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Preface

The recent remarkable development of microsystems dates back to 1983 when
Richard P. Feynman of California University delivered a speech to a large
audience of scientists and engineers at the Jet Propulsion Laboratory. He pre-
sented the concept of sacrificed etching to fabricate a silicon micromotor, and
pointed out the need for a friction-less, contact sticking-free structure, due to
the relative increase of the surface effect in such microsystems and devices. A
micromotor fabricated by Fan et al. in 1988 caused a tremendous sensation
and opened the way for Micro-Electro-Mechanical-System (MEMS) technol-
ogy. The diameter of the rotor was 120 pm, its rotational speed was 500 rpm,
and the gap between the rotor and the stator was 2 um. Today, many success-
ful examples of MEMS products can be found: MEMS such as accelerometers,
pressure sensors, microphones and gyros are used commercially, and various
branches of industry are already including MEMS components in their new
products.

Furthermore, optical MEMS, or micromechanical photonics, are evolv-
ing in interdisciplinary research and engineering fields to merge indepen-
dently developed technologies based on optics, mechanics, electronics and
physical /chemical sciences. Manufacturing technologies such as semiconductor
lasers, surface-micromachining and bulk-micromachining are promoting this
fusion of technologies. In addition, new devices such as optical MEMS includ-
ing optical sensors, optical switches, optical scanners, optical heads, near-field
probes, optical rotors and mixers, actuators, and microsystems for diagno-
sis and treatments, and new conceptual frameworks such as micromechanical
photonics including an optical encoder, a tunable laser diode with a micro-
cantilever and Nano-Electro-Mechanical-Systems (NEMS) are appearing.

Rapidly emerging interdisciplinary science and technology are expected
to provide new capabilities in sensing, actuation, and control. Advances such
as MEMS, optical MEMS, micromechanical photonics and microfluidics have
led not only to a reduction in size but also be the merging of computation,
communication and power with sensing, actuation and control to provide new
functions. By integrating smart optoelectronics and antennas for remote con-
trol with a microstructure, the ability of microsystems to interpret and control
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its environment will be drastically improved. Much further work, however, is
required to develop this new field to the stage of commercial production.

The purpose of this book is to give the engineering student and the practi-
cal engineer a systematic introduction to optical MEMS and micromechanical
photonics not only through theoretical and experimental results, but also by
describing various products and their fields of application. Chapter 1 begins
with an overview spanning topics from optical MEMS to micromechanical
photonics and the diversity of products using them at present and in the near
future. Chapter 2 demonstrates extremely short-external-cavity laser diodes,
tunable laser diodes, a resonant sensor and an integrated optical head. The
chapter deals with laser diodes closely aligned with a microstructure includ-
ing a diaphragm, a microcantilever and a slider. Chapter 3 addresses optical
tweezers. This new technology is employed to manipulate various types of ob-
jects in a variety of research and industrial fields. The section first analyzes
the trapping efficiency by geometrical optics and then compares the theory
with the results obtained experimentally, finally presenting a variety of appli-
cations. Chapter 4 deals with the design and fabrication of an optical rotor and
evaluates its improved mixing of micro-liquids for future fluidic applications
such as micrototal analysis systems (u-TAS). In Chap. 5, the fundamentals
and applications of the near field are described for the future development of
micromechanical photonics. This technology enables us to observe, read/write
and fabricate beyond the wavelength resolution by accessing and controlling
the near field. The chapter deals with near-field features, theoretical analyses,
experimental analyses and applications mainly related to optical recording.

This work was created in conjunction with many coworkers at NTT
and professors and graduate students in Ritsumeikan University. I would
like to thank many friends at NTT Laboratories: T. Toshima, K. Itao, and
K. kogure for their helpful discussions; Y. Uenishi, Y. Katagiri, E. Higurashi
for their long-term co-operation; H. Nakata for bonding an LD-PD on a slider;
Y. Sugiyama and S. Fujimori for the fabrication of phase-change recording me-
dia; R. Sawada, H. Shimokawa, O. Oguchi, and Y. Suzuki for the preparation
of experimental devices; T. Maruno and Y. Hibino for their help with the fab-
rication of a PLC grating sample; K. Kurumada, N. Tuzuki, and J. Nakano
for the preparation of InP laser diodes; and T. Ohokubo and N. Tamaru for
their help with the experiments.

Professors Y. Ogami, H. Shiraishi, and S. Konishi of Ritsumeikan Univer-
sity and O. Tabata of Kyoto University also deserve many thanks for their
co-operation. In addition, I would also like to thank many graduate students
of Ukita Laboratories: K. Nagatomi, Y. Tanabe, A. Okada, K. Nagumo,
Y. Nakai, T. Ohnishi, Y. Nonohara and Y. Note for their theoretical analyses;
S. Tachibana, T. Saitoh, M. Idaka, H. Uemi, M. Kanehira, K. Uchiyama,
and K. Takada for their help with the experimental analysis; A. Tomimura,
M. Oyoshihara, M. Makita, T. Inokuchi, Y. Itoh, and D. Akagi for their
preparation of optical rotor and microcantilever samples; Y. Takahashi,
T. Tagashira, Y. Ueda, M. Sasaki, and N. Tamura for their experiments on
super-RENS.
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From Optical MEMS to Micromechanical
Photonics

Micromechanical photonics is evolving in interdisciplinary research and en-
gineering fields and merging independently developed technologies based on
optics, mechanics, electronics, and physical/chemical sciences. Manufacturing
technologies such as those of semiconductor lasers, surface micromachining
and bulk micromachining are promoting technology fusion.

This chapter presents an overview of the emerging technologies that fea-
ture new conceptual frameworks such as optical microelectromechanical sys-
tems (optical MEMS) including an integrated optical sensor, an integrated
optical switch, an integrated optical head, an optical rotor, and a microto-
tal analysis system (U-TAS); micromechanical photonics devices including an
extremely short-external-cavity tunable laser diode (LD) with a microcan-
tilever, a resonant sensor, an optical encoder and a blood flow sensor; nano-
electromechanical systems (NEMS) and system networks.

1.1 Micromechanical Photonics — An Emerging
Technology

We have made substantial progress in individual areas of optics, mechan-
ics, electronics and physical/chemical sciences, but it is insufficient to apply
individual technologies and sciences to solve today’s complicated technical
problems. The start of semiconductor LD room temperature continuous oscil-
lation in 1970 and micromachining technology [1.1,1.2] based on photolitho-
graphy and selective etching in the late 1980s resulted in the birth of optical
MEMS [1.3]/micromechanical photonics [1.4] that combines/integrates electri-
cal, mechanical, thermal, and sometimes chemical components through optics
in the early 1990s. '
Various kinds of optical MEMS have been developed for the fields of in-
formation, communication, and medical treatment. They include a digital
micromirror device (DMD) (1.5] for both large projection display and color
printing, optical switches (1.6,1.7] for communication, microservo mechanisms
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[1.8,1.9] for optical and magnetic recording, and p-TAS [1.10] for medical
treatment.

Advanced lithography has been applied not only to silicon (Si) but also
to thin film materials, including dielectric [1.11], polyimide [1.12], and metal
[1.13] to offer unprecedented capabilities in extending the functionality and
miniaturization of electro-optical devices and systems. Group III-V com-
pounds, which include gallium arsenide (GaAs) [1.14] and indium phosphide
(InP) [1.15], are attractive for integrating optical and mechanical structures to
eliminate the need for optical alignment. In a tunable LD, the moving external
cavity mirror has been integrated with a surface-emitting LD [1.16]. A moving
cantilever has been integrated with edge-emitting LDs and a photodiode in a
resonant sensor [1.17]. Monolithic integration technologies are expanding the
field of micromechanical photonics.

Novel probing technologies such as the scanning tunneling microscope
(STM) and optical tweezers have advanced our knowledge of surface sci-
ence [1.18,1.19] and technology, which are important in microscale and
nanoscale mechanisms. Today’s science and technology requires the focus-
ing of multidisciplinary teams from engineering, physics, chemistry, and life
sciences in both universities and industry. In this chapter, I first review
fabrication methods of microstructures, then summarize some of the high-

lights in these attractive research fields, and then discuss the outlook for the
future.

1.2 Fabrication Methods‘

There are common steps in fabricating optical MEMS/micromechanical
devices: deposition, sputtering and etching, bulk micromachining including
anisotropic etching and etch stop, and surface micromachining characterized
by sacrificed layers that are etched away to leave etch-resistant layers. The
fabrication methods of microstructures with optical elements are reviewed
in [1.1,1.2]. MiniaturiZation requires high aspect ratios and new materials. Re-
active ion beam etching (RIBE) precisely defines the features and the spacing
in deposited thin film and is of great importance in making high-aspect-ratio
microstructures.

*Si has been the most commonly used in micromachining, and its good elec-
trical and mechanical properties have resulted in many commercially available
sensors and actuators. A diaphragm is fabricated by bulk micromachining
such as selective wet etching. Free-space micro-optical systems can be fabri-
cated by surface micromachining; this is very promising and will greatly enrich
the variety of integrated optical devices [1.20]. One choice is the silicon-on-
insulator (SOI) technology [1.21]. Advantages of the SOI technology are its
simplicity and small number of process steps.

Group III-V compounds, such as GaAs and InP, are attractive candidates
for monolithic integration of optical and mechanical structures [1.14,1.15].
Concrete examples are given later.
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Fig. 1.1. Isotropic (a) and anisotropic (b) etchings for bulk micromachining

1.2.1 Bulk and Surface Micromachining

To fabricate structures by bulk micromachining, two etching methods can be
used, isotropic and anisotropic etchings. In isotropic etching, etching proceeds
at the same rate in all directions, which leads to the isotropic undercut shown
in Fig.1.1a. On the other hand, in anisotropic etching, etching proceeds at
different rates depending on the crystal orientation, which leads to precise
features, shown in Fig.1.1b. Silicon V-grooves are fabricated by anisotropic
etching of a (100) silicon substrate and are widely used in optical MEMS. The
V-grooves are also used in packing of fiber and optoelectronic components.

To fabricate structures by surface micromachining, a sacrificed film is first
deposited and patterned on the wafer. The film to be formed into the desired
microstructure is next deposited and patterned, and the sacrificed layer is then
etched away, undercutting the microstructure and leaving it freely suspended.
There are two kinds of surface micromachining: photolithography for a thick-
ness less than several 10 um, and electron beam lithography for a thickness of
less than 1 um.

Photolithography

Photolithography is most widely used for the fabrication of a microstructure.
The process steps shown in Fig. 1.2 include ultraviolet (UV) light exposure,
development, etching, and resist stripping. This essentially 2-D process has
the following characteristics:

1. difficulty in fabricating features smaller than the exposure light wave-
length

2. high throughput by a mask process

3. relatively high aspect ratio.

The electrostatic micromotor [1.2] shown in Fig. 1.3, fabricated by Fan
et al. of California University in 1988, caused a tremendous sensation and
paved the way for the development of MEMS technology. The diameter of the
microrotor was 120 um and the gap between the rotor and the stator was 2 pm.
Both were made of polysilicon thin films. When pulse voltages are applied to
stator poles with different phases, an electrostatic torque arises between the
rotor and the stator, which leads to the rotation rate of 500 rpm. Two years
later, Mehregany et al. {1.22] of the Massachusetts Institute of Technology
fabricated a micromotor with a higher speed of 15000 rpm. Recently, com-
mercially used MEMS such as pressure sensors, accelerometers, and gyros are
fabricated by the successive photolithography.



