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ABSTRACT

Fundamental improvements in the design of comb-drive ac-.

tuators have allowed their use in a 1xN optical switch requiring
200 um static deflection and a switching speed of less than 1 ms.
The main obstacle to the development of large-displacement comb-
drive actuators has been electromechanical side instability, which
increases with forward deflection and may cause catastrophic fail-
ure. In this work, the stable deflection range is increased by em-
ploying prebent suspensions and linearly engaging comb teeth.
Nonlinear analytical models, as well as Mechanica™ finite ele-
ment models and Simulink™ numerical models have been devel-
oped to fully characterize the performance of the actuators and
facilitate their design. A simple, high-yield, deep-reactive-ion-
etching fabrication process has produced consistent performance
that closely matches FEA and numerical models of the electrostatic
actuators. Using separately-fabricated, highly-reflective mitrors,
the actuators have been utilized in a compact optical design that
features high-speed, low optical-loss switching.

INTRODUCTION

There has been considerable interest in devices for switching
light from one optical fiber to another or from a free-space optical
beam to one or more optical fibers, particularly for telecommuni-
cations. Several switch configurations are of interest, including
1x2, 1xN, and NxN, where N is a number from 2 to above 64. The
dominant optical switch designs have utilized optical waveguides,
electro-optical effects, or electromechanical actuators, and working
switches are commercially available using these techniques.

Of the 1xN electromechanical optical switches, the most
common design uses a single rotary actuator to “steer” the optical
beam to a particular output location. An alternate switch architec-
ture uses multiple linear actuators to intercept and redirect the opti-
cal beam into a selected output fiber [1]. Figure 1 shows an exam-
ple of such a switch with four 45 degree mirrors attached to inde-
pendent linear actuators, each capable of diverting the collimated
beam to a particular output. While this switch architecture does
not require the precision servo-control of the beam-steering de-
signs, it does require each linear actuator to travel at least the di-
ameter of the collimated beam, which is greater than 100 um for
practical optical layouts.

Traditional designs for linear comb drive actuators show lim-
ited forward displacement due to electromechanical side instabil-
ity. Side instability occurs when the parallel-plate electrostatic
forces between the sides of the combs overwhelm the suspension
stiffness orthogonal to the desired motion [2-5]. This problem is
exacerbated during large displacements, because with increasing
forward displacement, a traditional folded-beam suspension’s side
stiffness decreases while the electrostatic side forces increase.
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Figure 1. Schematic diagram showing a 1x4 optical switch.
Light leaving the input fiber is collimated by a GRIN lens and trav-
els lefi until it intercepis an extended mirror and is focused onto an
output fiber.

This paper describes a linear actuator, fabricated using deep
reactive ion etching, that has been optimized for use in optical
switching systems such as that shown in Figure 1. In an example
application for an optical data storage system, the actuator must be
as small as possible with the ability to move a mirror a total dis-
tance of 200 um in less than 1 ms while using less than 150V.

SWITCH DESIGN

In the example data storage application, at least 80% coupling
efficiency is required with switching speeds below 1 ms. Few
existing optical switches meet these specifications, and none are
available that also fit within the 18 cm® device volume. The pro-
posed optical switch requires an actuator for each output fiber. A
collimated laser beam passes down the switch’s central axis, as
shown in Figure 1. During operation, one actuator is extended
while all others are retracted. A mirror attached to the actuator
serves to redirect the laser beam into the selected output fiber. The
mirror width should be twice the collimated beam width to reduce
diffractive losses, and the actuator must have a total deflection that
is at least the width of the mirror. The difficulty in designing
large-deflection actuators provides a motivation to reduce the col-
limated beam diameter. However, as the beam diameter is re-
duced, the distance over which the beam remains collimated is also
reduced. The divergence of the optical beam results in a reduction
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in the achievable coupling efficiency. The proposed optical switch
uses 250 um diameter GRIN lenses to produce a 100 um diameter
collimated beam. The divergence of the beam over the length of
the switch is then small enough allow up to 80% coupling effi-
ciency.

ACTUATOR DESIGN

Several novel features facilitate the design of the large-
deflection electrostatic actuators that are required for the proposed
optical switch. As shown in Figure 2a, conventional comb drives
are typically symmetric about the translation axis, having four
folded-beam suspension springs [6]. The proposed actuator is not
symmetric about the translation axis, allowing it to consume only
half the area of a traditional design. Since a one-sided design has
half the mass, half the springs, and half the combs (see Figure 2b),
both the suspension stiffness and the electrostatic force are reduced
by a factor of two. Thus neither the resonant frequency nor the
maximum static deflection are changed. Alternatively, a one-sided
design may occupy the same area as a traditional comb-drive, but
use the area more efficiently to achieve a larger stable forward
deflection range. Note that in Figure 2b, the suspension has been
placed exterior to the combs to improve the low rotational stiffness
of the suspension shown in Figure 2a.

@ © 6]

Figure 2. Schematic diagram of a traditional comb-drive
actuator (a), a one-sided actuator (b), an actuator with linear
engagement comb teeth (c), an actuator with a parallel-plate
electrode (d), an actuator with a prebent suspension as-fabricated
(e), and an actuator with a prebent suspension after forward de-

flection ().

In the proposed optical switch, the actuators are only required
to fully extend or retract. Switching speed and positional accuracy
may be increased by using mechanical stops to define the two ac-
tuator states. The actuator then drives the shuttle to press against
either forward or rear crash-stops that are fixed to the substrate.
The crash stops allow the electrostatic force versus the deflection
profile to be customized. While the parametric design of non-
rectangular comb teeth has been described [4, 7], a simpler way to
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modify the displacement dependence of the electrostatic force is to
adjust the lengths of the individual comb teeth. By linearly in-
creasing the length of the combs that form the moving electrode,
the number of engaged comb teeth varies linearly with forward
displacement (see Figure 2c). The forward electrostatic force is
then

oW -Dehx o +ﬂVz’

&¥max 2g M
where N is the number of comb teeth, ¢ is the dielectric constant of
the air gap, # is the device thickness, x is the forward displacement,
g is the electrostatic gap, and ¥ is the applied voltage. This linear
engagement comb drive achieves the maximum forward deflection,
Xmax, at the same voltage as a corresponding traditional comb drive.
However, with only half the electrostatic overlap area, the linear
engagement design suffers less from electrostatic instability since
it only generates half the detrimental parallel-plate forces between
the sides of the comb teeth.

The use of mechanical stops to define the shuttle position also
allows the design of an actuator with only one bank of opposing
comb teeth (see Figure 2d). In the proposed actuator the motor is
retracted 110 um by a set of comb teeth; it is extended by releasing
the retracted shuttle and allowing it to glide freely to a set of me-
chanical stops 90 um in the extended direction, where it is captured
by a pair of parallel plate electrodes. By using the back side of the
fixed combs to form the fixed paraiiel plate, the resulting compact
actuator (about 1 mm?) only requires a single electrical drive pad.
The actuator changes state when the drive voltage is removed, and
the new state is locked in when the voltage is reapplied

SRR

Figure 3. SEM image of the actuator used in the optical
switch. The four “H" shaped fins attached to each suspension
beam help control the sidewall profile without changing the

spring stiffness.



Finally, with only one bank of opposing comb teeth, the
folded-flexure suspension may be customized. The side stiffness,
ke, of a traditional folded-flexure suspension falls with the
square of the forward displacement [2, 8]:

2 -1
Ehw| 3x
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L | sw?

where E is the Young’s modulus of silicon, x is the forward dis-
placement, and L, w, and 4 are the length, width, and thickness of
the individual suspension beams. The situation may be dramati-
cally improved by fabricating the suspension beams in an initially
bent configuration, as shown in Figure 2e. A cosine with ampli-
tude x,,/4 is an admissible function for the initial bend profile.
This effectively replaces x by (x-x,,) in Equation 2. The side stiff-
ness increases as the shuttle moves forward, reaching a maximum
when the beams are straight at x=x,, (see Figure 2f). In a typical
actuator of the proposed design, the use of prebent suspension
beams increases the minimum side stability over the actuation
range by a factor of thirty. A SEM of an actuator similar to that of
Figure 2e is shown in Figure 3. Note that a separately fabricated
mirror has been attached to a mirror holder on a shuttle extension
bar.
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FABRICATION

All of the front-end wafer processing for the actuators and
optical switches was carried out at TRW Lucas NovaSensor, in
Fremont, California. The five masks required for the process were
provided to TRW Lucas NovaSensor and the parts were delivered
in wafer form. The wafers were then tested and diced prior to
assembly and packaging. The simple fabrication process kept per-
formance variations across 4 wafers (more than 500 switches)
below 5%, with a defect rate of only 7%. While the proprietary
details of the TRW Lucas NovaSensor process have not been dis-
closed, their generalized fabrication process has been described [9]
(see Figure 4).

Etch shallow cavity in
carrier wafer to create
future movable areas.

4 Fusion bond device
wafer to carrier; polish
to final thickness.

7 Oxidize; open contact
holes; deposit and
pattern pad metal.

= DRIF etch through
device wafer.

Figure 4. Schematic diagram showing the fabrication pro-
cess carried out at TRW Lucas Novasensor.

ACTUATOR PERFORMANCE

After fabrication, dicing, and assembly, the actuators (see
Figures 2e and 2f) were tested both statically and dynamically.
The static response shown in Figure 5, was generated by increasing
the drive voltage while measuring the forward deflection with an
optical microscope at 1000x magnification. Unlike a traditional
comb drive. the displacement of a linear engagement design is not
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directly proportional to the square of the voltage. The maximum
forward deflection is defined by the placement of the forward crash
stops.

Voltage Squared (V2)
2 2
120%50 100

—_

f=3

(=]
T

xR
(=)
T

Comb Displacement (pm)
& (o33
[=] (=}

™~
(=1
T

10000 15000 20000

Voltage Squared (VZ)

0 5000

Figure 5. Comparison of the measured (circles) and pre-
dicted (line) quasi-static response of a linear-engagement actuator
with a pre-bent suspension.

A laser vibrometer was used to quantify the resonant behavior
of the actuators. Figure 6 shows the swept sine frequency response
of an actuator and the response predicted by a Simulink™ model
of the actuator as a 2 DOF, second-order system. The fundamental
resonance occurred at 995 Hz with a quality factor of 57. The
resonance at 4 kHz results from the contrary motion of the shuttle
and the suspension truss. These dynamic modes, as well as the
additional mode at 9 kHz, match those predicted by a Mechanica™
finite element model.

Relative Magnitude
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Figure 6. Measured and predicted frequency response magni-
tude. The solid line represents data gathered using a laser vi-
brometer. The dotted line represents the response predicted by
FEA and numerical models using Mechanica™ and Simulink™.



SWITCH PERFORMANCE

Optical switches from 1x2 to 1x16 have been fabricated, and
a portion of an assembled switch is shown in the SEM of Figure 7.
Additional polarization detection optics are present in this particu-
lar switch to facilitate its use in an optical data storage system.

Figure 7. SEM view of a portion of a partially assembled op-
tical switch showing the actuators, the inserted mirrors, and the
cylindrical GRIN lenses held in place with integral alignment
springs. Additional polarization detection optics are present for
use in a data storage system.

In order to achieve the highest optical efficiency, separately
fabricated mirrors are inserted into holders in the linear actuators.
These mirrors have high reflectivity with minimal scattering loss,
which is an improvement over approaches that use the etched
sidewall as the mirror surface [10]. Switching losses of less than 1
dB at a wavelength of 650 nm (and less than 0.5 dB at 1550 nm)
have been demonstrated using single mode optical fibers.
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Figure 8. Measured drive voltage (dash-dot line) and cou-
pling efficiency as light is switched from one fiber (solid line) to
another (dotted line).

The coupling efficiency and switching speed were measured
using a high-speed power meter and a digitizing oscilloscope.
Since the resonant frequency of the actuators is typically 1 kHz,
the switching time is slightly greater than 0.5 ms, as shown in Fig-
ure 8. Note that the actuator begins to change state when the drive
voltage is removed, and the new state is locked in after the voltage
is reapplied. The previously selected actuator and the newly se-
lected actuator change state simultaneously, due to the same volt-
age signal.

SUMMARY

Through substantial improvements in design, comb-drive ac-
tuators consuming only 1 mm® have been demonstrated with sta-
ble, static deflections of 200 um and switching speeds of less than
1 ms. The simple, high-yield, fabrication process has produced
consistent performance that closely matches FEA and numerical
models of the electrostatic actuators. These actuators have been
utilized in a compact optical design that features high-speed, low-
loss switching.
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