-in voltage of 19.7 V and a hold voltage of 14.5
V. The resonant frequency was found to be 750 kHz. Figure 4.11 (A) shows the test setup used
for characterizing the performance of the micromirror switch. The two inputs to the PCB are the
bias voltage from the voltage source and the switch control signal from the waveform generator.
The switch control signal controls a transistor that switches the voltage applied to the
micromirror from the bias voltage to ground. One of the fixed electrodes is always held at
ground and the other is always held at the bias voltage. Depending on the voltage applied to the

32




— Switch Control Signal | |
———Photodetector Output

e T ——

< |
Voltage o 4t |
- . N

Source . Oscilloscope c N .

Waveform o':rl:f:?o. 2 e i micromirror

Generator 12} L HARAYAY o \‘ cromirro

® 2| I i . ! switching time
E c J | 1 |
o - .
& I ! Yo
Vacuum Objective | | o 0 | | |
Chamber 3 p % I i ‘A
o | | 11
1 | Laser [ 5 1 L ”
e o ! ircui Lo [ WA )
ol | i~ control circuit v £y ;\\’ AT 1" la -
L % v

PCE with M o Beam delay

MEMS Chip Splitter

i

i i

. !
. i L ! ! 1
-#00 0 100 200 300 400 500 600
Time {(ns)

(A) (B)

Figure 4.11 (A) is a schematic representation of the test set-up. (B) shows the results of the
micromirror switch testing. Total switching time is 310 ns. 85 ns is due to the control circuit delay,
indicating that the MEMS micromirror switches in 225 ns. The bias voltage applied for these tests was
22 V.

micromirror, the micromirror will be pulled-in to one or the other of the fixed electrodes. The
high-voltage transistor controlling the bias voltage has an 85 ns delay time. The vacuum chamber
was held at 1.5x10° torr during testing.

By switching between pulled-in states, the device avoids long settling times for mechanical
vibrations that are typically observed with MEMS micromirrors when they are not mechanically
held in place.

The switch test results are given in Figure 4.11 (B). The switching time for the micromirror
device was 225 ns. The bias voltage used for the switching tests was 22 V. During testing, the
switch was operated at repetition rates of up to 100 kHz. The device exhibited no failure over
hundreds of millions of cycles.

Dynamic switching was also evaluated with this device. The first effort was directed toward the
demonstration of the dynamic pull-in effect with the MEMS mirror devices. Resonant pull-in
converts electrostatic energy into mechanical energy, which is stored in the mechanical
resonance of the structure. A certain amount of energy is required to achieve pull-in. By building
up mechanical energy over a number of cycles, the voltage required for pull-in is reduced.

Resonant pull-in was achieved by driving the device at resonance using the positive feedback
oscillator circuit shown in Figure 4.12. A DC bias voltage (which must exceed the hold voltage
to achieve pull-in) is applied to the device, causing the mirror to deflect due to voltage changes at
the amplifier output. Dynamic mirror deflections produce a time varying current at the input of
the oscillator sustaining amplifier due to the change in capacitance between the mirror and the
electrode, completing the positive feedback loop. When the resonance achieves sufficiently high
amplitude such that the structure comes very near to making contact, the structure will be pulled
in and held in place by the DC bias voltage. Resonance allows for switching at voltages much
less than the quasi-static pull-in voltage.
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Figure 4.12 Resonant pull-in oscillator schematic.

The hold voltage is the minimum voltage required to hold the switch once it is pulled in and sets
the lower limit on the bias voltage required to achieve resonant pull-in. Once the device is
initially pulled in using resonant techniques, switching can be achieved using a voltage slightly
above the hold voltage. Thus the voltage required for the initial pull-in sets the maximum voltage
required for the switch. High quality factors are required for the resonant pull-in voltage to
approach the hold voltage. A low quality factor indicates that the mechanical structure is less
efficient at storing energy in resonance, thus requiring a higher actuation voltage.

Figure 4.13 shows a schematic diagram of how the voltages were applied to the structure for
network analyzer testing. Figure 4.14 is the fundamental resonant peak (751 kHz) of the device
at a bias voltage of 12.5 V and RF power of -50 dBm. The quality factor is 3000 under a 40
mTorr vacuum.

Figure 4.15 shows three output waveforms from the oscillator circuit with increasing bias
voltage. With the mirror bias voltage very close to the hold voltage large non-linearities are
present, indicating resonant pull-in is about to occur. When the structure pulls in, the oscillator
circuit output waveform becomes flat.

S .
ww&
R

23V

Figure 4.13 Schematic drawing indicating the voltages applied to the torsional MEMS device
during network analyzer testing. A 2.3 V DC bias voltage is applied to one of the electrodes to
mimic the DC offset of the amplifier in Figure 4.12, providing consistent pull-in and hold voltage
measurements between the two test techniques.
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Figure 4.14 Typical resonant peak observed during the testing

and characterization of the

torsional MEMS device. The device was in a 40 mTorr atmosphere with an applied bias of 12.5 V
and -50 dBm RF power. The resonant peak was at 750.7375 kHz with a quality factor of 3000.
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Figure 4.15 Comparison of the waveforms resulting from the oscillator circuit driving the
resonance of the torsional MEMS device. Note that with increasing bias, the period of the
waveform is increasing. Also, at the bias of 14.55 V (just prior to achieving resonant pull-in) the
waveform is beginning to show some higher frequency information. Upon achieving resonant

pull-in, the output waveform becomes flat (not shown).
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Figure 4.16 Plot showing the effect of the bias voltage on the resonant frequency of the MEMS
device. Also shown is the non-resonant and resonant pull-in voltages. The resonant pull-in voltage
represents more than a 25% reduction in the voltage required to achieve pull-in. The resonant
pull-in voltage is achieved at a voltage that is just 100 mV above the hold voltage.
Figure 4.16 shows the change in resonant frequency (both oscillator and network analyzer
outputs) that results from increasing the applied DC bias to the structure. The quasi-static pull-in
and hold voltages were found using a network analyzer to determine what state the structure was
in (i.e. pulled-in or free to resonate). Resonant pull-in was achieved using the oscillator circuit at
14.6 V, while the standard quasi-static pull-in voltage was found to be 19.7 V. The hold voltage
was measured to be 14.5 V using both the oscillator circuit and network analyzer. With resonant
pull-in, we demonstrated pull-in at a voltage that was more than 25% less than the standard pull-
in voltage and only 100 mV above the hold voltage.

Dynamic switching between the pulled-in states was attempted with the switching circuit
described earlier where one fixed electrode was set at ground and the second was set at a bias
voltage and the torsional mirror electrode was switched between the ground and the bias voltage.
With this arrangement, dynamic switching between the pulled-in states was not achieved at
voltages below the quasi-static pull-in voltage. This was likely due to the moving electrode
bouncing away from the pulled-in state after coming into contact with the mechanical stops.
Because the hold voltage was only 25% less than the pull-in voltage and because the voltage
switching occurred immediately, the moving electrode actually came into contact with the
mechanical stops at a high velocity leading to a significant bounce. The solution to this is to
provide a delay in switching between voltages so that the moving electrode did not accelerate
beyond that provided by the forces from the springs. However, the switch circuit developed did
not provide such a delay and therefore switching at less than the pull-in voltage was not achieved
with this device. A redesign of the switching circuit allowing for a delay is anticipated to solve
this problem. However, while this would lead to a 25% decrease in the voltage, it would also
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slow the switch down by almost a factor of three. This does not seem like a worthwhile design
trade-off.

4.5 Discussion

The results of the micromirror device design and testing indicate an order of magnitude
improvement in switching speed compared with any other MEMS micromirror device. This
improvement in switching speed opens many new possibilities for micromirror applications.
These applications include ion-trap based quantum computing, telecommunications, high-
resolution scanning micromirror projection displays, and many other applications that currently
use acousto-optic modulators [9].

Further improvements in switching speed can be realized by decreasing the size of the mirror
(micromirrors with dimensions as small as 10 um x 10 um have been shown to be useful [5]).
This should reduce switching speeds further with the possibility of reaching sub 100 ns switching
times with a micromirror device.

The dynamic switching concepts were demonstrated to a limited extent. Resonant pull-in was
achieved while dynamic switching between pulled-in states was not demonstrated. The torsional
structure did not allow a significant reduction in the actuation voltage. The torsional structure
does not come into intimate contact with the fixed electrode which limits the hold voltage to a
significant fraction of the pull-in voltage. Therefore, the dynamic switching techniques do not
provide a significant benefit. (It is likely to be more desirable to design the structure with a more
compliant torsional spring to achieve a lower actuation voltage if that is the design objective.)

If the fixed electrodes can be designed so that they are slanted (or effectively slanted by a
stepped edge) according to the angle achieved at pull-in by the moving electrode, the hold
voltage can be reduced to the point where dynamic switching techniques may make sense to
utilize.
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Figure 5.1 Mask layout for the MEMS structure design. (A) shows the entire reticle. (B) shows device 7
from die 8.

5.0 Integrated Optical MEMS Switching

Combining MEMS with integrated optics to create optical switching devices have the potential
to create very high speed switching structures. The high speed switching potential comes from
the fact that less mass is required to move for an integrated optical switch than for a free-space
optical switch based on a micromirror structure. In addition, if evanescent coupling is used as the
switching mechanism, only a relatively small displacement is required to switch the light from
one waveguide to other. This small displacement further adds to the high-speed switching
potential of the device. Furthermore, the evanescent coupling based switching provides a
mechanism that can, in theory, provide for 100% switching of the light. The more common
approach of using end-coupling will always have losses due to the change in index experienced
by the light. Dynamic switching can also be used to further lower the voltage and/or increase the
switching speed of the devices.

5.1 Design

The approach taken in developing the MEMS waveguide switch device was to develop the optics
and the MEMS structure separately. When sufficiently developed, the MEMS structure was
integrated with the waveguides to demonstrate the full switching structure.

The MEMS structure was designed in a single polysilicon layer where all of the switching
structures, the two fixed electrodes and the single moving electrode, were all created within the
single layer. The moving electrode was designed as a fixed-fixed beam. The sacrificial layer was
silicon oxide with the release being accomplished by a timed HF etch. This allowed for a simple
MEMS structure that provides relatively simple fabrication of the MEMS device.
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The layout for the MEMS switch structure is shown in Figure 5.1. Note the fixed-fixed beam
width is much less than the width of any other structure. This significant difference in width
allows a fairly straightforward timed etch release. The one complicated portion of the process
was the electrical isolation of the MEMS structure. This was accomplished by releasing the
structure with a timed release, coating the structure with silicon nitride, refilling the structure
with PSG (phosphorus doped silicon oxide) to allow the metallization to be completed followed
by a final release of the device. A full listing of the different device designs is in Appendix D.

Some of the devices were isolated electrically using high-permittivity dielectric materials. These
materials allow a lower hold voltage for the same thickness material and therefore can be
significant for dynamic switching. These devices are described in Section 6.

5.2 MEMS Fabrication

The fabrication process flow is shown in Figure 5.2. The most significant challenge encountered
during fabrication was the CMP of the PSG to allow for metallization to be accomplished. The
PSG was rapidly removed during the CMP resulting in thinning of the silicon nitride layer. This
did not cause a significant problem because the electrical isolation needed to be on the sidewalls
of the moving and fixed electrodes while the top silicon nitride was not critical.

Silicon oxide is deposited {o
create the sacrificial layer.
The 2.25um poly-silicon
structural layer is then
deposited.

The poly-silicon structural
layer is patterned and
etched with photalithagraphy
and reaclive ion efching.

Paly-silicon doubly fixed
beams are released with a
timed HF etch.

60nm of Silicon nitride is
conformally deposited to
create the dielectric layer for
electrical isalation.

Figure 5.2 fabrication process flow for the MEMS switching device.
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Figure 5.3 Typical switching structure showing the effect of the CMP on the silicon nitride layer
of the device (the darkened region of the center movable electrode is a residual portion of the

silicon nitride film).

Figure 5.3 shows a typical device resulting from the fabrication of the device. The fabrication
results were quite good resulting in a high yield of functional devices.

5.3 MEMS Testing

The devices were tested according to the schematic shown in Figure 5.4. The devices are simple
mechanical switches and there do not have any active electrical or optical contacts with which to
get a strong switching signal from. To monitor the switching, we tightly focused light onto the
switching structure and monitored the intensity of the reflected light. The intensity of reflected
light was modulated slightly by the movement of the beam allowing us to monitor the switching.

Waveform Waveform
Generator Generator Pre-Amplifier
1
Photo- Osqill
Amplifier Mcfh';ls Detactor scllioscope
Spectrum Analyzer
\ Objective | |
\ i / Lens
SS Laser
Vacuum !’\ Window
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Figure 5.4 Test set-up for the MEMS strain-energy switching structure. The position of the movable
beam is sensed by focusing light onto the beam and measuring the reflected light with a
photodetector. The intensity of the reflected light is dependent on the position of the beam. The two
arbitrary waveform generators are synchronized to achieve the necessary timing for the switch
signals. The device is tested in a vacuum chamber to improve the mechanical Q and avoid dielectric

charging.

41



T T T T T T T T T
80 __-Voltage 1 —Pull-in Voltage .
—~ 401 i e ] T
= 1 4
o 20- i i~Hold Voltage y
o] 1 1/
% 0 ,\V»-—-ﬂ\\...q\,rz.,‘l t b reev gt A L =™ Ve — oo
g "“"“"V It 2 : / :
20k oltage :F '/ : _
______________________________________ SR SO
Ty ] | 1 Yt 1 1 s e sk
0 0.1 0.2 0.3 0.4 0.5 0.6 07 08 0.9 1
time (s)

[V S b Y. WY TS e =

Mo displacement .\Switch state 2
-

Reflected intensity (arb. units)

-0.05
1 1 1 | 1 1 | \ .
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)
(A)
60f VoItége‘I ' ' " Pull-in Voltage ' i

I
(=)

4N

B0 A F oo oo —oe—ar—a

-
‘.\;\Hold Voltage

N
o

Voltage (V)

o

-20 Voltage 2 a
_40 L L L ANyl | i oot
0 0.1 02 03 0.4 05 0.6 0.7 0.8 0.9 1
time (s)
.*2 T T 1 T T T
s Switch state 1
£ 01k P U S
&
)
£ 0.05
=
L
£ 0
e
L
i -0.05
& 0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1
time (s)

(B)

Figure 5.5 Input voltage signals with the resulting reflected optical intensity from the device. (A)
demonstrates the strain-energy switching method allowing switching from one pulled-in state to the
other with voltages below the pull-in voltage. In (B) the timing of the two voltage signals is slightly
offset, causing the device to not operate according to the strain-energy switching method. In both (A)
and (B) an initial voltage is shown that is higher than the pull-in voltage. This is to initially pull-in the
structure to “initialize” it for operation according to the strain-energy switching technique. Note that
the reflected optical intensity data presented here was low-pass filtered to remove high frequency
noise. Thus, the switching times that these plots seem to indicate are not the actual switching speeds.
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The test results are given in Figure 5.5. The signal-to-noise ratio resulting from this test set-up
was very weak. To clarify the signal, the output was low-pass filtered. The low-pass filtering
caused the signal to not represent well the switching speed. In other tests, the switching speed
was found to be between 350 ns and 500 ns. A more precise measurement was impossible due to
the noise in the signal. This range corresponds well to the expected speed found by taking the
time for one half of a mechanical cycle at the resonant frequency (i.e. 658 ns) as an upper bound
and then considering that the actual switching time will be faster due to the applied voltage and
the nonlinear Duffing spring effect causing additional acceleration towards the destination
electrode.

The structure’s first resonant mode was at 760 kHz. The pull-in voltage was 48 V, with a 30 V
hold voltage. Figure 5.5 shows that after an “initialization voltage” that exceeded the pull-in
voltage, the structure was switched back and forth between pulled-in states with voltages that
were less than 75% of the pull-in voltage (35 V). The suspended beam displaced a total of 1.8
um during the switch operation. This switching speed combined with the total displacement of
the switch and actuation voltage is a significant improvement in switching performance over
standard parallel plate MEMS switches (approximately an order of magnitude improvement).

5.4 Waveguide Design and Fabrication

The second portion of the effort to develop the MEMS integrated optical switches was to
develop low-loss waveguides in silicon. Previous work at Sandia National Laboratories
developed low-loss waveguides in silicon nitride, however, the silicon nitride waveguides have a
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Figure 5.6 layout of the silicon integrated optics test mask. Mask includes couplers, ring
resonators, and folded waveguide structures of a variety of dimensions to determine performance
and optical loss.
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larger cross-section and require much thicker cladding layers making integration with MEMS
more challenging.

In the development of the silicon waveguides, amorphous, polycrystalline, and crystalline silicon
waveguides were explored. The crystalline silicon waveguides came from silicon-on-insulator
(SOI) wafers. The polycrystalline and amorphous silicon films were deposited in the MDL on
top of TEOS oxide deposited on a silicon substrate.

A standard mask was developed with integrated optical test structures to determine the
performance of the different silicon waveguides. Figure 5.6 shows this test mask layout. A
variety of optical elements were designed into the mask including optical couplers, ring
resonators, and long waveguide sections. In each of these elements a range of devices were
designed with different dimensions to analyze the performance of the devices.

The silicon waveguides have a cross-section that is 500 nm wide by 200 to 250 nm thick. The
coupling gaps designed in the mask went down to dimensions as small as 150 nm. To achieve
this kind of resolution, it was necessary to use the highest resolution photo-lithography tool
available in the MDL.

5.5 Waveguide Results

A number of wafers with silicon waveguides were fabricated in the MDL. Waveguides of
amorphous silicon, polycrystalline silicon, and crystalline silicon were fabricated. The
amorphous and polycrystalline silicon waveguides were found to be highly lossy, likely as a
result of the many free bond sites within the material. The crystalline silicon waveguides were
found to be quite low-loss. Waveguides with less than 1 dB/cm of loss have been demonstrated.
This has allowed quality factors of ring resonators in the hundreds of thousands to be achieved.

Silicon Ring Coupler Gap
Fabrication Bias - Design vs.
Fabrication
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Figure 5.7 Proximity effects in the lithography and etch of the coupling gaps between ring
resonators and waveguides.
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The small dimensions of the coupling gaps led to some proximity effects in the lithography. This
effect was studied to allow for compensation in future waveguide layouts. Figure 5.7 shows the
proximity effect observed for coupling gaps in the waveguides. The proximity effects begin to be
observed below a gap size of about 400 nm.

The waveguides themselves appeared to come through the fabrication very well. The sidewalls
were quite smooth and the small features were well developed. Figure 5.8 illustrates some of
these results.

Distance: 0.042

s.ge kv " AMRAY #0EE0

(A) (B)

Figure 5.8 (A) illustrates the very low sidewall roughness of the fabricated waveguides. (B) shows
some very fine features (~40 nm) that came through the waveguide fabrication.

5.6 Combined MEMS/waveguide Design

With the successful demonstration of both the MEMS switching structures and the waveguides,
we next worked on integrating the waveguides with the MEMS devices. The fabrication process
designed for the integration of the waveguides and the MEMS was complicated by the SOI
requirement of the waveguide structures. The resulting fabrication process is described in the
fabrication section (Section 5.7).

The design of the structure required silicon for the waveguide core, silicon oxide for a cladding
layer, and polysilicon for the MEMS structure. All three of these components are required in the
fixed-fixed MEMS beam. The challenge in the design of this structure is that the silicon oxide is
compressive and can lead to buckling of the beams. This was considered in the design of the
structures and a range of devices were designed where the length of the fixed-fixed beams were
varied from slightly above the calculated critical buckling length to well below the critical
buckling length. Figure 5.9 shows the layout of the masks for the devices. The details on the full
array of devices designed for the prototype fabrication run of the integrated optical MEMS
switches are given in Appendix E. Broadband switching devices where two waveguides were
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(B) (C)

Figure 5.9 Mask layout for the integrated optical MEMS switch devices. (A) is the full reticle showing
the nine different die. (B) is a wavelength selective switching device (i.e. with an optical resonator). (C)
is a broadband coupling device (i.e. no optical resonator).

moved in and out of coupling were designed as well as wavelength selective switches were
designed that moved a waveguide in and out of coupling with a ring resonator.

A range of coupling gaps were designed into the devices as well as a variety of initial gaps
between the electrodes. The gaps were designed to be small to minimize the switching time
required for the devices. These narrow gaps led to challenges during fabrication.
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5.7 Integrated MEMS/Waveguide Fabrication

An experimental fabrication technology was considered for the creation of the integrated optical
MEMS switching device. Significant process development work was done in the process of
creating these devices. In this process, we encountered several problems with the fabrication
strategy as well as created some robust solutions to those problems. Many of the problems
encountered resulted from the very small gaps between the waveguides and MEMS electrodes.
Also, in spite of the efforts to design structures that would resist buckling, significant problems
with buckling of the center beam were encountered. Only the very shortest beams designed did
not buckle.

Fabrication of an integrated optical switch was performed in the SiliconFab (MDL). The
complete flow is represented in Figures 5.10 — 5.12.

Pattern the silicon waveguides.

1
_—e— e e = e = = e = = = = = =
I |
[ L s
1
|
1

Apply 1.0 um oxide, 2.25 um polysilicon,
0.5 um oxide hard mask
over waveguides

Planar view of representative device

T
Start with SOl wafer

0.2um Si""?ﬂn . Pattern hard mask, etch high aspect ratio
3.0 um buried oxide (BOX) trenches in polysilicon.

Figure 5.10 Design and 2D cross-sections of a representative element for the Integrated Optical
Switch from the Sandia 2D Process Visualizer, Version 2.35.
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Photo pattern opening above the open features in the polysilicon.

Use Polysilicon as hard mask to etch past the silicon waveguide into the oxide below

Coat all structures with silicon nitride in conformal deposition

Coat all structures with PSG (Phosphosilicate Glass)

Wet etch PSG away from features in Hydrofluoric acid (HF)

Reactive ion etch the bottoms of the trenches to allow access to lower oxide

Figure 5.11 Process flow continued from Figure 5.10.
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Undercut bottoms of trenches so the center is free to move, then etch PSG away with HF and
silicon nitride away in hot Phosphoric acid.

h .

Coat all structures with silicon nitride in conformal deposition

Coat all structures with PSG (Phasnhocsilicate Glassl

Pattern PSG glass to open areas that require metal

Coat with Aluminum-0 5%Copper

__!-L

Pattern metal in RIE, and strip PSG glass away in HF - Complete

Figure 5.12 Process flow continued from Figure 5.11.
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a. Pattern hard mask, etch high b. First etch recipe didn't c. After etch development
aspect ratio trenches in produce straight sidewalls. cycle the sidewalls look very
polysilicon. straight and consistent.

Figure 5.13 a. 2D cross section of high aspect ratio Polysilicon structure. b. First attempt at
etching the trench. c. Straight sidewall, high aspect ratio etch profile from development cycle.

The silicon on insulator layer was patterned with the standard waveguide processes that have
been shown to be low loss. The first non-standard process was the high aspect ratio etch for the
mechanical structures as shown in Figure 5.13.

The second challenge that was encountered was the continuation of the etch into the silicon
oxide material as shown in Figure 5.14a, where a timed etch was needed as well as a straight
sidewall. The development cycle result seen in Figure 5.14b performed well, however the result
on the actual devices shown in Figure 5.14c is tapered but acceptable.

Deep RIE etch past waveguide into oxide

RDB34485C-83 H6361392ﬂ—lh

[—— .,,._____..-—-"\‘

im F1 LB1
X14.800 6mm

First process development etch was too deep Actual device with oxide etch past waveguides
but was able to get an etch rate.

Figure 5.14 a. 2D cross section of deep oxide etch profile. b. After development cycle a consistent
etch channel was possible. c. Actual etch profile on device wafer.
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Figure 5.15 a. 2D cross section of intended silicon nitride open etch. b. first attempt at the open
etch had photo resist (PR) remaining in trench. c. PR lattice can barely be seen remaining.

The nitride trench bottom open etch shown in Figure 5.15a that was initially attempted failed due
to photo resist (PR) not being completely exposed and developed in the ASML Scanner stepper
due to the narrow trench configuration. Figure 5.15b shows the result and Figure 5.15c shows the
interference pattern that was created in the PR with an exposure wavelength of 248 nm.

The first lot (WG061301A) was processed with a large exposure energy 75 mJ and exposed 3
times to clear the PR. While this strategy worked on those wafers the lithography engineer was
not willing to allow the strategy to be repeated due to of the possibility of degradation to the
optics at those high energy levels. Also, some PR did not completely clear in some areas on the
wafer.

The solution for this problem was to coat the wafers with Phosphosilicate glass (PSG) glass and
pattern the glass with the lithography step, avoiding subjecting the deep narrow trench to the
lithography step, and then stripping the PSG out of the trench with a wet process.

The PSG mask strategy worked for the intended purposes, but may have contributed to an
undercut problem, which is discussed below. Successful trench bottom open step can be seen in
Figure 5.16.
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SEM of trench bottoms showing complete

opening of the silicon nitride layer Device with trench bottom open with silicon

nitride on sidewalls

Figure 5.16 a. 2D cross section of the silicon nitride bottom open step. b. Successful silicon nitride
trench bottom open. c. Enlarged view of a product wafer result showing the SOl waveguides.

The PSG etch used on the second lot (WG061302A) may have degraded and thinned the nitride
protective layer in the trench at the interface of the polysilicon to silicon oxide interface, and the
silicon nitride bottom etch thinned the protective layer even more allowing some defects at the
interface. The undercut created the desired geometry but also produced some areas at the
polysilicon to oxide interface that were not protected. Additional nitride was applied to the
remaining wafers in the second lot (WG061302A) to be sure there was enough nitride before the
trench bottom open step. None of the wafers in the second lot made it through the wet processes
without having some undercut at the polysilicon to oxide interface. The first lot (WG061301A)
wafers did make it through this step, where the PSG step was not used because the 75mJ energy
level exposure which was repeated three times cleared most of the structures.
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Undercut bottoms of trenches so the center is free to move, then etch PSG away
with HF and silicon nitride away in hot Phosphoric acid.

—_— im F1 LG1 i1*m F1 LG1
X18.0888 7 mm SKU X12.0888 7 mm

Figure 5.17 a. 2D cross section of undercut etch process step. b. Center beam is broken from
cleaving the structure. Center beams were in tact before cleaving the wafer. c. Undercut between
polysilicon to silicon oxide interface.

After the silicon nitride was removed in a wet process the beams had buckled, along with the
undercutting of the oxide/polysilicon interface as can be seen in Figure 5.18. Backside films
were removed to try to un-buckle the beams where the backside films held the wafer in relatively
flat curvature as can be seen in Figure 5.19. By removing the films on the back side a negative
curvature was predicted. That was not successful in relieving all the stress in the buckled beams.

The next effort was to over etch the oxide in the trenches by a short amount to reduce the oxide
polysilicon interactions as shown in Figure 5.19b. That helped to some degree but significant
buckling problems remained. The final attempt at straightening the beams was to anneal the
wafers so we could get a maximum effect from the backside film removal. We annealed the 2
wafers left from lot WG061301A, that had backside films removed. One wafer had the over etch
mentioned above in Figure 5.19b and the other did not. The only wafer that showed a significant
number of unbuckled beams was wafer 1 which had all three processes performed (the backside
films removed, the over etch, and the subsequent anneal). A detailed map was made that shows
which die had unbuckled beams shown in Figure 5.20.

Some devices appear to have been completed successfully from wafer WG061301A-01. A SEM
image of a completed device can be seen in Figure 5.21b. The SEM image shown in Figure 5.21c
shows a device with too much over etch resulting in the release of the center waveguide. The
majority of devices had waveguides that had come detached from the center beam. This is a
challenge with timed wet processing, where wet processes have the tendency of being non-
uniform due to varying solution flow around the wafers.
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Second lot Undercut bottoms of trenches so the center is free to move, then etch
PSG away with HF and silicon nitride away in hot phosphoric acid (hot phos).

WGesel1382A—8S5S EDGE

Figure 5.18 a. 2D cross section of undercut structure with silicon nitride removed. b. Buckled
beam after silicon nitride was removed.
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Glass

Silicon .

a. Backside films were removed to try and un-buckle the beams

b. Over etch the oxide in the trenches by a short amount to reduce the
oxide polysilicon interactions.

Figure 5.19 a. Representative picture of how to reduce stress in center beam by removing the
backside films. b. 2D cross section of over etching the oxide between the waveguide and the
polysilicon.
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WG061301A01 Post Nitride 2 deposit
Green is straight beams on the indicated features. Red is buckled beams.

Figure 5.20 Map of which modules have straight center beams. Green is straight, red is
buckled.
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Pattern metal in RIE, cross section is shown with PR still on metal and PSG still in trenches.

WGB61381A—-81

_ im F1 LB1 _ im F1 LO1
X8.008 7 mm X9.588 7 mm

Figure 5.21 a. 2D cross section of metal process. Section is shown with PR still on metal and PSG
still in trenches. b. Device that has been completed successfully. ¢. Device with too much over etch
resulting in the release of the center waveguide.

5.7 Testing Results

Parts from WG061301A-01 were able to be released and tested. The devices were tested in a test
stand designed and assembled for the testing of integrated optical chips. The light was injected
into and collected from the chip using lensed fibers. Light from a tunable laser with wavelengths
from 1495 nm up to 1620 nm was used in the testing.

The optical loss in the waveguides was found to be extremely high and only minimal light is able
to be transmitted. Because of the very low amount of light transmitted, the switch performance
characteristics were not able to be determined. In the testing performed, the beam structures were
observed to move but due to the small dimensions it was impossible to determine anything
further.

5.8 Discussion and Conclusions

The ultimate results of this work are mixed. The MEMS structures demonstrated alone were very
successful. These devices demonstrated world record switch performance using the dynamic
switching techniques. These devices were not able to be tested using the resonant pull-in due to
the difficulty in sensing the change in capacitance of the small structures. However, overall the
MEMS structures were a significant success.

The silicon waveguides that were first demonstrated within this project have been a tremendous
success. This work has led to a number of new projects utilizing silicon waveguides as a key
component. The problem with loss in the waveguides combined with the MEMS structures is

57



currently being investigated under a new project. TEM samples are being processed to look at
the waveguide section of the devices and look for any apparent problems with the waveguide to
oxide interfaces and also to look for large stress issues that may have been caused by the high
temperature anneal sequence necessary for creation of the polysilicon structures.

A design of experiments is underway to discover why the waveguides have such high loss.
Other silicon waveguides processed in this fabrication strategy without the high temperature
anneals and polysilicon MEMS structures have very low losses so it is likely that the high
temperature anneal causes changes in the materials that result in high losses. Other factors being
looked at are the type of oxide deposition and the type of oxide precursor in the oxide cladding
deposition, as some oxides have higher levels of carbon and hydrogen byproducts, and use
different plasma generation methods, where there may be some plasma damage occurring form
the initial stages of the deposition.

The next design will need to be modified to compensate for the residual stress in the fixed-fixed
beams. There may be several approaches to this but the most likely approach is to incorporate a
compliant structure in the beam section to allow for stress relaxation. Process modifications may
also be needed in order to minimize out of plane bending in the beams due to the effective stress
gradient in the beam created by the asymmetry of the oxide trapped between the beams and the
waveguide. One strategy is to balance the surface forces between the polysilicon beams and the
oxide cladding on the underside of the beams with a top oxide. The new design would also
benefit from larger gaps so the lithography steps can be accomplished with standard processing
parameters.
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6.0 High Permittivity Materials for Electrical Isolation

For dynamic switching the hold voltage determines the minimum operating voltage of the
switch. This means that any mechanism that decreases the hold voltage also decreases the
actuation voltage as long as the mechanical damping is sufficiently low. So far in the
experimental demonstrations, the hold voltage has been the limiting factor in the voltage required
for switching. High-Permittivity materials have material properties that may reduce the required
hold voltage thus leading to a decrease in the actuation voltage of the switches. These reductions
are potentially significant depending on the material used.

6.1 Benefit of High-Permittivity Materials

Equation 2.2 in Section 2.1 gives the hold voltage resulting from the lumped parameter model
given in Figure 2.1 of a parallel plate actuator. If the isolation layer is assumed to be a material
with a relative permittivity different from the permittivity of free space, then the equation for the

hold voltage becomes
/2kdt2
V, = d, 6.1
" grng (6.1)

where the & is the relative permittivity of the isolating dielectric material between the moving
and the fixed electrodes and d is the distance of travel of the free electrode from its at rest
position to the pull-in position defined by the dielectric material.

V). [2kd
[Ejgr - A ' (62)

and realizing that voltage over thickness term is maximized at the breakdown field of the
dielectric material, it is clear that by maximizing the product of the breakdown field and the
permittivity of the material selected for the isolation layer between the electrodes the highest
stiffness (or largest gap or smallest area) MEMS device can be achieved. This product of
permittivity and the breakdown field is the key material metric by which to determine the
optimal dielectric material. This means that for electrostatic MEMS actuators that use dynamic
switching and operate at a voltage limited by the hold voltage, there may be a significant benefit
to using high permittivity dielectric materials that are beginning to be used as gate oxides in
CMOS.

Table 6.1 lists some of the more common high-permittivity materials and compares them to
silicon oxide and silicon nitride (which are commonly used as insulating layers in MEMS
switching devices). The material properties listed in Table 6.1 indicate performance
improvements of over a factor of two can be achieved by using high-permittivity materials. The
real improvement could be even more significant than indicated here since the high-permittivity
materials are still being developed and with higher quality materials the breakdown field will
likely increase. Also, the values given for silicon oxide are for very high quality silicon oxide
used in transistor gates. The silicon oxides used with MEMS devices typically have lower
performance parameters than those given in Table 6.1.

If Equation 6.1 is reorganized as
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One consideration that is not included as a material parameter in Equation 6.2 is the propensity
of the material to trap charges. This is a significant problem for dielectrics associated with
MEMS structures. This is an area of research that has not been well explored but there are some
indications that operating MEMS structures in a vacuum significantly decreases the trapped
charges in the materials [10]. Any consideration of different dielectric materials must account for
dielectric charging.

Table 6.1 Dielectric constants and breakdown fields of high-permittivity materials compared with
silicon oxide and silicon nitride[11-15]. The product of the two material parameters is the key metric
for minimizing the hold voltage of the devices. The performance improvement is essentially the
increase in resonant frequency (i.e. switching speed) at a set voltage achieved through using the
material in place of silicon oxide (or the decrease in required voltage for a set resonant frequency).

Material Dielectric Breakdown Product Performance
Constant Field (MV/icm) | (MV/cm) Improvement Factor

Relative to Silicon
Oxide

SiO; 3.9 15 58.5 0.0

Si3Ny 7 10 70 1.20

Al,O3 9 10.3 92.7 1.58

Y203 15 4 60 1.03

La,O3 23 4.2 96.6 1.65

Tax0s 28 4.5 126 2.15

TiO, 80 1.35 108 1.85

HfO, 25 4 100 1.71

ZrO; 25 4 100 1.71

6.2 Fabrication of MEMS Switches with High-Permittivity Materials

The MEMS switches used for the experimental demonstration of the high-permittivity materials
for electrical isolation are those described in Section 5.1 where the MEMS structure is created
out of a single polysilicon layer. For these devices, the silicon nitride isolation layer was omitted
during processing of the structures and the devices were fabricated, diced, released and
wirebonded without any dielectric coating. At this point, the entire package with the MEMS
switches was loaded into an atomic layer deposition tool and the high-permittivity dielectric
materials were deposited on the devices to a thickness of 55 nm. The materials explored were
aluminum oxide (Al,Os- ALD done at Sandia) and hafnium oxide (HfO, — ALD done at the
University of Illinois at Champagne-Urbana). Zirconium Oxide (ZrO, — ALD done at Sandia)
was also deposited on MEMS structures but those devices were delivered late and were not able
to be tested.
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Figure 6.1 Pull-in and hold voltage test results in vacuum from two devices. Both were devices
were design #3 from two different #8 die. These devices had 55 nm of aluminum oxide deposited
as an isolating dielectric layer.

6.3 Experimental Results

The devices were tested in vacuum to determine their pull-in and hold voltages for the devices.
Tests were also conducted in air but had significant variability in the data, likely due to dielectric
charging. The vacuum data was much more consistent. Each device was subjected to a series of
10 test cycles of pull-in and release. The pull-in and hold voltage was recorded for each cycle.
The polarity of the applied voltage was reversed with each pull-in cycle to help avoid charging
effects (in vacuum dielectric charging effects were not observed).

Figure 6.1 shows results from two different #3 devices on die #8 chips with aluminum oxide
coating the structure. Figure 6.2 shows the results from a device #3 from die #8 with hafnium
oxide deposited on the structure. The results from all devices from which data could be collected
is found in Appendix F. Because of differences between devices in terms of beam dimensions as
well as the significant differences in the materials used as isolation layers (such as residual stress
and modulus) it is difficult to compare performance results between the devices. The aluminum
oxide coated devices appeared to be much more robust than the hafnium oxide coated devices.
This may be due to the difference in tools (Sandia rather than the University of Illinois) used for
the deposition rather than anything intrinsic to the film itself. These results demonstrate that
using high-permittivity dielectrics as an isolating material in MEMS is feasible with the result
being higher performing switches.
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Figure 6.2 Pull-in and hold voltage test results in vacuum for device design #3 from die #8. This
device had 55 nm of hafnium oxide deposited as an isolation layer. (Note that another device #3 from
a different die was also tested but did not function.)

Further research is need to characterize the dielectric films in terms of residual stress, Young’s
modulus, and Poisson’s ratio to fully characterize the mechanical behavior of the switch. High
cycle number tests also need to be performed to understand any fatigue effects. Finally, efforts to
maximize the breakdown field of the film as well as the permittivity are of significant value.
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7.0 Discussion of Results

This project successfully demonstrated dynamic switching of MEMS devices and in the process
set new high-speed switching marks for both torsional devices as well as parallel plate devices.
This is a significant accomplishment that extends the range of applications addressable by
MEMS switching devices. Switching at sub-microsecond speeds is desirable in optical switching
as well as in RF MEMS switches. At smaller scales switching times can approach the
nanosecond range which would allow these NEMS switches to compete with CMOS transistor
switches in certain metrics.

The focus of this work was primarily in switching in the optical domain. The MEMS
micromirror switches designed as part of this project demonstrated for the first time sub-
microsecond switching of micromirrors. In fact, the switching time observed was an order of
magnitude improvement over the next fastest published result for a micromirror device. This
development now allows MEMS micromirror devices to compete with acousto-optic modulators
for switching light in a large number of applications. One application of particular interest for
Sandia National Laboratories is a need for these mirrors in ion and neutral-atom trap based
quantum computers. To date there is no other device available that would allow scaling up the
size of these kinds of quantum computers [9].

Another area of effort has been the development of a high-speed MEMS-enabled integrated
optical switch where light is switched on-chip from one waveguide to another through
evanescent coupling. While the complete integrated optical switch structure was not ultimately
functional, there were a number of significant developments resulting from this work. The first
key demonstration was the in-plane parallel plate switching device that utilized dynamic
switching. With this demonstration, a new switching speed record was set for a MEMS device
switching over a gap of nearly two microns. In addition to this demonstration, silicon waveguide
technology was developed at Sandia. This capability has gone on to contribute to a number of
both internally and externally funded projects. This capability significantly extends Sandia’s
technological ability. Finally, we also demonstrated the use of high-permittivity dielectrics as
isolation layers in these MEMS devices. These materials can provide more than a factor of two
reduction in the actuation voltage required for MEMS switches. This is a significant
development that has not been demonstrated before.

These unprecedented results position Sandia National Laboratories as a leader in high-speed
MEMS switching and has led to a number of follow-on projects resulting from the technologies
developed. By both technical and programmatic metrics this has been a highly successful project.
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Dynamic Pull-In of Parallel-Plate and Torsional
Electrostatic MEMS Actuators

Gregory N. Nielson, Member, IELE, and George Barbastathis, Member, ILEE

Abstract—An analysis of the dynamic characteristics of pull-in
for parallel-plate and torsional electrostatic actuators is pre-
sented. Traditionally, the analysis for pull-in has been done using
quasi-static assumptions. However, it was recently shown exper-
imentally that a step input can cause a decrease in the voltage
required for pull-in to occur. We propose an energy-based solution
for the step voltage required for pull-in that predicts the exper-
imentally observed decrease in the pull-in voltage. We then use
similar energy techniques to explore pull-in due to an actuation
signal that is modulated depending on the sign of the velocity
of the plate (i.e., modulated at the instantaneous mechanical
resonant frequency). For this type of actuation signal, significant
reductions in the pull-in voltage can theoretically be achieved
without changing the stiffness of the structure. This analysis is
significant to both parallel-plate and torsional electrostatic micro-
electromechanical systems (MEMS) switching structures where a
reduced operating voltage without sacrificing stiffness is desired,
as well as electrostatic MEMS oscillators where pull-in due to
dynamic effects needs to be avoided. [1256]

Index Terms—Electrostatic devices, microactuators, microelec-
tromechanical systems (MEMS), microresonators, nonlinear sys-
tems, switches.

NOMENCLATURE

m Mass of the moving parallel-plate electrode.

I Mass moment of inertia of the moving torsional
electrode.

b Damping coefficient.

k Spring stiffness.

€ Dielectric constant of medium between plates.

A Overlap area of movable and fixed parallel
plates.

L Length of the moving torsional electrode from
rotation center to tip.

w Width of the moving torsional electrode.

do Initial gap between plates.

T Displacement of the movable plate.

T Velocity of the movable plate.

& Acceleration of the movable plate.

T Step response overshoot or limit cycle
amplitude.
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[~ Maximum step response or limit cycle that does
not lead to pull-in.
ar displacement of the movable torsions
[ Angular displacement of the movable torsional
plate.
f Angular velocity of the movable torsional plate.
i ar acceleration of the movable torsionz
Angular acceleration of the movable torsional
plate.
Prax Step response overshoot or limit cycle
amplitude.
O Maximum step response or limit cycle that does
not lead to pull-in.
o Maximum possible angular displacement of
movable torsional plate.
Vo Applied voltage.
i Quasi-static pull-in voltage.
spi Step pull-in voltage.
Viupi Modulated pull-in voltage.
LEinjocted Energy input into the system.
Flinetic Kinetic energy stored in the system.
Lpotential  Elastic potential energy stored in the system.
Eissipatea  Energy lost from the system due to damping
effects.
Flstored Total energy stored in the system (kinetic plus
elastic potential).
bins DC bias voltage.
ot Total applied voltage (dc bias plus modulated
actuation voltage).
W Natural resonant frequency of the mechanical
system.
Ldelay Time delay in closed-loop system.
w Frequency of the applied modulated actuation

signal.
I. INTRODUCTION

N microelectromechanical systems (MEMS) parallel-plate
I and torsional electrostatic actuators, the pull-in phenomenon
has been effectively utilized as a switching mechanism for a
number of applications, including optical and radio frequency
(RF) switching devices [ 1]-[5]. Pull-in is the term that describes
the snapping together of parallel-plate actuators due to a bitur-
cation that arises from the nonlinearities of the system.

Typically the analysis of the pull-in phenomenon is per-
formed using quasi-static assumptions. However, it has been
experimentally shown that under dynamic conditions, the
pull-in voltage can be different from what the quasi-static anal-
ysis predicts. Sattler ef al. found that for a torsional switch, the
quasi-static pull-in voltage is 8 V: however, when the voltage is
applied as a step tunction. the pull-in voltage is 7.3 V [1].

1057-7157/$20.00 @ 2006 IEEE
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In this paper. analytical and numerical solutions exploring
dynamic pull-in of both parallel-plate and torsional actuators are
put forth. Pull-in due to a step input voltage is first examined and
shown to be in agreement with the results of Sattler et al. The
analysis is then extended to a case where a modulated voltage is
applied and pull-in is experienced after a number of mechanical
oscillations.

For pull-in to occur, a certain amount of energy needs to be
injected into the system [6]. [7]. The modulated voltage pull-in
technique relies on energy being accumulated in the mechanical
system during the pull-in process. This allows the energy re-
quired for pull-in to be input over a number of mechanical oscil-
lations rather than all at once. The modulated pull-in technique
thus requires less power for pull-in and leads to substantially
lower voltage level requirements. The tradeoff for this lower ac-
tuation voltage is that the time for pull-in to occur is longer.

Our analysis of dynamic pull-in indicates that the pull-in
points for both the step voltage case and the modulated voltage
case are shown to be dependent on the system damping. rep-
resented by the quality factor of the mechanical system. For
critically damped or overdamped structures. it is found that the
quasi-static analysis adequately describes pull-in, regardless
of the applied potential function. However, for underdamped
systems, the dynamic behavior can have a significant effect on
the pull-in voltage.

I1. SYSTEM MODEL

To explore the dynamic response and pull-in of both par-
allel-plate and torsional electrostatic actuators, lumped param-
cter models have been used. All of the mechanical terms (in-
ertia, damping, and stiffness) have been assumed to be linear.
The electrostatic force term is, of course, nonlinear for both
the parallel-plate and the torsional actuator cases. The impor-
tant assumptions made in selecting this model are related to
the squeezed film effect, the motion and shape of the moving
plate. and. for doubly clamped parallel-plate structures. the axial
stretching effect. Additionally, the charging and discharging of
the capacitor formed by the two plates is assumed to be fast rel-
ative to the mechanical system.

The squeezed film effect can cause both the damping and
the stiffness terms to become nonlinear [8]-[10]. For the lower
quality factors discussed in this paper (Q < 10). the validity of
the linear damping and stiffness assumption depends very much
on the geometry of the structure. For example, the moving plate
needs to have adequate squeeze film damping holes to make the
nonlinear squeezed film effects negligible. For the higher quality
factors discussed in this paper, the structures would need to be
in a vacuum, which significantly reduces the squeezed film ef-
fect. regardless of the geometry of the structure.

In the two models that we propose. the motion of the plates
has been idealized. The parallel plate is assumed to only displace
in the dimension perpendicular to the plane defined by the fixed
electrode, and the displacement is assumed to be the same for all
points on the movable plate. The motion for the torsional case
is assumed to be strictly rotational about the point where the
torsional springs are attached. How well these assumptions hold

depends predominantly on the geometry of a particular device
[11].

For a doubly clamped plate in a parallel-plate actuator, axial
stretching can introduce a nonlinear term into the mechanical
stiffness of the structure. This nonlinear effect is called the
Duffing nonlinearity. The relative significance of this nonlinear
term depends on the geometry of the structure as well as the
residual stress present in the plate [11], [12].

In addition to these assumptions, which are intrinsic to the
mathematical model. there are also assumptions implied about
the clectrical drive components. The assumption is that the RC'
time constant of the capacitor formed from the parallel-plate ac-
tuator is much smaller than the mechanical time constant. This
allows the direct application of step voltages and other wave-
forms. If the electrical and mechanical time constants are sim-
ilar, the voltage across the parallel plates would have a signifi-
cant rise time as compared with the mechanical response [7]. In
this case, the parallel-plate actuator is not voltage-controlled. as
we have assumed, but charge-controlled. In addition. the circuit
connecting the plates is always connected, allowing charges to
flow freely as the voltage signals are applied. Finally, the gap
between the plates is assumed to be small compared to the di-
mensions of the plate, allowing the capacitance to be calculated
through the use of the ideal (i.e.. negligible edge effects) par-
allel-plate capacitance formula.

While these modeling assumptions certainly do leave out a
subset of electrostatic structures, the dynamic pull-in analysis
provided in this paper should still provide some qualitative in-
tuition into how those structures behave. For many electrostatic
structures, the work presented in this paper should be directly
applicable.

A. Parallel-Plate Model

The first electrostatic actuator model we will examine is the
very common parallel-plate actuator. This type of actuator is
typically modelled by the simplified diagram of Fig. 1. This
model includes the assumptions discussed in Section II. The
mathematical model derived from Fig. 1 is

cAV?

mi + b+ ke = 72((20 )

(H
where m is the mass of the movable plate. b is the damping
coefficient, k is the stiffness of the spring, € is the dielectric
constant of the surrounding medium, A is the area of the plate,
and dp is the zero-potential spacing between the two electrodes.
The dynamic variable x is the displacement of the plate from
the position dy in response to the application of the potential
V. This model assumes that the gap between the two plates dy
is small compared to the dimensions of the plates.

The quasi-static pull-in analysis of this system is well known
and widely documented [5]. [10]; however, we repeat it here
to place our dynamic pull-in analysis in context. Combining (1)

Nomenclature contains a list of the symbols used in this paper and their re-
spective meaning.
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Fig. 1. Lumped parameter model of a parallel-plate actuator.

with the quasi-static conditions (£ = & = 0) gives the [ollowing
for the required voltage for a particular equilibrium position:

- 2
Vo = IQR.B(ci[;l x) . @)

In the domain 0 < & < dy. (2) has a maximum at x = do/S.
This is often referred to as the pull-in position. The equilibrium
voltage associated with this point is called the pull-in voltage.
since application of higher voltages will cause the system to
experience a bifurcation to an equilibrium point located at
x > dp. Of course, this jump cannot be fully realized due to the
fixed electrode; instead. the moving electrode “snaps on” to the
fixed electrode. The pull-in voltage for the parallel-plate model
under quasi-static conditions is

. 8kdd .
Vi =\ oear ®

The voltage versus equilibrium plot for (2) shown in Fig. 2
indicates the pull-in voltage and position, and illustrates the
system bifurcation. When the pull-in voltage is reached. the
movable plate tries to jump to the equilibrium position to the
right of the fixed electrode position. The isolation layer between
the two electrodes will, of course, limit the plate’s displacement
so it will not reach the theoretical equilibrium position. The
thickness of the isolation layer determines the voltage required
to maintain the movable plate in the pulled-in state, referred to
as the “hold” voltage [13].

B. Torsional Model

Fig. 3 shows a simple model for a torsional electrostatic actu-
ator that, like the parallel-plate model, is based on the assump-
tions described earlier. From this model. the following equa-
tion of motion can be derived using a small angle approximation

(L > (fo) [1]:

) ) cwl2 o Lo )
T+ b+ k0 = =5 [m i (1 - E)} v

where I is the mass moment of inertia about the center of ro-
tation, w is the width of the torsional plate, # is the rotational
displacement. L is the length of the plate from the center of ro-
tation to the plate tip, and dj is the initial separation of the plates.
This model is for a rectangular plate that measures 2L x w.
The torsional actuator also experiences pull-in. By again
using a quasi-static assumption (6 = # = 0), the following

125 T T -
| — stable equilibria
-+ unstable ibria
B Movable slectrode pull-in 1
1 " (Pull-in valtage threshold) Fixed ol
- position
0.75 1
>‘a
3
0.5 Decreasing T
voltage
025 Movable electrode release 1
1 (Hold valtags threshold) — Isolation layer
thickness
0 L I 1 ¥ L
0 0.25 05 0.75 1 1.25 15
xIdo

Fig. 2. Quasi-static equilibrium curve for the parallel-plate actuator from (2).
The arrows showing the evolution of the equilibrium positions for increasing
and decreasing voltage indicate the bifurcation in the system.

Fig. 3. Lumped parameter model for a torsional electrostatic actuator,

equation describing the voltage required for a given equilibrium
position is found:

2063 (do — L)

o= ew [L6+ (do — L6) In (1 - {;—f)] '

By numerically calculating the maximum of (5). the pull-in
point is found to be [1]

0 =~ 0.44046, (6)

where g is the maximum torsional angle (g = dg/L). The
pull-in voltage associated with this point is given by

73
oy Josar

cwl3
The voltage versus equilibrium curve for (5) is shown in
Fig. 4. This curve is in many ways similar to the curve shown
in Fig. 2, the main difference being that the local maximum
(indicating the pull-in point) of the torsional curve is shifted
slightly to the right of the maximum for the parallel-plate case.

(N

III. STEP VOLTAGE RESPONSE AND PULL-IN

Perhaps the most common signal applied to parallel-plate or
torsional electrostatic MEMS devices is a step voltage. For un-

68



214 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 15, NO. 4, AUGUST 2006

1.25 — : : ;
— stable equilibria |
-+~ unstable equilibria !
1 Movable electrode pull-in |
L e seerbee L | 4
(Pull-In-voltage threshold) || | Eixed electrode
k position

Aaeasing
0.75+ voltage
L7

Decreasing || |
> [
>° r/ o

0.5ff Movable electrode release B 1
(Hold voltage threshold) .

. | Isolation layer
0.25 j 1 “_ thickness. Y ]
c I L L 1
0 0.25 0.5 0.75 1 1.25 15
o BO

Fig. 4. Quasi-static equilibrium curve for the torsional actuator from (5). The
arrows showing the evolution of the equilibrium positions for increasing and
decreasing voltage indicate the bifurcation in the system.

derdamped systems, the response of the structure to a step input
causes the structure to overshoot the equilibrium position. If
the avershoot is large enough, pull-in could potentially occur
at voltages lower than Vj;.

For the step response analysis, the applied voltage will take
the form

V() = VoU(d) ®)

where U(t) is a unit step function and Vp is the magnitude of
the voltage.

Due to the nonlinear nature of the parallel-plate and torsional
models. finding an analytical solution for the step response is
difficult. However, by analyzing the energy of the system, the
important features of the system response, such as overshoot
and pull-in, can be identified |2].

Initially, the system is at rest and has no stored energy. When
the step voltage is applied. energy is injected into the system.
The system stores this energy as both kinetic and potential en-
ergy. Over time, the stored energy above that associated with the
cquilibrium position is lost to damping. The energy balance of
the system at any instant in time can thus be written as follows:

Einjeeted = Blinetic + Epotentinl + Edissipated. 9)

The lowest possible pull-in voltage occurs when the over-
shoot has its maximum value. The overshoot can be maximized
by setting the damping equal to zero. Under vacuum conditions,
the damping can be made very small and, hence, the energy dis-
sipation term in (9) can be neglected.

When the system is at its point of maximum overshoot, all
of the stored energy is in the form of potential energy. The ve-
locity, and. therefore, the kinetic energy, is zero at that point. By
analyzing the energy of the system at this point, the decrease in
the voltage required for pull-in can be calculated. We will use

this technique to analyze pull-in due to a step input for both the
parallel-plate and the torsional actuators.

A. Step Voltage System Response—Parallel-Plate Case

For the parallel-plate actuator case, the stored potential en-
ergy can be expressed as

1
22
Epotential = 5K ax (10)
where Tyay 18 the maximum overshoot.
The energy injected into the system by the applied voltage
can be found by integrating the force of the actuator over the
displacement as

TFeAVZ . eAV2Ta
2(03[) — .13')2t - zflg(dg — -rmax) ’

Ei:njcctccl = (11)

Combining (9)—(11) and setting the kinetic and dissipated en-
ergy terms to zero gives the following expression for the step
voltage as a function of maximum overshoot:

Vo — \/kdg.l:max(dg —.zzmx)‘ (12)

€A

Taking the derivative of (12) and setting it to zero

dVy/dz =

gives

d,
Thas = 5 (13)
which is the position of the local maximum of (12) in the range
of 0 < 2 < dp. It turns out that this corresponds to the largest
maximum overshoot that can be achieved without pull-in occur-
ring. Any increase in the step voltage would theoretically result
in a maximum overshoot above dy, due to a bifurcation sim-
ilar to the quasi-static pull-in analysis. The step voltage asso-
ciated with this maximum oversheot is, therefore, analogous to
the quasi-static pull-in voltage expressed in (3). For this reason,
we will refer to the step voltage associated with the overshoot
expressed in (13) as the step pull-in voltage. It is given by

_ [
Ijs;m— 46_14'

Taking the ratio between the step pull-in voltage V;,,; and the
quasi-static pull-in voltage V,; gives

. 5
Pi_ | 2 0919
- 32

which indicates that the step pull-in voltage, for the ideal case of
no damping, is about 91.9% of the quasi-static pull-in voltage.
Since this solution was derived for the ideal case of no damping,

(14)

(15)
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Fig. 5. Plot of the required voltage for a given maximum overshoot for various
levels of damping (€} values). As the quality factor of the system decreases, the
step pull-in voltage moves from the ideal step pull-in voltage with no damping
to the quasi-static pull-in voltage value.

it represents a lower limit on the step pull-in voltage levels. The
upper limit is provided by the quasi-static pull-in analysis.

Numerical simulations performed in Simulink of the response
of the system in Fig. I with nonzero damping to a step voltage
signal indicate that for moderate to low damping (@ > 10),
the step pull-in voltage stays relatively close o the theoretically
predicted fraction of 91.9% of the quasi-static pull-in voltage.?
As the system damping increases, the step pull-in point follows
the quasi-static equilibrium curve up until it reaches the quasi-
static pull-in point, as shown in Fig. 5.

B. Step Voltage Svstem Response—Torsional Motion

The approach used to analyze the step response of the tor-
sional actuator is essentially the same as that used with the par-
allel-plate actuator. The energy relation given by (9) is again
used to examine the energy at the point of maximum overshoot.
For the torsional case, the energy injected into the system up to
the point of maximum overshoot is given by

Fmax
Einjected = /
i

_ 1
=—gtw

cwV§@ [ Lé e
202 Lﬂo—fﬁ o (I_E)} a0

1 Lo L
2 o max =
Vi |:6m].[1(1 do )ero] (16)

The energy stored in the system at the maximum overshoot is

1
. A2
Epotcntia.l = a}\rtg ' (17)
If we assume no damping in the system, then the energy in-
jected will always equal the energy stored. Solving (16) and (17)
For example, numerical simulations give the ratio between the step pull-in

voltage to the quasi-static pull-in voltage as 0.937 for a system quality factor of
10.

for the voltage gives the following relation between the max
overshoot and the step voltage:

.03
‘b_ _}"Gma.x
- Lf Lo :
ew(ln(1l— =22 ) 4 —2=
d[) d[)
The maximum of (18) gives the maximum overshoot

achieved before pull-in occurs. The location of this maximum
is found numerically to be

(18)

07 e = 0.6456. (19)
This overshoot corresponds to a step pull-in voltage of
k3
api /10,687 —==., 20
pi 0 687E_w 13 (20)

The ratio of the step pull-in voltage to the quasi-static pull-in
voltage gives

-

spi ;
V.. = 0.911.

@D

Again this solution was developed for a system with no damping
and, therefore, represents a lower boundary on the decrease in
pull-in voltage level required due to a step voltage input. Numer-
ical simulations done in Simulink of the torsional system with
increasing amounts of damping show that the step pull-in point
follows the quasi-static equilibrium curve up until. at about a
quality factor of one, the step pull-in occurs at the same point as
the quasi-static pull-in, very much like the parallel-plate actu-
ator case. Fig. 6 shows the analytical solution with no damping
as well as the numerical solutions for various damping values
compared with the quasi-static solution.

Sattler ef al. [1] experimentally demonstrated the decreased
pull-in voltage required when applying a step voltage to a tor-
sional radio frequency (RF) MEMS switch. They found that the
quasi-static pull-in voltage for their device was 8.0 V, while the
step pull-in voltage was 7.30 V. These values give a ratio of
0.913 between the step pull-in voltage compared to the quasi-
static pull-in voltage. As expected. this ratio is above the lower
boundary defined by our analysis. However, the step pull-in
point appears to be at about 0.586 for their experiments, which.
based on our model, corresponds to a quality factor of about
3.75. For this quality factor, our analysis predicts the ratio of
the quasi-static pull-in voltage to the step pull-in voltage to be
0.958. an overprediction of the experimentally observed values
by about 4.5%. The small discrepancy is likely a result of the
combination of small errors due to the assumptions made in our
model. a lack of knowledge of the exact experimental conditions
used in [1]. and general experimental uncertainty.

IV. MODULATED VOLTAGE SYSTEM RESPONSE AND PULL-IN

The analysis of the step voltage pull-in indicates that by
making use of the energy storing capabilitics of the mechanical
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Fig. 6. Plot of the required voltage for a given maximum overshoot for various
levels of damping ((J values) for the torsional actuator. As the quality factor of
the system decreases, the step pull-in voltage moves from the ideal step pull-in
voltage with no damping to the quasi-static pull-in voltage value.

system, pull-in can be achieved at voltages lower than the levels
predicted by the quasi-static analysis. This idea of leveraging
the energy stored in the mechanical system can be taken even
further by applying a voltage signal that is modulated according
the rule

V= {%, if the velocity (& or @) > 0 22)

0, otherwise.

The voltage signal will input energy into the mechanical system
over a number of mechanical oscillations. This technique leads
to larger displacements than would be possible with an unmod-
ulated actuation signal at the same voltage level [14]. In addi-
tion to the injected energy, a certain amount of energy is lost to
damping during each cycle. After some number of cycles, there
are two possible outcomes. Either the system will reach a limit
cycle where the energy input equals the energy lost per cycle
[15], or the system will reach a pulled-in state. First, let us as-
sume that the system reaches a limit cycle. The energy balance
of the system at the limit cycle is

Eijected = Edissipated- (23)

Deriving expressions for both terms in (23) leads to expres-
sions for the modulated voltage levels needed for pull-in to

occur. This modulated actuation technique will be explored for
both the parallel-plate actuator and the torsional actuator.

A. Modulated Voltage System Response—Parallel-Plate Case
For the parallel-plate case, the energy injected per period is

Tmax
eAVO? eAVUQ;vmax

dr = (24
Wo—aP " = B -t)

Linjected =
—Tmax

where @0 relers to the amplitude of the limit cycle.

The energy dissipated is found indirectly by using the defi-
nition of the quality factor along with the stored energy in the
system. The quality factor definition is

Q — 9 Estorod

20— (25)
Egissipated

By using this definition in the derivation, we are implicitly as-
suming that the displacement is sinusoidal in time. Due to the
nonlinearities of the system, this is not exactly true. However,
for moderate- to high-quality factors (@) > 10). the assumption
is quite reasonable.?

At the point of maximum displacement &, . all of the stored
energy is in the form of elastic potential energy. The stored en-
ergy can thus be expressed as

1

.2 -
Estorod - a‘!b-rm (26)
By combining (23)—(26), it is possible to find a relationship for
the modulated voltage level ¥ required for a given amplitude

limit cycle. This relationship is

-

Thitmnx (g — 22,,)
D —

eAQ) ' @n

The amplitude of the limit cycle which corresponds to the
maximum voltage that leads to a limit cycle can be found by
taking the derivative of (27) and setling it to zero (dVp /dz = 0).
This gives

= o = 0.577dp. (28)
7

The voltage associated with the limit cycle amplitude in (28)

is referred (o as the modulated pull-in voltage Vi,p,. For any

voltage Vo above this voltage, the system will pull-in after some

number ol mechanical oscillations. By combining (27) and (28),

the modulated pull-in voltage is found to be

¥
max

2 kod}
3v3eAQ’

The ratio of the modulated pull-in voltage Vy,p; to the quasi-
static pull-in voltage V3; is

s f—
mpi —

(29

Vipi 3/3r

= 2.02

(30)

This indicates that for a system with a quality factor of 100,
the modulated pull-in voltage would be only 20% of the quasi-
static pull-in voltage. This is a significant decrease in the re-
quired pull-in voltage. Systems with higher quality factors can
lead to even lower voltage level requirements. Fig. 7 gives the

3An alternative derivation, where a sinusoidal displacement is assumed ex-
plicitly and the dissipated energy is calculated directly, gives identical results.
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Fig. 7. Numerical and analytical curves of the modulated voltage required for
particular limit cycle amplitudes for parallel-plate systems with quality factors
of 10, 100, and 1000. The analytical solutions from (27) are the solid lines. The
numerical simulation results are given by the data points. For (J = 10, the
numerical and analytical solution show some discrepancy due to the sinusoidal
motion assumption used in the analytical derivation. For comparison, the quasi-
static equilibrium curve (2) and the step response curve (12) are also plotted.
The peak of each curve defines that curve’s pull-in voltage and position.

curves for the parallel-plate actuator’s response to the mod-
ulated voltage for quality factors of 10, 100, and 1000. The
quasi-static and ideal (no damping) step response curves are also
included for comparison.

B. Modulated Voltage System Response—Torsional Case

We now analyze the response of a torsional electrostatic ac-
tuator to an applied voltage that tollows the rule given in (22).
The analysis for this case follows the same approach for the
parallel-plate case. The energy dissipated is found indirectly by
combining the definition of the quality factor [see (25)] of the
system with the energy stored in the system at the limit cycle.
The energy stored at the limit cycle is calculated at the peak am-
plitude of the oscillation (a5 ). when all the energy is stored as
clastic potential energy. The equation for the total stored energy
is

1
Estored = al‘uﬂ%mx (31)

The energy injected over one oscillation at the limit cycle is

el“ﬂ.‘(
ewV@ [ Lo L
Ei; = =0 = im(1-= 16
jocted / 202 [d[, iy ( & )} ‘
79}“3.‘(
eonz LZp2?
= — In|1-——22=]). 32
20 max ( d% (32)
By combining (23). (25). (31). and (32). the solution for the

voltage required for a given limit cycle is found to be

2k,

Vo= _e-wQ]n(l— igjjm)
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Fig. 8. Numerical and analytical curves of the modulated voltage required for
particular limit cycle amplitudes for torsional systems with quality factors of
10, 100, and 1000. The analytical solutions from (33) are the solid lines. The
numerical simulation results are given by the data points. For ¢} = 10, the
numerical and analytical solution show some discrepancy due to the sinusoidal
motion assumption used in the analytical derivation. For comparison, the quasi-
static equilibrium curve (5) and the step response curve (18) are also plotted.
The peak of each curve defines that curve’s pull-in voltage and position.

The maximum of this function gives the pull-in point of the
torsional actuator. Calculating the maximum of (33) numeri-
cally indicates that the pull-in limit cycle amplitude is

07 1 20,7316, (34)

which corresponds to a modulated pull-in voltage of

The ratio of the modulated pull-in voltage to the quasi-static

pull-in voltage gives
i 1
mpi
—— = 197,/ =.
Vai Ve

Fig. 8 shows the effect of the quality factor on the limit cycle
curves and pull-in points versus the quasi-static equilibrium
curve and the system step response. The modulated voltage
leads to significant reductions in the voltage requirements for
pull-in of the torsional electrostatic actuator, very much like the
parallel-plate actuator.

(36)

V. DISCUSSION

In torsional and parallel-plate modulated pull-in and step
pull-in, the quality factor of the system is the key parameter
affecting the decrease in required actuation voltage. Fig. 9
shows the effect of the quality factor on the ratio of the dynamic
pull-in voltage (step and modulated) with the quasi-static
pull-in voltage for the parallel-plate case. The torsional case
has virtually the same dependence on quality factor as the
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Fig. 9. V,p; and V. as a function of the quality factor for a parallel-plate
electrostatic actuator. For all values of ¢} greater than one, the modulated pull-in
voltage is less than the step pull-in voltage. (The torsional system has an almost
identical dependence on (J.)

parallel-plate case (the difference between the two cases is
<1.5%). It is interesting to note that for all damping levels
the modulated pull-in voltage is less than or equal to the step
pull-in voltage.

The waveform used in the modulated pull-in analysis pro-
vides the greatest transfer of energy and. hence. the lowest
pull-in voltage of any waveform in a voltage limited situation;
however, in principle any waveform that provides a net positive
injection of energy with cach cycle could be used. These alter-
native wavelorms also lead to a decrease in the voltage level
required for pull-in compared with the quasi-static case.

Torsional electrostatic actuators commeonly have two fixed
electrodes in symmetrically opposite positions, such that the
movable electrode can be pulled-in by rotating in either the pos-
itive or negative @ directions [1]. In fact. some parallel-plate ac-
tuators have also been fabricated with top and bottom fixed elec-
trodes, enabling two pulled-in positions as well [16]. For elec-
trostatic switches with two opposing fixed electrodes, the mod-
ulated pull-in performance can be enhanced by applying a mod-
ulated voltage to both fixed electrodes. This allows energy to be
input throughout the entire mechanical oscillation and would
lead to a further decrease in the modulated pull-in voltage by a
factor of 1/\@ (for fixed electrodes that are symmetrically lo-
cated relative to the moving electrode).

A. Practical Limitations of a Modulated Pull-In System

In the analysis of modulated pull-in of parallel-plate and tor-
sional actuators, ideal feedback control of the system was as-
sumed [see (22)]. In practice, there are a number of physical
limitations that will diminish the performance of the modulated
pull-in technique. In this section, we analyze the physical limita-
tions that have the greatest potential impact and that are common
to most parallel-plate and torsional electrostatic actuator sys-
tems.

1 ". T T
‘. o9+ Vi), Vg =0.0
0.9r g oo V@), Vi, =005V
o8l "6 0+ ViglQ), Vo 010V, |
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Fig. 10. Numerical analysis of a closed-loop parallel-plate implementation
with a dec bias voltage applied showing the total required voltage for pull-in as
a function of quality factor. The total voltage is the sum of the bias voltage and
the amplitude of the modulated voltage signal. (The torsional system has an
almost identical dependence on (J.)

Fundamentally, there are two ways to implement a mod-
ulated pull-in system. The first method utilizes a feedback
control system where the sign of the velocity is sensed by
some means which would then control the applied voltage. The
second method is open-loop control. There are unique physical
limitations to both techniques.

In a feedback control implementation, many sensing tech-
niques could be used. including capacitive, piezoresistive,
piezoelectric, or optical sensing. Capacitive sensing is the most
likely candidate since no additional sensing structure needs to
be putin place, as opposed to the other sensing methods. In fact,
this kind of capacitive feedback control system for an electro-
static system has already been developed for MEMS filters and
oscillators [17]-[20]. For these devices, the operational goal is
to simply resonate. i.e., achieve a limit cycle. To achieve pull-in
with a similar circuit requires that the gain of the feedback loop
be increased above the level that results in a limit cycle.

The voltage level required to achieve pull-in by a capaci-
tive feedback control circuit implementation is higher than that
predicted by the ideal case discussed in Section I'V. Capacitive
sensing of motional current typically requires a dc bias voltage
applied to the parallel plates, which causes a certain amount of
electrostatic softening and a reduction of the total pullback force
of the mechanical system. A secondary limitation of capacitive
feedback control, or any other feedback implementation, is the
effect of the time delay in the control loop.

The effect of a dc bias voltage on the performance of the
parallel-plate system is shown in Fig. 10. The torsional system
has a virtually identical dependence on €. For these simulations,
the applied voltage is

1(rwt = -i/;npi + vaia.s (37)
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Fig. 11. Numerical simulation of V7., as a function of quality factor for a
closed-loop parallel-plate system with a delay in the feedback signal. (The tor-
sional system has an almost identical dependence on (}.)

where Va5 18 the de bias voltage. In the analysis, Vs is sct at
some fraction of the quasi-static pull-in voltage Vj;.

It can be seen from Fig. 10 that the bias voltage causes little
deviation of Vi, from the ideal modulated pull-in voltage for
systems with low and intermediate quality factors. For systems
with high quality factors, the bias voltage becomes the domi-
nating voltage component.

The effect of time delay on the modulated pull-in voltage is
shown in Fig. 11 for the parallel-plate system. The torsional
system has essentially identical behavior. These simulations
were performed with a time delay that is some fraction of the
time of one free oscillation of the mechanical system. Although
the effect of the time delay is strongest for systems with in-
termediate quality factors, the relative change in Vipi/ Vi is
largest at high-quality factors. This results from the electrostatic
damping effect being dependent on both the applied voltage
level and the number of oscillations required until pull-in
oceurs.

The actual bias voltage and time delay of any particular
system will depend on the characteristics of that system:
however, these results indicate that even with a rather large
bias voltage or time delay, significant reductions in the pull-in
voltage can still be achieved using a modulated pull-in signal.

The open-loop implementation has some significant advan-
tages over the closed-loop implementation. Open-loop systems
do not suffer from the effects of time delays or bias voltages.
They also are simpler to implement than closed-loop systems.

For the simulations of the open-loop implementation, a con-
stant-frequency signal is applied to achieve pull-in.# Fig. 12
shows the modulated pull-in voltage for a parallel-plate system
as a function of quality factor. The torsional system’s modulated
pull-in voltage has a virtually identical dependence on quality

4An open-loop control circuit can potentially have a nonconstant signal fre-

quency; however, optimizing the frequency modulation of the circuit to match
the system resonant frequency shift during operation would be challenging.
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Fig. 12, Vi, fora fixed frequency, open-loop implementation compared with
the ideal system discussed in Section IV-A as a function of the quality factor for
a parallel-plate electrostatic actuator. For all quality factors greater than five,
the fixed frequency implementation performs as well as the ideal closed-loop
implementation. (The torsional system has an almost identical dependence on

Q)
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Fig. 13. Numerical analysis of V7, ,; for a fixed frequency. open-loop control
implementation as a function of the signal frequency for both parallel-plate and
torsional electrostatic actuators for a range of quality factors.

factor. It is seen that for quality factors greater than about five,
the open-loop implementation performance is essentially iden-
tical to the ideal performance described in Section I'V.

To achieve this level of performance, the frequency of the
applied voltage signal needs to be carcfully set. Due to the elec-
trostatic nonlinearities, the optimum actuation signal frequency
is generally not at the mechanical resonant frequency. Fig. 13
shows the modulated pull-in veltage required as a function of
the signal frequency normalized to the natural frequency of
the mechanical system for parallel-plate and torsional systems
with a range of quality factors. The optimal signal frequency
is shifted away from the mechanical natural frequency due
to the shift in the system resonant frequency resulting from
the applied voltage. As expected, the very high-quality factor
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systems. which require small modulated voltage signals for
pull-in, have the smallest resonant frequency shifts.

One of the most significant drawbacks to the open-loop im-
plementation is that the frequency of the voltage signal needs
to be carefully trimmed to each individual device. High-quality
factor systems would require especially fine trimming. Open-
loop implementations are also susceptible to any kind of drift in
the system that would shift the optimal signal frequency away
from the set signal frequency.

One final physical limitation that affects both open-loop and
closed-loop implementations is the voltage required to hold the
switch in the pulled-in state. The modulated pull-in technique
can lead to pull-in voltages that are significantly lower than the
quasi-static pull-in voltage typically used as a minimum actu-
ation voltage. This reduction in actuation voltage needs to be
balanced with the thickness of the insulating layer between the
two clectrodes for isolation. If the insulating film between the
electrodes is too thick, it is possible that the modulated pull-in
voltage level will be lower than the hold voltage of the system.
In this case, the hold voltage becomes the limiting voltage level
of the system [13].

V1. CONCLUSION

In this paper, we have shown that the dynamic nature of par-
allel-plate and torsional electrostatic actuators can have a sig-
nificant impact on the voltage needed to pull-in the actuator. In
particular, it was shown that for the ideal case of no damping an
applied step voltage can achieve pull-in with only 91.9% of the
quasi-statically predicted pull-in voltage for parallel-plate actu-
ators, and for torsional actuators only 91.2% of the quasi-stat-
ically predicted pull-in voltage is required. It was also shown
that by applying a voltage that is modulated at the mechan-
ical resonance of the actuator, significant decreases in voltage
levels needed for pull-in can be achieved. For instance, for a
system with a quality factor of 1000, the voltage level required
for pull-in is less than 10% of the quasi-static pull-in voltage
for both parallel-plate and torsional actuators. The decrease in
pull-in voltage for both the step and modulated input voltages is
strongly dependent on the damping in the system.

The impact of these dynamic pull-in techniques could be
very significant for electrostatic parallel-plate and torsional
actuators used as switching structures in microwave, RF, or
optical MEMS applications. To create reliable switching struc-
tures, it has been necessary to have a high-actuation voltage,
much higher than levels used by integrated circuits. By utilizing
these dynamic pull-in techniques, low-voltage actuation can
be achieved without sacrificing mechanical stiffness and reli-
ability. This would allow direct integration of reliable MEMS
switching structures into standard integrated circuits without
the need of voltage up-converters. In addition, electrostatic
MEMS filters and oscillators, which need to avoid pull-in re-
sulting from modulated actuation, can also benefit this dynamic
pull-in analysis.
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Appendix B

ice designs.

icromirror dev

Table B1 Design parameters of the different m

device #

0
1
2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

PRPPOO~NOOPS~WNEPR

mirror

poly layer
1

NNNMNNDNMNDNDNDNDNNDDNNDNMNdDNdNNNbddSNdSNNERERPRPRPRPRPRPRRPRRPRPRRERE

spring
poly layer

PRPPRPPPPPPPPRPEPEPEPEPEPNNNDNNNNNNNNNNNDNDDNDN

mirror plate
dimension (um)
20
20
20
20
20
25
25
25
25
25
30
30
30
30
30
40
20
20
20
20
20
25
25
25
25
25
30
30
30
30
30
40

mirror
thickness (um)
1

PRPRPRPRRPRPRPRPRPRPRPRRERPR

=

spring
length (um)
35
35
5
10
10
35
35
5
10
10
35
35
5
10
10
35
1
15
35
5

5

1
15
35
5

5

1
15
35
5

5

1

spring spring
1 15
15 15
1 15
15 15
1 15
15 15
1 15
1.5 15
1 15
15 15
1 15
15 15
1 15
15 15
1 15
15 15
2 1
2 1
2 1
2 1
15 1
2 1
2 1
2 1
2 1
15 1
2 1
2 1
2 1
2 1
15 1
2 1

electrode
width (um) thickness (um)gap (um)

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
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defl vs voltage C:/greg/torsional_mirror/d11/r2
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defl vs voltage C:/greg/torsional_mirror/d13/r2
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defl vs voltage C:/greg/torsional_mirror/d17/r4
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defl vs voltage C:/greg/torsional_mirror/d23/r2
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defl vs voltage C:/greg/torsional_mirror/d27/r2
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defl vs voltage C:/greg/torsional_mirror/d29/r4
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Appendix D

Table D.1 Dimensions of MEMS switch structures described in Section 5.1. Dimensions are given in microns.
Electrode designation indicates whether the fixed electrodes were straight (str) or curved (crv).
Designation Length Width Gap Electrode

1-1 35 0.75 0.5 str
1-2 30 1.25 0.4 str
1-3 30 1 0.4 str
1-4 30 0.75 0.4 str
1-5 20 0.75 0.4 str
1-6 20 2 0.4 str
1-7 20 2 0.5 str
1-8 17.5 0.75 0.4 str
2-1 50 1 0.5 str
2-2 50 1 0.75 crv
2-3 50 1 0.75 str
2-4 50 1.5 0.5 str
2-5 40 1 0.5 str
2-6 40 1.25 0.5 str
2-7 40 0.75 0.5 str
2-8 35 1 0.5 str
3-1 70 1 1 str
3-2 70 1 1 crv
3-3 60 1 1 crv
3-4 60 1 0.75 crv
3-5 60 1 0.75 str
3-6 60 1.5 0.5 str
3-7 60 1.5 0.75 crv
3-8 60 2 0.5 str
4-1 80 1.5 0.75 crv
4-2 80 1.5 0.75 str
4-3 70 2 0.5 str
4-4 70 1.5 0.75 str
4-5 70 1.5 0.75 crv
4-6 70 1.5 0.5 str
4-7 70 1 0.75 str
4-8 70 1 0.75 crv
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Table D.2 Dimensions of MEMS switch structures described in Section 5.1. Dimensions are given in microns.
Electrode designation indicates whether the fixed electrodes were straight (str) or curved (crv).
Designation  Length  Width Gap Electrode

5-1 90 1.5 1 crv
5-2 90 1.5 1 str
5-3 90 2 1 crv
5-4 90 2 0.5 str
5-5 90 2 0.75 crv
5-6 90 2 0.75 str
5-7 80 1 1 crv
5-8 80 1 1 str
6-1 100 2 0.75 str
6-2 100 2 0.75 crv
6-3 100 1.5 0.75 str
6-4 100 1.5 0.75 crv
6-5 100 15 1 str
6-6 100 1.5 1 crv
6-7 100 1 1 str
6-8 100 1 1 crv
7-1 120 2 0.75 str
7-2 120 2 0.75 crv
7-3 110 2 1 str
7-4 110 2 1 crv
7-5 120 15 1 str
7-6 120 1.5 1 crv
7-7 120 2 1 str
7-8 120 2 1 crv
8-1 140 1.25 1 str
8-2 140 1.25 1 crv
8-3 140 15 1 str
8-4 140 1.5 1 crv
8-5 140 1.75 1 str
8-6 140 1.75 1 crv
8-7 140 2 1 str
8-8 140 2 1 crv
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Appendix E

Table E.1 Design parameters for the different integrated optical MEMS switch designs described in Section
5.6 for modules (die) A, B, and C.

MWod Device #
A 1
A 2
A 3
A 4
A )
A G
A 7
A g
B 1
B 2
=] 3
B 4
B )
=] G
B 7
B g
5 1
5 2
55 3
5 4
5 )
55 G
5 7
5 g

length

1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04

8.00E-05
3.00E-05
5.00E-05
8.00E-05
3.00E-05
5.00E-05
8.00E-05
3.00E-05

6.00E-05
B.00E-05
£.00E-05
6.00E-05
B.00E-05
£.00E-05
6.00E-05
B.00E-05

1.00E-07
125607
1.60E-07
1.75E07
2.00E07
225E07
2.50E07
27507

1.00E-07
125607
1.50E-07
1.75E07
2.00E07
225E07
2.50E07
27507

1.00E-07
125607
1.50E-07
1.75E07
2.00E07
225E07
2.50E07
27507

Optical Parameters
Coupling | Coupling
gap (closed)

Coupling
gap (open) gap (rest)

8.00E-07
g.00E-07
g.00E-07
8.00E-07
g.00E-07
g.00E-07
8.00E-07
g.00E-07

8.00E-07
g.00E-07
5.00E-07
8.00E-07
g.00E-07
5.00E-07
8.00E-07
g.00E-07

8.00E-07
g.00E-07
5.00E-07
8.00E-07
g.00E-07
5.00E-07
8.00E-07
3.00E-07

Coupling

4 50E-07
4 B3E07
4 75E-07
4 BBE-O7
5. 0007
8. 13E-07
5. 25E07
5. 3807

4 50E-07
4 B3E07
4 75E-07
4 BBE-O7
5. 0007
5. 13E-07
5. 25E07
5. 3807

4 50E-07
4 B3E07
4 75E-07
4 BBE-O7
5. 0007
5. 13E-07
5. 25E07
5. 3807
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Length

1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04

8.00E-05
3.00E-05
5.00E-05
8.00E-05
3.00E-05
5.00E-05
8.00E-05
3.00E-05

6.00E-05
B.00E-05
£.00E-05
6.00E-05
B.00E-05
£.00E-05
6.00E-05
B.00E-05

Wyidth

5.00E07
52507
58007
5 75E07
B.00E07
B.25E07
B.50E07
B.7aE07

5.00E07
52507
5 80E-07
5 75E07
B.00E07
B.25E-07
B.50E07
B.7aE07

5.00E07
52507
5 80E-07
5 75E07
B.00E07
B.25E-07
B.50E07
B.7aE07

Overlap

0.00E+I0
2.80E-05
5.00E-03
7 .50E-08
1.00E-07
1.25E-07
1.60E-07
17507

0.00E+I0
2.80E-05
5.00E-03
7 .50E-08
1.00E-07
1.25E-07
1.60E-07
17507

0.00E+I0
2.80E-05
5.00E-03
7 .50E-08
1.00E-07
1.25E-07
1.60E-07
17507

Gap

4 50E-07
4. 3807
4. 25E-07
4. 13E07
4.00E07
3.88E-07
3.75E07
3.B3E07

4 50E-07
4. 3807
4.25E-07
4. 13E07
4.00E07
3.88E-07
3.75E07
3.B3E07

4 50E-07
4. 3807
4.25E-07
4. 13E07
4.00E07
3.88E-07
3.75E07
3.B3E07



Table E.2 Design parameters for the different integrated optical MEMS switch designs described in Section
5.6 for modules (die) D, E, and F.

Mod Device #
O 1
O 2
0 3
O 4
O 5
0 G
O 7
O g
E 1
E 2
E 3
E 4
E 5
E G
E 7
E g
F 1
F 2
F 3
F 4
F 5
F G
F 7
F g

length

5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05

4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05

3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05

1.00E-07
125607
1.60E-07
1.75E07
2.00E-07
2.25E07
28007
275E07

1.00E-07
1.25E-07
1.60E-07
1.75E07
2.00E-07
2.25E07
28007
275E07

1.00E-07
1.25E-07
1.60E-07
1.75E07
2.00E-07
2.25E07
28007
275E07

Optical Parameters
gap (closed)

3.00E-07
g.00E-07
8.00E-07
3.00E-07
5.00E-07
8.00E-07
3.00E-07
5.00E-07

3.00E-07
5.00E-07
8.00E-07
3.00E-07
5.00E-07
8.00E-07
3.00E-07
5.00E-07

3.00E-07
5.00E-07
8.00E-07
3.00E-07
5.00E-07
8.00E-07
3.00E-07
5.00E-07

gap (open) gap (rest)

4 8007
4 B3E07
4 75E07
4 8807
5.00E-07
5. 13E07
5. 2507
5.38E-07

4 8007
4 63E-07
4 75E07
4 8807
5.00E-07
5. 13E07
5. 2507
5.38E-07

4 8007
4 63E-07
4 75E07
4 8807
5.00E-07
5. 13E07
5. 2507
5.38E-07
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Length

5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05

4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05
4.00E-05

3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05
3.00E-05

Wyidth

5.00E07
5.25E07
550E07
575E07
5.00E-07
B.25E07
B.50E07
B.75E07

5.00E07
5 25E07
550E07
575E07
5.00E-07
B.25E07
B.50E07
B.75E-07

5.00E07
5 25E07
550E07
575E07
5.00E-07
B.25E07
B.50E07
B.75E-07

Owerlap

0.00E+HIO
2.80E-05
5.00E-08
7.80E-03
1.00E-07
1.265E-07
1.60E-07
1.75E-07

0.00E+HIO
2.50E-08
5.00E-08
7.80E-03
1.00E-07
1.265E-07
1.60E-07
1.75E-07

0.00E+HIO
2.50E-08
5.00E-08
7.80E-03
1.00E-07
1.265E-07
1.60E-07
1.75E-07

Sap

4. 5007
43807
4. 2507
413607
4.00E-07
3.86E-07
37507
3.63E-07

4. 5007
4.38E-07
4. 2507
413607
4.00E-07
3.86E-07
37507
3.63E-07

4. 5007
4.38E-07
4. 2507
413607
4.00E-07
3.86E-07
37507
3.63E-07



Table E.3 Design parameters for the different integrated optical MEMS switch designs described in Section
5.6 for modules (die) G, H, and I.

Mad Devic gap

I T T I I I XX LR ROV ARFP AL O RE CNRRP AL O]

1

2
3
4
o]
B
7
a

(Rt R wy Ry RN ERRY S R

(Rt R wy Ry RN ERRY S R

1.75E-07
1.76E-07
2.00E-07
2.00E-07
2.00E-07
228507
2.50E-07
2.75E07

1.75E-07
1.76E-07
2.00E-07
2.00E-07
2.00E-07
228507
2.50E-07
2.75E07

1.75E-07
1.76E-07
2.00E-07
2.00E-07
2.00E-07
22507
2.50E-07
2.75E07

nan-maovin ring

1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05

1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05

1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05

1.00E-07
1.26E07
1.60E07
1.75E-07
2.00E07
22507
2.50E-07
2.75E07

1.00E-07
1.26E07
1.60E07
1.75E-07
2.00E07
22507
2.50E-07
2.75E07

1.00E-07
1.26E07
1.50E07
1.75E-07
2.00E07
22507
2.50E-07
2.75E07

Optical Parameters
Coupling
diameter gap (cloged)

Coupling
gap (open) gap (rest)

g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07

g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07

g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07
g.00E-07

Coupling

4. 50E-07
4 B3E-07
4 75E07
4 .68E-07
5. 00E-07
8213807
0.26E-07
5. 38E07

4. 50E-07
4 B3E-07
4 75E07
4 .68E-07
5. 00E-07
8213807
0.26E-07
5. 38E07

4. 50E-07
4 B3E-07
4 75E07
4 .68E-07
5. 00E-07
2 13E07
0.26E-07
5. 38E-07

98

Length

1.00E-04
g.00E-05
B.00E-05
1.00E-04
g.00E-05
B.00E-05
1.00E-04
6.00E-05

4 .50E-04
4. 50E-05
4.50E-05
4 .50E-04
4. 50E-05
4.50E-05
4 .50E-04
4. 50E-05

3.50E-04
3.50E-05
3.50E-05
3.50E-04
3.50E-05
3.50E-05
3.50E-04
3.50E-05

Wyidth

5 00E-07
5 25E07
5.80E07
5 75E07
B.00EO7
B.25E07
5.50E-07
B.75EO7

5 00E-07
5 25E07
5.80E07
5 75E07
B.00EO7
B.25E07
5.50E-07
B.75EO7

5 00E-07
5 25E07
5.50E07
5 75E07
B.00EO7
B.25E07
5.50E-07
B.75E0O7

Cverlap

0.00E+10
2.50E-08
5.00E-03
7.50E-03
1.00E-07
125607
1.60E-07
1.75E-07

0.00E+10
2.50E-08
5.00E-03
7.50E-03
1.00E-07
125607
1.60E-07
1.75E-07

0.00E+10
2.50E-08
5.00E-03
7.50E-03
1.00E-07
12507
1.60E-07
1.75E-07

Gap

4. 50E-07
4. 38E-07
42507
4. 13E-07
4.00E-07
3.88E07
3.75E-07
3.B3E07

4. 50E-07
4. 38E-07
42507
4. 13E-07
4.00E-07
3.88E07
3.75E-07
3.B3E07

4. 50E-07
4. 38E-07
42507
4. 13E-07
4.00E-07
3.88E07
3.75E-07
3.B3E07



Voltage

Voltage

45

40

335

30

25

20

15

10

60

50

40

30

20

10

Appendix F
Die 08 Device 1 Left HfO, in Vacuum

+ Die 081 pullin

Die 08-2 pullin

Die 08-1 hold

Die 08-2 hold

Test #

Die 08 Device 3 Left HfO, in Vacuum

+ Die 081 pullin

Die 08-2 pullin

Die 08-1 hold

Die 08-2 hold




Voltage

Voltage

Die 08 Device 4 Left HfO, in Vacuum

40

35

30

+ Die 081 pullin

25

Die 08-2 pullin

Die 08-1 hold

20

Die 08-2 hold

15

10

Test #

Die 08 Device 6 Left HfO, in Vacuum

45

40

35

30

+ Die 081 pullin

Die 08-2 pullin

25

Die 08-1 hold

20

Die 08-2 hold

15

10

100



Voltage

Voltage

45

40

35

30

25

20

15

10

60

50

40

30

20

10

Die 08 Device 1 Right HfO, in Vacuum

+ Die 08-1 pullin

Die 08-2 pullin

Die 02-1 hold

Die 08-2 hold

Test #

Die 08 Device 3 Right HfO, in Vacuum

+ Die 08-1 pullin

Die 08-2 pullin

Die 08-1 hold

Die 08-2 hold

101




Voltage

Voltage

Die 08 Device 4 Right HfO, in Vacuum

35
30
25 + Die 08-1 pullin
Die 08-2 pullin
20 Die 08-1 hold
15 Die 08-2 hold
10
5
0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Test#
Die 07 Device 6 Left HfO, in Vacuum
40
35
30 ] ]
+ Die 078 pullin
25 Die 07-12 pull in
20 Die 07-8 hold
Die 07-12 hold
15
10
5
0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

102



Voltage

Voltage

435

40

35

30

25

20

15

10

50
45
40
35
30
25
20
15
10

Die 07 Device 6 Right HfO, in Vacuum

Test #

Die 08 Device 1 Left Al,O; in Vacuum

+ Die 078 pullin
Die 07-12 pullin
Die 07-8 hold

Die 07-12 hold

+ Die 085 pull in
Die 08-17 pullin
Die 08-5 hold

Die 08-17 hold

103




Voltage

Voltage

50
45
40
35
30
25
20
15
10

60

50

40

30

20

10

Die 08 Device 3 Left Al,O; in Vacuum

+ Die 08-5 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

Test #

Die 08 Device 5 Left Al,O; in Vacuum

+ Die 085 pull in
Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

104



Voltage

Voltage

45

40

35

30

25

20

15

10

90

80

70

60

50

40

30

20

10

Die 08 Device 6 Left Al,O; in Vacuum

+ Die 085 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

Test #

Die 08 Device 7 Left Al,O; in Vacuum

JIRg Die 08-5 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

105



Voltage

Voltage

60

50

40

30

20

10

50
45
40
35
30
25
20
15
10

Die 08 Device 1 Right Al,O, in Vacuum

—

+ Die 085 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

Test #

Die 08 Device 3 Right Al,O, in Vacuum

106

+ Die 085 pull in
Die 08-17 pullin
Die 08-5 hold

Die 08-17 hold




Voltage

Voltage

60

50

40

30

20

10

60

50

40

30

20

10

Die 08 Device 5 Right Al,O, in Vacuum

+ Die 085 pull in
Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

Test #

Die 08 Device 6 Right Al,O, in Vacuum

+ Die 085 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

107



Voltage

Voltage

80

70

60

50

40

30

20

10

70

60

50

40

30

20

10

Die 08 Device 7 Right Al,O, in Vacuum

+ Die 085 pull in

Die 08-17 pullin

Die 08-5 hold

Die 08-17 hold

Test #

Die 07 Device 1 Left Al,O; in Vacuum

+ Die 074 pull in

Die 07-16 pullin

Die 074 hold

Die 07-16 hold
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Voltage

Voltage

45

40

35

30

25

20

15

10

90

80

70

60

50

40

30

20

10

Die 07 Device 6 Left Al,O; in Vacuum

+ Die 074 pull in

Die 07-16 pullin

Die 074 hold

Die 07-16 hold

Test #

Die 07 Device 7 Left Al,O; in Vacuum

+ Die 074 pull in

Die 07-16 pullin

Die 074 hold

Die 07-16 hold

109




Voltage

Voltage

70

60

50

40

30

20

10

60

50

40

30

20

10

Die 07 Device 1 Right Al,O, in Vacuum

+ Die 074 pull in

Die 07-16 pullin

Die 074 hold

Die 07-16 hold

Test #

Die 07 Device 6 Right Al,O, in Vacuum

1| + Die 07-4 pull in

Die 07-16 pullin

Die 074 hold

Die 07-16 hold

110




Voltage

90

80

70

60

50

40

30

20

10

Die 07 Device 7 Right Al,O, in Vacuum

111

+ Die 074 pull in
Die 07-16 pullin

Die 074 hold

Die 07-16 hold



PR RRPRPRPRRPRPRPRPRRPRPRREPRPRRERRERERER

MS1085
MS1080
MS1080
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MS1080
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MS0351
MS0351
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