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ABSTRACT

Significant progresses have been made in MOEMS for display, imaging, telecommunication, and bioinstrumentation
applications. This talk will first provide an overview of the recent advances in micromirror technologies. Then it will
discuss three novel applications using MEMS micromirrors. First, a large port count wavelength-selective switch using
a one-dimensional array of two-axis analog micromirrors will be described. Then the fabrication and packaging of two-
axis micromirrors for in vivo endoscopic optical coherence tomography (OCT) imaging will be presented. Finally a new
“optoelectronic tweezers” for manipulating microparticles and biological cells using direct images of MOEMS spatial
light modulators will be described.

Keywords: MOEMS, wavelength-selective switches, WDM, endoscopic imaging, optoelectronic tweezers, optical
manipulation

1. INTRODUCTION

There has been an explosive growth of the micro-opto-electro-mechanical-system (MOEMS) technology in the past
several years, fueled primarily by the boom in telecom market. A wide variety of MOEMS devices and systems have
been developed. Though not all the companies or operations started during that time survived the market downturn,
remarkable progresses have been made in the MOEMS technologies, particularly in the manufacturing, packaging, and
reliability of MEMS devices. In this paper, we will summarize the advances in three applications: wavelength-selective
switches for telecommunication networks; MEMS endoscopic imaging devices; and a direct image-driven
optoelectronic tweezers for parallel manipulation of microparticles.

2. MICROMIRROR ARRAY FOR TELECOMMUNICATION APPLICATIONS

During the telecom boom, many companies focused on the development of large switching fabrics. They are generally
called three-dimensional (3-D) MEMS switches because the optical beams are steered in free-space across two-
dimensional array of output collimators. Optical switches with port count ranges from 64x64 to 1000x1000 have been
demonstrated [1-18]. Though market expectation for these switches has not been realized, remarkable progresses have
been made in the manufacturing of two-axis MEMS mirrors. Sophisticated control and monitoring algorithms have been
developed to precisely control and maintain the pointing angles of the mirrors. Smaller optical switches using two-
dimensional array of digital switching elements, generally called 2-D MEMS switches, have also been extensively
developed [20-29]. The 2-D switches are more compact, usually can be monolithically integrated on a single chip, and
consume much less power compared with 3-D switches. Their port count is limited to below ~ 32x32 by optical
diffraction. Commercial 2-D switches, with port count of 16x16 for single-chip switches and 32x32 for cascaded
switches, have been realized using moving mirrors [27]. More significantly, they have passed the stringent Telecordia
reliability test.

Recently, there has been increasing attention on smaller but more versatile wavelength-selective switches (WSS).
They stem from dynamically reconfigurable wavelength add-drop multiplexer (WADM) [30], but their output port
count is greater than one. They are generally referred to as 1xN WSS, where N is the output port count. The various
wavelengths in the wavelength-division-multiplexed (WDM) optical signals are first demultiplexed by a free-space
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grating. The diffracted beams are focused onto a 1-D array of analog micromirrors, which steer the individual
wavelengths to their output ports independently. The output wavelengths are then re-multiplexed by the same grating
and collected by separate output fiber collimators.

An analog micromirror array with a large continuous scan angle is the key enabling component. Each individual
wavelength can be independently directed to any of the N output fibers, depending on the angle of the corresponding
micromirror. In addition, high fill factor is desired to minimize the gaps between WDM channels. The mirror size is
usually several times larger than the focused spot size of the Gaussian beam to attain a flat spectral shape for the
passband (“flat-top” spectral response). Hah et al. has developed a low-voltage analog micromirror array for 1xN
wavelength-selective switches [31,32]. They are fabricated using the five-layer surface micromachining process offered
by Sandia National Lab’s SUMMIiT-V foundry service [33]. Actuated by the powerful vertical comb-drives, the mirrors
have extremely low operating voltages. The actuator is also free from pull-in instability which is characteristic of
parallel-plate electrostatic actuators, further extending the rotation angle. A maximum mechanical scan angle of + 6° is
achieved at 6V actuation voltage for 0.5-um gap spacing. The actuators and the torsion springs are completely covered
by the mirror so that high fill factor is achieved along the array direction. The resonant frequency is greather than 3 kHz.

Marom et al. were the first to demonstrate the system-level performance of the architecture of 1xN WSS [34]. Their
1x4 wavelength-selective switch supports 128 WDM channels at 50 GHz spacing. A resolution lens of 10-cm focal
length and an 1100-gr/mm grating provide the necessary spatial dispersion. Using a micromirror with +8° at 115 V
made on an silicon-on-insulator (SOI) wafer, a flat-top spectral response and an optical insertion loss of 3 to 5 dB were
obtained. Their modified system was reported later [35] and new mirrors have been developed to match the requirement
of the improved system [36,37]. This modified system utilizes anamorphic compression on the light beam to reduce the
system size. It also supports a 10-dB dynamic equalization range. System performance of other 1x4 WSS’s has also
been reported by Huang et al. [38] and Ducellier et al. [39]. Corning IntelliSense Corp. also developed MEMS scanner
array for this particular application [40].
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Fig. 1. Schematic of 1xN? wavelength-selective switches (WSS). The port count of the WSS is increased from N to N2,
where N is the maximum linear port count allowed by optical diffraction. [41]

The maximum port count of the reported 1xXN WSS is 4, limited by optical diffraction. A larger port count (N > 10) is
desirable in telecommunication. UCLA has developed a new WSS architecture, called 1xN* WSS [41,42]. It uses a 2-D
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array of fiber collimators in conjunction with a 1-D array of 2-axis analog micromirror array. This expands the port
count from N to N? where N is the maximum linear port count allowed by optical diffraction. Figure 1 shows the
schematic of the 1xXN* WSS. A critical enabling element for such switches is a two-axis analog micromirror array with
high fill factor along the array direction and large scan ranges in both axes. UCLA has reported a two-axis analog
micromirror array with 96% fill factor, achieved by using novel bi-directional cross-bar torsion springs underneath the
mirror [43]. A quadrant electrode with terrace electrode actuates the mirror. The terrace electrodes reduce the actuation
voltage by about 25 to 34%. Figure 2 shows the scanning electron micrographs (SEM) of the two-axis micromirror. The
devices are fabricated using the SUMMIT-V surface micromachining process. As mentioned previously, it has five
polysilicon layers, including one nonreleasable ground layer (mmpoly0) and four structural layers (mmpolyl to
mmpoly4). The terraced electrodes are made of the bottom four polysilicon layers (mmpoly0 to mmpoly3), whereas the
top polysilicon layer (mmpoly4) is designated for the mirror. In the SEM picture, half of the mirror is intentionally
removed to reveal the underlying structures. Large mechanical scan angles (+4.4° and £3.4°) have been achieved. The
resonant frequency of the mirror is greater than 20.7 kHz. A 1x14 WSS (3x5 collimator array) was also constructed
using the two-axis mirror array. The channel spacing is 50 GHz, and the fiber-to-fiber insertion is 8.2 dB.

Mirror (1/2)

Upper spring

(b)

Fig. 2. (a) SEM of the 2-axis analog micromirror array. (b) Close-up of the 2-axis micromirror with half of the mirror
removed to reveal the bi-directional cross-bar torsion springs and the quadrant terrace electrodes. [43]

To fully exploit the capacity of the 1xXN* WSS, Tsai et al. have developed a novel gimbal-less lever-driven two-axis
analog micromirror array with large scan angles (+/- 6.7° for both axes) and high fill factor (98%) [44]. The actuation
voltage is 75V. The scanner is actuated by four motion-amplifying levers. Compact compliant 2-DOF mirror joints are
employed. They transform the lever-enhanced lifts into two-axis tilt. The devices are again fabricated using SUMMIT-
V surface micromachining process. It consists of three serpentine springs in a T-configuration, permitting the mirror to
tilt around both axes. The size of the mirror is 196x196 um? on a pitch of 200 pm. The measured mechanical resonant
frequency is 5.9 kHz. A 1x32 WWS has been implemented using this two-axis scanner array. The channel spacing is
100 GHz and the insertion loss is 3.72 dB [45]. To our knowledge, this is the highest port count ever reported for WSS.

3. MEMS ENDOSCOPIC IMAGING DEVICES

Endoscopic imaging with cellular resolution is an area of intense interest. MEMS is a key enabling technology for
incorporating miniature beamsteering components in a package compatible with standard endoscopic ports. There are
tow main approaches for three-dimensional (3-D) in vivo imaging: confocal microscopes and optical coherence
tomography. The discussion in this paper will focus on endoscopic optical coherence tomography (EOCT). EOCT is an
emerging technology for high-resolution endoscopic imaging of biological tissues in vivo and in real time [46]. EOCT
can distinguish architectural layers in vivo and can differentiate normal from tumor lesions within the human
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gastrointestinal tract. A need for compact, robust scanning devices for endoscopic applications has fueled the
development of MEMS scanning mirrors for confocal imaging [47-50] and for optical coherence tomography [51-53].
Demonstrations of MEMS scanning OCT endoscopes to date, however, have been limited to single-axis scanning.

Researchers at MIT and UCLA have developed the first two-dimensional endoscopic MEMS scanner for high
resolution optical coherence tomography [53]. The 2-D scanner with angular vertical comb actuators (AVC) is
fabricated by using surface and bulk micromachining techniques [54]. The AVC actuators provide high-angle scanning
at low applied voltage [55,56]. The combination of both fabrication techniques enable high actuation force, large flat
micromirrors, flexible electrical interconnect, and tightly-controlled spring constants, as shown schematically in Fig. 3.
A single-crystalline silicon (SCS) micromirror is suspended inside a gimbal frame by a pair of polysilicon torsion
springs. The gimbal frame is supported by two pairs of polysilicon torsion springs. The four electrically isolated torsion
beams also provide three independent voltages to inner gimbals and mirrors. The SEM of the finished device is shown
in Fig. 4. The torsion spring is 400 um long, 10 pm wide, and 4.5 pm thick. The scanner has 8 comb banks with 10
movable fingers each. The finger is 5 pm wide, 150 um long, and 35 um thick. The gap spacing between comb fingers
is 4 um. The mirror is 1000 pm in diameter and 35 um thick. The AVC banks are fabricated on SCS. The movable and
fixed comb banks are completely self-aligned.
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Fig. 3. Schematic cross-section of the hybrid surface-/bulk-micromachined 2-D MEMS scanner. The surface-
micromachined structures provide the compliant, controllable mechanical springs and electrically isolated electrical
interconnect, while the bulk-micromachined structures provide flat micromirrors and the power angular vertical
combdrive (AVC) actuators.
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Fig. 4. SEM of the 2-D MEMS scanner with AVC actuators [53].

Figure 5 shows the schematic of the fiber coupled MEMS scanning endoscope. The endoscope head is 5-mm in
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diameter and 2.5-cm long, which is compatible with standard endoscope ports. The compact aluminum housing can be
machined at low cost and allows precise adjustment of optical alignment using tiny set screws. The optics consists of a
graded-index fiber collimator followed by an anti-reflection coated achromatic focusing lens producing a beam diameter
(2w) of ~ 13 um [53]. The 2-D MEMS scanner is mounted at 45° and directs the beam orthogonal to the endoscope axis
in a side-scanning configuration similar to those typically used for endoscopic OCT procedures. Post-objective
scanning eliminates off-axis optical aberration encountered with pre-objective scanning. The large 1-mm diameter
mirror allows high-numerical-aperture focusing. A sawtooth drive waveform of 30-70 volts was used to scan the mirror
at frequencies up to 20 Hz for imaging. A modelocked Cr*": Forsterite laser centered at 1250 nm with ~ 180-nm
bandwidth is used to achieve 5-um axial resolutions. /n vivo images of the human dermis and nail fold region are
acquired at up to 20 frames per second.

Package
Fiber
Collimator

Interconnect

Fig. 5. Schematic of the MEMS EOCT head [53].

4. OPTOELECTRONIC TWEEZERS FOR PARALLEL MANIPULATIONS

Cellular-scale manipulation is an important tool in biological research. Technologies that have demonstrated the
capability for such microscopic manipulation include optical tweezers and dielectrophoresis [57,58]. While optical
tweezers affords very fine control of microparticles, it suffers from high optical power requirements. Dielectrophoresis
has been demonstrated to trap particles as small as 14 nm [59]. However, dielectrophoresis requires a static pattern of
electrodes, and is not easily reconfigurable.

We have demonstrated another method of manipulating micrometer-scale objects: optically-induced
dielectrophoresis, or optoelectronic tweezers [60]. Using a laser to induce dielectrophoretic forces, we have
demonstrated controlled movement of 25-um latex particles, and E. coli bacteria [60,61]. This technique allows the use
of very low optical power levels, enabling us to perform particle manipulation with an incoherent light source [62,63].
The use of a spatial light modulator in our optical system also allows us to dynamically reconfigure particle traps,
providing us with increased versatility in particle manipulation over conventional dielectrophoresis. Dynamic array
manipulation of microparticles using optoelectronic tweezers was demonstrated for the first time. We demonstrated the
self-organization of particles into an array, and the formation of single-particle arrays, with the capability to individually
address each particle.

The optical power required to induce DEP forces in OET is much lower than that of optical tweezers, as the light
energy does not directly trap the particles. Early experiments using OET showed movement of 25 pm particles at 4.5
pum/sec with an optical power of 1 pW, corresponding to an incident power density of 440 mW/cm® [60]. In
comparison, a 1 pm diameter optical tweezers trap, at a minimum trapping power of 1 mW, has an optical power
density of 32 kW/cm®. The low optical power requirements of OET offer many advantages in the system design.
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Inexpensive incoherent light sources can be employed instead of lasers to provide the illumination necessary for OET
[62,63]. In addition, we can produce light patterns by imaging rather than scanning techniques. Furthermore, with no
need to focus all optical energy, we can use a simple spatial light modulator to pattern images, rather than the
holographic techniques employed by optical tweezers arrays [64]. In our experiments, we used the digital micromirror
device (DMD) [65] in a light projector to image the virtual electrodes.

The optoelectronic tweezers device is formed by evaporating a 10-nm-thick aluminum film onto a glass substrate for
electrical contact. A 1-um-thick undoped amorphous silicon (a-Si) photoconductive layer is then deposited by plasma-
enhanced chemical vapor deposition. To protect the photoconductive film, a 20-nm-thick silicon nitride layer is
deposited over the a-Si. The liquid buffer layer containing the particles of interest is sandwiched between this
photoconductive device and indium-tin-oxide (ITO) glass (Fig. 6). An applied ac bias across the ITO and a-Si produces
the electric field.

Liquid/particle solution

20nm nitride

L ITO glass substrate

Fig. 6. Schematic structure of the optoelectronic tweezers (OET). The liquid containing the microparticles of interest is
sandwiched between a top ITO glass and a bottom photoconductive electrode [60].

A DMD-based projector (InFocus LP335) is used to display images drawn on a PC, via Microsoft PowerPoint
software. The projector provides both the optical source (a 120W, 1000-ANSI lumen high-pressure mercury lamp) and
the DMD-to-PC interface. = The output of the projector is collected, collimated, and directed into an Olympus
MSPlan10 10X objective lens (NA = 0.30), projecting an image onto the OET device. The power at the projector
output was measured to be approximately 600 mW. Approximately 7% of this power is collected by the objective lens
and focused onto the OET device. Therefore, the power of the light incident on the OET is 42 mW, corresponding to an
intensity of 12 W/cm’.

The buffer solution consists of deionized water and KCL salt, mixed to obtain a conductivity of 10 mS/m.
Polystyrene microspheres are mixed into the buffer solution, and sandwiched into the OET device. Observation of the
particles under test is done via a Nikon TE2000U inverted microscope. A CCD camera attached to the observation port
of the microscope recorded images and video of our experiments. A schematic of the optical setup is shown in Fig. 7.
To produce the electric field necessary for DEP, an ac voltage of 10Vpp at 100 kHz was applied across the top ITO
surface and the bottom photoconductive surface of the OET device.

Figure 8 shows an example of parallel manipulation of individual 45-pm polystyrene particles. Each randomly
positioned particle is first contained within a square trap. This is performed by drawing a rectangle around each
particle. The multiple traps can then be positioned to form an array of individually addressable cells. Using this
technique, we are able to form a 4x5 array of single particle traps (Fig. 8). The capturing and arranging process can
potentially be automated by combining OET with a vision system. Biological applications of such an array include
studies on single-cell behavior and interaction.
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Fig. 8. An array of single particles, formed from multiple single particle square traps. Each particle is individually
addressable. [63]

5. CONCLUSION

We have described three examples of MOEMS applications that use MEMS micromirrors. In the first example, a two-
axis analog micromirror array is used to expand the capacity of wavelength-selective switches from 1xN to 1xN*
Experimentally, a 1x32 WSS, the largest WSS to our knowledge, was successfully demonstrated. In the second
example, a 2-D scanner with large mirror area and large scan angle was used to implement endoscopic optical
coherence tomography. An axial resolution of 5 pm and lateral resolutions of 12 um were achieved. In the third
example, the digital micromirror device (DMD) chip made by Texas Instruments was used to power a novel
optoelectronic tweezers for parallel manipulation of microparticles and biological cells. In each of the examples, MEMS
provides the key enabling components for the applications. The maturity of MOEMS components will greatly accelerate
the insertion of these new technologies in field use.
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