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Optical systems are ubiquitous in the present-day societal fabric, any mechanical moving parts, out of consideration that
from sophisticated fiber-optic telecommunication infrastructure to these traditionally contribute to high cost and unreliability.
visual information display, down to mundane chores such as bar- For several decades, the only available control options have

code reading at the supermarket. Most of these existing system .
are built from bulk optical components, as they have been forsbeerl those based on electro- or magnetooptic effects. Such

many years. Just as miniaturization and batch-process production devices, however, generally suffer from high costs and
have revolutionized electronics, similar advances in optics will typically operate at low efficiencies. In most cases, optical-
certain greatly expand its applications and markets. Production peam manipulation can be more effectively carried out with
techniques for optical systems that employ the emerging micro- i\ aple mechanical elements such as mirrors and shutters,

electromechanical systems (MEMS) technologies give promise of. . . .
achieving this success. Simple micromechanical fabrication tech- I ONly these mechanical parts can be built reliably and

niques are already employed in fiber-optic components to produce inexpensively.
what is generally described as silicon-optical-bench systems. New  Recent developments in the rapidly emerging discipline
developments, especially those permitting the use of microactuatedyf microelectromechanical systems (MEMS) show special

structures, make substantial increases in system sophistication pos+, .o mise for providing microoptical systems to perform the
sible. Surface micromachining, in which microoptical systems are

batch-fabricated and placed on top of a silicon wafer, has become functions described above. In particular, the technique of
a promising approach to this progression. With the demonstration Surfacemicromachining is interesting in that it is a planar

that surface-micromachined elements can be “folded” out from process that is capable of producing large-area, high-quality
the plane in which they are constructed, an important new degree layered structures along the plane of the substrate, which

of design freedom has emerged. This paper examines some of th .
results obtained and attempts to project possibilities for surface Tan then be rotated out of the surface to form large optical

micromachining in future optical systems. surfaces angled to the surface of the substrate. Such large
Keywords—Actuated micromirrors, bar-code reader, fiber-optic eleyated Sqrfaces (up. to millimeters in 'helg.ht) Wlth. h'gh
components, gratings, laser-fiber coupler, optical scanners. optical quality, and which are movable with high precision,

are very difficult to fabricate with other micromachining
technologies.

I. INTRODUCTION At the Berkeley Sensor & Actuator Center (BSAC), a
background in the development sifirface micromachining
has provided impetus for the development of actuated
micromirrors for fiber-optic systems. The basis of our
approach in microoptical systems rests on the following
developments: methods for making pin joints and moving-
element mechanisms [1], comb drives for oscillating sys-
tems [2], microvibromotors as actuation elements [3], and
folding of surface structures out of the surface plane to form
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The continuing spectacular growth in optical system
applications, as exemplified by optical-fiber telecommuni-
cation infrastructure and display technologies, has stim-
ulated great interest in producing miniaturized, reliable,
inexpensive photonic devices for light-beam manipulation.
There is strong desire for such devices to function without
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micromirrors for optical-alignment purposes will need both
precision and range—involving mechanisms reminiscent of
stepping motors. Here, we describe a specific type of motor
that has been successfully employed to drive micromirrors
with submicrometer precision and with a range of hundreds
of micrometers.

As shown in Fig. 2, each of the two sliders is actuated
with an integrated microvibromotor [6], which consists
of four electrostatic-comb resonators with attached impact
arms driving a slider through oblique impact. (The mi-
cromirror shown in Fig. 2 is similar to that shown in Fig. 1
except that the front sliding plate is folded under the back
support to save space.) Fig. 3 shows a detailed top view of
the vibromotor.

1E Chs i

C. Fabrication

Fig. 1. Basic micromirror structure for precision alignment of The actuated microreflector was fabricated on a silicon
optical components. The size of the mirror measures approximately substrate using siIicon-surface-micromachining technology.
200 x 250 pm. - . . . . L

The fabrication process is described in detail in [12]. An n
polysilicon layer defines a ground plane. Three additional
polysilicon structural layers are used to define the comb
drives, sliders, hinges, and mirror beams. Phosphorous-
) ) o ] doped silicon dioxide is used for sacrificial spacer layers
~ Optical MEMS designed for precision alignment are peween polysilicon layers. A special prerelease etch in
intended to facilitate automated packaging of optoelec- 5.4 hydrofluoric acid (HF) followed by a vigorous rinse
tronic devices and subsystems, hence substantially loweringis ysed to eliminate stringers. Then the structure is released
the overall production cost of the modules. Examples of tr 10 min in concentrated HF to dissolve the oxide and
these modules include fiber-pigtailed laser transmitters and yjeq using a critical-point Codrier [13] to avoid stiction.

external-cavity continuously tunable laser diodes. These o 400 A gold layer is evaporated onto the mirror surface
modules are expensive because they require submicrometef, increase reflectivity.

alignment tolerances that place tight constraints on the
positional accuracy of such optoelectronics components asp  actuated Micromirror Characterization

lasers, lenses, gratings, and fibers. Silicon-optical-bench To bal the f 0 L i d
(SOB) technology, commonly used to align optical sys- 0 bajance the forces, two opposing Impacters are use
for each direction of travel. The resonator is a capacitively

tems on a silicon substrate using etched v-grooves, solder .
bumps, and other integrated circuit (IC)-process-derived driven mass anchored to the substrate through a folded-

techniques to achiev&1 um transverse alignment [7], [8], i)heam flexur?.fThe spring c%n?tant Iof the fle);utr;]a determlntes
is insufficient for high-performance modules. Instead, we € resonant frequency and travel range ot the resonator.

promote a paradigm, in which SOB technology—a hands- The force exerted by the comb drive is proportional to the

off automated process—is used for initial placement of the square of the applied voltage
various optical components in the module, followed by an F— 1dC V2 (1)
automated active alignment procedure using micromirrors 2 dz

that are prefabricated on the silicon substrate USing MEMS where V' typ|ca||y has both dc and ac Componentsl This
technology [9], [10]. . o o quadratic response produces a primary frequency driving
Details of a movable micromirror is shown in Fig. 1. It term proportional to the product of the dc and ac voltages,
consists of four polysilicon plates, interconnected by three effectively linearizing the resonator and increasing the im-
sets of microhinges [11]. The two end plates can slide pactforce. The comb structures are driven at their resonance
linearly and independently on the silicon-substrate surface,frequency (roughly 7.5-8.5 kHz), thereby achieving an
confined by hubs on the sides. This arrangement providesampilification of the electrostatic force by the resonator
the mirror with rotational and translational freedom of quality factor (typically 30-100 in air [14], [15]). Since
motion and a high vertical aspect ratio in its operating energy is transferred to the slider during impact (typically

Il. OPTICAL MEMS FOR PRECISION ALIGNMENT

A. Folded-Micromirror Structures

position. lasting only a few microseconds), the impacters can deliver
] short-duration forces that are large enough to overcome
B. Vibromotor Actuation static friction in the sliders and hinges. Due to the damping

On-chip actuation is necessary in order for the mi- (primarily due to air resistance [12]) in the comb structure,
cromachined components to function in a self-contained the resonators require a few initial cycles to build up
optical module. There exist numerous ways to achieve on- sufficient amplitude and momentum for impact. Therefore,
chip actuation of microstructures; however, actuation of in air, slider motion is observed only after three or more
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Fig. 2. Complete self-actuated micromirror. Two sets of vibromotors, comprising four comb drives
each, drive the front and rear sliders for actuation of the mirror.

#m [12]. To ascertain the performance of the micromirror
assembly driven by vibromotors, optical characterization
was performed on the integrated microreflector system. A
HeNe laser is reflected from the micromirror surface onto
a charge-coupled device (CCD) camera. As the front and
rear sliders are actuated, the beam position along each of
the two axes is measured on the CCD and extrapolated to
a location 200um in front of the mirror (where a fiber
would typically be positioned for a laser-to-fiber coupling
application). The standard deviation of the vertical beam
position data from a linear response depends on the selected
slider step size. For the front slider, this deviation is roughly
equal to the step size, while for the rear slider, the deviation
exceeds the step size by about 50-60%. The selected
average step sizes of 0.3@om for the front slider and
0.42 m for the rear slider produce standard deviations of
JEOL cBEU 0.32 and 0.6Q:m, respectively [Fig. 4(a)]. These deviations
are due primarily to the “play” in the hinges and the
wobble in the slider structure. The greater length of the
rear slider results in increased wobble and leads to a
voltage cycles. The number of initiation cycles depends on greater standard deviation. The horizontal beam deviation
the ambient atmosphere and decreases at lower pressureg .05 pm [Fig. 4(b)] and is comparable to the 0.07
When driven with a free-running resonant oscillation, the ,m deviation measured in externally actuated structures.
slider reaches a maximum velocity of over 1 mm/s. Slider This precision is sufficient for laser to single-mode fiber-
velocity can be controlled by driving the comb drives coupling applications where, due to lens magnification,
with gated bursts of four to five cycles of the resonant the beam only needs to be within approximatety pm
waveform. Once the slider is in position, it is kept in place for high coupling. However, for other advanced optical
by static friction until further actuation. Similar structures systems such as tunable external cavity lasers, a higher
were previously subjected to shock and vibration tests andangular precision is necessary. Since in earlier experiments
showed no detectable slider motion at forces up to 500 G’s a microreflector with no on-chip actuators and an alternate
[12]. hub design has shown a vertical precision of Quh7 [12],

Characterization of the vibromotor alone has shown the improving the design of the actuated slider should greatly
slider motion to have a step resolution of less than 0.3 improve the mirror precision.
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Fig. 3. Top view of the linear vibromotor.
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Fig. 4. (a) Vertical and (b) horizontal microreflector precision. The vertical position data show
standard deviations of 0.32 and Q:6n (for the front and rear sliders, respectively) from a linear
response. The horizontal beam position has an averageu®06f in-plane wobble.

To observe the actuation dynamics of the micromirror, case) to build up sufficient energy for impact. The first
a reflected HeNe beam was imaged on a position-sensitivesignificant impact occurs during the third cycle, at which
detector while the angular position of the mirror was swept point the mirror angle begins to change. The mirror is
in real time. The rear vibromotor was biased at 40 V dc further deflected during the fourth cycle; however, sufficient
and driven with 20 V (p-p) resonant (8.2 kHz) square- energy is lost by the resonator to keep the next impact
wave pulses. The position of the beam and the drive voltagefrom producing significant displacement. Finally, the sixth
were then monitored on a digital oscilloscope. The resulting cycle provides the greatest impact, resulting in a total mirror
trace is shown in Fig. 5. As predicted and observed [12], rotation of 0.3. The small back-and-forth motion apparent
the comb structures require a few cycles (three in this in the response is most likely due to slight deformation
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Fig. 5. Time-domain response of the microreflector to a square-wave drive voltage. An impact is
first achieved during the third cycle, at which point the mirror angle begins to change. The motion
concludes shortly after the last cycle, resulting in a total angular displacement of abdut 0.3

6.0 - 317 maximum estimated scan rate of 10.2 rad/s or a beam speed
] of 2 mm/s on a plane 200m in front of the reflector.
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E. A Single-Mode-Fiber Laser Transmitter Module

Angular displacement (deg)

6.0 117 The actuated microreflector system is used in a laser-
g (b) to-fiber coupling module, as illustrated schematically in
& 157 104 Fig. 7(a). A picture of the assembled coupling module is
& V\ ﬁ shown in Fig. 7(b). An aspheric microlens was used to
O 0.0 H\/ 40.0 image the output of a laser diode into a single-mode fiber. A
polysilicon micromirror with two degrees of freedom (linear

15 i 04 displacement and angular position) reflects the laser beam
0.0 : . 04 05 at a 45 angle and provides the fine alignment. Lens, laser,

tlme (s) and fiber are positioned passively on the substrate using

Fig. 6. Beam scanning with the actuated microreflector. In (a), a et_Ched alignment grooves_and photolithogrgphicglly defined
40-V dc offset was used, resulting in 0.7—}fn step size on the alignment aids and held in place by low-viscosity epoxy.
plane 20Qum from the micromirror, while in (b), a 38-V dc offset The height of the fiber core is controlled by mounting it
produces 0.3-0.6im steps. in a silicon subcarrier that is attached to the foundation

substrate. Using these techniques, the axial displacement
of the hinge joints during impact as the square pin is and tilt of the optical components can be minimized, and
forced against the staple. The remaining “roughness” of the reduction in coupling efficiency resulting from these
the response is due to noise in the detector. sources of misalignment is negligible. Transverse misalign-
To demonstrate the use of the actuated microreflector in ment of the laser and lens, however, has a significant effect
scanning and beam-positioning applications, the mirror was on the coupling, particularly because of the magnification of
used to scan a laser beam across the detector continuoushthe lens system. As a consequence of our simple passive-
The rear vibromotor was driven with bursts of four 20 V alignment method, the transverse offsets of the laser and
(p-p) resonant (8.2 kHz) square-wave cycles spaced 10 mdens are on the order of 5-10m, which, magnified by
apart, with a 40- or 38-V dc offset. The resulting output the lens, lead to roughly a 20—4fn displacement of the
(Fig. 6) clearly shows the step-wise nature of the mirror beam on the fiber plane. Therefore, the micromirror must
motion. The average speed of the sweep can be changedhas sufficient travel range to compensate for these offsets.
by varying the spacing of the bursts. Fig. 6(a) and (b) This coupling module is used to couple light from a stan-
also demonstrates that the size of the step itself dependsard telecommunications-grade L.3n distributed feed-
on the applied voltage and can be controlled. With an back laser into a &m core single-mode fiber. The actuated
average angular step size of 5 mrad, the microreflector has amicroreflector was positioned between the lens and the fiber
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