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1 Introduction

Micro-optical components, such as diffractive and refrac-
tive microlenses, have recently received considerable atten-
tion for the development of optical systems.!™ Achieve-
ments in micro-ogtical functions such as focal-plane optical
2, . . v .
optical-efficiency enhancement, digital
video develog)ment, color separation, and beam shaping and
have demonstrated the potential of this tech-
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Abstract. Micro-optical components, such as diffractive and refractive
microlenses, micromirrors, beamsplitters, and beam combiners, have re-
cently received considerable attention in the optics R&D centers and
finally in the manufacturing community. This achievement is due to
micro-electro-mechanical (MEM) technology that has demonstrated ma-
jor improvements in overall performance and cost of optical systems
while offering the possibility of relativity rapid transition to products for
military, industrial, and consumer markets. Because of these technology
advances, an industrial infrastructure is rapidly becoming established to
combine micro-optical components and MEM-based microactuators for
on-chip optical processing. Optical systems that once were considered
to be impractical due to the limitations of bulk optics can now easily be
designed and fabricated with all required optical paths, signal condition-
ing, and electronic controls integrated on a single chip. On-chip optical
processing will enhance the performance of devices such as focal-plane
optical concentrators, smart actuators, color separators, beam shapers,
fiber data distribution interface (FDDI) switches, digital micromirror de-
vices (DMDs), and miniature optical scanners. We review advances in
microoptical components developed at the Rockwell Science Center. We
also review the potential of on-chip optical processing and the recent
achievement of free-space integrated optics and micro-optical bench
components developed at UCLA, and DMDs developed at Texas Instru-
ments. © 1997 Society of Photo-Optical Instrumentation Engineers.
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vices (DMDs), laser scanners, fiber data distribution inter-
face (FDDI) switches, 3-D tunable Fabry-Perot etalons, op-
tical shutters, MEM optical switches, optical
interconnections, data storage devices, and MEM corner
cube reflectors. Integrated devices based on MOEM sys-
tems can form free-space integrated optics and conse-
quently push technology to the development of a micro-
optical bench on a chip.

In this paper, we first review recent developments and

nology. In the first generation of the miniaturized optical
system, micro-optical components were hybridized with
electronic circuits and in some cases with movable compo-
nents such as scanning mirrors and piezoactuators. As mi-
croelectronic technology advanced by novel development
in micromachining and micro-electro-mechanical (MEM)
technology, miniaturized optical systems also advanced to
nearly complete monolithic systems.

MEM technology combines mechanical structures with
electronics to perform mechanical motions, offering a host
of actuators and wide applications in optical systems.
Merging micro-optics, microelectronics, and micromechan-
ics creates a new and broader class of micro-opto-electro-
mechanical (MOEM) devices,®® which may attract addi-
tional industrial demonstrations of commercial devices. A
few examples are torsional mirrors, digital micromirror de-

achievement in micro-optics (Sec. 2) and in micro-optical
MEM and on-chip optical processing (Sec. 3). In Sec. 3, we
discuss the development of the micro-optical bench and
free-space interconnections.'®~* Then we introduce several
applications of optical MEM devices with the potential of
on-chip optical processing (Sec. 4). We discuss in detail the
development of a 3-D tunable Fabry-Perot,"** an FDDI
optical bypass switch,2°-2? a MEM corner cube reflector,?
a digital display using DMDs,?*"% and, finally, optical
scanners.>

2 Micro-optics

Micro-optics technology is becoming increasingly essential
to the development of many dual-use optical systems. Op-
tical components such as diffractive and refractive



microlenses,' multilevel optical gratings, beamsplitters,

and optical transformers’ are being incorporated into ad-
vanced military sensor systems and commercial products.
Micro-optics is an enabling technology for applications that
cannot be addressed using conventional optics. In the fol-
lowing we discuss some of these microcomponents as sub-
technologies of micro-optics.

2.1 Diffractive Microlenses

The first breakthrough in optical processing was the devel-
opment of diffractive microlenses. A diffractive microlens
is a micro-optical component as small as a few tens of
microns in diameter and with a thickness on the order of an
optical wavelength. Its speed can be as fast as /0.3 in air
for high-index materials such as silicon and GaAs,! and
about f/1 for quartz and glass substrates. A diffractive mi-
crolens is an approximation of a kinoform, or continuous
diffractive lens, designed by applying a phase-function con-
straint between 0 and 24r to subtract an integral number of
wavelengths from the lens transmittance function. Theoreti-
cally, a kinoform lens has a 100% diffraction efficiency.
The kinoform lens structure can be approximated by mul-
tilevel lithography and stepwise etching. To fabricate a
multistep process, binary-optical design is considered. Bi-
nary optics will reduce the number of lithographic masks
by a factor of 2™/m, where m is the number of required
masks.

For a binary-optics structure, the phase transmittance is
quantized with the phase step heights defined by the rela-
tion

A
d(m)— (n_1)2m9 (1)
where \ is the light wavelength in free space, n is the index
of refraction of the lens material, 7 is the mask number for
the level-m process, and d(m) is the etch depth of the level
m. An m-mask process produces an M =2™-step approxi-
mation to a continuous blazed diffractive structure. The ef-

ficiency of the incident energy diffracted into the first order
is given by

n= (2

sin( /M) ]?
M )

ForM = 4, 8, or 16 we have 77 = 0.81, 0.95, or 0.99, respec-
tively.

Since microlenses operate over a small range in incident
angle, a simple planar thin-film lens design is acceptable.
The optical path difference (OPD) function for each lens is
used to derive the following relationship among the zone
radius, focal length, and wavelength?:

A 2 A 12
r(p,m)=[(n£27) +2f(n£27;)] , )

where f is the focal length, p=0, 1, 2, 3..., n is the refrac-
tive of the substrate, and r(p, m) gives the successive zone
radii for the patterns in mask number m.

Figure 1 shows a processing cycle for fabrication of an
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Fig. 1 Processing cycle of an eight-phase-level binary-optics micro-
lens.

eight-level binary-optics microlens. Figures 1(a), 1(b), and
1(c) illustrate the process of two-phase, four-phase, and
eight-phase microlenses where the etch depth and zone ra-
dii of each process can be determined from Egs. (1) and (3)
form = 1, 2 and 3, respectively.

Binary optics can produce microlenses and lens arrays
with submicron features, located and packed precisely to-
gether, with an accuracy of a fraction of a micron. Binary-
optics microlenses with multilevel relief structures can pro-
duce diffraction efficiencies higher than 90%, which
enables design of many complex optical systems not pos-
sible with bulk optics. Recently, this technology has dem-
onstrated high-quality microlens arrays, which have at-
tracted many applications in both passive and active optical
sensors.

Three independent optical and processing parameters
that are important in the design of a binary-optical micro-
lens are the wavelength A, the f number (F), and the small-
est process feature size or critical dimension, CD. The
value of F is equal to f/d, where f is the focal length and
d is the microlens diameter. For a typical eight-phase-level
binary-optic microlens the CD value is

CD=\F/4. 4

In most production laboratories the minimum VLSI feature
size is 0.5 to 1 wm. This limits the binary optic microlens
speed to between /6 and f/3 for wavelengths from 0.632
um (HeNe laser) to 0.850 um (typical laser diode), respec-
tively. Figure 2 shows an f/6 quartz microlens array de-
signed for A = 0.632 pm with microlens diameter 200 um
and 100% fill factor.



Fig. 2 SEM microphotograph of a center zone of an /6 quartz mi-
crolens designed for A=0.632 um with microlens diameter of 200
wm and 100% fill factor.

According to Eq. (4), higher-speed (lower F) micro-
lenses can be fabricated for infrared applications. Figure 3
shows an SEM view of an f/0.6 microlens designed for
1-10 um with microlens diameter 240 um and 100% fill
factor.

An important consideration for diffractive microlenses is
the diffraction efficiency. The efficiency with which the
light is diffracted to the first-order focus increases with the
number of phase levels [see Eq. (2)]. In practice, the effi-
ciency is reduced by a number of processing factors. Val-
ues of 90% have been achieved for eight-phase-level mi-
crolenses. The extent to which this is acceptable will
depend on the application.

A major feature of diffractive microlenses is the planar
nature of the structure. The surface relief is on the order of
the design wavelength. This will reduce the volume and
weight of the optics in a typical system relative to an all-
refractive design. Diffractive optical devices can be made
either directly in the substrate by reactive-ion etching
(RIE),"? or on the surface by thin-film deposition and lift-
off techniques.>S

Fig. 3 SEM view of an /0.6 microlens designed for 1 to 10 um with
microlens diameter of 240 um and 100% fill factor.
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Fig. 4 A typical profile of an eight-level thin-film binary-optics micro-
lens processed by projection lithography.

The advantage of using thin-film deposition to fabricate
binary-optics microlenses is the finer control that can be
applied to film thickness than to etch depth in the RIE
process. This will increase the diffraction efficiency of the
device, assuming all the other process parameters remain
unchanged. A further advantage of thin-film deposition is
the ability to generate microlenses using materials that are
not easily processed by RIE.3

The design considerations for deposited microlenses are
identical to those used for RIE-processed microlenses.
Identical mask sets can be used for both processes. Mota-
medi et al. have demonstrated a single-material deposition
and liftoff method.®> This work also emphasizes submi-
crometer process and technology trade-offs between stan-
dard RIE and thin-film deposited binary-optics microlens
arrays. The process steps of the thin-film deposition method
are shown in Fig. 4.

One approach to this process is to use an image-reversal
photoresist, which has the advantage of producing a nega-
tive slope pattern, a crucial requirement for submicron lift-
off processing. An example of the use of the thin-film
method to generate microlenses in a material that is not
readily processed using RIE is an all-sapphire (Al,O3) mi-
crolens array. Figure 5 is a SEM photomicrograph of an
eight-phase level /17 thin-film microlens. The optical qual-
ity of these microlenses was evaluated by measuring the
point spread function.?

The spectral range of shortwave infrared (SWIR) focal-
plane arrays (FPAs) is from 1.5 to 2.5 um. These arrays
have numerous applications in medicine, security, indus-
trial inspection, and IR astronomy, all of which will benefit
from diffractive optics. High sensitivity at high operating
temperature is often important in these applications. Con-
ventional FPAs have relatively poor sensitivity and low
signal-to-noise ratio at high temperatures. Integrating
binary-optics microlenses and hybrid FPA technologies
leads to a new approach to reducing detector size while



Fig. 5 Photomicrograph of a completed /17 sapphire thin-film
binary-optics microlens using image-reversal lithography. The mi-
crolens has eight phase levels and a speed of /12 at the corners.

retaining a given image resolution and optical collection
area. The resultant detector volume reduction has led to a
significant decrease in detector dark current and hence to an
increase in device performance.

Recent results from Rockwell® show that integration of
micro-optics and SWIR HgCdTe can produce detectors that
perform exceptionally at elevated operating temperatures.
The detector configuration of this effort is shown in Fig. 6.
Here light incident on the back side of the substrate is fo-
cused by a thin-film binary optic into the detector, leading
to total internal reflection; the mesa sides augment the di-
odes light-gathering abilities beyond the physical extent of
the active layer. Note that with no buffer layer, delineation
of the active area is incomplete, and the effective optical
area of the detector will be wavelength-dependent due to
shorter wavelengths being more effectively absorbed by the
mesa valleys, which have larger area. Retaining the planar
geometry on top of the mesa preserves the passivation ad-
vantage of the cap layer and as a result enhances the optical
efficiency of the system.

Photolithography of these microlenses is done by a GCA
5X I-line stepper. The projection system requires alignment
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Fig. 6 Planar mesa architecture, demonstrating the potential for in-
tegration of microlens with FPA.

Fig. 7 A portion of a 16-phase thin-film microlens array processed
at Rockwell.

mark fiducials for mask-level-to-mask-level alignment on
the stepper. The fiducials used by the stepper are processed
first, using a Karl Suss back-side aligner with IR/visible
light source for alignment. The Karl Suss uses an infrared
light source to view circuit-side fiducials through the sub-
strate. Figure 7 shows a portion of a thin-film 16-phase
binary-optics microlens array processed by the above tech-
nique.

The readout devices used in this work were simple strip-
line fanouts made on sapphire substrates. Hybridization
was accomplished in the traditional method using cold-
welded In bumps. This same technique is used for making
fully multiplexed FPAs. A complete test sample consisted
of a5 X 5-mm HgCdTe pattern that contained a 4 X 64 ar-
ray of devices of varying types on 48-um centers. A typical
package of FPAs and integrated microlenses is shown in
Fig. 8.

Fig. 8 A typical complete package for monolithic integration of
FPAs and diffractive optics.



2.2 Refractive Microlenses

Refractive microlenses may provide an attractive, low-cost
alternative to diffractive microlenses. Refractive and
diffractive microlenses are complementary, and in some
cases refractive optics is the sole means of optical system
design. For example, in the case of a short-wavelength
optical system (A<l um) requiring high-speed micro-
lenses (<f/4), diffractive optics faces a process limitation
(CD<1 pm).>

Refractive microlenses and microlens arrays have been
fabricated by forming photoresist cylinders, and then heat-
ing until the resist melts and flows, forming a refractive
lens profile. Where submicrometer tolerances are required
for coherent optical performance, process control of photo-
resist patterning is crucial for optimum lens quality with
minimum aberration. Process issues include initial substrate
cleaning, humidity control, careful choice of photoresist,
and precise control of temperature and duration of the melt
process.

For applications where photoresist microlenses are in-
compatible with the operating environment, refractive mi-
crolenses can be generated in a suitable material by first
generating photoresist microlenses, then reflowing under
temperature treatment to form spherical shapes* and trans-
ferring this pattern into a solid material such as silicon,
GaAs, or fused silica by either reactive-ion etching* or ion
milling.® Successful microlens fabrication requires accurate
control of etching and photoresist lithography processes.
The fabrication issues are spatial uniformity, reproducibil-
ity and control of photoresist microlens diameter, sag and
shape, reproducibility of reactive-ion etch rate and selectiv-
ity, and surface roughness. Many of these issues are inter-
related. The final microlens shape and dimensions depend
both on the photoresist processing and on the reactive-ion
etch conditions. Thus, any variations in the photoresist lens
shape may be corrected in the subsequent etch phase if the
dependence of the etch behavior on process conditions
(pressure, power, gas composition) is accurately known.

In the reactive-ion etch pattern transfer process, the rela-
tive etch rates of the photoresist mask material and solid
material can be controlled, mainly by the reactive gas mix-
ture. For fused-silica microlenses, both carbon- and
fluorine-bearing species are needed to etch silica-containing
materials, while fluorine- and oxygen-bearing species etch
the photoresist. The gas species, pressure, temperature, and
f power dependence of the etch selectivity and rates need
to be determined for the RIE system used in the fabrication
and for the solid microlens material. The microlens arrays
are usually characterized by SEM, surface profilometry,
and interferometric microscopy. The profilometric data are
curves-fitted to extract the conic coefficients. For a more
detailed discussion of photoresist microlens processing,
conditions to achieve uniform and dimensionally accurate
refractive microlens and methods of characterization, refer
to Refs. 4 and 5. In the following we will summarize some
Rockwell achievements in process development, and
present some design issues.

2.2.1 Process development

Our goal has been to develop a simple process to reproduc-
ibly fabricate microlens arrays that satisfy a wide range of

characteristics. Modeling studies indicated that in the pat-
tern transfer process, photoresist lens sags close (within
10%) to the desired sag in the solid material are necessary
for faithful reproduction of the spherical surface. In prac-
tice, the resist microlens sag usually differs substantially
from the sag of the microlens in the etched material, due to
limitations on the photoresist thickness imposed by the fab-
rication requirements. We could successfully fabricate pho-
toresist microlenses when their aspect ratios (height-to-
diameter ratios) were in the range of 3% to 10%. Low-
aspect-ratio (<3%) resist islands did not develop into
convex surfaces even at the highest anneal temperatures.
High-aspect-ratio (>10%) islands reflowed into spherical
shapes but also spread to larger diameters, severely com-
promising the quality of closely spaced microlenses. Within
this range, formation temperature increased with decreasing
aspect ratio, so that low-aspect-ratio levels generally re-
quired temperatures close to 200°C. Substrate type and sur-
face preparation were critical in controlling reflowing of the
photoresist.

The photoresist thickness depends on the resist viscos-
ity, spin rate, and spin time. For good uniformity, spin rates
and times need to be maintained within certain limits,
which restrict the range of thicknesses, and hence resist
lens sags, obtainable for a given type of resist. Large-
diameter, low-F lenses require thick (>15 pm) lenses us-
ing photoresist layers. Photolithograpic processing of these
lenses was difficult, and generally did not result in good
lenses, especially for closely spaced arrays. Therefore, we
preferred to fabricate thinner (<15 wm) lenses using pho-
toresist and to produce thicker solid material lenses via the
etch process. Because of this and the limitations on the
aspect ratios discussed above, for a given lens diameter,
there appears to be an optimum range of resist thicknesses
that result in good lenses with accurate dimensions. For all
of the above reasons, photoresist microlenses generally dif-
fer in sag from the sag of the solid lenses and therefore
require reactive ion etching with carefully controlled etch
selectivity to achieve the solid lens dimensions and surface
profiles desired.

2.2.2 Design issues

At Rockwell, we have designed and fabricated refractive
microlenses by RIE and ion milling in fused quartz, bulk
silicon, CdTe, GaAs, InP, and GaP; and by thin film depo-
sition of Ge films on fused silica and Al,0,. Lens diam-
eters ranged from 30 to 500 um, and lens f numbers were
in the range of f/0.76 to {/6. In the calculation of the lens
power, the thick lens formula was used.

1
F= 22{}1(1—22)—[1_(712’)?]}’ (5)

where 7 is the refractive index, and z =a/r with a the lens
radius and r the radius of curvature. This is exact and
should be used especially for high-speed microlenses (low f
numbers).

Reliable and reproducible fabrication of microlens ar-
rays depends on accurate control of photolithographic and
reactive-ion etching processes. Photoresist microlenses can
be reliably fabricated within a range of aspect ratios. Di-



Fig. 9 SEM micrograph of an /4.2, 200-um-diam closely spaced
microlens array fabricated in fused silica.

mensional control of microlenses in the solid material can
then be tailored by carefully controlled reactive-ion etch-
ing. Both mixtures of SFg and of O, with CF;H were used
to accurately control the lens sag during etching.

2.2.3 Typical refractive microlens processed at
Rockwell

Rockwell has developed automated processes for both
reactive-ion etching and reactive-ion milling to fabricate
refractive microlenses with any tight performance require-
ment. These processes can easily control the microlens
shape and conic coefficient to remove the spherical aberra-
tion created by the photoresist reflow method.

Figure 9 is a SEM micrograph of a closely spaced mi-
crolens array. To limit the aperture to the actual lenses, the
flat areas of the substrate between the microlenses were
coated with a photolithographically defined layer of evapo-
rated chrome. Figure 10 is a SEM micrograph of a linear
array of very fast fused silica microlens with f number 0.86,
80-um diam, and centers spaced at 100 um. Figure 11 is a
SEM micrograph of an InP microlens with speed f/1,

Fig. 10 SEM micrograph of an /0.86, 80-um-diam linear microlens
array fabricated in fused silica.

Fig. 11 SEM micrograph of an /1, 50-um-diam linear microlens
array fabricated in InP.

50-um diam, and centers spaced at 70 um. Figure 12 is a
SEM micrograph of a square Ge microlens array with
speed /2, 50-um side, and centers spaced at 60 um.

3 Micro-optical MEMs: MOEM Systems

Microfabrication technology has been developed for inte-
grated circuits and microchips during the past two decades.
Remarkable progress in sculpting and micromachining has
added a third dimension to integrated circuits; as a result, a
3-D microstructure can be fabricated. To make microma-
chined devices dynamic, mechanical motions are combined
with electronic circuits to create a new technology called
the micro-electro-mechanical systems (MEMS). Recent ad-
vances in MEMs have produced novel subsystems, contain-
ing completely assembled motors, valves, and pumps, all
fractions of a millimeter in size.

MEM structures can be generated by either bulk or sur-
face micromachining processes. In bulk miromachining,
structures are sculpted directly into the bulk substrate, cre-
ating 3-D features. The substrate is etched using either
chemical or dry etching. Processing can occur on one or
both sides of the water, the latter requiring back-to-front
wafer alignment. In some cases the MEM structure can be
formed in the substrate surface without sculpting the sub-
strate itself. A sacrificial layer is usually used, acting as a
temporary platform, to be etched away after the rest of the

Fig. 12 SEM micrograph of an /2, 50-um-square microlens array
fabricated in Ge.



MEM structure has been defined. This type of process is
referred to as surface micromachining. The sacrificial layer
material must be selected to provide good etch selectivity
relative to the other device materials.

In the following we discuss major novelties of MEMS.
We then introduce examples of the devices that require
both MEMS and micro-optic technologies. This class of
devices (MOEM systems) will be discussed to explain on-
chip optical processing.

3.1 Microsensors and Microactuators

Microsensors and microactuators are subtechnologies under
MEMs that recently have experienced significant advances
in device design, fabrication, materials, testing, packaging,
and applications. Some demanding applications of these
technologies are micromotors and articulated microstruc-
tures. More ambitious applications could include actuators
in a range of electromechanical systems.

A fascinating range of micromechanical sensors and ac-
tuators that could be inexpensively mass-produced using
silicon micromachining and integrated circuit (IC) fabrica-
tion techniques is now envisioned. Many interesting dem-
onstrations of MEM sensors, motors, and actuators that
highlight the phenomenal possibilities for this emerging
technology have been made recently. Considerable indus-
trial attention is now being directed at MEM technology to
develop applications, assisted by the impressive related ca-
pabilities that have been developed at a number of U.S.
research centers.

The application of MEM technology is very much fo-
cused on the design and development of microsensor and
microactuator devices. These devices have at least one di-
mension that is on the order of micrometers and are not
more 'than several millimeters in all the remaining dimen-
sions. Microsensors are important elements of smart ma-
chines. They contribute much to reducing the overall sys-
tem size and weight, and consequently, the cost.

Microsensors/microactuators based on MEM technology
have inherently a monolithic integration capability that not
only reduces the device size by one order of magnitude but
also tremendously improves their performance. One ex-
ample of such a device is the micromachined active probe
designed and developed at University of Michigan for neu-
ral information processing studies. The device has 10 chan-
nels with on-chip signal processing. Figure 13 shows a pho-
tograph of this probe where the tip of the probe is passing
through the eye of a needle.

3.2 MOEM Systems and On-Chip Optical
Processing

Both MEM and micro-optic technologies have one criti-
cally important common feature: both technologies are
compatible with IC processing. This feature ensures that
the final device can be batch-processed at low cost. The
standard IC process is generally confined to the surface of
the wafer (Si or GaAs), extending only a few microns into
the bulk. IC processes tailored to precisely control the etch
depth and sidewalls with dimensions far inside the bulk
lead to what is termed a three-dimensional integrated cir-
cuit or, more commonly, micromachined circuit. Microma-
chining is also a common process requirement for both
micro-optic and MEM technologies. The overlapping of

Fig. 13 Ten-channel MEM probe for recording neurons; developed
by University of Michigan.

three major fields—electronics, mechanics, and optics, rep-
resented in the merging of micro-optics and micromechan-
ics (MOEM systems)—is required for successful integrated
optical processing. We now discuss devices that represent
MOEM systems and that are candidates for on-chip optical
processing.

In the past several years, researchers have proposed and
demonstrated many applications of MOEM systems. Most
of these demonstrations were based on miniaturized sys-
tems with micro-optics and micromechanics, where fabri-
cation of all the optical and MEM components on a single
chip was not necessary.

The recent development at UCLA of surface microma-
chined microhinge and free-space integrated optics!®! re-
sulted in a micro-optical bench that has attracted much at-
tention for optical processing on-chip. Free-space
integrated optics offers many advantages over the guided-
wave approach: high spatial bandwidth (diffraction-
limited), noninterfering optical routing, three-dimensional
optical interconnection, and optical signal-processing capa-
bility (e.g., Fourier optics). However, it is more difficult to
integrate free-space optics on a single substrate, since most
monolithically fabricated free-space optical elements lie on
the surface of the substrate.

Micromachining of silicon substrates has been applied to
integrated optics and the realization of a miniature optical
bench. Also, surface micromachined hinges and spring
latches'® have been used to achieve monolithic fabrication
of three-dimensional micro-optics.'® This technology opens
a new area for integrated optics in free space. Using this
new technique, thee-dimensional micro-optical components
can be fabricated integrally on a single Si chip. The Si
substrate serves as a micro-optical bench on which micro-
lenses, mirrors, gratings, and other optical components are
prealigned in the mask layout stage using computer-aided
design and then constructed by microfabrication. Addi-
tional fine adjustment can be achieved by on-chip microac-
tuators and micropositioners, such as rotational and trans-
lational stages. With hybrid integration of active optical
devices, a complete optical system can be constructed, as
illustrated in Fig. 14.

The three-dimensional micro-optical system is con-
structed on a Si substrate by the surface micromachining
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Fig. 14 The schematic diagram illustrating the micromachined free-
space micro-optical system on a single Si chip.

technique. In the following, we discuss some of the major
components of a typical optical train required for on-chip
optical processing.

3.2.1 Microbase, micromount, and microhinge
design

The micro-optics plates used for mirror, beamsplitter, mi-
crolens array, grating, and collimator are processed by sur-
face micromachining, and they are released from the sub-
strate by selectively removing the sacrificial material
(deposited SiO,) using hydrofluoric acid after fabrication.
After the release etching, the poly plates with micro-optics
patterns are free to rotate around hinge pins (Fig. 15).
When the plate is lifted up, the top portion of the spring
latch slides into a slot on the plate and snaps into a nar-
rower part of the slot, thus preventing further motion of the
plates. The torsion spring connecting the spring latch to the
substrate creates the spring force, which tends to force the
spring latch back to the substrate, thereby locking the plate
in its place. The length of the spring latch fixes the angle
between the plate and the substrate. After the three-
dimensional micro-optical element is assembled, a layer of
gold is coated on the lifted poly surfaces. In binary-
amplitude Fresnel-zone plates or micromirrors, a thick

Hinge Pin  Spring-Latch

Torslon Spring  Staple Piate on which

optical elements
are made

- Poly-1

D Poly-2

Fig. 15 The schematic structure of MEM micro-optical elements be-
fore assembly.

Fig. 16 SEM photograph of a Fresnel microlens with precision lens
mount.

layer of gold is needed to completely block the light pass-
ing through the dark zones or to make a perfectly reflecting
mirror. On the other hand, thinner gold is needed for par-
tially transmitting mirrors or beamsplitters.

3.2.2 Fresnel microlenses

Figure 16 shows a SEM photograph of a three-dimensional
Fresnel microlens after assembly. The diameter of this lens
is 280 wm, with a designed optical axis of 254 um for
passive integration of an edge-emitting semiconductor la-
ser. Because of the height of the lens plate, the angles be-
tween the lens plates and the substrate have some variations
even though they are coarsely defined by the spring latches.
Such variations are not tolerable in large optical systems.
Therefore, an additional lens mount is designed to precisely
define the angles of the three-dimensional micro-optical el-
ements. The lens mount consists of two folded polysilicon
plates, which are fabricated integrally with the microlens. It
has a V-shaped opening at the top to guide the lens plate
into a 2-um-wide groove in the center. It can be made as
tall as the lens itself; therefore, the angle defined by the lens
mount is much more precise. The lens mount also greatly
improves the mechanical strength and stability of the
micro-optical elements.

The optical performance of the three-dimensional
Fresnel microlens has been tested by collimating a diver-
gent beam emitted from a single-mode fiber at
A=1.3 um. The intensity FWHM divergence angle is re-
duced from 5.0 to 0.33 deg by the lens. The collimated
beam profile fits the Gaussian shape very well (95% fit).

3.2.3 Translation stage

One unique feature of implementing a micro-optical bench
using surface micromachining is that micropositioners and
microactuators can be monolithically integrated in the same
fabrication processes for different types of optical transla-
tors. This allows the alignment of the optical systems to be
fine-adjusted, in addition to the coarse alignment done at
the design stage using CAD layout tools. Using similar



Fig. 17 The diffraction grating integrated with a rotational stage.

structures as the micromotors, rotational stages and linear
micropositioners can be realized. UCLA researchers have
successfully integrated three-dimensional micro-optical el-
ements with rotational stages using this process. Figure 17
shows a SEM photograph of a rotatable mirror. The rotat-
able plate is fabricated on the first polysilicon layer, and the
axis and hub are defined on the second polysilicon layer.
The indicator on the lower part of the picture, originally
pointing at the 0-deg tick, has been rotated counterclock-
wise by 20 deg after the mirror was assembled, as shown
on the picture. A diffraction grating integrated with the
rotational stage has been successfully demonstrated using
the same technology, as shown in Fig. 17.

4 Potential Applications

In this section we review recent developments and achieve-
ments in both micro-optics and MEM and introduce several
attractive MOEM devices that have recently been proposed
and are being developed at different laboratories. These
optical subsystems have capabilities that enable complete
integration on a single chip.

4.1 3-D Tunable Fabry-Perot Etalon

Tunable Fabry-Perot (FP) etalons are very useful for
wavelength-division-multiplexed (WDM) optical commu-
nications, optical sensing, and spectral analysis applica-
tions. There has been a great deal of interest in applying the
micromachining technology to realize compact tunable FP
etalons, since most FP etalons are tuned mechanically.
Many micromachined FP etalons have been demonstrated,
including a vertical single-crystal bulk micromachined Si
resonator created by deep dry etching,’> a surface-
micromachined membrane on Si,'® and epitaxially grown
GaAs/AlGaAs cantilevers.!” However, most of the surface-
micromachined filters lie on the surface of the substrate,
and cannot be integrated with other micro-optical elements
on the same chip. Here, we demonstrate a novel three-
dimensional tunable filter implemented on a surface-
micromachined free-space micro-optical bench
(FS-MOB)."® 1t can be readily integrated with other
micro-optical elements (e.g., collimating and focusing
lenses, or cascaded tunable filters for WDM demultiplex-

Fig. 18 The schematic and SEM of the tunable solid Fabry-Perot
etalon.

ers) or fiber-alignment V grooves. Both parallel-plate FP
etalons and solid FP etalons have been realized using FS-
MOB technology.

A schematic drawing and a SEM micrograph of a solid
FP etalon are shown in Figs. 18(a) and 18(b), respectively.
The etalon is fabricated by the three-polysilicon layer
surface-micromachining technique. The microhinge allows
the etalon to be folded into three-dimensional structures
after fabrication. The etalon is integrated with a rotation
stage for angle tuning of the transmission wavelength. Both
surfaces of the polysilicon etalon plate are coated with
three pairs of quarter-wavelength SiO,/Si dielectric layers
to increase their reflectivity. The transmission wavelength
versus the rotation angle of the etalon is shown in Fig.
19(a). A very broad tuning range of 58.5 nm is obtained
when the etalon is rotated by 70 deg. The experimental data
agrees very well with a theoretical analysis using the
transmission-matrix approach. Figure 19(b) shows the
transmission spectrum of the etalon at 50-deg rotation. The
finesse of the etalon is measured to be 11, currently limited
by the scattering loss due to the granular surface of the
polysilicon plate. The finesse could be improved by using
parallel-plate FP etalons and smoothing the surface of the
polysilicon plates using chemical-mechanical polishing.

4.2 FDDI Optical Bypass Switch

The surface-micromachining technique has also been used
to demonstrate a single-chip 2 X2 optical bypass switch for
FDDI (fiber data distribution interface) local area networks.
The bypass switch is used in FDDI fiber ring networks to
bypass failed computer nodes and enhance network reli-
ability (Fig. 20). It is also useful for reconfigurable optical
fiber networks. Free-space optomechanical switches offer
several advantages over conventional waveguide switches.
Very low insertion loss and small cross talk can be
achieved by the free-space approach. In addition, no
standby power is required after the switch is reconfigured.
Si bulk-micromachining and wafer-bonding techniques
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Fig. 19 The wavelength tuning range and the transmission spec-
trum of the tunable filter.
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Fig. 20 Schematic diagrams of (a) normal operation and (b) bypass
state of the FDDI optical bypass switch.

have been used to implement free-space optomechanical
switches.2® However, monolithic integration is difficult, and
substantial assembly is still required. Here, we propose to
use the surface-micromachining technology to monolithi-
cally integrate the free-space micro-optical switch with mi-
croactuators and fiber optic alignment guides.”! They can
be made compact and lightweight, and are potentially inte-
grable with optical sources/detectors and controlling elec-
tronics. Moreover, since the switch is made by a photo-
lithographic process, the optical elements can be prealigned
during the layout of the photomasks. The assembly and
packaging cost can also be reduced.

The switch consists of a three-dimensional movable mir-
ror and four optical fiber guiding rails, as shown in Fig. 21.
Four multimode fibers are arranged in a ‘‘cross’’ configu-
ration, with a movable micromirror placed at the center.
The switch operates in two states: CROSS and BAR. When
the mirror/sliding plate is moved away from the fibers (the
center), the fibers along the same diagonal directions are
allowed to communicate with each other. This is defined as
the CROSS state. In the BAR state, the mirror/sliding plate
is slid into the center and the light signal is reflected to the
orthogonal fiber. Since no bulk optical lenses are used, the
spacing between fiber tips is minimized to reduce optical
diffraction loss. Alternatively, integrated out-of-plane re-
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Fig. 21 Schematic diagram of the surface-micromachined FDDI op-
tical bypass switch.

Fig. 22 The SEM of the three-dimensional mirror sitting on a sliding
plate.

fractive microlenses can be used to further reduce the dif-
fraction loss. The movable micromirror consists of a gold-
coated out-of-plane polysilicon plate integrated on a sliding
plate. The fabrication processes have been described ear-
lier. Figure 22 shows the SEM micrograph of the switch.
Top-view photographs of the switch in CROSS and BAR
states are shown in Figs. 23(a) and 23(b), respectively.

The optical performance of the optical switch is charac-
terized by attaching multimode fibers to the guiding rails of
the optical fibers. The insertion loss of the switch for both
operating states has been measured with an LED source
operating at 1.3-um wavelength. The total insertion loss of
the switch has been measured to be 2.8 dB for the CROSS
state and 3.1 dB for the BAR state. From these two mea-
surements, the reflectivity of the mirror is estimated to be
93%. The cross talk between two states is measured to be
26.1 dB. The theoretical coupling loss between multimode
fibers was estimated to be 1 dB for fiber-to-fiber spacing of
125 um, and 0.45 dB for fiber-to-fiber spacing of 50 um.?
The excess loss measured here includes the Fresnel loss of
the fiber (=~0.34 dB) and possible misalignment of the fi-
bers. Recently, the insertion losses have been reduced to
1.4 and 1.9 dB, respectively, with an improved design. The
diffraction loss is reduced by using lensed fibers for both
input and output fibers. Micromachined integrable lenses,
antireflection-coated fibers, and a smoother mirror (by
chemical mechanical polishing) can be used to further im-
prove the performance of the switch.

BAR State

a b

Fig. 23 The top-view photographs of the switch in (a) CROSS state
and (b) BAR state.
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Fig. 24 Schematic diagram of the top view of the corner cube re-
flector.

4.3 MEM Corner Cube Reflector

Micromachined corner cube reflectors (CCRs) fabricated at
UCLA have demonstrated the concept of transmitting data
digitally by modulating reflected light intensity. CCRs
ranging in size from 100 to 200 um have been built using
hinged polysilicon plates. The reflectivity of the polysilicon
has been measured to be 24%, and the total reflected power
from the corner cube has been measured to be between 1 to
2% of the incident power. The orthogonality between plates
is within roughly 8 mrad. Reflection from individual poly-
silicon plates has been modulated using electrostatic actua-
tion with an applied voltage as low as 8 V.

CCRs have been used in optical systems mainly be-
cause, unlike other optical components, they are not criti-
cally sensitive to misalignment. A beam of light that hits a
defined active area in the concave side of a three-sided
orthogonal corner will be reflected back along the axis of
arrival to the source. Rays that hit outside this active area
do not exit parallel to themselves and therefore do not con-
tribute to the reflected beam. If the orthogonality of the
corner cube is disturbed, then the impinging light will not
be reflected back to the source. Hence, the intensity of the
reflected light can be modulated by small motions of one or
more sides of the corner cube. This light modulation can be
used to transmit data from the corner cube to the light
source with very little power used by the corner cube.

A schematic diagram of the top view of a CCR is shown
in Fig. 24. The device is designed using Multi-User MEMS
Processes (MUMPs). Each corner cube is made of four
100- to 200-um-square polysilicon plates rotated out of the
surface of the wafer using microfabricated polysilicon
hinges as described in Ref. 10, and a long plate suspended
by 100- to 200-um-long thin beams on either side. Two of
the rotated plates form the right-angled corner while the
remaining two plates serve as supports and orthogonal
aligners for setting up the device as a CCR. The long sus-
pended plate also functions as an integral torsional deflec-
tion actuator. This plate is actuated electrostatically to de-
flect the light, thus modulating the reflected intensity.

Fig. 25 A corner cube device fabricated using MUMPs process.

Beneath this plate are two electrodes. One is the landing
electrode at the end of the plate, and the other is the forcing
electrode. Figure 25 shows a complete processed corner
cube device set up for CCR measurements.

To use the corner cube concept as a communication link,
the system consists of a number of remote units and one or
more base stations. Each remote unit contains a sensor,
electronics, a corner cube, a photodiode and a power
source. The sensor can be customized for each application.
The base station contains a laser source and a photosensor
to detect the signal reflected from the corner cube. When
the photodiode detects a coded signal from an interrogating
laser, the electronic system amplifies, conditions, and digi-
tizes the output from the sensor and feeds the data into a
shift register, which starts to output the signal one bit at a
time in the form of a voltage that actuates the CCR. A
photodetector, placed near the source, will then detect the
data transmitted and demodulate them to give the inquirer a
digital readout of the sensor output. In a more advanced
system, a control system can be integrated so that the base
station may send instructions to the remote sensor.

A corner cube sensor as described here has several ad-
vantages. Because of its miniature size, the actuation pro-
cess requires very little power. Thus, the remote unit needs
only to have a low-power supply residing within it. A
CMOS electronics system can be integrated on chip. This
capability, together with the low power consumption,
makes the remote unit completely autonomous. In the com-
munication process, the detector does not have to hunt for
the reflected signals. As long as it is placed very close to
the source, it is guaranteed to receive the transmission. This
provides an intrinsically secure communication channel,
since competing receivers will not be able to tap into the
communication process.

4.4 Digital Video Using DMDs

Digital video technology is becoming increasingly impor-
tant in a networked society and is opening a new technol-
ogy direction for low-cost projection displays. The natural
interface to digital video is a digital display. A digital dis-
play accepts electrical bits at its input and converts them
into optical bits at the output. The digital-to-analog pro-



Fig. 26 Digital light-processing system.

cessing function is performed in the mind of the observer.
Texas Instruments has developed such a display with its
recent market introduction of the Digital Light Process-
ing™ (DLP™) projection display. DLP technology is
based on the Digital Micromirror Device™ (DMD), a
MEMS array of semiconductor-based digital light switches.
The DMD switching array precisely controls a light source
for projection display and digital printing applications.
Here we present an overview of DLP technology along
with architecture, projection operation, and new advances
in DMD development.?*-%

The growth of the global networked society is being
driven by the degree to which a common ‘‘digital lan-
guage™ is spoken. Digital video technology has become
increasingly important to this networked society because of
three characteristics: (1) the ease of manipulation of bits for
purposes of reducing bandwidth (compression) and for
mixing audio, text, graphics, and video (multimedia); (2)
the fidelity of digital transmission [e.g., from a direct
broadcast satellite (DBS)], digital storage and playback
[e.g., with a digital versatile disc (DVD)]; and (3) the pos-
sibility of limitless reproduction without degradation.

Figure 26 shows such a digital display based on the
Digital Light Processing production display. DLP is based
on a MEMS device known as the digital micromirror de-
vice. Invented in 1987 at Texas Instruments, the DMD is an
array of fast, reflective digital light switches. It can be com-
bined with image processing, memory, a light source, and
optics to form a DLP system capable of projecting large,
bright, seamless, high-contrast color images with better
color fidelity and consistency than current displays. DLP
systems can also be configured to project images for the
production of continuous-tone, near-photographic-quality
printing. Numerous publications and presentations have
been made on all aspects of DLP and DMD technology,
including DLP projection displays.

The DMD light switch (Fig. 27) is a MEMS structure
that is fabricated by CMOS-like processes over a CMOS
memory. Each light switch has an aluminum mirror, 16 xm
square, that can reflect light in one of two directions de-
pending on the state of the underlying memory cell. With
the memory cell in the (1) state, the mirror switches to
+ 10 deg. With the memory cell in the (0) state, the mirror
switches to — 10 deg. On combining the DMD with a suit-
able light source and projection optics (Fig. 28), the mirror

Mirror—i0degq

Landing Tip
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Fig. 27 Two DMD pixels, where mirror is shown transparent and
rotated.

reflects incident light either into or out of the pupil of the
projection lens. Thus, the (1) state of the mirror appears
bright and the (0) state of the mirror appears dark, and the
gray scale is achieved by binary pulse-width modulation of
the incident light. Color is achieved by using color filters,
either stationary or rotating, in combination with one, two,
or three DMD chips.

This mirror structure has been migrated to the
848X 600 (SVGA) pixel DMD, and contrast ratios from
both front and rear projection systems based on such mir-
rors routinely exceed 100 :1. We believe this performance
will enable the creation of commercially viable systems.
With a between-mirrors gap of 1.0 wm, current DMDs with
this mirror structure have a fill factor of 89%. The technol-
ogy is expected to achieve a 0.8-um between-mirrors gap
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Fig. 28 Optical switching principle of DMD.
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Fig. 29 DMD pixel: exploded view.

that will result in an ultimate fill factor of 91%. Higher
contrast ratios can be achieved by limiting the aperture of
the projection lens, thus discriminating preferentially in fa-
vor of reflected rather than diffracted light, but the system
throughput is reduced. Such trade-offs may be justified in
nondisplay imaging applications where wider dynamic
ranges are required. Contrast ratios exceeding 400 :1 have
been observed in such systems.

The DMD pixel is a monolithically integrated MEMS
superstructure cell fabricated over a CMOS SRAM cell
(Fig. 29). An organic sacrificial layer is plasma-etched to
produce air gaps between the metal layers of the super-
structure. The air gaps free the structure to rotate about two
compliant torsion hinges. The mirror is rigidly connected to
an underlying yoke. The yoke in turn is connected by two
thin, mechanically compliant torsion hinges to support
posts that are attached to the underlying substrate.

Electrostatic fields are developed between the underly-
ing memory cell and the yoke and mirror, creating an elec-
trostatic torque. This torque works against the restoring
torque of the hinges to produce mirror rotation in the posi-
tive or negative direction. The mirror and yoke rotate until
the yoke comes to rest (or lands) against mechanical stops
that are at the same potential as the yoke. Because geom-
etry determines the rotation angle, as opposed to a balance
of electrostatic torques as in earlier TI devices, the rotation
angle is precisely determined. The address electrodes for
the mirror and the yoke are connected to the complemen-
tary sides of the underlying SRAM cell. The yoke and mir-
ror are connected to a bias bus fabricated at the metal-3
layer. The bias bus interconnects the yoke and mirrors of
each pixel to a bond pad at the chip perimeter. An off-chip
driver supplies the bias waveform necessary for proper
digital operation.

Recent reports from Texas Instruments indicate that a
higher-resolution 1280 1024 (SXGA) DMD has been fab-
ricated. While challenges to the fabrication of such high-
resolution DMDs remain, these devices have potential use
for commercial display applications.

4.5 Optical Scanners

A broad spectrum of researchers and innovators from fields
such as laser imaging, factory automation, and information
handling have made significant contributions to optical

scanning. The technology serves such diverse disciplines as
printing, graphic arts, image digitizing, quality inspection,
bar-code reading, confocal microscopy, data storage, preci-
sion pattern generation, display, surveillance, and medical
imaging.

Present optical scanners are generally based on oscilla-
tory or galvanometric systems. A galvanometric scanner is
electrically steerable to direct a reflected beam onto a tar-
get, whereas an oscillatory scanner works at the mechanical
resonance of a mirror mount, which typically limits the
scan frequency. These mechanisms are usually heavy and
expensive, and have poor reliability. The need for low-cost,
highly reliable, miniaturized, lightweight optical scanners
for both commercial and military applications has been
growing during the past decade.

Several micromachined and miniaturized systems are
being developed. Rockwell Science Center has developed
two kinds of optical scanners. The first kind is a miniature
microlens scanner that is a 2-D system driven by piezoelec-
tric actuators to produce addressable points in space. The
second kind is a 1-D scanner that covers all points in a
linear scan. In the following we present short reviews of a
2-D microlens scanner and a 1-D MEM optical scanner that
were developed at the Rockwell Science Center.

4.5.1 2-D microlens scanner

A 2-D optical scanner has been developed at Rockwell to
modulate the direction of a laser signal. Applications in-
clude beam-steering components of laser radar and optical
communication systems. Conventional methods that use
bulk optical components can result in systems that are too
heavy and are not desirable for applications that require
rapid optical beam steering, low rotational and translational
inertia, and small component displacements. Microlens
beam-steering systems fulfill these requirements, achieving
a field of view of more than 10 deg with only a fraction of
a millimeter of component translation.

The microlens beam-steering device design presented
here is based on dithering two complementary (positive and
negative) microlens arrays. When the two microlenses are
translated relative to each other in the plane parallel to their
surfaces, a light beam can be scanned to produce a two-
dimensional array of spots. We have demonstrated a min-
iaturized module consisting of a pair of 6-mm-aperture
binary-optics microlens arrays designed for HeNe laser op-
eration. The system can scan the laser beam at rates of 200
Hz or greater. The microlens arrays are optically flat with
surface variations on the order of one optical wavelength,
permitting separation distances of several microns. Indi-
vidual lenslet sizes can be in the range of 100 to 200 um,
resulting in maximum translation of similar magnitude. Re-
ducing both the inertia and the travel of the lens system
makes the device suitable for agile beam steering.

The microlens arrays were fabricated out of fused quartz
using contact lithography and reactive-ion etching. The mi-
crolens chips were sawed from a 0.4-mm-thick wafer in
squares 10 mm on a side. Each array is driven by a piezo-
electric actuator, the two arrays being driven in orthogonal
directions. The ultimate module field of view of 10 deg is
achieved by translating the array by one-half of a lenslet
diameter, which is =100 wm.
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Fig. 30 Characteristic of 2-D microlens scanner developed by Rockwell.

Optical testing was performed on the beam-steering
module. The center lobe contains most of the beam energy.
The rest of the energy is distributed among the neighboring
addressable points. A computerized test bed with a custom-
ized digital-to-analog converter board was used to generate
drive signals for the scan actuators. Programmable patterns
of test signals were output to the piezoelectric transducers
to control the beam angle in two dimensions. For more
details of scanner operation, refer to Ref. 30.

The characteristics of the 2-D scanner are shown in Fig.
30. Figure 30(a) is a photograph of the scanner output when
the beam is stationary. Figure 30(b) is a plot of point-
spread-function measurements, which agree with visual ob-
servation. Figure 30(c) is the result of a linear scan by
removing the x-direction signal and scanning only in the
y-direction.

The resulting patterns showed, as predicted, very uni-
form and well-aligned spots where the majority of the en-
ergy is diffracted into a single peak, with lesser amounts
into neighboring peaks. The scanner was demonstrated up
to a rate of 300 Hz. Operation above 1 kHz is possible with
appropriate damping of mechanical resonances. A random
point steering was tested experimentally by programming
our computerized test bed. The pointing was randomly de-
signed inside an array of 13X 13 addressable points.
Switching between two points took less than 5 ms.

Rockwell has developed a miniaturized package for a
microlens scanner. MEM actuators can be used to reduce
the size of this laser scanner package, possibly by two or-
ders of magnitude. Using this approach, we expect to re-
duce the size of the optical scanner to less than 1 cm®.

®) ©)

4.5.2 MEM optical scanner

Recent advances in micro-optics component development’
and micro-opto-electro-mechanical (MOEM) systems’
open a new avenue for miniaturization. We are investigat-
ing development of a MOEM scanner engine with a bi-
morph actuator producing the scanning. Significant micros-
canning technology innovations, which are highly
promising for the future of bimorph optical scanners, are
being investigated at Rockwell Science Center. This work
is based on our experience in micro-optics, materials
development,32 MEM actuators,33 and finite-element mod-
eling (FEM).**

Issues under consideration are scan angle, driving volt-
age, structural stability, process compatibility, device size,
and mirror flatness. Some are already optimized, and some
are yet to be improved. The scan angle is > 20 deg, and the
driving voltage is less than 2 V. The structural stability is
sufficient at this point, but will require some design
changes in the future. The fabrication and assembly pro-
cesses are CMOS-compatible, and the device size is appro-
priate. The flatness of the mirror is on the order of a wave-
length. These issues contribute to the manufacturability of a
device meeting many of the commercial specifications
given for different applications.

We have designed a 1-D optical scanner to have a scan-
angle range of about 10 to 20 deg. The scanner consists of
two main components—an actuator and a mirror on top of
a silicon cantilever beam. One reason for using single-
crystal silicon instead of another thin-film material is to
have higher yield, easier handling, and higher reliability.
This is possible due to silicon’s relatively high Young’s
modulus and yield strength. The beam dimensions are typi-



Fig. 31 A photograph of the optical-scanner test bed, showing elec-
trical and optical components including the scanner chip.

cally 6 mm in length, 3 mm in width, and 10 um in thick-
ness. With the mirror area given for a certain application,
an optimal beam thickness is determined to meet commer-
cial operation frequency and scan-angle specifications.

The actuator is placed near the bending axis of a beam
that bends through a thermal bimorph effect. This effect is
a result of thermal mismatch in two or more layers of film.
The beam consists of ZnO covered by two metal layers,
which function as top and bottom electrodes. As tempera-
ture increases and decreases, the stack of layers expands
and contracts accordingly. Depending on the thermal ex-
pansion coefficients of the top layers relative to the bottom
layers, the beam can bend either upward or downward. The
beam is designed to bend upward in a static position and
downward with an applied current. This is done by having
higher thermal expansion coefficients on the top layers than
on the bottom layers, with the right film thicknesses and
process temperatures. The bimorph’s power efficiency is
directly related to the differences in thermal expansion co-
efficients of the layers.

The area for this actuator takes less than half of the total
beam area. The rest of the beam area, at the end of the
beam, is dedicated to the mirror. To attain an optical flat-
ness of about a wavelength, the mirror area is designed to
be stiffer than the rest of the beam area. This is done by
increasing the beam thickness in the mirror area. For cer-
tain applications, a layer of metal or a stack of dielectric
layers is applied on the mirror area to meet an optical effi-
ciency specification.

Various environmental experiments, including life-cycle
tests, have been done to prove the performance integrity of
the device over its life expectancy. Scanners have gone
through 4 X 10° cycles, operating at 10-deg scan angle. For
the purpose of demonstrating an optical scanner, a demon-
stration module was built to be used as a test bed. A pho-
tograph of this module is shown in Fig. 31. For this box, a
circularly collimated laser diode is used as a source to
eliminate aberrations caused by cylindrical lenses found in

Fig. 32 MEM scan engine demonstrates a linear scan beam.

many common diode lasers. The scanner chip, mounted on
a flat package, is in turn mounted on a rotational stage with
two degrees of freedom. This stage is used for fine optical
adjustment. The scanned beam exits from an optical win-
dow. All electronics and control circuits are packaged in-
side the box. The ac signal amplitude (0 to 2 V) and opera-
tion frequency (60 to 2000 Hz) can be adjusted by two
potentiometers accessible from outside the box. The power
source is supplied by a small ac adapter. The box dimen-
sions are 5X3X 3 in. Figure 32 shows the module in op-
eration, demonstrating a linear scan of a laser beam.

5 Conclusions

Micro-optics technology, including both diffractive and re-
fractive microlenses, has advanced significantly over the
past several years. The use of similar micromachine pro-
cesses for micro-optics and micromechanics offers the
promise for further technology integration and the develop-
ment of micro-opto-electro-mechanical (MOEM) technol-
ogy. This enables the incorporation of optical functions into
microdevices, resulting in another whole new field for sen-
sors and other microdevices as candidates for on-chip op-
tical processing. Examples include a 3-D tunable Fabry-
Perot etalon, an FDDI switch, a corner cube reflector, a
digital video display using DMDs, and a 2-D laser scanner.
These technologies are expected to gain rapidly in maturity,
as they all rely on identical batch processing. We have
presented here a few recent developments in this emerging
field and have described examples of devices that are being
developed. Further significant rapid advances can be ex-
pected for on-chip optical processing as researchers recog-
nize the full range of functionality that can be realized us-
ing this exciting new technology.
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