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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 um, 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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1

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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(a) Undercut\ Mask  (b)

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 1pm.

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.
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i+~— Al (sacrificed layer)
¥ Si substrate

“— Resist

Development

Fig. 1.2. Basic process of photolithography using a negative resist

Top view
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LX) I—-I
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T
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Fig. 1.3. Top view, cross-section, and the phasing scheme of a micromotor fabricated
by surface micromachining [1.2] ©1988 IEEE

In the case of thick microstructures, SU-8 resists are widely used [1.23].
Physical properties of SU-8 can be found at http://aveclafaux.freeservers.com/
SU-8.html. To view typical SU-8 applications, visit http://www.mimotec.ch/.

As an example of optical MEMS, the process for fabricating optical pres-
sure rotors having anisotropic geometry on the side is shown in Fig. 1.4. First,
the SiO; layer is deposited on a GaAs substrate, and then the SiOs is etched
down to the GaAs substrate by reactive ion beam etching (not by UV light).
The substrate is then immersed in a wet-etching solution to dissolve the GaAs
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Sio,
GaAs substrate

C3Fg ion beam ,SiO,
(b) A EEEEEEARERERNER
|r"1 AAMAAAN

GaAs substrate

© sio,  H2SO+H0+H,0

L GaAs substrate J

Fig. 1.4. Fabrication sequence, by photolithography, of an SiO2 optical rotor (see
Fig.1.26). Deposition of SiOs layer by RF sputtering (a), etching of SiO2 layer
by reactive ion-beam etching (b), and stripping of SiO2 by dissolution of the
substrate (c)

layer. The resulting microrotors are washed and dispersed in water. Typical
optical rotors are 20 um in diameter and 10 wm thick, and are made of SiOs or
polyimide or SU-8, which are transparent at the laser wavelength of 1.06 um.

Electron Beam Lithography

In electron beam lithography (EBL), focused high-energy electrons with wave-
lengths less than that of UV light are irradiated onto electron-sensitive resist,
as shown in Fig. 1.5. High-resolution patterning can be accomplished by scan-
ning the e-beam two-dimensionally on the resist. Numerous commercial resists
have been produced. EBL exhibits the following characteristics:

high-resolution patterning (less than 0.1 pm)

Easy and precise deflection by electrostatic or magnetic field
No need for mask process

Low throughput due to direct e-beam writing

Low aspect ratio (less than 1um thick).

U o=

1.2.2 Three-Dimensional Micromachining
LIGA

A surface-micromachined device has a thickness less than 100 um. However,
many micromechanical devices, particularly microactuators, require a thick-
ness of few hundreds micrometers. Microstructures with a very large aspect
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Electron-beam

=)

Exposed part

Resist
Substrate

Fig. 1.5. Electron beam lithography (EBL) in which focused high-energy electrons
are irradiated to the electron-sensitive resist

llil““l“l Syncrotron

radiation

PMMA resist

Metal substrate

Development

Ni deposition

Fig. 1.6. Lithographie galvanoformung abformung (LIGA) involves X-ray lithogra-
phy and electrodeposition processes

ratio (thickness-to-width ratio) can be fabricated by Lithographie galvanofor-
mung abformung (LIGA), illustrated in Fig. 1.6. LIGA involves X-ray lithog-
raphy, electrodeposition and molding process [1.24]. The aspect ratio that can
be achieved using LIGA exceeds 300. LIGA exhibits the following character-
istics:

high resolution

high aspect ratio

high throughput by mask and molding process
complicated mask production process.

N
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Fig. 1.7. LIGA-based tunable IR filter showing vertical parallel plate filter structure
and linear magnetic drive actuator [1.25]. Courtesy of J. Allen Cox, Honeywell, USA

Figure 1.7 shows an LIGA-based tunable infrared (IR) filter [1.25]. Grat-
ings with free-standing nickel walls as high as 50 um with periods on the order
of 10 um were fabricated by LIGA. The linear actuator utilizes a permalloy
electromagnet with an air gap because of the large power (0.1 mN) necessary
to adjust the spacing of the grating. Furthermore, simple 3-D microstructures
will be fabricated by the LIGA process [1.26].

Photoforming

Complicated 3-D microstructures have been fabricated by stacking preshaped
layers made by solidifying a thin resin layer with UV light [1.27,1.28]. There
are two solidification methods: a free surface and a fixed surface solidification.
In the case of the free surface, solidification occurs at the resin/air interface,
leading to perturbation on the surface. On the other hand, in the case of the
fixed surface, solidification occurs at the stable window /resin interface, leading
to smoother structures. Photoforming exhibits the following characteristics:

1. complicated microstructures can be fabricated

2. laser beam can be deflected easily by scanning mirrors
3. no need for mask process

4. low throughput due to direct laser beam writing.
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2R
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Fig. 1.8. Mechanism of photopolymerization using a focused laser beam. Reprinted
from [1.27] with permission by K. Yamaguchi

Objective (NA=0.8)

Half mirror
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\
|
I
[

XY scanner

5z, o]

Shutter ND filter

Fig. 1.9. 3-D microfabrication with photopolymerization using scanning focused
laser beam

We also can directly fabricate a microstructure by scanning the laser beam
in the resin. Figure 1.8 shows the mechanism of photopolymerization using a
focused laser beam. Figure 1.9 shows the block diagram of such a point-by-
point photoforming method. A focused blue laser beam (wavelength of 473 nm,
output power of 10mW) is used to solidify the resin. The scanning of the blue
laser beam is controlled by adjusting mirrors according to the slice data of
the microstructure. In this case, a 3-D structure is fabricated by scanning
the focused spot in three dimensions inside the resin, rather than by using a
layer-by-layer process. Although the spot diameter is small at the focal plane,
the depth of focus is large, which leads to inferior resolution at depth.

In order to improve 3-D resolution, several photoforming methods have
been proposed, as listed in Table 1.1. Photopolymerization stimulated by two-
photon absorption was demonstrated using a Ti:sapphire laser and urethane-
based resin (SCR-500), as shown in Fig.1.10 [1.29]. Since the two-photon
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Table 1.1. Comparison of proposed photoforming methods with high resolution

method two-photon absorption  super IH process  spinner
light source

laser titan-sapphire laser He—Cd laser laser diode

wavelength (nm) 780 442 650

power 50kW (peak) 1.5mW 0.35 mW
resin urethane based urethane based aclyle based

(SCR-500) (Threshold) (DF-200N)*

cubic structure 3-D scanning 3-D scanning stacking
resolution (Um)

depth 2.2 3.0 2.0

lateral 0.62 0.5 1.0

# Commercially available from Nippon Kayaku Corp.

Photopolymerizable resin

Beam L
scanning (Liquid)
Polymerized
Cover solid object

glass

\ Stage
scanning
Objective

lens

Near-IR light

Photopolymerizable resin

Objective lens
(NA =0.85)

Computer

Shutter

I H—F s

Argon ion  Ti:sapphire
laser laser

Fig. 1.10. Photopolymerization stimulated by two-photon-absorption using
Ti:sapphire laser and SCR-500 resin. Reprinted from [1.29] with permission by
S. Kawata, Osaka University, Japan
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absorption rate is proportional to the square of the incident light intensity, a
3-D structure is fabricated by scanning the focused spot of a near-infrared-
wavelength beam in three dimensions inside the resin. The lateral and depth
resolutions are said to 0.62 and 2.2 um, respectively. After that, they also
succeeded in fabricating a micrometer sized cow with a resolution of 140 nm
[1.30].

Replication

Replication from a mold is important technology for realizing lower cost and
mass production. For optical MEMS applications, the use of sol-gels which
become glass-like material upon curing is foreseen. ORMOCER US-54 is such
a material. It is optically transparent over the wavelength from 400 to 1600 nm
and has a refractive index of 1.52 at 588 nm. Obi et al. replicated many sol-gel
micro-optical devices and optical MEMS including a sol-gel cantilever with a
microlens on the top [1.31].

1.2.3 Monolithic Integration — Micromachining for an LD

Monolithic integration of micromechanics is possible not only on a Si sub-
strate but also on a semiconductor LD substrate of GaAs [1.14] or InP [1.15].
A smooth etched surface and a deep vertical sidewall are necessary for good
lasing characteristics of LDs.

For fabricating a resonant microcantilever (MC), for example, there are
three micromachining steps (Fig.1.11). (a) An etch-stop layer of AlGaAs
is formed in an LD structure prepared by metalorganic vapor phase epi-
taxy (MOVPE). (b) The microstructure shape is precisely defined by a re-
active dry-etching technique, which simultaneously forms the vertical etched

(a) (c)
AlGaAs etch- Resist mask

GaAs (cap) top |

/ AlGaAs (clad) stop layer

~ Active layer .

GaAs sacrificial
m éISAaAS (clad) part | VITIITITIITIE,
s e
T 77IT7TI 7777,
GaAs s bstratelAlGaAS (etch-stop layer) ] GaAs substrat e/
u

(b) Cl, beam (d)
‘ Laser diode

Resist mask Microcantilever / (LD)
Microcantilever  Etched mirror/ (MC)

(MC) ————
Y LLLLLLLE
!ITT//III_Q

'/, GaAs substrate’

Fig. 1.11. Steps in the fabrication of a GaAs/AlGaAs resonant microcantilever
(MC) integrated with a laser diode (LD)

GaAs sustrate P
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mirror facets for LDs. (¢) A wet-etching window is made with a resist,
and the microcantilever is undercut by selective etching to leave it freely
suspended.

These processes are compatible with laser fabrication, so an MC structure
can be fabricated at the same time as an LD structure. Furthermore, because
a single-crystal epitaxial layer has little residual stress, precise microstructures
can be obtained without significant deformation.

Combined use of the above micromachining processes will be useful in the
future. However, processing of electronics and MEMS must be compatible and
should be held down to low costs. In many actual microsystems, microassem-
bly, bonding, and packing techniques will also play important roles. Moreover,
to apply the merit of the mask process to the MEMS with an arrayed struc-
ture, it is imperative to increase the yield rate.

1.3 Miniaturized Systems with Microoptics
and Micromechanics

1.3.1 Important Aspects for Miniaturization

We see that the miniaturization techniques described earlier will provide many
new optical MEMS that will environmentally friendly due to their smallness,
reliable due to the integration process, and low in cost owing to mass pro-
duction. However, new problems arise as a result of the miniaturization. Un-
derstanding the scaling laws and the important aspects of miniaturization
will help readers in choosing the appropriate actuator mechanism and power
source.

Feynman presented the concept of sacrificed etching to fabricate a silicon
micromotor 20 years ago [1.32]. At the same time, he pointed out the necessity
of friction-less and contact sticking-free structure for the MEMS because of
the relative increase of the surface effect in such microdevices.

Figure 1.12 shows the general characteristics of scaling laws. As the object
size [L] decreases, the ratio of surface area [L?] to volume [L?] increases.
Weight depends on volume, while drag force depends on surface area, which
renders surface forces highly important in microstructures. Faster evaporation
associated with larger surface-to-volume ratios has important consequences in
analytical equipment such as u-TAS.

Response time is proportional to [mass/frictional force], i.e., [L?/L?] = [L],
which leads to fast response. The Reynolds number is proportional to [inertia
force/viscous drag force], i.e., [L*/L?] = [L?], which leads to laminar flow.
Moving energy is proportional to [mass x velocity?], i.e., [L3 x L?] = [L?],
which leads to low energy consumption.

Almost all micromotors and microactuators have been built based on elec-
trostatic actuation, nevertheless, electrostatic force is proportional to [L?],
but electromagnetic force is proportional to [L%]. This is because the plate for
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Characteristics of MEMS

— Viscosity >> inertia — Surface effect increase

— Response time [L?] — Quick response

— Reynolds number [L?] — Laminated flow

— Moving energy [L%] — Low energy
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Technologies of MEMS

— Fabrication: micromachining
— Drive force: electric, optic
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— u-TAS

Fig. 1.12. General characteristics of scaling laws: the merits of miniaturization

generating electrostatic force is easier to fabricate in a limited space than the
inductance coil that generates the magnetic field for actuation. Actually, to
drive thick and heavy MEMS [1.25], electromagnetic force is used because the
electrostatic driving force is too weak.

We deal mostly with micrometer-sized devices. In the micrometer regime,
conventional macrotheories concerning electrical, mechanical, fluidic, optical,
and thermal devices require corrections. Specific properties of the thin film
material differ from those of bulk. Shape change due to thermal stress or fast
movement occurs in the micromirror fabricated by surface micromachining,
which degrades the optical quality of the laser beam.

1.3.2 Light Processing by Micromechanics

Since light can be controlled by applying relatively low energy, the electro-
static microstructures such as moving mirrors or moving gratings have been
fabricated on the same wafer. Applications of moving mirrors in micro posi-
tioning have begun to appear recently, and many kinds of digital light switches
have been demonstrated. These include a DMD [1.5], an optical scanner [1.33],
a tunable IR filter [1.25], and a comb-drive nickel micromirror [1.34]. A nickel
micromirror driven by a comb-drive actuator was fabricated by nickel surface
micromachining. The micromirror was 19um high and 50 um wide and the
facet reflectivity was estimated to be 63%. A microstrip antenna was fab-
ricated on a fused quartz structure that could be rotated to adjust spatial
scanning of the emitted microwave beam [1.35].
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Free-space Micro-optical Bench and Sensors

Vertical micromirrors can be fabricated by anisotropic etching on (100) silicon
just like the V-groove described in Sect.1.2.1. The (111) planes are perpen-
dicular to the Si surface and atomically smooth. Therefore, high-aspect-ratio
mirrors can be formed. Figure 1.13 shows an on-chip Mach-Zehnder interfer-
ometer produced by Uenishi [1.36]. Micromirrors are reported several pms
thick and 200 um high.

Free-space micro-optical elements held by 3-D alignment structures on
a silicon substrate have been demonstrated using a surface-micromachining
technique in which the optical elements are first fabricated by a planar process
and then the optical elements are folded, into 3-D structures, as shown in
Fig.1.14 [1.37]. Figure1.15 shows the schematic of the out-of-plane micro-
Fresnel lens fabricated on a hinged polysilicon plate (a), and the assembly
process for the 3-D micro-Fresnel lens (b) [1.38]. A Fresnel lens stands in
front of an edge-emitting LD to collimate its light beam.

To achieve on-chip alignment of hybrid-integrated components such as an
LD and a micro-optical element, a micro-XYZ stage consisting of a pair of

Fig. 1.13. An on-chip Mach-Zehnder interferometer produced by anisotropic etch-
ing on (100) silicon [1.36]. Courtesy of Y. Uenishi, NTT, Japan

(@ ®)

Staple holding Staple P,Joldlng .
- / »_ Optical
Sacrificed layer element

Optical element

Si substrate Si substrate

Fig. 1.14. Free-space micro optical elements held by 3-D alignment structures on
a silicon substrate, fabricated using a surface-micromachining technique. Optical
elements were first fabricated by planar process and then folded into 3-D structures
[1.37]
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Fig. 1.15. Schematic of the out-of-plane micro-Fresnel lens fabricated on a hinged
polysilicon plate (a), and the assembly process for the 3-D micro-Fresnel lens (b)
[1.38]. Courtesy of Ming Wu, University of California, USA

parallel 45° mirrors has been demonstrated to match the optical axis of the
LD with that of the micro-optical element [1.38]. Both the micro-XYZ stage
and the free-space micro-optical elements are fabricated by the microhinge
technique to achieve high-performance single-chip micro-optical systems.

Digital Micromirror Device (DMD)

A digital micromirror device (DMD) was developed by Texas Instruments in
1987. A standard DMD microchip has a 2-D array of 0.4 x 10° switching
micromirrors. Figure 1.16 shows a DMD structure consisting of a mirror that
is connected to a yoke through two torsion hinges fabricated by a CMOS-like
process. Each light switch has an aluminum mirror that can be rotated +10
degrees by electrostatic force depending on the state of the underlying CMOS
circuit [1.5].

The surface micromachining process to fabricate DMD is shown in
Fig.1.17. The illustrations are after sacrificial layer patterning (a), after oxide
hinge mask pattering (b), after yoke oxide patterning (c), after yoke/hinge
etching and oxide stripping (d), after mirror oxide patterning (e), and the
completed device (f). “CMP” in (a) means “chemomechanically polished” to
provide a flat surface.

Figure 1.18 shows the optical layout of a large-screen projection display
using a DMD. The DMD is a micromechanical reflective spatial light mod-
ulator consisting of an array of aluminum micromirrors. A color filter wheel
divided into three colors; red, blue, and green, is used for color presentation.
A 768 x 576 pixel DMD was tested and a contrast ratio of 100 was reported.

Optical Switch

Analog and digital switches, tunable filters, attenuators, polarization con-
trollers, and modulators are some of the devices required in optical



1.3 Miniaturized Systems with Microoptics and Micromechanics 15

Mirror

\
<>

> Mirror post

Torsion hinge

To SRAM

Fig. 1.16. Digital micromirror device (DMD) developed by Texas Instruments.
A DMD structure, with a mirror connected to a yoke by two torsion hinges, is
fabricated by a CMOS-like process [1.5] Courtesy of Larry J. Hornbeck, Texas In-
struments, USA (©1993 IEEE
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Fig. 1.17. Fabrication process of a digital mirror device (DMD) structure consisting
of a mirror connected by two torsion hinges [1.5] ©1998 IEEE
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Fig. 1.18. Optical layout of a projector using a DMD [1.5]. Courtesy of Larry J.
Hornbeck, Texas Instruments, USA (©1993 IEEE
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Fig. 1.19. Surface-micromachined beam-steering micromirror [1.7] ©2003 IEEE

communication. Optical MEMS has become a household word thanks to
the enormous interest in fiber-optic switching technology. Micromirror-based
all-optical switches are thought to be the only actual solution to wavelength
division multiplexing (WDM) because they are independent of wavelength.
Miniaturized optical switches can be changed to select different optical paths
by adjusting the mirror tilt (without optic to electric transformation).

The micromirrors were fabricated based on the surface micromachining of
polysilicon thin films (Fig.1.19) in the first stage [1.6, 1.7]. Miniaturization
methods enable the creation of arrays of tiny, high-capacity optical switches,
such as those for switching 256 input light beams to 256 output fibers devel-
oped at Lucent Technologies [1.7]. An optical switch of 1152 x 1152 optical
cross-connects was fabricated by Nortel. Free-space switching with a MEMS
micromirror array between two stacked planar lightwave circuits (PLCs) is
used to construct a wavelength-selective switch [1.39].

Recently, bulk micromachining of crystalline silicon has been revived
(Fig.1.20) [1.40,1.41] because the conventional mirror surface (polysilicon)
fabricated by surface micromachining is thin (1 um) and deformable due to
the presence of both residual stress and a metal film coating [1.42]. The use of
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Fig. 1.20. Single-crystalline mirror actuated by electrostatic force applied via ter-
raced electrodes. Reprinted from [1.40] with permission by T. Yamamoto, NTT,
Japan
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Fig. 1.21. Blue ray/DVD/CD compatible optical head technology. The compati-
bility principle is based on spherical aberration correction and objective NA control
for each disk [1.45]. Courtesy of R. Katayama, NEC, Japan

silicon-on-insulator (SOI) substrates together with deep reactive ion etching
(DRIE) is now an established technology for fabricating high-performance
optical switches because of the flatness of the mirror [1.43].

Optical Heads

Various optical disk systems with a Blue ray/digital versatile disk (DVD)/
compact disc (CD) compatible optical head, a free-space integrated optical
head, and an electrostatic torsion mirror for tracking have been investigated
for the advanced DVD [1.44]. Flying optical heads with various small-aperture
probes are proposed for next-generation near-field recording.

Three kinds of light wavelength A and objective lens NA are used
for the optical heads of a Blue ray, a DVD and a CD: (A\,NA) =
(4051nm,0.8), (650 nm, 0.6), and (785 nm, 0.5), respectively. Compatibility of
heads with different wavelengths and different NAs, is needed (Fig. 1.21) [1.45].
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Fig. 1.22. A free-space optical pickup head integrated by surface micromachining
[1.20]. Courtesy of Ming Wu, University of California, USA

The compatibility principle is based on spherical aberration correction and
objective NA control for each disk. Optical MEMS technologies are applied
to control NA (aperture) depending on the wavelength [1.45], to integrate op-
tical components (Fig. 1.22) [1.20], and to track the optical disk groove [1.9].
Rotable microstages are implemented by a suspended polysilicon plate fabri-
cated by micromachining.

In order to realize an ultrahigh-density optical disk, a tiny-aperture
probe is needed. However, the optical transmittance decreases rapidly as the
aperture diameter decreases below 100nm. To increase the transmittance, a
bow-tie probe with an actuator driven by electrostatic force was successfully
fabricated (Fig.1.23) [1.46]. The on-chip actuator provides not only a narrow
gap to enhance the intensity of the near field but also precision alignment of
the optical components.

u-TAS/bio MEMS

Chip-scale technologies are diversifying into the field of microfluidics, such
as a sample analysis system for physiological monitoring, sample preparation
and screening, and a biomedical treatment application for a new surgical tool
and drug delivery [1.47].

A micrototal analysis system (U-TAS) [1.48] is expected to reduce inspec-
tion time or the amount of reagent needed. The system shown in Fig.1.24
comprises inlets for the sample and reagent loading, microchannels with a
mixing chamber and an analysis chamber, and outlets for sample wastes.

In a microchannel, mixing is performed mainly by diffusion owing to the
small Reynolds number. To promote a diffusion effect by interweaving two
fluids, mixing devices such as micronozzle arrays to increase the contact area,
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Fig. 1.23. A bow-tie probe with an actuator driven by electrostatic force is fabri-
cated to provide a narrow gap that enhances the intensity of the near field. Reprinted
from [1.46] with permission by M. Esashi, Tohoku University, Japan
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Fig. 1.24. Conceptual drawing of the future micrototal analysis system (u-TAS)
[1.50]

and intersecting channels [1.49] to induce chaotic behavior of a flow have
been fabricated. An optically driven micromixer [1.50] has been proposed to
stir a liquid directly, which is described in detail in Chap. 4. Highly sensitive
detection methods [1.51] and high-performance micropumps [1.52] are also
important because of the reaction between small liquids, as well as to drive
liquids in microchannels.

Optical inspection of a human body is also a useful method for minimally
invasive diagnosis and treatment. Figure 1.25 shows the microconfocal opti-
cal scanning microscope (m-COSM) [1.53]. The probe, 2.4 mm in diameter,
consists of a 2-D electrostatic scanner which is placed in front of the end of
the optical fiber. Light reflected by the tissue is collected by the same objec-
tive lens and reflected back into the same optical fiber. The field of view is
100 um x 100 um and the resolution is 1pum with an image feed speed of 4

frames s~ 1.
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Fig. 1.25. Microconfocal optical scanning microscope fabricated for minimally in-
vasive medical diagnosis and treatment (m-COSM). Reprinted from [1.53] with per-
mission by M. Esashi, Tohoku University, Japan

1.3.3 Kinetic Energy of Light

Light is conventionally applied in optical data storage such as CDs and DVDs,
in an optoelectronic information apparatus such as displays and printers, in
optical communication devices such as optical fibers and LDs, and in optical
measurements using various kinds of sensors. In these applications, we have
utilized the electromagnetic aspect of light. On the other hand, in optical
MEMS and in micromechanical photonics applications, the kinetic energy
aspect of light becomes important.

Powering of miniaturized equipments or systems by a light beam has re-
cently been rediscovered, and many kinds of transduction from light energy to
kinetic energy have been developed. The photoelectric effect was used to make
a photostrictional actuator driven by light-induced conformational change of a
polymer, semiconductor or ceramic. The photothermal effect was used to make
a tiny resonator [1.14], a micropump, a microgripper [1.54] and a waveguide
switch [1.55]. A photoformed gripper, designed for handling micro-objects in
a narrow space, is actuated by the volume change of fluid upon applying laser
power. This photothermal energy will be useful as a driving force of minia-
turized systems because of its high power density and good energy transfer
efficiency. A photoelectrochemical effect was studied for the development of a
storage battery [1.56].

A photovoltaic microdevice to cover the surface of a miniaturized sys-
tem was developed for amorphous silicon thin films triple-stacked and series-
connected to obtain a high voltage of 200V [1.57]. A microdevice to transfer
energy via light to a microwave by combining piezoelectric force and an an-
tenna has been reported [1.58].

1.3.4 Micromechanical Control by Optical Pressure

Ashkin et al. demonstrated optical trapping in 1970. A great deal of the-
oretical and experimental knowledge and technology in this field has been
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Fig. 1.26. T'wo kinds of optical rotors: a rotationally but not bilaterally symmetric
rotor which uses optical torque exerted on its side surfaces (a), and a cylindrical
optical rotor which has slopes for rotation on its upper surfaces (b)

accumulated. Today, such technology is used in various scientific and engi-
neering fields to manipulate [1.59], align [1.60], and switch [1.61] many kinds
of micro-objects. Optical tweezers is described in detail in Chap. 3.

Using a laser beam the rotation of artificial micro-objects fabricated by
micromachining was demonstrated. Figure1.26 shows two kinds of optical
rotors: a rotationally but not bilaterally symmetric structured rotor to which
optical torque is exerted on its side surfaces (a) [1.62], and a cylindrical op-
tical rotor which has slopes for trapping and rotating on its upper surfaces
(b) [1.63]. The rotation mechanism has been shown both experimentally and
theoretically.

The use of optical rotors is expected to solve the problems of an MEMS
motor, i.e., short lifetime due to friction and the requirement of electrical wires
for the power supply. Applications of directional high-speed optical rotation
may include an optical motor and a microgear for micromachines [1.64,1.65]
and a micromixer [1.66] for W-TAS. These optical-rotor-related technolo-
gies could have a significant effect on developments in optical MEMS and
micromechanical photonic systems. Optical rotation is described in detail in
Chap. 4.

1.4 Integrated Systems with LDs and Micromechanics

In micromechanical photonics applications using LDs of group III-V com-
pounds are predominant for monolithic integration of microstructures. They
include a GaAs-based integrated tunable laser [1.16,1.67], a resonant sen-
sor [1.17], an optical encoder [1.68], an optical head [1.69], and an InP-based
free-standing microstructure [1.15], and a portable blood flow sensor [1.70],
which can be used to provide supersmall, cost-effective microdevices.

1.4.1 Tunable LD

Tunable LDs are desirable for use in WDM communications, multi-
wavelength optical data storage, sensing systems, and a variety of scientific
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Fig. 1.27. A surface-emitting laser diode with a thin film mirror. A laser driver

supplies current for light emission, and the bias applied moves the thin film mirror
in the adjustment of the output wavelength [1.16]
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Fig. 1.28. Edge-emitting laser diodes (LDs) with a microcantilever (MC). The
microcantilever is driven photothermally by one laser diode (LD2) to adjust the
output wavelength from the other laser diode (LD1)

instrumentations. A surface-emitting LD or an LED with microstructure, as
shown in Fig.1.27, can be used for micromechanically tuned devices [1.16].
By varying the external cavity length, the laser wavelength can be easily
changed.

Edge-emitting LDs that have an extremely short-external-cavity length are
also applicable as tunable LDs [1.67], as shown in Fig.1.28. The wavelength
shift varies every A\/2. The tuning span was 30nm around 1,300 nm, which
was measured using an LD on a slider with an antireflection coating [1.71] on
the LD facet facing the external mirror. To increase the monolithically inte-
grated cantilever displacement driven by the temperature rise induced upon
applying the LD, an antireflection-coated metal-dielectric bimorph structure
was designed [1.72].

1.4.2 Resonant Sensor

A resonant sensor is a device that changes its mechanical resonant frequency
as a function of a physical or chemical parameter such as stress or massloading.
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Fig. 1.30. Schematic drawing of an optical encoder consisting of a photodiode (PD),
a U-shaped laser diode (LD), and microlenses [1.68]

A microcantilever (MC), LD, and a photodiode (PD) have been fabricated on
the surface of a GaAs substrate, as shown in Fig. 1.29. Possible applications are
resonant frequency detection sensors such as accelerometers, and mechanical
filters such as those for synchronizing signal detection, which are described in
Sect.2.4.2 [1.17].

1.4.3 Optical Encoder

Elimination of bulky optical components, including a beamsplitter, a reflection
mirror, a photodiode, and a collimating lens, will lead to adjustment-free,
cost-effective small optical devices. An optical encoder consisting of a PD, a
U-shaped LD, and microlenses, as shown in Figs. 1.30 and 1.31, was proposed.
It has been evaluated to measure the relative displacement between a scale
grating and the encoder itself with a resolution of 0.01 um [1.68].

When the encoder moves a distance x relative to the grating, the phase
shift of the light refracted at the grating of pitch A is + 2nxz/A for one etched
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Fig. 1.31. Photograph of the optical encoder. Courtesy of R. Sawada, NTT, Japan
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Fig. 1.32. A flying optical head with a laser diode. The optical head consists of a
monolithically integrated laser diode (LD) and a photodiode (PD) attached to the
slider

mirror and —2nz/A for the other etched mirror. The intensity of interference
caused by the refracted lights is expressed as a function of period 4wz /A.

1.4.4 Integrated Flying Optical Head

Figure 1.32 shows a flying optical head with an integrated LD [1.69]. The flying
optical head consists of a monolithically integrated LD and a PD attached to
the slider. Autofocusing is accomplished by means of an air bearing, which
maintains a spacing of 2um and eliminates the need for a focusing servo
system.

The sensing part of the head is an LD integrated with a PD, as shown
in Fig. 1.33. To reduce the light beam width parallel to the junction plane,
a taper-ridged waveguide was fabricated on the edge of the diode cavity by
reactive ion beam etching (RIBE). The ridged waveguide is 1.3 um wide and
the groove is 3 um deep, which is deeper than the active layer. The full widths
half-maximum (FWHM) of the near-field pattern perpendicular and parallel
to the junction plane are 0.65 and 0.85 wm, respectively, at the facet.
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Fig. 1.33. Photograph of a laser diode (LD) integrated with a photodiode (PD).
To reduce the beam width parallel to the junction plane, a taper-ridged waveguide
is fabricated on the edge of the diode cavity by reactive ion beam etching (RIBE)
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Fig. 1.34. The hybrid integrated structure of the blood flow sensor consists of an
InGaAsP-InP distributed feedback laser diode (DFB-LD), a photodiode (PD) and
a polyimide waveguide on a silicon (Si) substrate [1.70]. Courtesy of E. Higurashi,
NTT, Japan

An LD used in an optical head forms a composite cavity with a recording
medium. Light output of the LD is either a strong stimulated emission corre-
sponding to the high-reflectivity part of the nonmark or a weak spontaneous
emission corresponding to the low-reflectivity part of the mark. That is, the
laser is switched according to the light fed back from the recording medium.

1.4.5 Blood Flow Sensor

A very small and lightweight blood flow sensor was constructed using sur-
face mounting techniques, as shown in Fig. 1.34 [1.70]. The hybrid integrated
structure of the optical system incorporates an edge-emitting InGaAsP-InP
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distributed feedback laser diode (DFB LD) with a wavelength of 1.3um, a
photodiode (PD) and a polyimide waveguide on a silicon substrate.

Figure 1.34a shows the velocity measurement principle. The DFB LD in
Fig.1.34b illuminates the human skin and the lights scattered by the flowing
blood and by the stationary tissue interfere on the PD. The beat frequency
between the two depends on the average velocity of the blood flow. This
integrated flow sensor can be positioned directly on a finger and permits real-
time monitoring of the blood flow.

1.5 Future Outlook of Optical MEMS
and Micromechanical Photonics

One advantage of the optical method in microdevices is that it is not af-
fected by electromagnetic interference. This is particularly critical for highly
integrated devices. Other advantages are its remote control and friction-free
characteristics, which are of great value in optical tweezers and optical rotors.
An earlier disadvantage was that the optical technique required lenses and
fiber systems to guide the light to a PD or a moving mechanism, but recent
micromachining technology has made it easy to eliminate these lenses and
fiber systems, leading to the easy integration of optics, mechanics and elec-
tronics. In this section we present current and potential applications of the
optical MEMS and micromechanical photonics.

Various kinds of optical MEMS/micromechanical photonics devices have
been fabricated on Si substrates, polymers, and III-V compounds. They in-
clude a micrograting/micromirror with a rotating stage for optical inter-
connects, a micromirror scanner for displays and printers, a micromirror
switch/tunable LD for wavelength division multiplexing (WDM) systems, in-
formation and communication apparatus, and sophisticated positioning sys-
tems at submicrometer and nanometer levels. Other applications may be in
medical instruments such as micropumps for disposable drug delivery sys-
tems [1.52], medical microsystems for minimally invasive diagnosis and treat-
ment [1.53] and pu-TAS [1.48].

Researchers have been using various types of controlling/driving methods:
for example, optical, electrostatic, electromagnetic, and piezoelectric methods,
as shown in Table 1.2. Optical force is classified into optical pressure, photo-
electric, photothermal, and photo-electrochemical effects. Table 1.2 shows al-
ready proposed or commercialized optical MEMS /micromechanical photonics
devices and systems classified according to the driving method and materials
used. Refer to the fabrication method and reference number given after each
device/system. In the table, we can see not only conventional sensors and
actuators but also the recently developed tunable LDs, optical switches, scan-
ners, mirrors, optical heads, near-field probes, control devices with nanometer
precision, and medical microsystems [1.73] for diagnosis and treatment.
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The reduction of friction force and the adoption of contact sticking-free
mechanisms are important in microscale operation. Therefore, microstructures
without contact, for example, a micromirror suspended by two torsion hinges
[1.5], a cantilever [1.17], a deformable membrane [1.16], and a flying slider
[1.69] are preferably used to prevent friction and sticking.

Figure 1.35 shows the direction of development in these technical fields.
The horizontal axis shows miniaturization (size) and the vertical axis shows
the number of functions that characterize the optical MEMS /micromechanical
photonics devices. To evaluate the number of functions, we first considered
how optics, mechanics, and electronics are combined (1) simple assembly,
(2) hybrid, and (3) monolithic. Second, in how many directions can the de-
vice/system move (1) 1D, (2) 2D, and (3) 3D. Finally, what kind of functions
does the device/system have: measurement, feedback control, recognition, and
remote power supply. We gave a point for each function. The maximum num-
ber of points becomes 3+ 3+ 5 = 11. Many kinds of proposed optical MEMS
and micromechanical photonics devices are seen, and the fabrication of mole-
cular devices is the final goal in the figure.

It is apparent from the figure that there are two development directions ow-
ing to miniaturization. First, as the device/system size decreases, the number
of functions decreases, for example, from an MDF (exchanger: main distribut-
ing frame) to an optical disk system to optical interconnection to an actuator
and to a sensor. It is a natural direction and has led to the commercializa-
tion of many products (white circles), as seen in the figure. Second, as the
device/system size decreases the number of functions increases, for example,
from a sensor to an optical resonator to an electrostatic motor to an opti-
cal motor and to a molecular device. It is an ideal and a research-oriented

11
O In commercial
O Under development @
ol Molecular device
c ™~ K
S Optical disk ™ ~ )
g , MDF Pgmp DMD p-TAS Q Rlotor/ Mixer
= — canner Bow tie Alignment
5 © 0o Switch  probe Tunable LD B
o OO OO wmotor
2 Fiber connector IR sensor
E 5+ O O OUDBIood flow sensor
3 Surface actuator Resonator
AcutuatolO O @ Encoder
3l Diagnosis pressure sensor
probe accelerometer
1 x x x x x |

1.0m 1.0mm 1.0um
Optical MEMS size

Fig. 1.35. Proposed and commercialized devices/systems fabricated using optical
MEMS and micromechanical photonics. The horizontal axis is device/system size
and the vertical axis is the number of functions
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direction, in which many devices are under development (black circles), as
seen in the same figure.

Much work is needed to reach the final goal. Good mechanical properties,
high speed, and strong power are foreseen for microdevices. Microassembly,
packing, and wiring techniques must be improved. Tribology on the microscale
must be studied to realize smooth motion.

In the following chapters, we highlight key technologies in the development
of future optical MEMS /micromechanical photonics devices and describe not
only theoretical and experimental results but also their fields of application.
Chap. 2 deals with LD closely aligned with a microstructure such as a di-
aphragm, a microcantilever and a slider. As examples, we examine extremely
short-external-cavity LDs such as a tunable LD, a resonant sensor and an
integrated optical head. Chap. 3 addresses optical tweezers. The new technol-
ogy is employed to manipulate various types of objects in a variety of research
and industrial fields. Chap. 4 deals with the design and fabrication of an op-
tical rotor and the evaluation of the mixing performance of microliquids for a
future fluidic applications such as u-TAS. In Chap. 5, the fundamentals and
applications of the near field induced on an object surface are described for
the future development of micromechanical photonics. This technology en-
ables us to carry out observing, reading/writing, and fabrication beyond the
wavelength resolution by accessing and controlling the near field.

Problems

1.1. Compare the methods of fabricating optical MEMS/micromechanical
photonics devices.

1.2. Explain the working mechanism of a sacrificed layer in the fabrication of
microdevices.

1.3. Explain the problems to be solved for a miniaturized device.

1.4. Estimate the reduction of torque required to tilt a micromirror with a
50% reduction of the dimensions (the mirror is a x b in area and t thick).

1.5. Why does response time become fast in a microsystem?
1.6. Compare the methods of driving micromechanical photonics devices.

1.7. Predict the future technical trend of micromechanical photonics.
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Extremely Short-External-Cavity Laser Diode

In this chapter, we deal with laser diodes closely aligned with a microstruc-
ture including a diaphragm, a cantilever and a slider. New functional and
sophisticated microdevices are given by closely aligning or integrating the
microstructure with a laser diode, which does not require a lens system.

2.1 Background

Extremely short-external-cavity laser diodes (ESEC LDs) have been demon-
strated for monitoring reflectivity [2.1] and displacement [2.2]. Tunable LD
[2.3] are also demonstrated with an ESEC configuration. ESEC LDs include
desirable properties for optical communication, optical data storage, spec-
troscopy, and a variety of sensing and measurement systems.

A surface-emitting LD with a micromechanical reflector has been used for
tuned devices [2.4-2.6]. The structure is designed to have an air-gap of approx-
imately one wavelength. When a voltage is applied to the membrane reflector,
the electrostatic force reduces the air-gap, which changes the wavelength. An
edge-emitting laser diode is also applicable for the micromechanically tunable
laser [2.7,2.8]. By varying the external cavity length, the laser wavelength can
be easily changed. However, to date the experimental data of the ESEC LD
under various coupled conditions have been poor.

Some studies have reported special considerations for such a short-
external-cavity LD based on butt coupling into an optical fiber [2.9]. In
a short-external-cavity LD system, the feedback light must return to an ap-
proximately 1-um diameter LD aperture, although it is difficult in practice
to align the light beam with such micrometer-level accuracy, and it is more
difficult to maintain this accuracy for a long period against external envi-
ronmental perturbations [2.10]. One possible solution is automatic alignment
using an air bearing slider which has the same flying mechanism as that of a
magnetic hard disk drive (HDD).
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In this chapter, we deal with LDs closely aligned with a microstructure
including a diaphragm, a cantilever and a slider. By closely aligning or inte-
grating the microstructure with an LD, which does not require a lens system,
new functional and sophisticated microdevices can be developed.

In the following, we analyze the ESEC LD by introducing the effective
reflectivity of the laser facet facing the external mirror. Then a measurement
method that uses an LD attached to a flying slider and a semitransparent
rotating disk mirror for an extremely short-external-cavity configuration is
presented. Then as practical applications, a tunable LD, a resonant sensor, an
integrated optically switched laser head are introduced from the viewpoint of
their composition, principle, basic characteristics, and fabrication methods.

2.2 Theoretical Analysis

The lasing behavior for an ESEC LD with a feedback light has not yet been
clarified because of the complexity of the many parameters involved [2.9,
2.11]. In this section, we analyze the composite resonant phenomena under
the strong light feedback. We first analyze a solitary LD and then an ESEC
LD by introducing the effective reflectivity facet facing the external mirror.

2.2.1 Lasing Condition of a Solitary LD

A laser diode (LD) consists of an active region of (n, 3, g, ) and two mirrors
with the reflectivities R; and Ry separated at the length of L as shown in
Fig.2.1, where n is the refractive index, 3 is the propagation constant, g
is the gain and « is the extinction coefficient. The active region with a pn
junction semiconductor is in the state of population inversion in the energy
levels. Among the photons emitted spontaneously in all directions, only the
photons traveling along the axis of the resonator (incident to the mirrors

z=0 z=1L
I,l (nl ﬂY gY a) r2
o ™
N <
P L »
Mirror 1 Mirror 2

Fig. 2.1. A laser diode (LD) consists of an active region of (n,3,g,a) and two
mirrors with reflectivities of R1 and Rz separated at the length of L, where n is the
refractive index, ( is the propagation constant, g is the gain and « is the extinction
coefficient
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vertically) are amplified per pass by
29k (2.1)
but they are decayed per pass by
e 2*LRIRy. (2.2)

The lasing condition is that the product of (2.1) and (2.2) is larger than 1,
namely
e29le= 22l R Ry > 1. (2.3)

Therefore, the lasing threshold gain gy, is expressed as

1 1
= —In——+, 2.4
gin =0+ 5pinpm (2.4)
where o = 10 em™!, L = 300 um, B; = Ry = 0.32, then gy, > 49cm ™!
The light travels in the active region infinitesimally to establish a high
value of radiation density. The lasing light in the resonator generates the
standing wave fields. Since the integral multiple m of the half-wavelength

equals the cavity length L
A
—m = L. 2.5
o (2.5)
When A = 1.3um,n = 3.5 and L = 300 um, the integer m equals 1615. The

wavelength difference AX when m increases by 1 becomes

)\2

Ad=-——"_
A 2’/’LeffL’

(2.6)

where neg is the effective refractive index of the LD. In terms of wave numbers,
the frequencies are separated by an interval of 1/A\. The calculated mode
interval of AX equals 0.76 nm for A = 1.3um, neg = 3.7, and L = 300 um.
The lasing-mode shift corresponds to the integral multiple of AA.

Example 2.1. Derive the mode interval A\ = —% from ﬁm = L, where
A is the wavelength, neg is the effective refractive index, m is the integer, and

L is the cavity length of the LD.

Solution. Assuming that refractive index n does not dependent on A\, (2.5)

becomes ol
A= (E2.1)

m

When m increases by 1, the wavelength becomes

2n

A4+ AN =
m+1

L. (E2.2)
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From (E2.1) and (E2.2), A is given as

1 1 1 A2
A=2nL| ——-——|=¥2L|—— | =———. E2.
A=2n <m+1 m> " ( m2> 2nL (E2.3)

The mode interval is the absolute value of (E2.3). The refractive index n is

expressed as
on(N)

A) =n(A ——AM E24
n(A) = n(ho) + 7 (E2.4
Similarly,
zo = 2120 (E2.5)
m
2 (n(0) + 2552A0)
Ao+ A= (E2.6)
m+1
The mode interval AX is given as (E2.6) — (E2.5), namely
1 1\ 2220 AN
AN=2 L|——— —ch N 5§ E2.
A =2n() <m+1 m) m+1 (E2.7)
From (E2.3)
1 1 Y
2 L - = —70 . E2.
n(do) (m +1 m) 2n(Ao)L (E2.8)
From (E2.2),
2L Ao + AX Ao
= = . E2.9
m+1 n(Ao) n(Ao) ( )
Substitute (E2.8) and (E2.9) to (E2.7),
)\2
AN = OA ERE (E2.10)
2n(%0) (1 - 2385 2520 L
as Nef 1S,
= 1- . E2.11
et = n(3o) < n(ho) OX (E2.11)
Finally, the mode interval A\ can be expressed as
Ar= N (E2.12)
- QnEHL. '

2.2.2 Effective Reflectivity

The dependence of the lasing characteristics of an ESEC LD on external-
cavity length is described using various parameters: the LD facet reflectivity



2.2 Theoretical Analysis 35
a b
@ Internal cavity External cavity ®)
- \/—)%
(n1, B1, 9. 9 (n2.82) (n, B1, 9, @)
rn L o|n rs' n r
ad ™ e\
—»15
DR S . L,
/ A /
Mirror 1 Mirror 2 Mirror 3 z=0 z=L

Fig. 2.2. Extremely short-external-cavity LD (ESEC LD) system which consists of
the LD facet reflectivities Ri, Rz, and the external mirror reflectivity Rs (a), and
introduced effective reflectivity RSE instead of Ry and Rs (b). We can analyze the
behavior of the ESEC LD by analyzing the solitary LD with a resonator composed
of Ry and R§"

R, the LD facet reflectivity Ro facing the external mirror, the external mirror
reflectivity Rs, and the LD drive current. Figure 2.2a shows the ESEC LD
system. The light emits from Ry, reflects back at Rs, and returns into the
LD. The returned light changes the carrier density (refractive index) and
the gain spectrum of the internal cavity medium of the LD, which leads to
complicated behavior of the ESEC LD. To analyze this behavior more easily
we introduce the effective reflectivity R$® which has equivalent effect to the
coupled Ry and Rs. Then we can analyze the behavior of the ESEC LD by
analyzing the solitary LD composed of a resonator with R; and RS, as shown
in Fig. 2.2b.

Effective reflectivity RST has been successfully introduced as expressed in
(2.7) to assist the clarification of the lasing characteristics of the external-
cavity LD

_ poff off” _ 73 + a*r3 + 2aryr3 cos(20s Lex)
202 1+ a?r2r3 4 2arars cos(262Lex)’

RS (2.7)

where n; is the refractive index of the internal cavity (LD medium), no is that
of the external cavity (air), r; = /Ri,72 = /Ra, b = —1 and 73 = —/R3
are the amplitude reflectivities, 5; = 2mn;/\ is the propagation constant,
and a(= ,/7) is the amplitude coupling coefficient for the external-cavity-
length Lex.

Ezample 2.2. Derive the effective reflectivity RS in (2.7).

Solution 2.1. The light emits from Rs, reflects back at R3, returns to Ry, and
then reflects at Ry, which leads to multiple reflection in the external cavity.
The returned light amplitude Ej after k time reflection is given,

Ey, = EotothrkrF=1ak exp(—j2kB2Ley), (E2.13)
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where Ej is the incident light amplitude and Ley is the external cavity length.
The total returned light Eyota) is the sum of (E2.13) and is given as

o0 t t/ o0 )
Brota = Eora + Y Ey, = Ey {Tz + 2 ) at(rsrhexp [—ﬂﬂzLCX])’“} :

k=1 2 k=1
(E2.14)
As tothy = 1 — 72, and v, = —ry the effective amplitude reflectivity r§ft
(= PEiotal/Ep) is given as
toth —j2085 L
rof gy 12 zar3,eXP( Jlﬁz cx)
1- arsry exp(_J2ﬂ2Lez)
ro + arz exp(—j202Ley) F )
= =/ RS" exp(jAe). E2.15
1+ arers exp(—j262Les) 5 exp(jde) ( )

Then the effective intensity reflectivity RS and the phase A, are given as the
following equations:

Reff _ ,r,eff eff* _ T% + G’QT:% + 2&7’27’3 COS(2ﬁ2Lex)
2 272 1+ a?r3r? + 2arars cos(2B2 Lex)’
A, = tan-t [ Sl Z gapt ars(r3 — 1) sin(20: Lex)
‘ Rlr.] ro 4 a?rars + ars(rd + 1) cos(2B2Lex) )
(E2.17)

(E2.16)

Ezample 2.3. Derive the coupling coefficient 7 which is defined by (2.8) as the
ratio of the feedback light power E? to the original emitted light power EZ,
where the Gaussian beam waists (1/e?) at the LD facet are wyo and wyg, and
2 = 2L ¢x.

2
‘f ffooo E,Eydx dy’
T T B Pde dy [ [ [EoPdx dy

e G Hiv (22))

T e )T

Solution 2.2. The light in the Gaussian form of (E2.18) travels in the z
direction in the form of (E2.19), where the beam waists at the LD facet are
wgo and wyg, and Cy and C, are the constants, respectively.

.’,UQ y2
z0 40
x2 y2
EZ = CZ exp |:’LU%(2;):| exp |:'u)%l(z):| . (E219)
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Fig. 2.3. Dependence of coupling efficiency 1 on external-cavity-length Lex

The beam profile w,(z) and w,(z) are given as

Twy Twy

2
Az )2 Az
we(2) = wgeot| 1+ < 5 ) , o wy(2) =wyos |1+ ( 5 > . (E2.20)
Then the intensity coupling efficiency 1 becomes that expressed by (2.8).

2.2.3 Light Output

Figure 2.3 shows the dependence of coupling efficiency n on external-cavity-
length Ley. The beam waists are (1) 2wgo = 2.54 pum, 2w, = 1.38um and
(2) 2wz = 5.0um, 2w, = 0.5 um. Beam waist (1) corresponds to the light
divergent angles of 10° in the x direction and 25° in the y direction which are
typical for commercially available LDs. In the figure, we show the coupling
efficiency of 50% at the external length of 3.5 um for the LD with beam waist
(1) which is used in the experiment presented in Sect. 2.2.4.

For a typical LD, the dependence of RST on Le, is calculated using (2.7)
and (2.8), and is shown in Fig. 2.4 for Ry = 0.32 and Ry = 0.01, with R3 as a
parameter. It is clear from the figure that RS changes every half-wavelength
(A\/2) and decreases as Loy increases. The light output and the wavelength of
the ESEC LD vary as RS changes according to Ley.

2.2.4 Wavelength

The wavelength of the ESEC LD can be determined by the lasing conditions
of a solitary LD composed of two mirrors with the amplitude reflectivity ry
and r$f. A light emitted from the left mirror at z = 0 travels along the z-axis
and is given by

E(z,t) = Egexp [j(wt — (12)] (2.9)
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Effective reflectivity

0 1 2 3 4 5
External cavity length (um)

Fig. 2.4. Dependence of effective reflectivity RST on external-cavity-length Lex

The light amplitude after a round trip is given as
EQ2L,t) = rr$T By exp [j(wt — 261 L)] (2.10)

The lasing condition is that the amplitude corresponds to the original ampli-
tude, E(0,t) = Egexp(jwt), namely

rirs®exp (—j261L) = 1 (2.11)

Equation (2.11) is rewritten using the effective intensity reflectivity and its
phase using the composite propagation constant 5, = Gy + jG/2 (0o is the
real part of Derive the couplingco efficient/3;, G is the gain of the medium).

\/ R RS exp(GL) exp[—j(260L — Ac)] = 1. (2.12)

Representing the real part and the imaginary part independently, the lasing
conditions are given as follows:

Ry R exp(GL) = 1, 2.13
2

cos[200L — A.] =1, (2.14)
sin[206pL — A.] = 0. (2.15)
Substituting G = FrInle= (2.4), RS (E2.16) and A, (E2.17), the ESEC LD

lasing condition appears.

Mode Dependence

Figure2.5 shows a model of the lasing frequency of the ESEC LD. Lasing
occurs at frequency f when the internal mode frequency fn,1 coincides with
the external mode frequency f2 in the gain spectrum curve, that is,
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Internal cavity mode

Gain spectrum

/

External cavity mode

Intensity

Frequency

Fig. 2.5. Model of lasing frequency of the ESEC LD. Lasing occurs at the frequency
f when the internal mode frequency f,.1 coincides with the external mode frequency
fm2 in the gain spectrum curve

c

f="tfm = 2n0Lm1 (my=1,2,--+), (2.16)
c
f = fmg = 2Lexm2’ (m2 = 1727...)_ (2'17)

The free spectral ranges FSR (intervals between frequency modes) for the
internal mode and the external mode are, respectively, given by (ng is the real
part of ny),

c
FSR1 = fm1+1 - fml - m, (218)
0
c
FSRy = fino41 — fm2 = T (2.19)

In the case of the ESEC LD, the external FSRs expands due to the short
Ley, with the result that only one external mode exists in the gain spectrum
curve. In terms of wavelength, they are expressed as

2710[4 )\2 1
Ami = . AN = L 2.20
! m ! 27’7,0L ( )

2L A2
= ANy = 2 2.21
/\m2 m I )\2 2Lex ( )

From (2.16) and (2.17),
L

my = 2, (e =1,2,---). (2.22)
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Fig. 2.6. Relationship between the wavelength and the external cavity length. The
Aw and A; on the vertical axis show the gain spectrum range and the Ar/2 on the
horizontal axis shows the half-wavelength interval

The wavelength variation ratio A2 due to L¢y for the mode number ms is
expressed from (2.21) as

SAma = m% = ALmj 8 Ley. (2.23)
Figure2.6 shows the relationship between the wavelength and the cavity
length. Notations A, and A; on the vertical axis show the upper and lower
gains (gain spectrum range) and Ar,/2 on the horizontal axis shows the half-
wavelength interval. The internal cavity mode m; does not depend on Ley.
The external cavity mode ms is shown as the lines of the gradient 2/ms. The
intersections between the two modes indicate the lasing wavelengths. As a
result, the internal cavity mode wavelength in the gain spectrum (Ay, A) is
lased discontinuously at the Ar,/2 period according to the Ley change.

Carrier Density Dependence

The carrier density IV in the semiconductor is changed due to the returned
light, which leads to variation in the refractive index and the gain spectrum.
As a result the wavelength changes with the variation of the external-cavity-
length Lex.

The peak wavelength Ag giving the maximum gain spectrum decreases
linearly as N increases and its variation ratio is given by [2.12]

oA

o~ 6% 10724 (em*). (2.24)
The refractive index variation ratio On/IN as affected by the carrier density
is given on the basis of a consideration of A = 2L/m and L = nLy,
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Fig. 2.7. Wavelength variation due to the external cavity length. Total wavelength
tuning depends on effects of both mode change and carrier density change

ON  OAOL On 2 on A [ On
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The value OA/ON of (2.25) based on the carrier density variation is about one
to tenth to that of (2.24) based on the spectrum peak shift. The wavelength
variation OA/0Ley is given as follows:
ON 0N ON 0N ON aRgffo( 1 ORSH
OLex  ON OLex  ON ORST OLex — RST OLex

(2.26)

Equation (2.26) shows that OXJLey is inversely proportional to R§T and is
proportional to the effective reflectivity variation ORSTOLcy. Figure 2.7 shows
an example of the wavelength variation dependence on the external cavity
length. Of course, the total wavelength change due to the external cavity
length depends on the effects of both the mode change and the carrier density
change.

In summary, to analyze the wavelength of the ESEC LD, it is necessary to
know the effective reflectivity, carrier density variation, and the gain spectrum
variation due to the light returned from the external mirror. Furthermore, the
wavelength depends on the temperature and the drive current. These factors
have not yet been fully analyzed theoretically. In the next section we will
describe the experimental analysis of the ESEC LD.

2.3 Experimental Analysis

In this section a measurement method that uses an LD attached to a flying
slider and a semitransparent rotating disk mirror for an ESEC configuration
is presented. Not only the wavelength, but also the spectrum and the light
output are measured at room temperature, with the external-cavity-length



42 2 Extremely Short-External-Cavity Laser Diode

Ley, the reflectivities of the LD facets and external mirror, and the drive
current as parameters. As a result, wavelength tuning as great as 30 nm by
varying the external-cavity length is confirmed for a 1.3-um wavelength LD
with an antireflection coating on the LD facet facing the external mirror.

2.3.1 Experimental Setup

Some aspects of the feedback effect for an ESEC LD configuration are mea-
sured by the following method [2.13]. An extremely short external cavity
was realized when an LD on a slider flew on a semitransparent optical disk.
Figure 2.8 illustrates the experimental setup (upside down in reality) for mon-
itoring the wavelength-related behavior of an LD by means of an integrated
photodiode (PD) which is mounted on a flying slider. The InGaAsP/InP LD
is isolated from the PD by reactive ion beam etching. The cavity length of
the LD is 300 pm and the space between the LD and the PD is 5pum. The
monitor current sensitivity is 0.1 mA/mW.

Automatic and stable alignment is accomplished by the air bearing, which
maintains a spacing ranging from submicrometers up to several micrometers
depending on the disk velocity. The external-cavity-length Ley (= Lo + LL,)
is 2-4.5 um long in this experiment, where LY is the flying height that varies
according to the square root of the disk velocity and L} is an LD-PD attach-
ment error to the slider surface.

Light transmitted through the semitransparent optical disk is directed
into an optical spectrum analyzer (Anritsu, MS96A) through an optical fiber
placed opposite to the LD-PD. The corresponding laser power variation is
monitored with the PD integrated on the LD.

The LD coupled with an optical disk forms a composite cavity LD as shown
in Fig. 2.9a. Figure 2.9b shows a photograph of the monolithically integrated
LD-PD chip on a slider. Optical feedback is varied by the external cavity
length (disk rotation rate), the reflectivity of the LD facet facing the optical

Flying slider LD-PD

N / .

|§Z} Lex 1/7AT\ LeT _— Optical disk

_

Rotation direction
\ Lens
Spectrum ) ]
analyzer [—— Optical fiber

Fig. 2.8. Proposed set up for measurement of wavelength tuning based on ESEC
length. An LD attached to an air-bearing slider flies by air resistance caused by disk
rotation (upside down in reality)
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Fig. 2.9. Detailed representation of the ESEC LD system (a), and photograph of
a monolithically integrated LD-PD chip on a slider (b)
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Fig. 2.10. Method of bonding an LD-PD chip on a slider. First, the LD-PD chip
is pushed onto the electrode of the slider’s back end with vacuum tweezers and then
rotated to align it parallel to the slider surface (a). Second, the moving stage on
which the LD-PD chip is mounted is translated (b)

disk and the disk reflectivity itself. In the following, the LD facet reflectivity
Ry is 0.32 (cleaved facet), Ro is 0.01 (antireflection coating) [2.14], and the
disk reflectivities Rz are 0.04, 0.26, and 0.50.

In order to reduce the attachment error Ll _between the LD facet and the
slider surface, an LD-PD was mounted on the slider surface by the following
method. First, the LD-PD chip was pushed onto the electrode of the slider’s
back end with vacuum tweezers and then rotated to align it parallel to the
slider surface as shown in Fig.2.10a. The parallelism was monitored using a
He-Ne laser beam.

Second, the moving stage on which the LD-PD chip was mounted was
translated, as shown in Fig. 2.10b, along the laser beam axis with an accuracy
of 0.05um to minimize the following error signal. The attachment error was
detected by a range sensor, called an optical lever, as shown in Fig.2.11. The
light output difference (focus error) between the LD-PD and the slider surface
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;,k Position

sensor

JHe-Ne laser|

Fig. 2.11. Autofocusing geometry for investigating the attachment error Ll, bet-
ween an LD-PD facet and a slider surface

LD-PD electrode

error

Fig. 2.12. Photograph of the back end of the slider on which an LD-PD chip is
bonded to the electrode (a), and the LD-PD facet and the slider surface (b). The
attachment error L. is less than 1 um. Courtesy of H. Nakata, NTT, Japan

corresponds to the attachment error, and in this experiment the attachment
(displacement) error between the two surfaces was less than 1 um.

Finally, the LD-PD chip was bonded precisely by melting a thin film solder
in Ho—Ns gas. Figure 2.12 shows photographs of an LD-PD bonded onto the
electrode on the back end of the slider (a), and an enlarged view of the LD-PD
facet and the slider surface (b).

2.3.2 Light Output

To analyze the feedback light effects specific to the ESEC LD configuration,
we first measured the threshold current. The maximum light output versus
drive current (I-L characteristics) with an external mirror is presented in
Fig.2.13, where Ry = 0.32 and Ry = 0.01. The light was detected by a PD
placed at the opposite facet of the LD. The threshold current of the ESEC
LD with feedback light is significantly reduced for the antireflection-coated LD
(R = 0.01). These coupled LD operations were calculated for the steady-state
operation using the rate equations.

The light output versus external-cavity-length L.y is shown in Fig. 2.14,
with drive current I/I;, as a parameter. The light output coupled to the
external mirror depends not only on Ley, but also on the reflectivities of the
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Fig. 2.13. [-L characteristics with an external mirror at the light-output maxima,
with external mirror reflectivity Rs as a parameter, where R = 0.32 and R = 0.01
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Fig. 2.14. Light output versus external-cavity-length Lex (= L2, + LZ,), drive cur-
rent I /Iy normalized by threshold current as a parameter, where R1 = 0.32, Ry =
0.01, and R3 = 0.5

LD facet Ry, Ry, and that of the external mirror R3 and varies with a period
of a half-wavelength. The light output difference is defined as the difference
between the successive light output maximum and the minimum in Fig. 2.14.
Using the effective reflectivity RSY, the relationship between the light output
difference and RST, with the drive current I/, as a parameter, is shown in
Fig. 2.15. The light output difference increases as RS increases.

2.3.3 Wavelength and Spectrum Characteristics

Wavelength tuning due to the strong light feedback is shown in Fig. 2.16 for the
antireflection-coated LD where the drive current (normalized by the threshold
current) I /I, = 1.8, reflectivities Ry = 0.32, Ro = 0.01, and R3 = 0.5. The
wavelength variation exhibits an asymmetric but A/2 periodic behavior with
the external-cavity-length Ley. As Ley increases the wavelength increases lin-
early, similarly to the numbers (1)—(5), then remains similarly to the numbers
(6)—(8) in every period as shown in Fig.2.16.



46 2 Extremely Short-External-Cavity Laser Diode

’:-\1.25

S 1/,

o 1.00F A18 A A
(8]

S 01.6

5075 @14

£

©

= 0.50 o
302500 i

g ' é) R.=004 H3=026 R;=0.50
= '3 .' 1 1 1 1

-

0
0 0.06 0.12 0.18 0.24 0.30 0.36 0.42
Effective reflectivity

Fig. 2.15. Light output difference versus effective reflectivity, with I/I;n as para-

meters
1320
,é\ 1313 ’ooooo” (5) (7)_’”“““ g
= 136 C@—T @
S 1299 @ (®)
[}
E *
z 1202 .
=
1285 —(2) .
() *
1278 L L L
1.7 2.0 2.3 2.6 2.9

External cavity length (um)

Fig. 2.16. Dependence of wavelength on external cavity length, where drive current
I/Iiy, = 1.6, reflectivities R1 = 0.32, R2 = 0.01, and R3 = 0.5

The spectral structure of the tuned light is shown in Fig. 2.17 correspond-
ing to the numbers in Fig. 2.16. The former numbers (1)—(5) show that single
longitudinal modes are tuned for the feedback light LD, while the latter num-
bers (6)—(8) show that multi modes are tuned for the feedback light LD.
Considering these two types of experimental tuning results, we find that the
spectrum varies from single mode to multi mode according to the external
cavity length.

The separation between the longitudinal modes according to the LD’s
cavity length L is given by (2.6). The calculated mode interval of A\ equals
0.76 nm for A = 1,300nm, neg = 3.7, and L = 300 um agrees well with the
above experimentally obtained result. The span of the lasing mode shifts with
the integral number times AN.

Dependence of Wavelength Variation on Effective Reflectivity

Dependence of wavelength tuning range on the effective reflectivity RS, with
I/I;y, as a parameter, is shown in Fig.2.18. The wavelength tuning range is
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Fig. 2.17. Spectra at (1), (2), ..., and (8) in Fig.2.16

defined as the wavelength difference between the successive maximum and the
minimum as shown in Fig. 2.16. Figure 2.18 shows that the wavelength tuning
range increases as RS increases. The gradient of wavelength (the change
of wavelength per external cavity length) also increases as RS increases, as
shown in Fig. 2.19.

Figure 2.20 illustrates the typical spectrum structure and definitions of the
side-mode suppression ratio 10 log(a/b), spectrum line width (full width at
half-maximum c¢) and mode interval (average of d, e, f, and g). Figure2.21
shows that the tuning range increases linearly as RS increases. The side-
mode suppression ratio increases as REH increases, but the spectrum line width
becomes narrow as RS increases, as shown in Fig. 2.22.

In summary, an LD attached to a flying slider and a rotating optical disk
mirror was used to measure the lasing characteristics for an ESEC LD. Not
only the wavelength, but also the spectrum including the side-mode suppres-
sion ratio, the spectrum line width and the mode interval were measured pre-
cisely by controlling the slider flying height, with the reflectivities of the LD
facets and external mirror, and the drive current as parameters. As a result,
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Fig. 2.19. Relationship between the gradient of wavelength variation and the effec-
tive reflectivity RST

we successfully measured all the parameters related to the light feedback and
confirmed a wavelength tuning range as great as 30 nm for an LD with an-
tireflection coating on the facet facing the external mirror. Furthermore, we
experimentally analyzed how the parameters of the coupling system affect
the operation of the ESEC LD. A strongly coupled (low LD facet reflectivity
facing an external mirror and high mirror reflectivity) short external-cavity
length is the key to achieving a wide-range wavelength tuning.

2.4 Applications

An external-cavity LD has been demonstrated in monitoring the frequency-
locked fringe pattern, which leads to the construction of a small interferometer
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without an optical bench [2.15]. ESEC LDs have been demonstrated in moni-
toring the reflectivity and displacement. Optical disk bits are read out in the
near field from the difference in medium reflectivity with an antireflection-
coated LD and a PD [2.16]. Tunable LD can also be demonstrated in an
ESEC configuration [2.4-2.6]. They include desirable properties for optical
communication, optical data storage, spectroscopy, and a variety of sensing
and measuring systems.

For micromechanical photonics applications using LDs, group III-V com-
pounds are predominant for the monolithic integration of external microstruc-
tures. They include a tunable laser [2.5], a resonant sensor [2.17], and an
optical head [2.18] which can provide super-small, cost effective microdevices.
Such a small distance allows the use of a lensless system, which makes it eas-
ier to fabricate. The following micromechanical photonics devices employ a
friction-less mechanism including a diaphragm, a cantilever and a slider in
order to avoid microscale problems.
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2.4.1 Tunable LD

A vertical cavity surface-emitting laser (VCSEL) diode or a light-emitting
diode (LED) with a micromechanical reflector can be used in tuned de-
vices [2.4,2.5]. The structure is designed to have an air gap of approximately
one wavelength. When a voltage is applied to the membrane reflector, the
electrostatic force reduces the air gap, which in turn reduces the wavelength.
An edge-emitting LD is also applicable for micromechanically tunable LDs
[2.7]. Recent micromachining technology has made it easy to eliminate the
need for lens and fiber systems for guiding the light to a PD or a moving
mechanism, leading to the integration of optics, mechanics, and electronics.

Structure

The edge-emitting tunable laser diode consists of a laser diode LDI1, a
microcantilever MC driven photothermally by an LD2 (Fig.1.28). The light
emitted from LD2 onto the side wall of the MC is partially absorbed, heating
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the MC and producing the bending moment. At resonant frequency, the MC
is excited easily due to the thermal stress caused by a pulsed laser beam from
LD2. This sideways vibration varies the external-cavity-length L., between
the MC wall and the LD1 facet, and there is so little incident light from the
LD1 that it has no effect on the MC vibration. The variation of L.y causes
the wavelength shift of the LD1.

Manufacturing Method

An MC and the LDs were fabricated on a GaAs substrate. There are three
micromachining processes involved in fabricating the MC (1) an etch-stop
layer of AlGaAs is formed in the LD structure prepared by metalorganic vapor
phase epitaxy (MOVPE).(2) The microstructure shape is precisely defined by
a reactive dry-etching (RIBE) technique, which can simultaneously form the
vertical etched mirror facets for LDs. (3) A wet-etch window is formed with
photoresist and the MC is undercut by selective etching to leave the MC freely
suspended (Fig.1.11) [2.19].

These processes are compatible with laser fabrication, and thus an MC
structure can be fabricated at the same time as an LD structure. Furthermore,
because a single crystal epitaxial layer carries little residual stress, precise mi-
crostructures can be obtained without significant deformation. We fabricated
an MC with an area of 400 x 700 um. The MC was 3 um wide, 5um high and
110 pm long. The shorter the MC-LD2 distance becomes, the higher the pho-
tothermal conversion efficiency. The threshold current of the LD was 46 mA.
Figure 2.23 shows the main parts of the tunable LD. The hole for wet etching
is visible under the MC between LD1 and LD2.

Monolithic integration of optics and micromechanics is possible not only
on a gallium arsenide (GaAs) substrate [2.19], but also on an indium phos-
phide (InP) substrate [2.20,2.21]. A smooth, etched surface and a deep vertical
sidewall are necessary for good lasing characteristics of both types of semi-
conductor microstructures.

Basic Characteristics

In a micromechanically tunable LD, the moving part (MC) was integrated
with an edge-emitting LD. By varying the external cavity length (MC deflec-
tion), the laser wavelength can be easily changed and the wavelength shift
varied every half-wavelength (A/2). Therefore, the MC must move more than
A/2 even at off-resonant frequencies. In Sect. 2.5.1, we present the design of
the MC structure that satisfies photothermal deflection of greater than A/2.
We have experimentally analyzed how the parameters of the coupling sys-
tem affect the ESEC LD operation by using a rotating optical disk and an LD
attached to a flying slider. The parameters included the reflectivities of the
LD facets, the reflectivity of the external mirror, and the LD drive current.
We confirmed a 30 nm tuning range around a wavelength of 1.3 um, as shown
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Fig. 2.23. Scanning electron microscope view of the main parts of the tunable LD.
The released GaAs/AlGaAs microcantilever (MC) was fabricated by undercutting
the sacrificial GaAs. The MC length, thickness and width are 110, 3, and 5 um and
the distances from the facet of LD1 to the side wall of the MC and LD2 to MC are
3 and 30 um, respectively. Courtesy of O. Ohguchi, NTT, Japan

in Fig. 2.16, by changing the external-cavity length for the LD with an antire-
flection coating on the facet facing the external mirror. On the basis of these
results, we consider that by employing the MC design and the fabrication
method described earlier, a photothermally driven micromechanical tunable
LD will be available in the future.

2.4.2 Resonant Sensor

A resonant sensor is a device that changes its mechanical resonant frequency
as a function of a physical or chemical parameter, such as stress or mass-
loading [2.22]. Electrostatic (capacitive) excitation and detection or piezo-
electric excitation and detection have been used in conventional silicon-based
resonant, sensors. The former method requires comparatively large electrode
areas to obtain good signals, which presents difficulties at the microscale. The
latter requires a layer of a piezoelectric material, preferably zinc oxide (ZnO).
However, unfortunately, ZnO is not compatible with integration technology.

Structure

A resonant MC, LDs, and a PD have been fabricated on the surface of a GaAs
substrate, as shown in Fig.2.24. The MC is excited photothermally by light
from one laser diode (LD2). With a PD, the vibration is detected as the light
output variation caused by the optical length difference between the MC and
another LD (LD1).

The resonator was designed to optimize the efficiency of the photothermal
excitation and the quality of the composite cavity signal with the structural
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Fig. 2.24. Photograph of a resonant sensor with a MC driven photothermally from
one side by LD2 and sensed optically from the other side by LD1 and photodiode
(PD1); LD2, MC, LD1, and PD1 are integrated on a GaAs substrate

configuration resulting from the fabrication process. The distance h; between
the facet of LD1 and the wall of the MC was set to 3.0um, on the basis of
the composite cavity signal SNR and the aspect ratio hy/w of the reactive
dry-etching process. The distance ho between the facet of LD2 and the wall
of the MC was set to be 30 um considering the energizing light absorption
on the MC, and the hole size for the wet process described later. The MC
dimensions were set to a length [ = 50 um and 110 um, a thickness ¢ = 3 pum,
and a width w = 5um, considering the resonant frequency of the MC. The
positions of the excitation light (LD2) and the detection light (LD1) on the
MC wall were chosen considering that the LD2 light strikes the MC closer to
the support for better excitation, and that the LD1 light strikes further from
the support for better detection as well as to prevent cross-talk between the
two light beams.

The short distances in the LD2-MC-LD1-PD structure are useful for a
vibration resonator because no lenses are required between LD1, MC, and
LD2 to make the light beam converge, so it is easier to integrate the mechan-
ical element with the optical elements. Furthermore, the integrated structure
does not need any optical alignment like that required by conventional hybrid
resonant sensors.

Basic Characteristics

The MC is excited by the resonant frequency due to the thermal stress caused
by a pulsed laser beam from LD2. This sideways vibration is detected by the
LD1 and the PD from the variation in the external cavity length between the
MC wall and the facet of LD1 (phase difference). Light incident from LD1
is continuous illumination and is so small that it has no effect on the MC
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Fig. 2.25. Maximum peaks in the light output occur every A/2 and their amplitude
decays exponentially in proportion to the external cavity length

vibration. The variation in light output caused by this vibration is detected
as a signal by the PD. Maximum peaks in the light output occur every A/2 and
their amplitude decays exponentially to the external cavity length as shown
in Fig. 2.25. The variation in light output caused by this vibration is detected
by the PD.

Figure2.26 shows that the signal amplitude increases as the LD2 light
power increases, but an inversion appears in the signal peak for the light
power over 30 mW, because the vibration amplitude is larger than \/4. We
can determine the absolute amplitude on the basis of the fact that the peak
signal amplitude corresponds to A\/4 (0.21 um). As the incident light power
rises, producing greater thermal expansion(stress) in the MC, the vibration
amplitude increases.

Figure2.27 shows a photograph with different excitation light posi-
tions. The MC deflections, Ahy (detecting side: LD1) and Ahg (excitation
side: LD2), were measured independently by the method described earlier.
Figure 2.28 shows the relationship between the deflection and the normalized
excitation position with a laser power of 9.5 mW. It is confirmed that both
deflections increase as the light strikes the MC closer to the support, and
Ah, is greater than Ahs, probably due to the optical pressure exerted by the
light from LD2.

To measure the resonant properties, LD2 was lased by the current with
various frequencies. When the current frequency coincided with the MC
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40 mW

Fig. 2.26. Resonant signal amplitude and spectrum versus LD2 light power. The
signal amplitude increases as the light power increases, but an inversion appears in
the signal peak for the light power over 30 mW, because the vibration amplitude
becomes larger than \/4
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Fig. 2.27. Photograph of the illuminated spot on the MC, for investigating the
excitation efficiency depending on the position of the MC

mechanical resonant frequency, the amplitude of the LD1 light output ex-
hibited a maximum. The signal can be obtained from the interference be-
tween the LD1 output light and its reflected light from the MC sidewall.
Figure 2.29 shows the resonant frequency and frequency spectra of the MC.
The resonances of the MC for lengths of 110 pm and 50 pm were 200.6 kHz
and 1.006 MHz, respectively. They are in good agreement with the theoretical
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for GaAs

results calculated from (2.27) [2.23,2.24]

t /B
fo =N 120 (2.27)

o2mi? ’

where )¢ is the eigen value of 1.875 determined by the vibration mode, F is
Young’s modulus, p the density, I the cantilever length, and ¢ its thickness.
The @ in air were approximately 250. In order to increase ), damping mech-
anisms such as imbalance and radiation at the supporting rim require further
studies. To increase the sensor sensitivity, the resonant frequency should be
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Fig. 2.30. Photograph of a resonant sensor deposited with chemically inductive
material phthalocyanine of 1 um thickness
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Fig. 2.31. Resonant frequency change of 500 Hz from 288.4 to 287.9kHz, due to
the mass increase of 54 ng for the 1-um thick phthalocyanine deposition

increased by shortening the cantilever length. A resonant frequency of 10 MHz
is applicable with a length of less than 20 um(3 um thick).

Possible applications are resonant frequency change detection type ac-
celerometers and gas sensors. Chemically inductive material phthalocyanine
was deposited of 1 um thickness on the resonator as shown in Fig. 2.30. Then
the resonant frequency was changed by 500 Hz from 288.4 to 287.9kHz due
to the mass increase of 54 ng corresponding to the 1-um thick phthalocya-
nine deposition. It was confirmed that the resonant sensitivity is very high
(Fig. 2.31). Both figures show the possibility of detecting a gas.

The yield strength of single crystalline GaAs is less than that of Si, but it
is five times greater than that of steel. Furthermore, micromachining can be
used to fabricate microstructures of high purity with a low defect density and
no residual stress. These mechanical properties mean that GaAs-based and
InP-based microstructures are suitable for use in integrated micromechanical
photonics systems.
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2.4.3 Optically Switched Laser Head

In this section a small flying optical head and its high quality readout charac-
teristics when used as an optically switched laser (OSL) head are described.
The basic concept involved the use of light emitted and collected through
a 1-um diameter aperture of an LD placed less than 2pum from a recording
medium (ESEC LD configuration). For autofocus, the head operates like a
magnetic head: air-bearing technology stabilizes the slider flying height ap-
proximately 1um as shown in Fig.2.32. Controlled by a sampled servo track
error signal, the arm used to seek from track to track is also used for track
following as described later.

Drive Structure

A prototype drive consisting of a flying head and a phase change medium
disk is constructed for experimental purposes. Figure 2.33 shows experimental
optical disk drive using an OSL head and a phase change recording medium:
linear actuator type (a) and rotary actuator type (b).

(@)

Fig. 2.32. Schematic representation of an optically switched laser (OSL) head flying
on an optical disk (a), and detailed view of the flying slider on which an LD-PD is
mounted (b)

(a) (b)

——Optical Disk (50 mmo

OSL Head

. &

-t

Linear Actuator g

- Optical Disik (86 mm)

B ll “
OSL Head

Fig. 2.33. Experimental optical disk drive using an OSL flying head and a phase
change recording medium: linear actuator type (a), and rotary actuator type (b)
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An LD monolithically integrated with a PD is mounted junction-up on a
slider. Light reflects from the medium back into the active region of the LD.
Head-medium spacing h (between the LD facet and the GeSbTe recording
medium) is approximately 2um: the sum of the slider flying height hy, LD—
PD attachment error hy, and the protective layer thickness ho.

Head Structure

A monolithically integrated LD-PD chip with a wavelength of 1.3um was
shown in Fig.1.33. The LD is isolated from the PD by reactive ion beam
etching (RIBE). The space between LD and PD is about 5 wm and the monitor
current sensitivity is 0.1 mA/mW. The 1.2-um-wide taper-ridged waveguide
on the top of the LD cavity was also fabricated by RIBE. FWHM of its near
field pattern are approximately 1 um as shown in Fig. 2.34. This sharpened LD
is useful for the flying optical head because it does not require an additional
lens to converge the light beam, and hence does not lose power before reaching
the recording medium.

A long-wavelength (1.3um) InGaAsP LD (LD#1), reliable in air, can be
used in our flying head because its spot diameter is mainly constrained by the
shape of the ridged waveguide [2.25]. A short-wavelength (0.83 um) GaAlAs
LD (LD#2) could be used if its facets were covered with dielectric protective
films to prevent oxidation in air.

Medium Structure

The optical disk is made up of multiple layers: SiN/GeSbTe/SiN/Au/SiN/glass
substrate as shown in Fig.1.32. The first SiN layer operates as a protective
film for a head-medium reliability. The GeSbTe layer serves as the phase
change medium. The second SiN layer and the Au layer enhance the re-
flectivity change and the thermal diffusion speed of the recording medium.

(1)
0.65um

Fig. 2.34. Near field pattern of the emitted light from a 1.2-um wide taper-ridged
waveguide
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(@ (b)
R,(HRC) R,(ARC)!

Light output

Bias current

Fig. 2.35. LD used in an OSL flying head forms a complex cavity with the recording
medium acting as an external mirror. (a) Ry and Rs are the power reflectivities of
the LD facets, and R} and R} are those of the two states for the external recording
medium. RS is the effective reflectivity coupled with the external recording medium.
(b) Light output versus bias current in the two medium reflectivity states. There
are two threshold currents: I} for RS and I}, for RY. Data bits are read as the laser
switches from R} to RY, biased between If, and Il,, by the PD on the opposite side
of the medium

The last SiN layer increases adhesion to the glass substrate. The reflectivity,
transmitivity, and absorptivity of the as-deposited GeSbTe medium were
0.24, 0.22, and 0.54.

Basic Read/Write Operation

The LD used in an optically switched laser (OSL) head forms a complex cavity
with the recording medium acting as an external mirror. In Fig. 2.35a, R; and
Ry are the power reflectivities of the LD facets, and R} and R} are those of the
two states for the external recording medium. RS" is the effective reflectivity
coupled with the external recording medium. Figure2.35b shows the light
output versus bias current in the two medium reflectivity states. There are
two threshold currents: If} for the high reflectivity R} and I}, for the low
reflectivity R} . Data bits are read as the light output difference between the
two states.

Data bits are written, in this experiment, as the laser-induced phase change
shifts the medium reflectivity from R} (as depo. state) to RY(crystal state).
During the write operation, the light output changes from P, to P/ at a
fixed write current of I, according to the reflectivity change. The light output
difference P} — Pr (nearly equals to P, — P,,) is less than 1 mW, which does
not destroy the information even if the medium stops. If the light output
were 20 mW, the variation ratio in the write process would be only 5%. We,
thereby achieve stable write operation. To increase the signal-to-noise ratio
(SNR) and light output from the medium side laser facet, the medium side
LD facet is coated with an antireflection film of (SiO), (Si3N4)1—5 [2.14].

Data Signal

Data signals are obtained by the light output difference due to the medium
reflectivity. Varying the medium reflectivity Rs as a parameter, Figs.2.36a
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Fig. 2.36. OSL head light output characteristics with the medium reflectivity Rs
as a parameter for (a) an LD#1 (A = 1.3um), (b) an LD#2 (A = 0.83 um)

and b plot the light output characteristics of the OSL head for LD#1 and
LD#2, respectively. These values are calculated for the steady state single-
mode operation by using the rate equations [2.26].

The external cavity can be described by replacing medium side laser facet
reflectivity Ry by effective reflectivity RST. The reflectivities Ry, Rs, and
the coupling coefficient 7 are included in RST. We define n as (2.8). As for
an LD#2, Gaussian half-power beam width 25° (2ws = 1.38um) and 10°
(2wpp = 2.54pum), n is 0.5 for h = 2um and 0.75 for h = 1 um.

Since the LD facet reflectivity Ro facing the medium is greatly reduced by
an antireflection coating to improve the SNR, the light output P; (PD side)
differs from P, (medium side). The light output ratio for a complex cavity
laser is calculated using effective reflectivity RS instead of Ry, as shown in
Problem 2.3. For example, with h = 2, P,/P; = 1.5 for Ry = 0.32, R, = 0.01,
and Ry = 0.3; P,/P, = 5 for Ry = 0.70, R, = 0.01, and R3 = 0.3 (see
Fig. A.3). We used these ratios to estimate read/write power P, from the
measured light output P;.

Track Error Signal

Since OSL head has only one PD, track error signals are obtained by the sam-
pled servo method instead of the push—pull method for the continuous servo.
Sampled servo method is expected to give good stability and compatibility.
Discrete block format (DBF) [2.27] marks with a 1.6-pum track-pitch are
reproduced by the OSL flying head as shown in Fig. 2.37. They are preformat-
ted on the glass substrate in phase pits. Figure 2.37a shows a DBF mark with
two access codes and three patterns, different in phase, that correspond to the
wobble A (WA), clock (CLK), and wobble B (WB). Figure 2.37b shows repro-
duced signals. Each pulse composed of five peaks, represents the servo signals
(DBF mark) at the beginning of each 1,672 block per revolution. The third
and the fifth peaks are wobbling signals, WA and WB, whose marks are dis-
placed +1/4 and —1/4 pitches from the track center. Track error signals were
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(@ (b)
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l "WB
AAAA D
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Fig. 2.37. Discrete block format (DBF) marks with a 1.6-um track-pitch (a), and
reproduced signals at 900 rpm. LD bias current is 40 mA (b)

Recording
medium
Sampling
.| timing
LD generator
PD
Track
TE
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Fig. 2.38. Block diagram of track error signal detection. Track error signal is ob-
tained by the signal amplitude difference between the two wobbling signals of the
discrete block format (DBF)

derived from the difference in signal amplitudes between the two wobbling
signals.

Figure 2.38 is a block diagram of the track error signal (TE = WA — WB)
detection system. The reproduced track error signal confirms that the spot
diameter of the lensless but taper-ridged waveguide LD is small enough to
reproduce the DBF servo marks.

Reducing Laser Noise by Optimizing Bias Current

The SNR of the OSL flying head is high because of the large signal amplitude
due to laser switching and the lack of feedback laser noise due to the external
cavity being so much shorter (2um) than the LD cavity (300 um). The SNR
is degraded, however, by fluctuation of both high- and low-frequency light
output. The former is caused by laser noise due to mode competition, while
the latter is caused by variation of head-medium spacing (external cavity
length) and of temperature.
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Fig. 2.39. Relationship between antireflection-coated (ARC) facet reflectivity and
ARC-film refractive index. Circles show experimental results. Solid lines are fitting
curves calculated using a plane wave approximation

The SNR degradation due to high-frequency laser noise can be reduced
by increasing the difference between Iéh and Ithh, e.g., by reducing reflectivity
of the medium side LD facet, and also by biasing the current between noise
peaks located around threshold currents. This laser facet was therefore coated
with an (SiO),(Si3N4)i—, antireflection film by ion beam sputtering using a
high purity silicon target and mixed O2—Ny discharges. Figure 2.39 shows the
reflectivity of different films obtained by controlling gas flow rates to minimize
reflectivity. Reflectivities less than 1 x 10~% are reproducibly obtained.

To ascertain the optimum drive condition, the data signal amplitude and
the SNR were measured with effective noise defined as the rms of the noise
spectrum from 40 kHz to 20 MHz. An SNR peak, between the threshold cur-
rents corresponding to Iyn! and Ithh, increases as facet reflectivity decreases.
In a medium static condition, the SNR reaches 56 dB at a facet reflectivity
of Ry = 7.0 x 1073, In a dynamic condition, it is 35 dB, which has been pre-
viously reported to be adequate for an optical disk drive. Reflectivity of the
coated facet was estimated from the amplified spontaneous emission spectrum
by the Fabry—Perot modulation depth method [2.28].

Reducing the Variation in Light Output

Degradation of the SNR due to variation of head-medium spacing can be
compensated by reducing interference between the internal and the feedback
lights. This can be done by reducing the laser facet reflectivity facing the
recording medium.
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Fig. 2.40. Light output of a composite cavity LD as a function of external-cavity-
length Lex. Light output varies by a half-wavelength period as Lex varies (a). Vari-
ation can be suppressed by an antireflection coating on the LD facet facing the
recording medium (b)

Figure 2.40 shows a typical suppression of light output variation induced
by reducing facet reflectivity (medium reflectivity Rs = 0.30). The variation
using an uncoated LD (left side) with a facet reflectivity of Ry = 0.32 is
extremely high due to strong interference between internal and feedback light,
both of which have almost the same intensity. Using an antireflection-coated
LD (right figure), on the other hand, with extremely low reflectivity of Ry =
1 x 10~* weakens interference and greatly reduces variation of light output.

Figure 2.41 shows the relationship between facet reflectivity Ry and the
variation ratio F', defined as the ratio of the amplitude change. The variation
ratio decreases as Ry decreases. At a facet reflectivity Ry = 1 x 1074, the
variation ratio was reduced to the extremely small value of 1.6 compared to
9.2 for an uncoated LD.

Increasing Thermal Write Power

Laser power density on the medium is increased not only by the taper-ridged
waveguide laser, but also by the highly thermally conductive slider and the re-
duction of LD-PD attachment error. Light output is higher for the slider with
the higher thermal conductivity (AIN) than the lower thermal conductivity
(sapphire). Not only the thermal property but also the electrical properties,
precise fabrication, and head/medium reliability must be considered when
choosing a slider material. We used an AIN slider for the following experi-
ments.

As the head-medium spacing decreases the light output increases due to
increased light feedback. The spacing h, set at 2 um to keep the beam diameter
bellow 1 wm, is the sum of the slider flying height hg, LD-PD attachment error
hi (facet-to-slider surface error), and the protective-layer thickness hy. Since
ho = 0.9um and he = 0.24 um in this experiment, hy must be < 0.9 um. We
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Fig. 2.41. Variation ratio versus facet reflectivity at the optimum bias current for
OSL readout operation
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Fig. 2.42. Written bit patterns by 16 mW laser pulses at various frequencies

have developed a high-precision bonding machine to satisfy this requirement.
Length measurement accuracy is 0.1 um with an autofocus mechanism, and
moving resolution accuracy is 0.1 um with electrically controlled motion as
described in Sect. 2.3.1.

Write Performance

Figure 2.42 shows the dependence of write frequency on written bit patterns
for 16 mW light pulses with a duty cycle of 50%. These bits were written as
spots crystallized from the as-deposited state in this experiment. The phase
change was caused by the thermal energy of the light output with a fixed
write current. This figure suggests that both the bit shapes and the levels of
crystalization are uniform. Bit pitch was 2.4 pm at a write frequency of 1 MHz.
These bits are readout with a high SNR as the medium reflectivity changed
between the two states (shown in the lower traces). The medium velocity here
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Fig. 2.43. Reproduced signals of the written bit at 0.1 and 1 MHz for a duty cycle
of 50%

is 6.9ms™!. Figure?2.43 shows the reproduced signals for 0.1 and 1.0 MHz,
both with high SNR.

Reliability Test

In an actual disk drive, contact between the slider and the disk is inevitable.
We therefore identify a combination of slider and protective layer materials
that reduces wear (scratching) during contact start/stop (CSS).

We have investigated experimentally the protective films such as silicon-
dioxyside (SiOs), zinc-sulfide (ZnS), and silicon-nitride (SiN). We also evalu-
ated their thermal conductivity for writing sensitivity and thermal expansion
difference between the multi layers described earlier. The SiN protective layer
had smallest amount of scratch caused by repeated CSS with the AIN slider.
Fabrication of the film was also studied with regard to internal stress and ad-
hesion strength. The films, containing hydrogen atoms a-SiN:H (hydrogenated
amorphous silicon nitride), showed good write sensitivity. Its mechanical prop-
erty is also good because it has a high tensile force and resists scratching.

Figure2.44 is an SEM photograph of the LD facet after 10,000 CSS
cycles (900rpm) in an office environment (class 350,000). The disk has a
SiN/GeSbTe/SiN/Plastic substrate structure. Protuberance dust (particles)
adheres to the LD facet. The chemical composition of twelve randomly selected
samples of protuberance dusts, analyzed by Auger electron spectroscopy, is
primarily C, O, Al, Si, and S, that is, the dust element included in the air.
The elements from slider and protective layer are included only two of the 12
dusts (samples). These results indicate very small amount of slider/disk wear
were produced even if scratch on the medium can not be seen with an optical
microscope.

The LD-PD reliability and the dust in the air is evaluated by free-running
test at 3,600 rpm, 4 mW light power, and with Ay = 1 uwm in an experimental
room environment (class 30,000). This test shows that the head has a lifetime
(before bias current increases by 20%) of 2,040 h. This corresponds to 4.4 x
108 passes. Contact start/stop (CSS) test, bias current for constant signal
amplitude versus the number of CSS cycles, shows that the head signal is
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Fig. 2.44. SEM photograph of LD facet after 10,000 contact start/stop (CSS) cycles
in an office environment (class 350,000). The disk has an SiN/SbTeGe/SiN /plastic
substrate structure and is used at low rotation of 900 rpm

still good after more than 50,000 cycles in a class 30,000 environment (30,000
particles larger than 0.5 pwm/ft™?).

The main factors contributing to the high reliability of the head/medium
interface are the oxidation-free InGaAsP LD-PD, the high thermal conduc-
tivity of the slider, and the low residual stress and high adhesion strength
of the SiN protective layer on the recording medium. Moreover, as the LD
facet is about 1pum behind the slider surface, it does not directly contact the
medium.

The small optical head with only an LD-PD on a slider shows ex-
cellent read/write characteristics and reliability. An antireflection-coated
LD combined with a taper-ridged waveguide has a high-SNR, readout and
high-resolution write-down performance. An oxidation-free InGaAsP LD
(A = 1.3um), a high thermal conductivity AIN slider, and a SiN pro-
tective layer (0.24um) on a phase change recording medium contribute
to the high reliability of this flying optical head. Some kind of cartridge
mechanism or dust-wiping method should be developed to allow removal
and replacement of the recording medium. For high-performance use,
a high-speed track following method and a multibeam head should be
developed.

2.5 Designs for Related Problems of an ESEC LD

2.5.1 Enlargement of a Photothermal MC Deflection
for a Tunable LD

A photothermally driven MC tunable LD that needs no electrode to apply
voltage has been proposed. The advantages of the optical method in such in-
tegrated systems are that it is controlled remotely and not affected by electro-
magnetic interference; these factors are especially critical for highly integrated
devices.
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This section describes the increase in photothermal deflection of an MC
by employing a bimorph and an antireflection structure. This deflection can
be expected to exceed half a wavelength, which is required for a tunable
LD, by the temperature increase of 100°C with an optical absorption rate
above 98%. An antireflection coating of Au/SizN4/Au on the Au and SizNy
bimorph structure semiconductor MC provides enhanced deflection about 500
times greater than that of the solitary semiconductor MC at off-resonant
frequencies. The designed MC monolithically integrated on InP (A = 1.3 um)
or GaAs (A = 0.83um) will be used for an external-cavity length-changing
type edge-emitting tunable LD.

Design Considerations

An MC and LDs were fabricated on the surface of a GaAs substrate, as shown
in Fig.2.23. The light emitted from the LD2 onto the side wall of the MC
is partially absorbed, heating the MC and producing the bending moment.
When the MC is excited at the resonant frequency by the thermal stress caused
by a modulated laser beam from LD2, the external cavity length between the
MC wall and the LD1 facet varies sufficiently, but insufficiently at off-resonant
frequencies. That variation of the external cavity length causes the wavelength
change of the LD1.

By varying the external cavity length, the laser wavelength can be easily
changed and the wavelength varies every A/2. Therefore, an MC deflection
of more than A/2 is necessary for the tunable LD, even at an off-resonant
frequency. Meanwhile, the light absorption should be increased to obtain a
sufficient temperature rise for the large thermal strain. A bimorph structure
and an antireflection coating are applied to satisfy these requirements. The
following describes the enhanced MC photothermal deflection design for GaAs
and InP materials.

Bimorph Design

Figure 2.45 shows the calculated relationship between photothermal deflection
and thickness for a solitary GaAs MC. The tip deflection d at the free end of
the MC is estimated by (2.28), where « is the thermal expansion coefficient,
0T is the temperature difference between the surfaces of the MC illuminated
by an LD, [ and t are the length and thickness of the MC, respectively [2.29].
al?
d= 57 oT (2.28)
Tip deflection d depends largely on the absorption coefficient (varies A/2 due
to the interference between the upper and lower surfaces) of the laser light
and reaches 0.8 nm when illuminated with 1 mW of power.
We designed a metal-dielectric bimorph structure to increase the MC de-
flection by increasing in temperature resulting from absorption of light emitted
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Fig. 2.45. Calculated relationship between photothermal tip deflection and thick-
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Fig. 2.46. Schematic drawing of a three-layer bimorph MC

by the LD2. Tip deflection is enhanced by the temperature rise from room
temperature due to the thermal coefficient of expansion mismatch between
two sandwiched components. The MC is made, for example, of a 0.1-um gold
(Au) layer, a 0.1-um SigNy dielectric layer and a 2-um thick semiconductor
LD layer. Next, we developed a bimetallic MC deflection model [2.30] into a
three-layer MC as follows.

The MC is composed of three layers of thickness t1,t2,t3, thermal ex-
pansion coefficients ag, a2, az, the Young’s moduli E7, Es, F3, a length of [
and a width of b as shown in Fig. 2.46. Temperature distribution within the
MC is assumed to be uniform and the temperature change from the room
temperature to be AT.

Figure 2.47 shows the deflection of the MC and internal thermal stress due
to temperature change. The internal stresses over the cross-section of material
i can be reduced to a tensile force P; and couple moment M;. Since the internal
forces and moments over any cross-section of the MC must be in equilibrium

P +P,— Py =0, (2.29)
EqT EsI Esl
11+ 22+ 343
1 T9 T3

— hy Py — haPy — hyP3 = 0, (2.30)
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Fig. 2.47. Deflection of a bimorph MC and internal stress due to temperature
change

where M; = E;I;/r;(I; = bt3/12) is the moment of inertia of i th layer, h;
is the distance between the center plane of the MC and that of the i th layer
and r; is the radius of curvature of the ¢ th layer of the MC, and h; + hy =
(tl + t2)/2, —h2 + h3 = (tg + tg)/2, hl + hg = (tl + 2to +t3)/2.

At the interface between the two layers, the normal strain of the materials
must be the same. Therefore
P1 t1 P2 to

AT — - = AT — 2.31

o bEltl 27"1 a2 bEQtQ + 27‘2’ ( )
P2 to PS t3

AT — — — = agAT —. 2.32

a2 bEQtQ 2T2 s + bE3t3 + 27“3 ( )

Here, r1 = ro = r3 = r (very thin compared to length) and we derive the
curvature k = 1/r by eliminating P;, Py, P; from (2.29) to (2.32). Note that
the deflection d at the free end of the MC from the curvature k is [2.30]

kI?

d
2

(2.33)

for I > r.
Finally, the tip deflection of the MC by thermal strain due to the mismatch
between the thermal coefficient of the expansion is:

d= 2, (2.34)
where
A = 3ATI?[E, Eatito(ay — aa)(ty + to) + By Fstots(cn — a3)(ta + t3)
+E1Estits (o — as) (t1 + 2t2 + t3)]
B = 2E, Eot1t5(2t + 3t1ty + 2t3) + 2E5 Estot3(2t2 + 3tots + 2t3)
+2E1 Estit3(2t]+6t3 + 2t5+6t1ts + 6tots + 3tits) + Eit] +E5ty+E5ts.
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Fig. 2.48. Numerical simulation of the tip deflection versus semiconductor thickness
by a temperature increase of 100°C for a metal-dielectric bimorph structure MC for
two types of semiconductor materials

Table 2.1. Properties of materials used in photothermal MCs

material thermal expan- young’s modulus refractive index refractive index

sion coefficient 10’ Nm™? (830 nm) (1,300 nm)
107°K™* (300K)
Au 14.2 7.9 0.188 4-15.39 0.403 +18.25
SizNy 0.8 0.52 1.5 1.5
InP 4.5 6.07 - 3.205
GaAs 6.86 8.53 3.67 410.08 -

Figure 2.48 shows the result of numerical simulation by the material para-
meters shown in Table2.1. More than \/2 deflection is possible for less than
2.2-pm thick semiconductor MC with 100°C temperature increases for both
GaAs and InP LD. This provides enhanced deflection about 500 times greater
than the solitary semiconductor MC deflection shown in Fig. 2.46.

Figure 2.49 shows a contour map of MC deflection for GaAs LDs, Young’s
modulus E and the thermal expansion coefficient o as parameters. In the
figure, the dotted line corresponds to the displacement of A/2; this displace-
ment increases as the thermal expansion coefficient and Young’s modulus
increases.

Antireflection Coating Design

By increasing the MC displacement by the temperature rise resulting from
the LD, the absorption of the light should be high. In this section we will
describe our design for an antireflection coating for the MC.

Reflection and transmission of a plane wave in a two-layer film structure
are shown in Fig. 2.50. The complex refractive index, thickness, and incident
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Fig. 2.50. Reflection and transmission of a plane wave in a two-layer film structure

angle for the j th layer film are denoted by N, d;, 0;, respectively. The phase
shift in the j th film is

2
Bj = Tndij COS@j. (235)

The coefficients r;; and ¢;; associated with the reflection and transmission
at the i and j interfaces are given by the Fresnel formula. The formula for
;5% and ;5 for the j th film sandwiched by the ¢ th and % th films, are given
as follows [2.31]:

. L —12B;

Tij + rjpe” P

Tijk = ———————5=—, 2.36

ijk 1+rijrjke—7,2ﬂj ( )
tijtjke_mﬁj

1+ rijrjke_ﬂﬁi '

tign (2.37)
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Therefore, the total r and ¢ are given as

To12 + 217roze 1202
p o Tzt zrse TE (2.38)
1 — ro1oroge 1202
toratage 1202
t= 2B (2.39)
1 — ro19roge 1262
where 21 = tp12t210 — To127210- (2.40)

Consequently, the total energy reflectivity R and total energy transmission 7'
are given as

R=rr", (2.41)
N3 cos b3

= ", 2.42

N5 cos Oy ( )

Figure2.51 shows the energy reflectivity R of Au(» /SisN,/Au® versus
the SizNy thickness for the wavelengths 1.3um (a), and 0.83um (b), with
the Au® thickness as a parameter. Both figures show that R reaches zero
by changing the thickness of the Au(® film. The smallest R will be achieved
at the SigNy thickness of 366 nm at the wavelength 1.3um and 223 nm at
0.83 um. Figure2.52 shows the total absorption A and the total reflectivity
R of AuW/SizN,/Au® versus the Au(*) thickness at the above mentioned
optimal SigN, thickness for the wavelength of 1.3um (a), and 0.83um (b).
More than 98% absorption can be attained for both cases.

Figure 2.53 shows a schematic drawing of a five-layer MC that contains
antireflection films and bimorph films. The five-layer MC deflection as shown
in Fig. 2.54 by the thermal stress due to the absorption of the laser light is
also derived numerically as follows:

C
d=— 2.43
D ’ ( )
(a) Reflectivity (b) Reflectivity
1.0 - 1.0 - -
084 0.8
0.6 0.6

T Au" thickness 5 nm Au(M thickness 5 nm

041 0.4
10 nm
024 0.2
0 7»=13um | 30|nm ok A=0.83 um 30 nm
0 100 200 300 400 0 50 100 150 200 250
Si3N, thickness (nm) Si3N, thickness (nm)

Fig. 2.51. Reflectivity of Au/SisN4/Au versus the SisNy thickness for the wave-
length of 1.3pum (a), and 0.83 um (b)
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(€) Absorption A, Reflectivity R (b) Absorption A, Reflectivity R
1.0 1.0
0.8 SigN, 366 nm 0.8 r SigN, 223 nm
0.6 0.6 L R
04| 04 |
021 02| < A=083um
0 20 40 60 80 100 0 20 40 60 80 100
Au® thickness (nm) Au® thickness (nm)

Fig. 2.52. Total absorption A and reflectivity R of Au/SisNs/Au versus the
Au thickness at the optimum SizN4 thickness for wavelengths of 1.3um (a), and
0.83um (b)
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Fig. 2.53. Schematic drawing of a five-layer MC
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Fig. 2.54. Deflection of a five-layer MC and internal stress due to temperature
change
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where

[E1Eotita(ar — a2)(ty +t2) + E1Estits(on — as)(t1 + 2t2 + t3)

—|—E1E4t1t4(a1 — Qy (tl + 2ty + 2t3 + t4)
(tl + 2ty + 2t3 + 2t4 + t5)
(ta +t3)
(

(

)

C = 3ATI?> +E\Fstits(a; — )
+EyEstats(as — as)

+E2E4t2t4(a2 — 044) to + 2t3 + t4) + E2E5t2t5(042 — 045)
X(t2 —+ 2t3 —+ 2t4 + t5)
+E3E4t3t4(0&3 - 044)(t3 + t4) + E3E5t3t5(043 - Oé5)(t3 + 2t4 + t5)

+E Estats(ay — as)(ts + t5)]

[Ey Eotita(ty + t2)? + By Estyts(ty + 2ta + t3)?

+EB1 Eatita(ts + 2ta + 2ts + t4)?

D =3 +EEstits(t; + 2to + 2tz + 2ty + t5)* + EyEstots(ta +t3)?

+FEoEytoty (tg + 2t3 + t4)2

+Eo Estots(to + 2ts + 2ty + t5)% 4+ EsEgtsty(ts + t4)?
+ B3 Bststs(ts + 2ty + t5)* + EyEstyts(ty + t5)?]
+(E1t1 + Eoto + Ests + Euty + E5t5)

x (Bt} + Eati + Est] + Egt] + Estd)

Figure 2.55 shows the deflection of a bimorph MC with the antireflection
coating, and Au® as a parameter. Deflection greater than A\/2 is possible
when Au(® is thicker than 78 nm for InP (A = 1.3 um), and thicker than 81
nm for GaAs (A = 0.83pum) LDs. As a result, the final five-layer MC design
with antireflection and bimorph structures is shown in Table 2.2.

We derived an analytical model for a five-layer semiconductor MC to pre-
dict beam deflection that occurs due to temperature changes caused by a laser
light. We confirmed that the tip deflection of a bimorph MC (0.1-pum gold layer
and a 0.1-um SigNy dielectric layer) with an antireflection coating is enhanced
by more than a half-wavelength to widen the tunable LD wavelength variation.

1000
AU/ siN,®/
= 800 AU/ SN NP
= 650 (InP)
§ 600 <
g 415 (GaA:
B 400 AU/ SigN,M/
e AUP/ Si N, [GaAs
200
0 78! 81
0 50 100 150

Thickness of Au® film (nm)

200

Fig. 2.55. Deflection of bimorph MCs with antireflection coating, Au‘® thickness

as a parameter
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Table 2.2. Final design of the MC with antirefrection and bimorph structures

semiconductor InP GaAs
wavelength (nm) 1,300 830
thickness (nm)
Au® 16 26
SisN‘V 366 223
Au® 100 100
SisN(? 100 100
semiconductor 2,000 2,000
optical absorption (%) 98 99
deflection (nm) for the temperature rise of 100°C 67 486
A/2 (nm) for reference 650 415

We produced a trial fabrication of the solitary semiconductor MC and LDs
on the surface of a GaAs substrate. The MC was 3 um thick, 5um width and
110 um long, with a resonant frequency of 200.6 kHz, and the LD operated
at the threshold current of 46 mA. We predict that with this MC design, a
30-nm wavelength variation will be possible for the photothermally driven
micromechanical tunable LD.

2.5.2 Reflectivity Design of LD and Disk Medium for an OSL
Head

An integrated optical head design is developed and its performance is as-
sessed through the evaluation of LD efficiency, write-erase power margin,
phase change medium sensitivity and permissible read power.

Design Method

The detailed parameter of the optically switched laser (OSL) head is shown
in Fig. 2.35. Here, Ry and Ry are the reflectivities of the LD, and R and R}
are those of the two states of the recording medium. They confirm a complex
cavity laser. The spacing h between the laser facet and the medium surface
is 2 um which is decided as that the FWHM beam width is less than 1 um on
the medium.

The reflectivity Ry is improved by high reflectivity coating (HRC) to in-
crease the light output P, for thermal recording, and the reflectivity Ry is
reduced to 0.01 by ARC to suppress the light output variation due to the spac-
ing. Figure 2.56 shows a design guideline. Due to the relatively large number
of free parameters, it is advantageous to first decide

h = 2um, (2.44)
Ry = 0.01 (2.45)

on the basis of the experimental results described above, and then to design
Ry, R}, and R} taking design tradeoffs into consideration.
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Fig. 2.57. Dependence of normalized Ith, 14, and Poyt on LD reflectivities product
R X Ry [2.32]

Evaluation Criteria of the Design

The light output for a complex cavity LD is calculated as shown in Fig. 2.36
using effective reflectivity RS? instead of Ry. Data signals are obtained by the
light output difference due to the medium reflectivity of the two states. The
relationship between the light output difference and a medium high reflectivity
of R}, with the medium reflectivity difference RY — R} as a parameter can
be calculated. Light output difference is an important parameter from the
permissible read power and write—erase power margins [2.33].

LD efficiency, as shown in Fig.2.57, such as the maximized total light
output and medium sensitivity (absorption) also be considered. We proceed



78 2 Extremely Short-External-Cavity Laser Diode

Light output

Bias current

Fig. 2.58. Write-erase performance for a phase change medium. The write-erase
power margin, Pw — P§ and Py — Pg, for a phase change medium is shown

with our analysis, considering the following design quantities [2.33]:

LD efficiency : 0.2 > Ry x RST > 0.05, (2.46)
Light output ratio : P,/P; > 8, (2.47)
Medium write sensitivity (absorption) : A > 0.75. (2.48)

Write—erase power margin for Py = 30mW and Py = 15mW for the phase
change medium shown in Fig. 2.58
Py — P; > 10mW and Py — Pg > 10mW, (2.49)
Permissible read power : Pg < 1.5 mW, (2.50)

which is 1/10 of the erasing power Pg. Both R; and R} — R} are restricted
to some appropriate values examined later.

Prefeared Reflectivity Design

Reflectivity design was performed for two kinds of LD; the wavelength of
LD+#1 is 1.3 um and LD#2 is 0.83 wm (LD#2 has a higher quantum efficiency
than LD#1). Appropriate choices are made for LDs and the phase change
medium from the criteria of (2.46)—(2.50).

As the effective reflectivity RS® (medium reflectivity) decreases, the light
output ratio (P,/P;) increases, but the write-erase power margin (Pyw — P§
and Py — Pg) decreases. The preferred medium reflectivities for LD#1 can
be chosen as follows:

Ry > 0.7, (2.51)
Ry = 0.01,

0.21 > R} > 0.14,

0.10 > R} — R, > 0.02.
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The preferred medium reflectivities for LD#2 can be chosen as follows:

Ry > 0.7, (2.52)
Ry 2 0.01,

0.21 > R} > 0.14,

0.05 > RS — R} > 0.02.

Compared with LD#2, LD#1 has advantages of a large permissible range
medium reflectivity, but has the disadvantage of temperature rise due to low
quantum efficiency.

In summary, the optimum design head consists of an LD facet with a
reflectivity of Ry = 0.7 and Ry = 0.01, and a medium high reflectivity of
0.21 > RY > 0.14. The reflectivity difference between the two states R} — R
0.05 and the spacing between laser facet and medium is 2um. This flying
type optical head is now developing for the candidate of an ultra-high density
optical near field storage (see Sect. 5.4.2).

Problems

2.1. Calculate (2.27) for Si and show the relationship between the cantilever
resonant frequency fy and the length [ in the range of 500um > [ > 0,
thickness ¢(5um > ¢ > 0.5) as a parameter. Here, A\g = 1.875, F = 1.9 x
1012 dyne/ch, p=23 g/cm3,l is the cantilever length, and ¢ is the thickness.

2.2. Calculate spring constant K = Et3b/413 for Si and show the relationship
between K and the length [ in the same conditions described in Problem 2.1.

2.3. Calculate the light output ratio P»/P;, with medium reflectivity Rz as a
parameter, versus the medium side laser facet reflectivity R2, where P is the
light from PD side and P, is from medium side, Ry = 0.7, h = 2 um.

2.4. What are the specific tracking issues that need to be addressed and solved
for the higher disk rotation rate?

2.5. Are there any reasons to use a 1.3-um wavelength LD?

2.6. Is contamination a serious issue, in practice, for the flying optical head?
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Optical Tweezers

Solar radiation pressure causes manmade satellites to tilt in orbit and also
to induce the rotational bursting of meteorites and tektites in space. The
effect of optical pressure appears notable even in daily life when an object be-
comes smaller than several micrometers. Optical tweezers are tools that use
optical pressure in trapping microobjects including living cells and microor-
ganisms, and also in directionally rotating artificial microobjects fabricated
by micromachining. Given their noninvasive nature, optical tweezers are use-
ful particularly in biological processes. Nowadays, these optical tweezers are
used to control and manipulate various types of micro/nanoobject in various
research and industrial fields.

In this chapter, we first analyze the trapping efficiency of optical tweezers
using geometrical optics and then compare the results with those obtained in
experiments. Finally, we show the various applications of optical tweezers.

3.1 Background

Figure 3.1 shows a photograph of Halley’s comet taken on March 21, 1986 at
Nobeyama near Tokyo. The tail of the comet is said to be directed along the
direction of solar radiation pressure. An optical pressure force is very weak but
can be visualized as the tail of a comet in space. This force was measured on
earth soon after the laser was invented. The measurement method is illustrated
in Fig.3.2 [3.1]. Small mirrors (vanes) were suspended by a gold wire in a
vacuum chamber. Pulsed light emitted from a ruby laser hits the first vane,
and light reflected from the vane hits the second vane and passes through
an exit beam splitter. The reflection of the beam from both vanes generates
sufficient optical pressure force to tilt the vanes and the scale mirror fixed to
the lower end of the suspension wire, which changes light deflection on the
scale. The experimental results were obtained in vaccum (10~° Torr) under the
conditions listed in Table 3.1 to eliminate the thermal effect of air molecules
induced by light absorption.
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Fig. 3.1. The tail of Halley’s comet is directed along the direction of the solar light.
This photograph was taken on March 21, 1986 at Nobeyama near Tokyo, Japan
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Fig. 3.2. Top view of two-vane torsion pendulum for measuring optical pressure
force. Reprinted from [3.1] with permission by American Institute of Physics, Copy-
right Clearance Center License Number: 1273781240969

Table 3.1. Physical characteristics of optical pressure measurement [3.1]

item value

moment of inertia, I 7.75 g cm?

torque constant, k 1.0 x 1072 dyne cmrad !
distance between vane centers, 2r 7.40 cm

distance of scale from suspention, D 200 cm

transmissivity of window, T' 0.92

reflectivity of vane, R 0.75

mass of suspension, M

0.98¢g
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Ashkin and his coworkers at ATT Bell Laboratory demonstrated a trap-
ping phenomenon due to the optical pressure force generated by counterpropa-
gating laser beams in the early 1970s [3.2]. There is a great deal of theoretical
and experimental knowledge and technology in this field [3.3,3.4]. Here, a
single-beam gradient-force optical trap is applied in various scientific and en-
gineering fields including biology [3.3,3.5], microchemistry [3.6], physics [3.7],
micromechanics [3.8]. It consists of a single beam that is strongly focused by
a high-numerical-aperture (high-NA) objective lens of a microscope.

Table 3.2 shows typical conditions for the optical trap and Table 3.3 shows
a list of the refractive indexes and densities of typical materials for trapping.
Optical trapping is possible not only for solid particles but also for liquid
particles and living cells, if they are transparent for the laser wavelength used
and the refractive indexes are slightly higher than that of the surrounding
medium. They include a droplet of paraffin wax (refractive index of 1.47) in
ethanol liquid (refractive index of 1.36). The droplet becomes larger at the
trapping position through successive droplet fusion. Another example is the
living cell of a blade of grass (weed). We can manipulate a mitochondrion in
the cell by illuminating and scanning it with a laser beam. Figure 3.3 shows
that we can transfer an optically trapped particle from one beam to another.

Masuhara et al. [3.9] developed a laser scanning micromanipulation
system and demonstrated the simultaneous trapping of multiple particles,
micrometer-size particle pattern formation, and driving of particles along the
patterns. Figure3.4 shows that multiple particles are trapped by a single
laser beam and aligned in the designed pattern (Japanese character “light”)
formed by scanning the laser beam. This pattern can be moved or deformed
in the space according to the scanning pattern. Figure 3.5 shows that we can
trap particles so as to obtain a spatial light energy distribution pattern by
interference fringe, which increases the efficiency of particle manipulation.

Table 3.2. Conditions for optical trapping

light source (wavelength) YAG laser (1.06 um), Ar™ laser (0.515um),
laser diode(0.4-1.3 pm)
lens large NA, small NA, optical fiber
object transparent for the light used, size
(20 nm—-50 pm), refractive index
circumstance in air, in liquid, at the interface

Table 3.3. Microsphere materials for the analysis of the trapping efficiency with
the wavelength of 1.06 um

material water glass polysterene polyimide SU-8
refractive index n~ 1.33 1.51 1.60 1.53 1.66 (A = 633 nm)
density p(gml™') 1.0 2.54 1.06 1.49 -
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Fig. 3.3. Transfer of optically trapped particle from beam to beam

Fig. 3.4. Microsphere spatial pattern formation by scanning a focused laser beam
[3.6]. Courtesy of H. Masuhara, Osaka University, Japan

Fig. 3.5. Micrometer-size particle formation due to light intensity formed by inter-
ference fringe pattern [3.6]. Courtesy of H. Masuhara, Osaka University, Japan
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Details of the analytical and experimental studies of the single-beam op-
tical trap are presented in the following sections.

3.2 Theoretical Analysis

Trapping force/efficiency can be calculated with either a ray optics (RO)
model [3.4] or an electromagnetic force (EM) model, as shown in Fig. 3.6 [3.10].
In the RO, a light beam is decomposed into individual rays with appropriate
intensity and direction. The total force on the sphere is computed from the
sum of the contributions of each ray entering the aperture. The RO model is
applicable only to an object much larger than the wavelength (Mie regime).
On the other hand, the EM model is applicable to an object much less than
the wavelength (Rayleigh regime).

The RO model is used in Chaps. 3 and 4 to calculate the optical trapping
force (on the piconewton order) exerted on a micrometer-size object. The
Brownian movement is also considered for the small sphere [3.11]. The EM
model is used in Chap. 5 for the nanometer-size object.

3.2.1 Optical Pressure

When a ray in a medium of refractive index n; is incident to boundary with a
medium of index ny, what happens? Figure 3.7 shows reflected and refracted
rays, the angle of incidence 6, reflection #;, and refraction #; and the mo-
mentum of incidence M;, reflection M,, and refraction M;. Optical pressure
force, that is, momentum change per second, acts as to conserve the momen-
tum of light at the interface. The direction of optical pressure is normal to
the surface because the momentum in the transverse direction is continuous
(Example 3.1).

100
. Electromagnetics ﬂ_,,——'-"’_’_’_‘ ‘
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Q2 102 1
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g 10+ rs
= g

o
106L . ]
0.01 0.1 1 10 100
Radius (um)

Fig. 3.6. Trapping efficiencies calculated with a ray optics model and an electro-
magnetic force model. Reprinted from [3.10] with permission by Michael W. Berns
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Incident light Reflected light

Refracted light

Fig. 3.7. Relationship between incident, reflected, and refracted rays at interface

The optical pressure force F' exerted due to the reflection and refraction
at the interface is given by (3.1) considering the momentum change in the
vertical direction (Example 3.2).

P
F:{(l—&—R)cosGl—ZQTcong}nlc, (3.1)
1

where c is the speed of light in vacuum, 7" and R are the Fresnel transmission
and reflection coefficient, respectively. In the case of circularly polarized light,
R is given as the average of R for s-polarization and R, for p-polarization
leading to (3.2)

1 1 tan2 (92 — 91) SiIl2 (92 — 91) }
R=-(Rs+Rp) =< . 3.2
2( S p) 9 {tan2(92 + 91) Sin2(02 + 91) ( )
Since no absorption is assumed
T=1-R. (3.3)

The total optical pressure acting on a microobject is the vector sum of the
force over the entire cross-section.

Ezample 3.1. Show that optical pressure is perpendicular to the surface.

Solution. When a ray with a momentum of M; is incident to the interface be-
tween index of nq and ny with an angle of 67, the momentums of reflection M,
and refraction My are expressed as M, = RM; and M = (na/n1)TM; which
comes from the speed of light ¢/n and the light energy Mc¢/n. The transverse
components of the momentum of incidence, reflection, and refraction rays are

Mi sin 91
M, sinf; = RM; sin 64,
M, sin 6y = (ng/nq)T M, sin by = T M; sin 6;.
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As a consequence, the momentum change along the transverse direction before
and after the ray incidence is expressed as

Mi Sin91 — (Mr sin¢91 + Mt sinﬂg) = Mi Sin01(1 —R-— T) =0.

Ezample 3.2. Show that the optical pressure force exerted by a ray incidence
at the interface is given by (3.1).

Solution. The vertical components of the momentum of incidence, reflection,
and refraction rays are

M; cos 01,
M, cos; = RM; cos 61,
M cos 0y = (ng/ny)T M cos bs.

The momentum change along the vertical direction before and after the ray
incidence is

M; cos by — (=M, cos 01 + My cosby) = M;i[(1 + R) cosby — (na/n1)T cos 6s).

Since M; = nq1P/c, the optical pressure F is given as (3.1).

In summary, a light momentum change AM per second through reflection,
refraction, scattering and absorption causes the optical pressure F. F' increases
as the incident angle increases, leading to the lifting of the microobject if laser
light is strongly focused by an objective lens with a high NA.

The principal relationship between F' and the power P is

F=Q(ni/c)P, (3.4)

where @ is a nondimensional efficiency parameter (called trapping efficiency)
and ny P/c is the incident momentum per second of a ray of the power P in
a medium of the refractive index of ny. The trapping efficiency @ depends on
not only the object shape and refractive index but also the optical parameters
of the trapping laser beam. It has the maximum value of 2 when all incident
rays are reflected from a totally reflecting mirror.

3.2.2 Optical Trapping Efficiency

Qualitative optical trapping description is possible for a small transparent
particle whose refractive index is slightly higher than that of the surround-
ing medium. Figure3.8a shows that the focused laser beam illuminates the
upper part in a microsphere. Consider a typical pair of rays a and b of the
focused beam under the assumption of zero surface reflection. When an inci-
dent ray refracts at the top surface, the momentum changes and the upward
optical pressure force (perpendicular to the sphere surface) Fy; is exerted.
The optical pressure force F,, is also exerted when ray a is emitted from the
bottom surface. The sum of the both pressure force leads to force F, owing
to ray a. Similarly, ray b produces the pressure force Fj,. The sum of F),
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(a) Laser

Fig. 3.8. Qualitative description of optical trap. The microsphere is transparent
and its refractive index is slightly higher than that of the surrounding medium [3.4]

and F}, is shown pointing in the direction of the laser focus f from the center
of the sphere. As a result, the sphere is trapped stably at the point where the
optical pressure force F' balances the difference between the gravity force and
the buoyant force.

We can see, for the arbitrary displacement of the sphere center O from the
focus f, that the vector sum of F, and F}, gives a net optical pressure force
F' directs to the focus as shown in Fig. 3.8b. Since the optical pressure F is
expressed as (3.4), the axial and transverse trapping force analysis results the
simulation of the nondimensional @ of the object, beam convergence angle,
sphere size, shape and relative refractive index with respect to the surrounding
medium, polarization state, and beam profile as parameters.

First, consider a ray of the power P incident to a microsphere at the
angle 1. Figure 3.9 shows the geometry for this model and trapping force
is calculated according to Ashkin [3.4]. The expressions of the net optical
pressure by the emerging rays in the direction parallel (Fj: scattering force)
and perpendicular (Fy: gradient force) to the incident ray can be expressed
(Example 3.3) as

1+ R2 + 2R cos 26, c c

(3.5)

T?{cos 2(61 — P) P P
Fs= [1—|—Rc05291— {cos2(01 — B2) + Recos 91}} mif o, m

T2 {5in 2(6; — 0 in26,1] ny P P
Fy = [Rsin291— {sin2(6, = 6) + fisin 1}] - o

14+ R2 + 2R cos 20, c = Qs ¢’ (3.6)

where 6; is the incident angle, 05 is the refracted angle, T"and R are the Fresnel
transmission and reflection coefficients, and @, and @), are the scattering and
gradient trapping efficiency, respectively. As a result, total @ and total F' are

Qr = 1/ Q2 + Q2, (3.7)
F=\/F2+F2= Qtnlcp. (3.8)
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Fig. 3.9. Optical pressure force on microsphere exerted by single incident ray [3.4]

Ezample 3.3. Show that the optical pressure forces exerted by a ray of the
power P incident to a dielectric microsphere of the refractive index nq at the
angle 0; surrounding the medium of n; are given by (3.5) and (3.6).

Solution. When the ray strikes the sphere, a fraction of the light PR is re-
flected and the remainder is transmitted into the sphere, as shown in Fig. 3.9.
No absorption is assumed for the sphere. The transmitted fraction produces
an infinite number of internal reflections within the sphere and infinite num-
bers of scattered rays escape the sphere. A series of scattered ray powers are
expressed as

PR,PT? PRT? ... ,PR"T?... (n=0,1,2,3,...)

where T" and R are the Fresnel transmission and reflection coefficients on the
surface at 61, respectively. The angles of the scattered rays with the incident
ray are expressed as

7T+291,C¥,Oé+ﬁ70[+2,8,"' ,a+nﬁ,-~-(n:071,273,)7

where a = 2(6; — 63) and 8 = 7 — 26,.
Since the optical pressure force in the z-direction is defined as the mo-
mentum change per second due to the scattered rays

P PR = n P
Fe= " _ {nlc cos(m + 260;) + anR"T2 cos(a + nﬁ)} )

C
n=0

where nj P/c is the incident light momentum per second in the z-direction.
Similarly, for the y-direction,

mPR . P, .
Fg:O—{ - sm(n—i—%ﬂ—i—ZTR”T sin(a 4+ ng) ;.

n=0

Here introducing the following equations to the sum over n in the above
equations lead to (3.5) and (3.6).
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=~ . ] _ cosa— Rcos(a — f3)
nZ:OR cos(ar+nf) = 1—2RcosfB+ R2 "’
N _ sina — Rsin(a — 3)
nZ:oR sin(e+nf) = 1—2Rcosf+ R? ~

Since 03 = arcsin{(n1/ng)sin 6, }, R is from (3.2), and T is from (3.3), we can
express (3.5) and (3.6) using a ray incident angle 6.

Figure 3.10 shows the dependence of the trapping efficiencies @y, @, and
Q: on 6. The microsphere index of refraction is ny = 1.5 (glass) and the
surrounding medium index of refraction is n; = 1.33 (water). The maximum
Q¢ is obtained at an incident angle of 71.8°. Therefore, the numerical aperture
of the objective lens corresponding to the angle arcsin(NA /n;) is greater than
1.2, which leads to the tight convergence of the laser beam.

For the calculations presented earlier, a trapping force is obtained by the
vector sum of the contributions of all rays within the convergence angle. This
trapping force varies according to the focus of the laser beam. Axial trapping
efficiency is defined when the focus is on the center line of the microsphere
parallel to the optical axis, as shown in Fig. 3.11. Transverse trapping efficiency
is defined when the focus is on the center line of the microsphere perpendicular
to the optical axis, as shown in Fig. 3.12.

Figure 3.13 shows the total trapping efficiency @; exerted on a polystyrene
sphere suspended in water by a trap with a uniformly filled input aperture
of NA = 1.25 which is focused along the optical axis at positions +s and —s
below the center of the sphere. In the figure, (a) shows the trapping efficiency
for the axial trap (Example3.4) and (b) that for the transverse trap (Prob-
lem 3.4). Both show the maximum when the focus is near the surface of the
sphere and decrease as the focus comes to the center of the sphere. The po-
sitions for the maximum trapping efficiency are f = —1.02 and f = 1.05
for the axial trap, and f = 41.05 for the transverse trap. At these posi-
tions the laser power for trapping become minimum. We can also find that

@
0.6

0.5
0.4
0.3
0.2 Qs
0.1

Trapping efficiency

0 15 30 45 60 75 90
Incident angle (deg)

Fig. 3.10. Predicted trapping efficiency dependence on incidence angle 6; for Qs, Qg
and Q.
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Fig. 3.11. Geometry for calculating axial trapping efficiency of polystyrene mi-
croshere. The laser focus is on the optical axis which is parallel to the center line of
the microsphere [3.4]
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Fig. 3.12. Geometry for calculating the transverse trapping efficiency of polystyrene
microshere. The laser focus is located along the transverse center line of the sphere
[3.4]
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Fig. 3.13. Total trapping efficiency Q: exerted on a polystyrene microsphere sus-
pended in water by trap with a uniformly filled input aperture of NA = 1.25 for
axial (a), and for transversal (b) directions
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Table 3.4. Maximum trapping efficiency for axial trap with various laser beam
profiles

beam profile downward directed upward directed
Gaussian (TEMgo) 0.21 0.33
uniform 0.25 0.39
donut (TEMo; ™) 0.26 0.41

the upward directed beam is more effective in trapping the microsphere than
the downward-directed beam. Table 3.3 shows microsphere materials for the
analysis in this book.

The trapping efficiency dependence on the incident angle of a ray means
that trapping efficiency is related to the profile of the laser beam. Table 3.4
shows the maximum trapping efficiency calculated for input beams with
various mode intensity profiles: Gaussian, uniformly filled, and donut. The
maximum () increases as the outer part intensity increases. Good trapping is
possible when the outer part of the aperture is filled by a high intensity to
give a laser beam with a high convergence angle.

Ezample 3.4. Calculate the axial trapping efficiency for a microsphere when
the focus of the uniformly input laser beam is along the optical axis in the
center line of the sphere.

Solution. First, we find the incident angle 6;(r, 8) of a ray entering the in-
put aperture of the objective lens at the arbitrary point (r, ), as shown in
Fig.3.11a [3.4]. Since axial trapping efficiency is independent on 3 due to axial
symmetry, we consider r-dependence for the 6, (r, 3). The angle ¢(r) between
the incidence ray and z-axis is 7o sin 01 (r) = ssin ¢(r) where rq is the radius
of the microsphere (we take rg = 1 since the results in the ray optics model
are independent on r), s is the distance between the center of the microsphere
and the laser focus. From Fig. 3.11b,

é(r) = tan~! (};m tan <I>m> ,

where Ry, is the lens radius and ®,,, is the maximum convergence angle. Then
the incident angle 61 (r) becomes

0:(r) = sin—1 srtanfb /\/ rtan@ )

Next, the trapping efficiencies Qs(r) and Qg (r) are computed by the vector
sum of the contributions of all rays w1th1n the convergence angle using (3.5)
and (3.6). Here, the y-component is cancelled out due to the symmetry, only
the z-component is calculated as

Qsz(r> = Qs(’r) COS (b(r)a
Qg=(1) = Qg(r) sin o(r).
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Finally, Qs and @, are obtained by integrating all the rays using

1 21 Rm 2 Rm
Qs = ) / / Qs (r)drdf = R—?n /TQSZ(r)dr7
0 0 0
2n R, R
1 2
Qg = — //Tng(r)drdﬂ: " / Qg (r)dr.
0 0 0

The total trapping efficiency is given by Q; = /Q2 + Q2.

3.2.3 Effect of Beam Waist

In the ray optics, a laser beam is decomposed into individual rays with appro-
priate intensity, direction and polarization, which propagate in straight lines.
In actual conditions, the focused light beam has a beam waist, which means
that each ray varies its direction near the focus. Therefore, the incident angle
0, varies from that of the straight line, leading to the recalculation of the
exact optical pressure force.

We introduce a Gaussian beam profile (3.9) of a beam waist wy and the
depth of focus Z; instead of straight line ray optics as

A

7.2
v 2o = ke, (3.9)

wo =
where k is the wave number 2n/A, ) is the wavelength, and NA is the numer-
ical aperture of the objective.
To determine the incident angle 81 () of a Gaussian ray passing at r = r in
the aperture of the objective enters at the point (a, 3) on the sphere surface
as shown in Fig.3.14. The coordinates (a, ) are expressed

2 2
2572 — \/45223 —4z (32 —13+ (&) w§> (Zg + (%) wg)
2 )
2 (Zg + (RL) w%)

(3.10)

o =

B=/r3—(s— ). (3.11)

Then the incident angle 6;(r) is calculated as the angle between the tan-
gent vector a of the Gaussian ray at («, 5) and the direction vector b pointing
to the center of the sphere. After the incident angle 64 (r) is defined, the trap-
ping efficiency along the optical axis can be computed. Figure 3.15 show the
result for a polystyrene sphere suspended in water. Considering the beam
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Focus point

Fig. 3.14. Geometry for calculating exact axial trapping efficiency for microsphere
considering beam waist
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Fig. 3.15. Axial trapping efficiency of polystyrene microsphere suspended in water
by converging ray approximations of straight line (ray optics) and parabolic line
(beam waist) with beam waist wo

waist, it is seen from the figure that the axial trapping efficiency decreases to
50% that of the straight lines. This is caused by the fact that focused rays are
almost parallel to the optical axis near the focus, as shown in the upper left
sketch in the figure.

Figure 3.16 shows the transverse trapping efficiency along the axis perpen-
dicular to the optical axis. It is seen from the figure that both straight and
parabolic Gaussian beam rays have almost the same numerical results. This
is based on the fact that the incident angles at the surface of the sphere are
almost the same for both approximations because the laser focus is located
near the surface edge, maximum trapping efficiency, on the center line of the
sphere (see the upper left sketch in the figure).

Ezample 3.5. Compute the trapping efficiency of a microsphere suspended in
water along the propagation axis by the laser beam emitted from the tapered
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Fig. 3.16. Transverse trapping efficiency of polystyrene microsphere by two con-
verging ray approximations

Fig. 3.17. Geometry for calculating trapping efficiency for microsphere along prop-
agation axis by laser beam emitted from tapered lensed optical fiber

lensed optical fiber of curvature R = 10 um, beam waist radius w; = 5.0 m,
core refractive index ny = 1.462, as shown in Fig. 3.17. The focus distance
from the tapered lensed fiber end dy and the beam radius r(z) with the beam
waist wy are given as

naR(ng —ny) 2

2
dy = — 5, 7(2) = wo 1—|—<2> .
(ng—n1)2+R2( 2 ) hwp

2
7\'(.4)1

Solution. An equation of a ray going along the z-direction is expressed by
the variable parameter (0 <t <1) as

2
y:tLUQ 1+ <Z) ) ZO :kwga
A

where t = r/R,, and
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The equation of the microsphere located on the z-axis is (z — s)? +y? = r2
where rg is the radius of the microsphere and s is the distance between the
center of the microsphere and the beam waist. From the two equations given
carlier, the intersection point « between the ray and the sphere surface is

2523 — \J45228 —AZ3(s* — 13 + %) (22 + 1203
o = .
2(23 + t2w§)

According to the Pythagoras theorem

B=\/r2—(s—a)

The incident angle 67 of a Gaussian ray entering the sphere at the inter-
section point («, 3) is the angle between the tangential vector a of the ray
and the vector b pointing from the point («, 3) to the center of the sphere is

P ab
1 = arccos
la| - |b]’

where a = (1, f(¢,«)), f is the derivative function of y, that is

£t a) twacv

Yy X)) = ————,
Z§\J1+ %2
b=(s—a,—pf).

Here
02 = arcsin{(ny/nz)sin b6 },
1 tan(ﬁg — 91) 2 Sin(92 — 81) 2
tg)=-|3d2272 71 22 TV
R( ’5) 2 [{ tan(02 + 91) + sin(92 + 91) ’
and T=1—-R.
The trapping efficiencies )5 and Qg are given from (3.5) and (3.6) as

T? {cos(20; — 205) + R(t,s) cos(261)}
1+ R(t,s)* + 2R(t, s) cos(265)

Qs =1+ R(t,s)cos(20,) — ,
T2 {sin(20; — 205) + R(t,s)sin(26;)}

Qg = R(t,s)sin(26,) — 1+ R(t, 5)2 + 2R(t, 5) cos(265)

Considering the z-component,

1
V1F+f(t,s)?

/ : : It
Qg = QgsinT, sintT = \/%

The trapping efficiency along the z-axis due to a ray is given as Q, = Q¢+ Q4.

QL =Qucosp,  cosg =
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Next, the trapping efficiency due to a circular element of radius [ is
given as

Qe = 21PQ...

Finally, this trapping efficiency is integrated over the entire cross-section
of the sphere for all individual rays using the Shimpson formula under the
conditions in Table 3.5.

Figure 3.18 shows the axial trapping efficiency dependence on the distance
from the optical fiber end for a polystyrene sphere of radii 2.0 and 2.5 pum.
The laser beam profile is Gaussian and the wavelength is 1.3 um. It is seen
from the figure that trapping force increases as axial distance increases from
zero to a beam waist of 40 um, i.e., it increases over the region in which
the fiber lens is focusing, and then begins to decrease monotonically as the
beam diverges beyond the focus. Therefore, we can expect that the optimum
dual fiber lens spacing will exists at a point where axial trapping efficiency is
changing rapidly (see Sect.3.3.4).

3.2.4 Off-axial Trapping by Solitary Optical Fiber

In recent years, studies of optical tweezers have been conducted on optical-
fiber tweezers [3.12] to improve their operation in the fields of life science and

Table 3.5. Conditions for analysis of tapered lensed optical fiber trapping efficiency

refractive index

water 1.33
particle 1.59
fiber core 1.446
beam waist in the core (Um) 5.0
beam waist distance (um) 49.24
radius of curvature (um) 10
wavelength (Um) 1.31
particle radius (um) 2-10
0.008
0.007
>
§ 0.006 oi
S 0.005 lameter
£ «— 5um
5 0.004 aum
;.i 0.003
S 0.002
=
0.001

0 50 100 150 200 250 300 350 400

Distance from fiber end (um)

Fig. 3.18. Axial trapping efficiency dependence on distance from optical fiber end
of polystyrene sphere
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micromachines. The optical fiber implementation of such tweezers is simple
and inexpensive. The apparatus that uses a laser diode and an optical fiber
is particularly simple since no external optics such as a dichromatic mirror, a
beam splitter, and filters are required.

Trapping forces can be resolved into two components: the gradient force
F,, which pulls microspheres in the direction of the strong light intensity,
and te scattering force Fy, which pushes microspheres in the direction of light
propagation. If a microsphere is located on the light propagation axis, the
gradient forces cancel out, thereby resulting in pushing the sphere. Therefore,
two counterpropagating coaxially aligned optical fibers are used to trap the
sphere suspended in water [3.13]. Although the sphere is stabilized axially at
a location where the scattering forces of the two beams balance each other,
the trapping in the transverse direction is weak. The freedom of operation for
the counterpropagating coaxially aligned optical fibers is poor. In this section,
we theoretically analyze an off-axial microsphere trapping force [3.14] in three
dimensions in order to trap it with a solitary optical fiber.

Analysis of Off-axial Trapping

Trapping efficiency for a microsphere on an optical axis can be calculated,
from axial symmetry, as shown in Fig. 3.19a, by integrating the optical pres-
sure force due to an individual ray in two dimensions. On the other hand,
calculation in three dimensions is necessary for the off-axial trapping effi-
ciency because of axial dissymmetry. Figure 3.19b shows that a ray enters at

Y

Total trapping force

@)

(b) Beam profile
Intersection(x,y,z) Incident
AN e angle 6;
T
4
:' FQ PO AR N

1
/Sphere center.
\ )
|/ 0BA o
7 Axial distance A Off-axial distance B

Fig. 3.19. Geometry for calculating trapping efficiency for a microshere when focus
is located on optical axis (a), and at off-axis (b)
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the incident angle 6; on the arbitrary intersection (z,y, z) of the surface of a
sphere, whose center is located at (0, B, A). The y-coordinate is expressed as

Yy = B+ /12— a2 — (z — A)? (3.12)

The beam profiles for the z- and y-directions are given as

2 2
Wy = tw() 1 + (ZZO> 5 Wy = UWo 1 + (ZZO> 5 (313)

where wg is the radius at the beam waist, Z; is the depth of focus, and
t(0 <t <1)and u(0 < u < 1) are variable parameters.

Next, the incident angle 6; of a ray entering the sphere at the inter-
section point (z,y,z) is defined as the angle between the tangential vector
a= (w;,w’y, 1) of the ray and the vector b = (x, B~ Y@, A— z) pointing
from the intersection (x,y, z) to the center (0, B, A) of the sphere

01 = arccos (3.14)

a
lal - |b]

As a result, the trapping efficiencies Qy(,,») and Qg ) owing to a ray
hits the intersection (z,y, z) can be obtained using (3.5) and (3.6). The entire
trapping efficiency due to the entire surface of the microsphere is given later.

Figure 3.20 shows the sectional view of the off-axial trapping (a), indicating
how to integrate Qy(s,~) and Qg(y,-) along the z-axis (b). Calculate the incident
angle at the arbitrary point z in the circle in the yz plane and compute the
optical trapping efficiency for the ray. Then integrate Q. .y and Qg(,,-) along
the z-direction leading to stz) and ngx) in the yz plane. The integration
is carried out for the upper and lower hemispheres individually because of
the dissymmetry due to off-axial trapping. The integration starts from the

@ A Beam profile

Beam profile

(b)
|

X(U )

Zupper(x)(tmax)

‘Ar\ J ‘ - i ‘
1
i
i

zlower(x)( tmax)

z(x)(tmln)

Fig. 3.20. Method of optical pressure integration when a sphere is located at an
off-axis, side view (a), and top view (b)
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left side z(z)(tmin) = A — V7% — 22 in Fig. 3.20a for both the upper and lower
hemispheres. The integration ends at the tangential point between the ray and
the surface profiles of the upper and the lower hemispheres. The integration

end points zzf)per(tmax) for the upper hemisphere and za‘)"er (tmax) for the lower

hemisphere are given by the solution between two equations shown as

r?—a? = (y(ac,z) - B)2 + (Z - A)2
- (3.15)
wy = twoy/ 1+ (Zi())

Then, Qj(z) and Qg(m) are given as

20y (bmax) 20207 (bmax)
Qg(z) :L Qs(z,z)dz+/ Qs(wwz)dz, (316)

() (tmin) 2(x) (tmin)
. Z?f)per(tmax) zé;‘;’ T‘(tmax)
Qa(a) = / Qg(r,2)dz + / Qg,dz. (317)
Z(z) (tmin) Z(z) (tmin)
Next, our integration goes along the z-axis. Figure 3.20b shows the top

view, indicating how to integrate along the x-axis. The trapping efficiencies
Qj(z) and Qg(m) in the yz plane are summed along the z-axis in the xz plane.

In this case, the integration starts from z = 0 and ends at = z(umax ), which
is the tangential point between the ray profile (3.13) and the sphere circle
(3.18) in the zz plane

x2+(z—A)2:r2

3 (3.18)
wye = uwpi/ 1+ (Zio)
Then, Q2! and Qg“ are given as
-'E(umax)
e =2 [ G (3.19)
0
x(umaX)
Q' =2 / Q2 yda. (3.20)
0

As a result, the total trapping efficiency comes from (3.7). Followings are the
numerical results for the off-axial trapping in three dimensions.

Off-axial Distance and Microsphere Radius Dependence

In the analysis a circularly polarized laser beam by a laser diode with a 1.3 um
wavelength, a tapered lensed optical fiber with a curvature of 10 um, and mi-
crospheres 2-10 um in radius are used under the conditions listed in Table 3.6.

First, transverse trapping efficiency on the off-axial distance (transverse
offset) is analyzed for a polystyrene sphere of 2.5 um radius located at different
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Table 3.6. Microspheres for analysis of solitary fiber trapping

material refractive index density (gem™?) radius (um)
polystyrene 1.6 1.06 2-10
glass 1.51 2.54 2-10
! 0.06
Fib d \ :
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Fig. 3.21. Variation in transverse trapping efficiency for a 2.5-pm-radius mi-
crosphere as function of off-axial distance, with beam axial distance as a parameter

axial distances of zero (fiber end), beam waist, two-fold beam waist, and
three-fold beam waist. The axial distance of the sphere is measured along the
symmetry axis of the laser beam and the off-axial distance of the sphere is
measured as a relative distance to the symmetry axis (transverse offset) of the
laser beam. It is seen from the numerical results in Fig. 3.21 that the optical
pressure force towards the beam axis (transverse force) is exerted by off-axial
trapping and becomes maximum at an axial distance of 3 um.

Second, transverse trapping efficiency at the off-axial distance is analyzed
for polystyrene spheres of 2-10 um radius at an axial distance from the beam
waist location. It is seen from Fig. 3.22 that the transverse trapping efficiency
increases as the sphere radius increases and the location where the trapping
efficiency becomes maximum is far away from the beam axis. When the radius
increases, more power illuminates the sphere; thus the maximum transverse
efficiency is realized.

Optical Trapping by Solitary Fiber

In off-axial trapping, the optical pressure force towards the beam axis (trans-
verse force) Fy is exerted as described earlier. Finally, we realize solitary op-
tical fiber trap by balancing the horizontal components of the gradient force
F,, which always pulls a sphere to the beam axis and the scattering force
Fy, which always pushes a sphere along the beam axis. Figure 3.23 shows the
concept of the horizontal component balanced between the optical pressures
F, and F, owing to the oblique incident 6 for an optical fiber [3.15].
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Optical trapping efficiency

Off-axial distance (um)

Fig. 3.22. Variation in transverse trapping efficiency at beam waist as function of
off-axial distance, with microspore radius as a parameter

Beam axis

Incident
angle

Fig. 3.23. Balancing between scattering force Fy and gradient force Fy at fiber
incident angle of 6 [3.15]

Following are the analyses for the incident angle of 6 that satisfies F,, =
Fy, for polystyrene radii ranging from 2 to 10 um. Figure 3.24 shows the fiber
incident angle for different sphere radii at the maximum gradient force on
off-axial position. It is seen from the figure that as axial distance increases
the fiber incident angle illuminating the sphere first decreases, then increases
a little and becomes constant (about 40°) at the axial distance of 10 pm.

Figure 3.25 also shows the numerical results, showing that incident angle
decreases at radius intervals of 0-3 um; after that it remains almost constant
at 35°. From the results stated earlier, we may trap a microsphere two di-
mensionally by a solitary fiber illuminating at an angle of about 40°. By the
way, the experimental results for glass and polystyrene microspheres of 5um
diameter show that the minimum trapping power linearly increases with stage
velocity (Fig. 3.37).
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Fig. 3.24. Relationship between optimum fiber incident angle and radius of mi-
crosphere for Fy, = Fy. at maximum F; on off-axial position
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Fig. 3.25. Variation in fiber incident angle as function of off-axial distance at Fs =
F,, with microsphere radius as a parameter

3.3 Experimental Measurement and Comparison
of Experimental and Theoretical Predictions

The use of optical tweezers is seen as a method of manipulating [3.16],
aligning [3.17], fabricating and rotating [3.8] microobjects mainly in aqueous
solutions. The optical trapping characteristics of spherical particles for these
types of application were analyzed theoretically in Sec. 3.2 and are analyzed
experimentally in this section. We not only describe the results of the exper-
iments required to determine the characteristics of the optical trap but also
compare the results with that of theoretical ones.

3.3.1 Experimental Setup

An experimental setup for trapping and manipulating particles using upward-
directed and downward-directed YAG laser beams at a wavelength of 1.06 um
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Fig. 3.26. Experimental setup for trapping and manipulating microobjects us-
ing upward-directed and downward-directed YAG laser beams with wavelength of
1.06 pm

having a TEMgy mode structure is shown in Fig. 3.26. The laser beam di-
ameter is increased from 0.7 to 8.2mm by a beam expander to fill the entire
aperture of the objective uniformly. A quarter-wave plate is placed to generate
a circularly polarized beam. The intensity of the laser beam is varied using
a ND filter. The beam is divided by a beam splitter to enter two objective
lenses for focusing the downward-directed and upward-directed laser beams.
A dichroic mirror is used to separate the transmitted image from the trapping
beam. The total transmittance efficiency from YAG laser to the objective is
about 35%. The transmittance efficiency of the immersion oil objective lens
(NA = 1.25) is 21% at a wavelength of 1.06 pm.

Figure 3.27 shows photographs of the experimental setup. Microobjects are
suspended in an aqueous medium in a chamber. The chamber is made similar
to a hole of a spacer (50-150 um in depth) inserted between a coverslip (150 um
in depth) and a glass slide. The particle is trapped so as to be pulled to the
focus of a strongly converging laser beam transmitted through the coverslip.
When the objective lens moves, the particle follows the objective motion.
The trapping behavior of the microobjects is monitored using a CCD camera.
We have measured the minimum laser power for both axially trapped and
transversely trapped particles by balancing the gravitational force and the
viscous drag force, respectively.

The particles have also been manipulated successfully using the upward-
directed and downward-directed laser beams. T'wo beams do not interfere each
other, which leads to the appropriate manipulation of microobjects such as in
the assembly of particles in the fabrication of a 3-D microobject.

3.3.2 Axial Trapping Power

To measure the minimum axial trapping power P> | first, polystyrene/glass
spheres are dispersed in water and trapped by a circularly polarized laser beam
converged with a 1.25-NA objective lens. Second, the power of the trapping
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Fig. 3.27. Photograph of optical trapping apparatus. Upper and lower objective
lenses are seen around the microscope stage lower left in (a). Two objective lenses
used in trapping particles in water with downward-directed and upward-directed
laser beams (b)
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Fig. 3.28. Dependence of minimum axial trapping power on diameter for
polystyrene spheres (a), and glass spheres (b)

beam decreased until the microsphere is observed to fall out of the trap.
This P2%, is taken to be the difference between the gravitational and buoyant
forces. The spheres used for experiments are polystyrene (p = 1.06 gcm 3,
n = 1.60) of 3.23, 5.85, 7.73, 10, 20, 30, 40 and 50 um in diameter and glass
(p=2.54gem™3 n = 1.51) of 1.0, 2.5, 3.1, 5.1 and 5.8 um in diameter.

Figure 3.28 shows the dependence of the measured PZY on sphere diam-
eter at T = 10 um for the polystyrene (light) spheres (a), and glass (heavy)
spheres (b), where T is the distance of the laser focus from the coverslip.
P3% with an upward-directed (lower) laser beam is less than that with the
downward-directed (upper) laser beam because the scattering force is added
to the gradient force to trap the particle with an upward-directed beam. The
discrepancy between the predicted and the measured forces is found to be
smaller for a heavy particle (glass) than that for a light particle (polystyrene).
This may be because the glass has smaller effects in both Brownian motion
and electrostatic force than polystyrene.

The theoretical axial trapping power P2X is shown by the solid line (up-

pre

ward directed) and the broken line (downward directed) from (3.21) [3.11]
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that considers gravity, buoyancy and Brownian movement (theoretical trap-
ping power is calculated using the expression P = Fgr’;c/ 11 Qmax)-

Fare = % (s = pu) d°g + 26T /d, (3.21)
where ps and py, are the densities of the sample spheres and suspending
medium, respectively; d is the diameter of the spheres, g is the gravitational
acceleration, and kT is the thermal energy.

Results of comparison of traps between experimental and theoretical meth-
ods are summarized in Table 3.7 as the ratio of P}, to P.. The measured

min

P, for glass beads matches the theoretical Py at large diameters (only
about 1.5 times difference for the diameter of 5.8 um) because the ray op-
tics model is appropriate and the Brownian effect is relatively small for large
diameters. In parentheses, the experimental value with the upward-directed
beam for the 5.8 um diameter becomes large because the wall force (between
the bead and the cover slip) strongly pulls the bead downward at a small
distance of about 4.2(= 10 — 5.8) um.

A comparison is also given for the axial trapping power in both straight ray
and parabolic ray approximations. Figure 3.29 shows the minimum axial trap-
ping power for polystyrene microspheres comparing the experimental measure-
ments to the predicted results for a straight ray model (broken line) and a
parabolic ray model (solid line). It is seen from the figure that the minimum
axial trapping power largely increases for the parabolic ray model and is close
to the experimental results. This is because the actual focused trapping laser
beam has a beam waist (parabolic ray model) and the individual ray enters
almost vertically to the sphere surface leading to a reduced trapping efficiency.

3.3.3 Transverse Trapping Power

Next, the transverse trapping power P27 was measured as the minimum

power for trapping a particle moving at the constant velocity v in water, as

Table 3.7. Ratio of experimental and theoretical minimum axial trapping powers
of polystyrene sphere (a), and those of glass sphere (b)

diameter (Um) downward directed upward directed
(a) Polystyrene

3.25 7.6 4.0

5.85 3.5 1.7

7.73 2.4 1.5
(b) Glass

1.0 40 50

2.5 2.5 2.2

3.1 1.9 2.0

5.1 1.8 1.7

5.8 1.5 -
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Fig. 3.30. Meathod of measuring transverse trapping power as minimum power for
trapping a particle moving at the constant velocity of v in water

shown in Fig.3.30. The theoretical transverse trapping power Pg;gns can be

expressed as (3.22) [3.11] by considering viscous drag force, trapping depth
and the maximum trapping efficiency Qmax (= 0.406) [3.4].

9d (1 1
37t,udvc{1+< >}
phans — 2N A1) (3.22)

ni Qmax

Here, 1 and n4 are the viscosity and the index of refraction of the suspend-
ing medium (water), respectively; c is the speed of light, and His the height of
the specimen chamber (150 um). A transversely moving sphere should stably

remain near the sphere surface (Qmax) on the transverse axis for the light
bead.
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Figure 3.31 shows the dependence of P27 on sphere velocity for d =
10 pm polystyrene particles (small gravity). P28 increases as bead velocity
increases and the experimental values are fairly in good agreement with the
theoretical ones.

Figure 3.32 shows the dependence of P2 on sphere size (diameter) for
polystyrene particles with a downward-directed beam. P2 substantially
increases as d increases due to the Stokes drag force increase. The discrepancies
between the theory and experiment for the trapping forces at d > 30 um is due
to the fact that the trapping position moves to upward from the transverse
center line in the sphere, and that () becomes smaller, since the gravitational
force increases for such large spheres [3.18] (Q3.7).

3.3.4 Optical Fiber Trapping

To realize a simple and inexpensive implementation of an optical trap, 3-D
trapping using the counterpropagating light beams from two optical fibers
and 2-D trapping using a solitary fiber were demonstrated. Figure 3.33 shows
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Fig. 3.33. Photographs of setup around fiber ends (a), and dual tapered fiber
trap (b)

@ Fiber spacing (um) () Fiber spacing (um)
| |

'S °
50

o 30 .A.f

'..‘ 000,
;‘ 14

'X?é—X- Q—;(X'

A- 2
oo o .n.'.é

!
--‘—'

[*]
expeon
~
o

w

o

o
w
o

i

¥
m-“““'dﬁ

=
o

Laser power (mW)
3
Lo
Xy
Laser power (mW)
5 S

o

T T T T 0 T T T T
-40 -20 0 20 40 -40 =20 0 20 40

Trap position (um) Trap position (um)

Fig. 3.34. Relationship between trap equilibrium position and output power from
left side fiber ranging from 0 to 40 mW when output power is 15 mW from right side
fiber for different spacings between fiber lens

photographs of the setup around fiber ends (a), and the dual tapered fiber
trap (b). The trap equilibrium position of a 5-um-diameter glass bead varies
depending on the laser power ratio between the dual fibers. Laser diodes
of 1.3 um wavelength and cleaved/tapered (hemispherically machined lensed
end) optical fibers are used for the experiment (Tables 3.5, Example 3.6).

Figure 3.34 shows the relationship between the trap equilibrium position
and the output power from the left side fiber ranging from 0 to 40 mW when
the output power from right-side fiber is 15mW for different fiber lens spac-
ings, which leads to enables the trapping of the particle at any positions in
the dual fiber spacing by changing power ratio. The performance of a lensed
fiber trap (b) is less sensitive in position than that of a cleaved fiber trap (a)
due to its focus depth characteristics.

Figure 3.35 shows that the particle moves to the right continuously as the
left power increases for small spacing of the fiber lens, but jumps for large spac-
ing of the fiber lens. When the spacing becomes large, axial trapping becomes
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Fig. 3.36. Trapping performance by solitary optical fiber inserted at angle of 40°

unstable. Anyway, adjusting the relative powers of the optical fibers allow us
to trap and position a bead over axial distances using the counterpropagating
coaxially aligned optical fibers.

Figure 3.36 shows the trapping performance of a solitary fiber. The fiber,
with an illuminating angle of 40°, traps a microsphere of 10 um diameter. The
minimum trapping power is linearly proportional to the velocity of the stage
as shown in Fig. 3.37. The power is smaller for polystyrene than that for glass
because the polystyrene refractive index (trapping efficiency) is larger and its
density (friction force at the surface due to the 2-D trapping) is smaller than
that of the glass.

In summary, we measured the optical-trapping force on polystyrene and
glass microspheres of different diameters in two orthogonal directions with
upward-directed and downward-directed laser beams and optical fibers. Fol-
lowing are our experimental results:

1. We confirmed that the upward-directed beam has a higher trapping
efficiency than the downward beam for both polystyrene and glass
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Fig. 3.37. Relationship between minimum trapping power obtained using solitary
optical fiber and stage velocity for microsheres of 10 micrometer in diameter

microspheres. This is because the trapping force is equivalent to Fy — Fj
for downward illumination, but to Fy + Fy for upward illumination. The-
oretically, the minimum trapping power ratios between the upward- and
downward-directed beams are 1.8 for polystyrene sphere and 1.6 for glass
sphere.

2. The experimental minimum trapping powers are in fairly good agreement
with the theoretical ones for axial trapping, but not in good agreement for
transverse trapping. This is because the trapping position for transverse
trapping changes due to the large gravitational force, particularly for high-
density and/or large particles.

3. The minimum axial trapping power increases as the trapping position
increases from the chamber surface. This is because the spherical aberra-
tion due to the refractive index difference between the immersion oil of the
objective and the aqueous medium in which a microsphere is suspended.

4. Brownian motion is active for microspheres less than about 1 um in diam-
eter, which increases trapping power.

5. Optical fiber trapping is expected to improve both the operation and
implementation.

Ezxample 3.6. Show that the force due to Brownian motion of a microsphere
suspended in water is equivalent to F' = 2kT/d where k is the Boltzman con-
stant, T is the absolute temperature and d is the diameter of a microsphere.

Solution. Microspheres smaller than about 1 um in diameter seem to fall out
of the optical trap when laser power is reduced below a certain level. This
is due to the thermal energy driving the particle in the weakest direction of
the optical trap, i.e., parallel to the beam axis. To express the thermal effect
in force units we assume that the harmonic trap potential K22/2 (K is the
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optical spring constant) equals the thermal energy £7/2 (Brownian motion
energy) [3.11], Therefore, K = kT /2%

At the moment of escape, z = d/2 because the maximum trapping effi-
ciency is close to the surface of the sphere. In this case, the equivalent force
of the Brownian motion is

3.4 Applications of Optical Tweezers

Ashkin et al. [3.19] demonstrated the optical trapping of a transparent mi-
crosphere by a strongly focused laser beam. A single-beam gradient-force
optical trapping technique has been proved to be useful in the study of
biological processes because of its noninvasive nature [3.20]. Recently, op-
tical tweezers have been applied in various scientific and engineering fields
listed in Table 3.8. Inexpensive fiber manipulation is expected for easy
implementation.

Not only a solid laser but also an LD can be used as a light source for
trapping. The optical pressure force is very weak, nearly pN/mW, but can
manipulate particles on the micrometer scale. Since the gravitational force in-
creases proportional to the third power of the particle radius and the Brownian
effect increases inversely proportional to the radius, there exists an adequate
objective size in trapping. It corresponds to several micrometers, facilitating
the manipulation of living cells in its early developing stage. 3-D trapping is
possible for various particles ranging from 20 nm to tens of micrometers in-
cluding biological, dielectric and polymer particles which are transparent for
the laser beam, as shown in Fig. 3.38.

Recently, materials have been widening for further applications. For ex-
ample, the 3-D trapping of metallic objects is possible due to a gradient force
of the light intensity in the Rayleigh regime where the size is much less than
the wavelength, and also due to the diffractive effect of the light at the sur-
face of the object with a size of several wavelengths [3.21]. Gahagam et al. of
Wochester Polytechnic Institute demonstrated the 3-D trapping of low-index
particles in the size range of 2-50 um using a donut-shaped intensity pro-
file beam [3.22]. Higurashi et al. of NTT trapped ringlike (hollow), low-index
microobjects in a high-index liquid using upward bottom-surface radiation
pressure [3.17]. The ringlike microobject was made of fluorinated polyimide,
with a refractive index of 1.53 and a surrounding liquid refractive index of
1.61. Following are the actual applications of the optical tweezers classified in
the field of basic research and industry.

3.4.1 Basic Research
Biology

Living cells of several micrometers in size, which are easy to trap, leads to
optical tweezers were first used in biology [3.23]. For example, results of the
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Table 3.8. Applications of optical tweezers

technology fields applications
basic research 1. Physics: Measurement of optical pressure (1964) [3.1]
2. Biology: Measurement of swimming velocity of
bacteria (1987) [3.23]
. Biology: Measurement of compliance of bacterial
flagella (1989) [3.24]
. Chemistry: Microchemical conversion system (1994) [3.6]
. Optics: Microsphere laser oscillation (1993) [3.29]
. Biology: Kinesin stepping with 8 nm (1993) [3.25]
. Mechanics: Measurement of particle rotation rate (1995) [3.34]
. Mechanics: Measurement of the drag force on a
bead (1995) [3.33]
9. Physics: Optically trapped gold particle near-field
probe (1997) [3.31]
10. Biology: Single molecule observation (1998) [3.26]

w

0~ O U

. Space engineering: Solar sail flight [http://planetary.org]

. Applied optics: Particle transport (1986) [3.19, 3.35]

. Biological engineering: Living cell fusion (1991) [3.20]

. Mechanical engineering: 3-D microfabrication (1992) [3.9]

. Mechanical engineering: Shuttlecock type optical

rotor (1994) [3.8, 1.62]

6. Applied optics: Optical fiber trapping (1995) [3.13],
(1999) [3.15]

7. Mechanical engineering: Optical rotor with slopes(2003) [1.63]

8. Applied optics: Optically induced angular alignment (1999)
[3.17]

9. Mechanical engineering: Gear type optical rotor (2001) [1.65]

10. Applied optics: Optical mixer (2002) [1.50], (2004) [1.66]

11. Applied chemistry: Patterning surfaces with nanoparticles
(2002) [3.40, 3.41]

12. Applied optics: Microstructure formation and control (2004)

[3.39]

industry

QU W N~

manipulation of bacteria and the measurement of the swimming speed of
mitochondria are shown in Fig. 3.39. Furthermore, living cell fusion [3.20] by
violet light exposure in the contact area of two cells trapped independently is
shown in Fig. 3.40.

Another example is the compliance measurement of bacterial flagella. The
torque generated by the flagella motor of a bacterium tethered to a glass
surface by a flagella filament was measured by balancing that generated by
the optical pressure force. The balance was realized by calibrating optical
power [3.24].

The direct observation of kinesin stepping was performed by optical
trapping interferometry with a special and temporal sensitivity for resolving
movement on the molecular scale, as shown in Fig. 3.41 [3.25]. Silica spheres
carrying single molecules of the motor protein kinesin were deposited on mi-
crotubules using optical tweezers and their motion was analyzed to determine
whether kinesin moves in 8 nm steps.
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of mitocondria by optical tweezers [3.23]

Figure 3.42 shows the simultaneous measurement of individual ATPase and

mechanical reactions of single one-headed myosin molecules [3.26]. A single
actin filament with beads attached to both ends was suspended in a solution
by YAG laser trapping. The fluorescence was excited by the evanescent wave
generated by the total reflection of the green laser shown in the figure. The
local illumination by the evanescent light greatly reduced the background
luminescence.
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Fig. 3.40. Living cell fusion by violet light exposure at contact area between two
cells trapped independently [3.20]. Courtesy of S. Sato, Tohoku University, Japan

Displacement and force due to actin—myosin interactions were determined
by measuring bead displacement with nanometer accuracy by a quadrant
photodiode. Individual ATPase reactions were monitored by an SIT camera as
changes in fluorescence intensity due to association—(hydrolysis)—dissociation
events of a fluorescent ATP (analog labeled with Cy3-ATP) with the myosin
head. As a result, it was found that the myosin head produces several hun-
dred of milliseconds after a bound nucleotide is released. This suggests that
myosin has hysteresis or memory state, and stores chemical energy from ATP
hydrolysis [3.26].

Chemistry

Optical tweezers are used in the field of chemistry. Figure 3.43 shows a mi-
crochemical conversion system [3.6] for the studies of reaction kinetics that
allows the selective excitation of optically manipulated particles in reaction en-
vironments, which was prepared by micromachining. Continuous wave YAG
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Fig. 3.43. Microchemical conversion system for studies of chemical reaction process.
Reprinted from [3.6] with permission by H. Masuhara, Osaka University, Japan

lasers (A = 1,064nm) trap and close particles in contact with each other.
Q-switched YAG laser (A = 350nm) stimulates the photochemical reaction
between such particles. Such a chemical reaction was studied by a picosecond
time-resolved laser spectroscopy. They expect that such approaches will make
it possible to study the chemical and physical properties of a single fine parti-
cle as a function of its size, shape, surface morphology and to promote highly
selective/efficient material conversion [3.27].

Optics

Micrometer-sized spherical particles can act as optical cavities in air or liquid
[3.28]. Resonant field is formed inside the surface of particles doped with laser
dye such that the light propagates in a circumferential manner due to the
total internal deflection at the interface [3.29]. The optical characteristics of
the microsphere laser oscillation, such as polarization of resonant modes and
interaction between close particles, were studied. Photon tunneling from the
lasing microsphere to an object was demonstrated as a marked change of
an emission spectrum depending on microsphere-to-object distance. Lasing
microspheres have the advantage of high sensitivity due to the intracavity
enhancement of tunneling loss, i.e., a probe of a scanning near-field optical
microscopy (SNOM) [3.30]. In addition, an optically trapped gold particle
was demonstrated to be a useful near-field probe for the study of the surface
characteristics beyond the diffraction limit resolution [3.31,3.32].
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Micromechanics

Laser scanning manipulation was applied to measure the drag force [3.33]
acting on a glass bead moving in mineral oil between two glass plates. The
rotation rate of a small particle induced by optical pressure was measured by
the cycle of the scattered light from optically trapped particles [3.34].

3.4.2 Industry
Particle Transport

The spatial patterning and directional transport of plural particles in wa-
ter were shown to be possible by single-beam laser trapping. For radioactive
substance or nucleus materials, the optical trapping of metallic oxide parti-
cles with various optical constants were performed to confine, position and
transport without physical contact in water by Omori et al. 3-D trapping was
possible for a ThO, particle but only 2-D trapping was observed for a UOq
particle in water using an He—Ne laser light at 633 nm. This is because a UO4
particle has a relatively large refractive index and a large extinction coefficient
in the visible region [3.35].

Figure 3.44 shows the relationship between optical constant (refractive
index n and extinction coefficient k) and the maximum trapping efficiency
Qmax for microspheres with a wavelength of 633 nm. The objective’s NA is
1.3 and the microsphere diameters are 2um (a) and 10um (b). In this calcu-
lation, absorption was considered, therefore decreasing Qmax with increasing
the diameter. It is also seen from the figure that 3-D trapping was possible
for the metallic oxide having a refractive index less than 2.4 by an He-Ne
laser light (Qmax < 0). They also demonstrated that laser trapping was also
possible in air [3.36].

loggok

-5 -5
141516171819 2 21222324 141516171819 2 21222324
n

Fig. 3.44. Relationship between optical constant and maximum trapping efficiency
Qmax for microsphere with wavelength of 633 nm [3.35]
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Fig. 3.45. Micro assembly system using two laser beams, one is for trapping (as-
sembly) and the other is for ablation (adhesion).

Fabrication of 3-D Microstructures

The simultaneous manipulation and microfabrication of spatially arranged fine
particles are attained using optical tweezers by introducing pulsed violet laser
illumination [3.9]. Figure3.45 shows a microassembly system. The trapping
and ablation (adhesion) laser sources used are a 515-nm CW Ar™ laser and a
355-nm pulsed YAG laser, respectively.

Such systems mentioned earlier were limited to a small number of objects
trapped in a single plane. Recently, components can be designed to split a laser
beam into many separate beams. Holographic optical tweezers can trap objects
in different focal planes allowing many objects to be simultaneously trapped
[3.37]. Crystal-like structures over a scale of tens micrometers were constructed
using holographic optical tweezers [3.38]. Eight 2-um-diameter silica spheres
were trapped through the multiple trapping function of the hologram at the
corner of a cube [3.39]. The real-time calculation of the required holographic
pattern allows us to rotate the structure about an arbitrary axis.

Patterning Surfaces with Nanoparticles

The 2-D arrangement of colloids on a substrate is of interest for photonics,
electronics, magnetic, and sensor applications.Optical tweezers are used to
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bring particles from a reservoir and pattern nanoparticles on the substrate.
Fixing was carried out using opposite charges [3.40] or local photopolymer-
ization [3.41] around the nanoparticle assembly.

Optical Rotor

Optical pressure can also rotate dissymmetrical microobjects. Many types
of optical rotor have been proposed for future applications, which will be
described in Chap. 4.

Problems

3.1. Explain the method of measuring an optical pressure force.

3.2. Explain the procedure how to simulate the trapping force exerted on a
microsphere illuminated by a converging laser beam.

3.3. Compare the axial trapping efficiencies for a microsphere predicted by a
straight ray with a parabolic ray.

3.4. Calculate the transverse trapping efficiency for a microsphere when the
focus of the uniformly input laser beam is located along the transverse center
line (perpendicular to the optical axis) of the sphere.

3.5. Compare the transverse trapping efficiency for a microsphere predicted
by a straight ray with a parabolic ray.

3.6. Calculate the total trapping efficiency for a microsphere when the focus
of the input laser beam is located at arbitral positions in the sphere.

3.7. Consider the reasons for the transverse trapping power discrepancy be-
tween the theoretical prediction and the experimental result. Show the tra-
jectory of the trapping (focus) position in the sphere.
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Optical Rotor

Optical tweezers have been successfully utilized in various scientific and en-
gineering fields such as biology, microchemistry, physics, optics and micro-
mechanics. Their ability to rotate microobjects remotely without the use of
bearings presents important opportunities in optical microelectromechanical
systems (optical MEMS) and biotechnology. This chapter describes the prin-
ciple, design, fabrication, and evaluation of an optical rotor to increase the
mixing performance of microliquids to enable future fluidic applications. The
optical rotor will be used as a mixer in micrototal analysis systems (U-TAS).

4.1 Background

In space, small particles are blown away rotationally by the radiation pres-
sure of the sun, the so-called windmill effect. In micromechanics the following
methods are known for rotating a microobject using a single laser beam: one
in which a circularly polarized laser beam is used [4.1] and another in which
the rotating nonuniform intensity profile of a higher-order-mode laser beam is
used [4.2]. However, the rotation speeds of both methods are very slow, about
6.7x 1071 — 6.7 x 10~2rpm [4.1] and 6rpm [4.2].

Trapping and manipulation of micrometer-sized particles were demon-
strated firstly by Ashkin using a laser beam through a microscope objec-
tive [3.2]. Presently, optical tweezers have been successfully applied in various
fields. The optical pressure can also be used to rotate the dissymmetrical mi-
croobjects shown in Fig. 4.1, which are a polystyrene particle (refractive index
n = 1.6, density p = 1.07gcm™?), a broken glass (n = 1.5,p = 2.2gcm™3), a
glass rod having concave end on the top and elongated cylindrical body, a bro-
ken ZnO (n = 2.0,p = 5.67gcem™3), a broken Si (n = 3.5,p = 2.33gcm™3),
and a broken GaP (n = 2.12,p = 4.13gcm™3) for example. However, we
cannot control the rotational direction for arbitrarily shaped broken micro-
objects.
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Fig. 4.1. Dissymmetrical/arbitrarily shaped broken microobjects which can be ro-
tated but not controlled the rotational direction by optical pressure. They are a
polystyrene (a), a broken glass (b), a glass rod (c¢), a ZnO (d), an Si (e), and a
broken GaP (f)

Fig. 4.2. Fabricated shuttlecock optical rotors with shape dissymmetry on their
sides

Higurashi et al. reported in 1994 that they could experimentally cause a
directional high-speed rotation, for example, 22 rpm of artificial rotors in water
[4.3]. Yamamoto et al. measured the rotation rate of anisotropically shaped
particles using the temporal variation of light scattered from the rotation
particle [4.4]. Gauthier showed an example of a numerical computation of the
torque exerted on a rotor under restricted conditions [4.5].

Figure4.2 shows a rotor with shape dissymmetry on its side [4.3]. The
rotor was made by reactive ion-beam etching of a 10-um-thick silicon dioxide
(SiO2) layer. When incident laser light refracts at the top surface of the rotor,
the momentum of the light changes and an upward optical pressure force
for trapping is exerted as shown in Fig4.3a. Optical pressure force is also
exerted when the light emits from the side surfaces. Fig. 4.3b shows the optical
pressure exerted on side surfaces I and II but not on side surface III. This is
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Fig. 4.3. Optical pressure force exerted on the light-incident upper surface lifts the
rotor (a), and that exerted on the light-emission side surfaces rotates it (b)

because surface III is parallel to the radial direction and does not refract the
laser beam. The optical pressure on side surface II does not contribute to
the optical torque because its direction is radial. The optical pressure on side
surface I, however, rotates the microobject counterclockwise, and we can see
that the direction of rotation can be controlled by appropriately designing
the dissymmetric geometry. Nevertheless, this type of optical rotor has the
following drawbacks.

1. a strongly focused laser beam is required
2. only a fraction of the incident light is effective for rotation
3. the viscous drag force is very large due to the complicated side shape.

To solve these problems, Ukita et al. extended their work and invented
a new rotor remotely driven by not only a focused laser beam but also an
unfocused (parallel) laser beam [4.6]. Fig. 4.4 shows the designed optical rotor
that has a sloped top, a cylindrical body and a flat plane on the bottom. This
rotor has shape dissymmetry on the top, which generates an optical trapping
force and optical torque at the same time. The optical force F', perpendicular
to the rotor slope, is torsionally exerted along the beam axis. F is separated
into two components, scattering force Fy, and gradient force F. The gradient
force Fj is further separated into the torque force Fi, and radial force F;. On
the lower surface, only the scattering force is exerted, and no z-axis torque is
exerted because the surface is perpendicular to the optical axis. On the side
surface, optical pressure does not contribute to the z-axis torque because of
its radial direction.

The total z-axis torque and the rotation speed have been evaluated using
the ray-tracing method taking into consideration the beam waist with various
optical parameters such as the numerical aperture (NA) of the lens and the
laser beam profile, as well as rotor shape parameters including oblique angle,
height and diameter. As a result, the cylindrical rotor driven by forces exerted
on its top surface is expected to rotate much faster than the previous rotors
[4.3] driven by forces exerted on their side surfaces. This is because all incident
light that hits the upper surface generates torque and also because the viscous
drag force is small due to the cylindrical structure.
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Fig. 4.4. Rotation principle by the optical pressure exerted on the slopes of the
light-incident surface and the cylindrical body

Applications include optical motors for micromachines and optical mix-
ers for I-TAS. These technologies related to the optical rotor could have a
significant effect on developments in optical MEMS and micromechanical pho-
tonic systems; recently, a micromotor [4.7], a microgear [4.8], a micromachine
element [4.9], and a micromachine with complicated shape [4.10] have been
presented.

4.2 Theoretical Analysis I — Optical Torque

Two kinds of optical rotors are presented: a rotational but not bilaterally
symmetrically structured rotor to which optical torque is applied on its side
surfaces and a cylindrical optical rotor which has slopes for rotation on its
top. Their rotation mechanisms have been clarified both experimentally and
theoretically. The optical rotor is expected to solve the problems of an MEMS
motor, i.e., short lifetime due to friction and requirement of electrical wires
for the power supply.

4.2.1 Optical Rotor Having a Dissymmetrical Shape (Shuttlecock)
on its Side

The optical rotation principle of a shuttlecock optical rotor that has no bi-
lateral symmetry in the horizontal cross-section is shown in Fig. 4.3. In order
to simulate the optical torque, the laser beam was divided into 100 x 100
elements on the objective lens aperture, as shown in Fig.4.5. We considered
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Fig. 4.5. Ray optics to simulate the optical torque of the shuttlecock rotor, where
ray incidence (rr,3) on the lens aperture is considered and the torque is estimated
at the point rg on side surface I
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the ray incidence (ry, 3) on the lens and estimated the torque at point rg on
side surface I in Fig. 4.3. Radius rg is expressed as

w
cos 3’
where w is the wing width. Optical pressure F' at the incident light angle of
0. is derived in Example 3.2 and expressed as

TR = (41)

F:nl]-?{(1-|-R)c0501—nQTCOSGQ}7 (4.2)
c ni

where n; and ny are the refractive indexes of the surrounding medium and the
rotor, respectively. P is the laser power, ¢g is the speed of light in vacuum,
and 69 is the refractive angle calculated from Snell’s law. R and T are the
reflectivity and transmittivity, and they are derived from the Fresnel formula.
As a consequence, optical pressure F' can be calculated if the incident light
angle 67 is defined.

The optical torque T at rg is given as

T =rrFsing. (4.3)

The total optical torque M exerted on the four-wing surfaces is

B=cos " d TL max
M = 4/ / Fsinar?drdg (4.4)
B

=0 TL min

where d is the rotor diameter and 7 min and 7 max are the minimum and
maximum distances from the optical axis, respectively. They are given as
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TLmin = 0 and rpmax = tan{arcsin(NA/n1)}, where NA is the numerical
aperture of the objective lens.

Figure 4.6a shows the optical torque dependence on the focal point where
the refractive indexes are n; = 1.33 and ny = 1.6. The diameter is d = 20 um,
and the thickness is ¢ = 10 um, and the wing width is w = 3.3 um. The optical
torque reaches a maximum when the focal point is 4 um above the top surface.
Fig. 4.6b shows the simulated results at the focal point located 5 um above the
upper surface of the rotor under the same conditions as above. The optical
torque increases as the NA increases and reaches a maximum at NA = 1.2
because the large divergent angle increases the amount of light emitted from
the side surface, as shown in Fig. 4.3a, but it decreases due to the increase in
reflectivity at the top surface when NA becomes greater than 1.2. Table4.1
lists the conditions of torque simulation for the optical rotor.
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Fig. 4.6. Simulated optical torque dependence on focal position with objective lens
NA=1.2 (a), and dependence on objective lens NA (b) with focus above 5pum, for
shuttlecock rotor with uniform light beam profile

Table 4.1. Conditions of torque simulation for an optical rotor

optical conditions

laser intensity profile uniformly filled
laser power 0—200 (typical 100) mW
objective NA 1.25
refractive index of the medium 1.33 (water)
refractive index of the rotor 1.6
focus above a rotor upper surface 0—20 (typical 5) pm
speed of light in vacuum 3 x 10°m/s

rotor size
diameter 10—50 (typical 20) pm
thickness 1-20 (typical 10) pm

wing width 2.7-5 (typical 3.3) um
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4.2.2 Optical Rotor with Slopes on the Light-Incident Surface

The characteristics of the optical trapping force and optical torque for a cylin-
drical optical rotor with slopes on the light-incident surface are analyzed using
a ray optics model for both parallel and focused laser beam illuminations. The
rotor is expected to be aligned with the light beam propagation axis. Since
the total illuminated light beam contributes to the rotation and the cylindri-
cal shape is effective in decreasing the viscous drag force, this new rotor is
expected to rotate much faster than the conventional one.

First, light-driven cylindrical rotors with various slope angles and height-
to-radius ratios are analyzed. Figure 4.4 shows that the optical pressure force
F perpendicular to the surface, at an arbitrary point on the top surface is
torsionally directed along the beam axis. Force F' is decomposed into two
components: scattering force Fy pointing in the direction of the beam axis
and gradient force F, pointing in the direction perpendicular to the beam
axis. Gradient force F, (not shown) is decomposed further into torque force
F; and radial force F;. On the lower surface, only scattering force Fj, is exerted,
and no z-axis torque exists because the surface is perpendicular to the optical
axis.

Parallel Beam Illumination

We assume that a circularly polarized Gaussian Nd:YAG laser beam (wave-
length A = 1.064 um, power P = 100mW) illuminates the rotor (refractive
index ny = 1.5, density p = 2.2gcm™3, diameter 2r = 3um and height
h = 10um) in water (n; = 1.33). When vertically illuminated on the top
surface by a parallel beam, the incident angle a; is equal to a (the slope angle
of the rotor) and the optical pressure F' at arbitrary point A is given by (4.2).
Quantities R and T are derived from the Fresnel reflection and transmission
coefficients using (3.2) and (3.3). Scattering force Fy and torque force F} at
point A are given by

F, = Fcos(a) (4.5)
Fy = Fysin(0) = F sin(a) sin(0) (4.6)
Therefore, torque T at point A is

Tq =rk = Qtorque(nlp/c)a (47)

where @ is the torque efficiency in unit of m.

When vertically illuminated by a parallel beam, all the refracted light is
reflected by the side surface, which leads to the incident angle to the bottom
surface being (a; — a2). Therefore, optical pressure Fj, at the bottom surface
is given by

Fy, = {(n2/n1)(1 + R') cos(a — az) — T" cos(az) }(na P’ /c), (4.8)
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where a3 is the refraction angle for the incident angle of (a — ag), P’ is the
incident light power at the bottom, R’ is the reflectivity and T is the trans-
mittance at the bottom. The total trapping force is given as the total sum

Fivap — / / (Fs + Fy)dS, (4.9)

and total torque Moyt acting on the rotor is given as the sum

Mopt = %P//Qtorqueds- (410)

Figure4.7 shows the dependence of trapping force Fi;,p on slope angle
a. We have defined the positive axial trapping force to be in the +z direc-
tion. The curves show Fi,,, on the top (upper), bottom (lower), and both
surfaces (total). Since all the rays refracted at the top surface are reflected
from the side surface, scattering force Fj, on the flat bottom is always greater
than scattering force Fy on the top. Thus the net trapping force (F}, — Fy),
always positive, pushes the rotor away, which leads to two-dimensional (2-D)
trapping.

Figure 4.8 shows the dependence of the rotation rate on the slope angle.
Assuming that the rotor is cylindrical, we can approximate the rotation rate
by Mopt = Mdrag(= 4mpr?hw), where Mopt is the optical torque of (4.10), p
is the medium viscosity (u = 1 mPas), r is the radius, h is the height of the
rotor and w is the angular velocity.

Focused Beam Illumination

A ray tracing method considering the beam waist is employed to analyze the
optical forces exerted by a focused laser beam. Figure 4.9 shows ray tracing for
the rotor illuminated with a focused beam. An incident ray repeats reflection

60

Trapping force (pN)

0 20 40 60 80
Slope angle (deg)

Fig. 4.7. Dependence of trapping forces on slope angle
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Fig. 4.8. Dependence of rotation rate on slope angle, with rotor diameter as a
parameter (P = 100 mW)
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Fig. 4.9. Ray tracing for the rotor illuminated with a focused beam (a), and trap-
ping efficiency along the light beam axis (b)

and refraction on each surface of the rotor. Since optical torque, that is, optical
pressure times radius, is exerted on the light-incident surface, the minimum
radius of the waist should be considered in the numerical analysis, particularly
for the cylindrical rotor with slopes.

When the rotor is illuminated by a focused laser beam, the individual rays
propagate parabolically near the waist, as shown in Fig.4.10. The Gaussian
beam radius along the z-directed propagation axis is given by

W(z) = Woy 1+ (Z_zf>2 (4.11)
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z

Fig. 4.10. Ray optics model for a focused laser beam considering beam waist. The
ray of tW(z) passes tWy at the beam waist (z = z¢) where 0 < ¢ <1

where W is the minimum waist radius, z¢ is the minimum waist position and
27 corresponds to the depth of focus. An arbitrary point on the ray, angle 6
in the xy plane, can be described as

{W(z)cosf,W(z)sinb,z}. (4.12)

Ray vector I of tW (z) that passes through tWy (0 < ¢ < 1) on the beam
waist (z = z¢) plane can be expressed as

I={tW'(z)cos0,tW'(z)sinb, 2}, (4.13)

where W’(z) is the z derivative of W(z). Reflected ray vector 1, and refracted
ray vector l; on the incident plane can be written, using vector I of the incident
tW(z) ray as

I.=T-2(Ien)mn, (4.14)
I,=T+(Ien) (m - 1) a, (4.15)

where n defines the vector normal to the interface, 6 is the angle of incidence
and 6 is the angle of refraction. The optical forces at each point are calculated
using these ray vectors as follows.

We traced the rays until they hit the bottom surface and computed the
optical pressure on each surface. The light reflected from the bottom causes
an error in the optical pressure. The ratios of such light power to the input
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Fig. 4.12. Torque efficiency Qtorque vs beam waist position for the slope angle of
a = 20° and 45° with numerical aperture NA as a parameter

power are below 0.3% and the computation error may be negligible. In the
computation, the beam was divided into 100 x 100 area segments on the
aperture.

Figure4.11 shows examples of trapping efficiency @ and Fig.4.12 shows
torque efficiency Qorque Vs beam waist position for the slope angles of 20°
and 45° with numerical aperture NA as a parameter. A negative value of @
is observed in Fig.4.11. It indicates that the trapping force pulls the rotor
toward the focused point of the incident beam, which leads to 3-D trapping.
Torque efficiency Qtorque increases as NA decreases. Fast rotation is possible
when NA decreases to produce a laser beam with a large radius on the top
surface.

Figure4.13 shows the illuminated region on the upper surface of a = 20°
for several NAs where P = 100mW. The radius of the illuminated region
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Fig. 4.13. Illuminated region on the upper surface of an a = 20° slope for several
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Fig. 4.14. Relationship between rotation rate and laser power for two NAs assuming
Moty = Marag(= 4npr’hw)

decreases as NA increases. Therefore, the optical torque also decreases as NA
increases.

Figure4.14 shows the relationship between the rotation rate and beam
power for two NAs, assuming Mopy = Mdrag(= 4nur2hw). The rotation rate
is linearly proportional to the beam power and it increases as NA decreases.
A rotation rate as high as 700rpm is predicted using a 100 mW laser beam
with a focused beam illumination of NA = 0.8. A cylindrical optical rotor is
expected to rotate at a high speed due to its highly efficient optical torque
generation and small viscous drag force under parallel beam illumination.
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Effect of Light Beam Profiles

The trapping force and rotation rate are calculated for various beam intensity
profiles of the form

TEMgo(Gaussian) mode : I(r) = I exp(—2r?/w?), (4.16)
uniformly filled aperture mode : I(r) = Iy, (4.17)
TEMg; (donut) mode : I(r) = Io(r/wo)? exp(—2r? /wd). (4.18)

The fractions of the total beam power that enters the lens aperture are 87%
(a), 100% (b), and 59% (c). Below, all the light powers are normalized after
the lens aperture.

Example 4.1. Analyze the relationship between the rotation rate and the slope
angle with illuminated by beams with Gaussian (a), uniformly filled (b), and
donut (c¢) intensity profiles.

Solution. Figure4.15 shows the numerical results for the rotor of d =
3um, h =10um, and ny = 1.53 in water of p = 1 mPas at the laser power of
P = 100mW. Since the torque at an arbitrary point is defined as the product
of force F; and distance r from the rotation axis, a high rotation rate (torque
efficiency) can be obtained with beam profile (¢) which has high intensity at
the outer part of the aperture. Optical torque increases in linear proportion
to the radius of the rotor, and the drag force increases as twice the radius,
therefore, rotation rate decreases inversely proportional to the radius. Rota-
tion rate increases as the slope angle a increases and reaches a maximum at
a = 75°. As a result, a laser beam with a strong profile at the outer part and
a rotor with small radius are effective for increasing the rotation rate.

Ezample 4.2. Analyze the relationship between torque efficiency Qtorque and
beam waist position z¢ for the rotor illuminated by converging laser beams of
the intensity profiles with (a)—(c).

2,500
(c)

— 2000| (a)Gaussian
E (b) Uniform
7: 1,500 (c) Donut
E
S 1,000
8
[e]
x 500

0 +== g ;

0 30 60 90

Slope angle (Deg)

Fig. 4.15. Relationship between rotation rate and slope angle of the rotor of d =
3um, h = 10um, and ne = 1.53 in water at P = 100mW for the Gaussian (a),
uniformly filled (b), and donut (c¢) beam intensity profiles
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Fig. 4.17. Relationship between rotation rate and incident laser power for different
beam profiles

Solution. Figure4.16 shows the relationship between Qiorque and z¢ for the
different beam profiles. Good trapping and fast rotation are possible when
the outer part of the input aperture is filled by a high intensity beam. In
addition, the dependence of the rotation rate on the incident power for two
NAs is shown in Fig.4.17. The rotation rate increases as the intensity of the
outer part becomes high. We can improve the rotation rate by adjusting the
incident beam profiles.

In summary, it is confirmed that a high rotation rate can be obtained
under the following conditions:

1. high NA of the objective lens

2. large slope angle of the microobject

3. high refractive index of the microobject (Problem 4.3)

4. large number of slopes on the microobject (Problem 4.4)

5. beam profile of high intensity at the outer part of the aperture.
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Fig. 4.19. Optical torque exerted for the shuttlecock rotor with slopes

4.2.3 Enhanced Shuttlecock Rotors with Slopes

In order to obtain high torque efficiency, a shuttlecock optical rotor with
slopes, as shown in Fig. 4.18, is proposed. The enhanced rotor has the ability
to generate optical torque upon parallel beam illumination at not only the
side of the wing but also on the wing slope.

In order to simulate the optical torque, we considered a ray incidence on
the slope. The ray refracts at the slope, exerting optical pressure F' (generates
torque in normal direction), and reflects back side surface III, exerting F”
(generates torque in the reverse direction) as shown in Fig.4.19. The optical
pressure exerted at bottom surface II and at side surface I are very low owing
to low reflectivities.

Figure 4.20 shows the simulated results for the enhanced shuttlecock ro-
tor for parallel beam illumination with the refractive index of ny = 1.6. The
diameter is d = 20 um, and the thickness is ¢ = 10 um, and the wing width is
w = 3.3um. The simulation conditions are listed in Table 4.2 (optical condi-
tions are the same as listed in Table 4.1). Fig. 4.20 shows that the total optical
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Fig. 4.20. Simulated optical torque dependence on the slope angle of the shuttlecock
rotor

Table 4.2. Conditions of optical trapping efficiency simulation for the shuttlecock
rotor with 45° slopes

rotor size
slope angle a 45°
diameter d 20 um
thickness ¢ 10 pm
wing width w 5 um
number of element on the aperture
radial direction 100
circular direction 100

torque increases as the slope angle increases and reaches a maximum at 45°
because the large divergent angle increases the reverse torque at back side
surface III.

Figure 4.21a shows that the total optical torque increases as the wing width
increases and Fig. 4.20b shows that total optical torque decreases as the thick-
ness increases owing to the increase of reverse torque, which indicates that the
optimum thickness equals that of the slope.

4.3 Theoretical Analysis II — Fluid Dynamics

Microflow around the rotor is analyzed through the process shown in Fig. 4.22.
The simulation was performed in a 3-D geometry with a commercial compu-
tational fluid dynamics tool (CFX-4, AEA Corp.) [4.11].

First, the rotor shape is input and the cube grid is formed. The initial
conditions of the medium, water at 283 K, density, and viscosity are defined.
The control volume is a cube, in which each domain has a set of discretized
equations that are formulated by evaluating and integrating the fluxes across
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Fig. 4.21. Simulated optical torque dependence on the wing width (a), and on the
thickness (b) of the shuttlecock rotor with slopes
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Fig. 4.22. Process for flow field and drag force analyses of optical rotor in water at
room temperature by computational fluid dynamics (CFD)

the faces of the volume to satisfy the continuity equation (4.19) and Navier—
Stokes equation (4.20), where U is the fluid velocity, u is the velocity of
the sliding mesh, ¢ is the time, P is the pressure and v is the kinematic
viscosity [4.12].

Ve (U-u)=0, (4.19)
aa—tt] + ((U-u)eV)U = -VP +vV?U. (4.20)

Second, to discretize (4.19) and (4.20), the finite volume method is used.
The solver performs a number of iterations to minimize the overall change
in selected parameters from one iteration to another. We obtained pressure
P and velocity U for each volume. On the rotor surface, pressure P and
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shearing stress S are obtained. On the other hand, in the medium, velocity
U and streamlines are obtained.

Lastly, from the above computational results, the drag force is calculated
as the sum of the torque components of both the pressure (normal component)
and the shearing stress (tangential component) on all surfaces of the rotor as

Marag = //(Pt + Sy)r2drde, (4.21)

where Py is the torque component of pressure P, S; is that of the shearing
stress and r is the radius at that point.

4.3.1 Optical Rotor Having a Dissymmetrical Shape on its Side
Velocity Vectors and Streamlines

To evaluate the performance of the optical rotor in water, the streamlines
around the rotor and the viscous drag force acting on the surface of the rotor
were investigated using a fluid flow solver. The fluid is water (n; = 1.33)
at 283K (incompressible viscous flow, density p = 1.0gcm™2, viscosity
p = 1.0mPas). The corresponding Reynolds number (Re = rwd?/4n) nearly
equals 10™%.

Velocity vectors U = (u, v, w) in the proximity of the rotor at the speed of
200 rpm were analyzed, and the results are shown in Fig. 4.23. We found that
the velocity vector has a component in the z direction even with horizontal
rotation. Contour lines around the mixer for the 1-um s~! pitch horizontal
component (a), and for the 0.1-pm s~! pitch vertical component (b) are shown
in Fig. 4.24. The flow goes not only outward but also up and down, which leads
to circulation.

ks

X

Fig. 4.23. Squint view of velocity vectors in the proximity of optical rotor for
200 rpm
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Fig. 4.25. Horizontal component (a), and vertical component (b) of fluid in the
proximity of optical rotor

Figure4.25 shows the flux amount in the proximity of the rotor for hor-
izontal component vu? + v2? (a), and for vertical component w (b). Here,
flux amount is defined as the sum of absolute U in the observation plane
of 54 um x 40um. From the figures, we can see that horizontal component
Vu? 4+ v? decreases exponentially as the depth increases and that vertical
component w reaches a maximum near the upper and lower surfaces of the
rotor. From these theoretical analyses, we conclude that the velocity increases
near the rotor and that the flow goes outward and up and down, which pro-
motes fluid mixing.

Figure4.26 shows the effect of the enhanced shuttlecock rotor with slopes
(angle of 45°) on the flux amount. We find that the flux amount vertical with
slopes becomes much larger than that without slopes.



140 4 Optical Rotor

)

< —~

(@) o (b) =
E 104 g 108
= o With slope = o With slope
2108 = Without slope 8102 = Without slope
N ®
s Z 10t
= 1021 5 10
> o
<] £
% 101 ' L ' ' ' ' ' 1 g 100 ' ' : ' : ' :
X 0 10 20 30 40 E 0 10 20 30 40
[ Depth (um) Depth (um)

Fig. 4.26. Effect of the slope (angle of 45°) of the shuttlecock rotor on the flux
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Fig. 4.27. Side view indicating the size of the rotor (a), and sectional view indicating
the name of its side parts (b)

Pressure, Shearing Stress and Viscous Drag Force

Figure 4.27 shows the side view indicating the size of the rotor (a), and the
sectional view indicating the names of parts (b). Pressure P (a), and shearing
stress S(= dU/dz) (b), exerted on the surfaces of the rotor at the rotation
rate of 500 rpm are analyzed and shown in Fig. 4.28. We find that high pres-
sure appears on the outer part of the front surface where the fluid velocity
is high. Flow-in occurs near the back surface due to the negative pressure.
The pressure on the flat ends is very small due to the tangential direction of
the rotation axis. On the other hand, the shearing stresses are high on the
side surface and the outer corner. As a result, the drag force is large at the
side surface and the outer parts of the back surface.
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Fig. 4.28. 3-D images of the pressure distribution (a), and the shearing stress
distribution (b)
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Fig. 4.29. Drag force at different parts of the shuttlecock rotor

Figure 4.29 shows the drag forces of different parts of the rotor. By balanc-
ing the optical torque with the drag force, the rotation rate of the shuttlecock
rotor can be computed, as shown in Fig. 4.30; we obtain 600 rpm at the inci-
dent laser power of 100 mW under the conditions listed in Table 4.1.

4.3.2 Optical Rotor with Slopes on the Light Incident Surface
Velocity Vectors and Streamlines

The velocity vectors and the streamlines in the proximity of the cylindrical
rotor rotating at the speed of 3,000 rpm are analyzed for the refractive index
ng = 1.5, slope angle a = 45°, diameter 2r = 3um, and height h = 10 um.
The results are shown in Fig. 4.31a and b. Figure 4.31a shows that the velocity
increases close to the rotor and the flow goes upward near top A but down-
ward near the opposite top B, according to the counterclockwise rotation.
The streamlines in Fig.4.31b show that the flow goes outward and upward
in the proximity of the slope (h = 10 um) but slightly outward in the middle
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Fig. 4.30. Shuttlecock rotor rotation rate dependence on a laser power
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Fig. 4.31. Velocity vectors in the plane 0.5 pm before the center plane for the rotor
of a =45°,2r = 3um and h = 10 pum (a), and streamlines around the rotor (b)

(h = 4pm), and slightly inward at the bottom (h = Opm). Arrows show the
starting point of the flow.

Pressure and Shearing Stress

Figure 4.32 shows pressure P (a), and shearing stress S (b), on the surface
of the rotor. A high pressure (1.24 pN um~2) arises on the upper edge of the
slope where the fluid velocity is high.

Flow-in occurs near the side wall due to the negative pressure. The pressure
on the flat end is very low due to the tangential direction of the rotation axis.
On the other hand, the shearing stresses are large at the top of the edge
(2.24pN um~2). The shearing stress on the side surface is small, which leads
to a low fluid flow along the side surface.
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Fig. 4.32. 3-D images of the pressure distribution (a), and the shearing stress
distribution (b), for cylindrical rotor of a = 45°,2r = 3um and A = 10um at
P =100mW

Table 4.3. Comparison of the drag force between CFD and the approximation
method for the 3,000 rpm optical rotors with a = 45°,2r = 3um, and h = 3um

method CFD (pN um™?) approximation (pN pum™2)
slopes 6.37 0

side walls 4.99 0

side 39.3 35.4

flat end 3.56 0

total 54.2 35.4

CFD: computational fluid dynamics, approximation: 4mur?hw

Viscous Drag Force and Rotation Rate

Viscous drag force Mgrag acting on the surface of the rotor is evaluated
as described earlier. Table4.3 shows a comparison of the drag force be-
tween computational fluid dynamics (CFD) and the approximation method
for the 3,000rpm optical rotors. The sum of the drag force on the slope
(6.37 pNum~2) and the side wall (4.99pNum=2) is three times that on the
flat end (3.56 pN um—2).

Table 4.4 shows the drag force of each part of the rotor simulated by CFD
for 2r = 3um, and h = 3um at the rotation rate of 3,000 rpm. Figure4.33
shows the drag force dependence on the rotor height calculated by CFD and
by the approximation method. It is clear that as the rotor height decreases, the
difference between drag forces calculated by CFD and by the approximation
method increases, as expected.

Assuming that the rotor is cylindrical, we can calculate rotation rate w
by Mopt = Mdrag(= 4mur?hw) where p is the viscosity of the medium (u =
1mPas). The correct rotation rate w is adjusted by balancing optical torque
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Table 4.4. Simulated drag forces of each part of the optical rotor with a = 45°,2r =
3um, and h = 3um at the rotation rate of 3,000 rpm

slope angle (°) 0 30 60
slopes (pN pum™?) 3.60 5.07 8.10
side walls (pN pm™2) 0 3.07 9.27
side (pN um™2) 43.7 38.2 41.5
flat end (pN um™?) 3.60 3.56 3.61
total (pN pm~2) 48.1 49.9 62.5
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Fig. 4.33. Drag force obtained by CFD and the approximation method with rotor
height as a variable

Mopy of (4.10) with drag force Myrag of (4.21). Figure 4.34 shows the rotation
rates calculated by the approximation and by CDF for an a = 45° rotor,
with the rotor height as a parameter. Figure4.35 shows the rotation rates
obtained by the approximation method and by CDF, with slope angle as a
parameter. A laser power of 100 mW is directed onto the rotor with parallel
beam illumination.

From these figures, we confirm that the slope effect on the drag force
becomes strong for heights less than 10 um or for slope angles greater than
30°. The rotation rates calculated by CFD for a rotor with a 3um diameter
and 3 um height are 0.67 (a = 45°) and 0.56 (a = 60°) times the approximated
values when the cylindrical-body drag force is 4mur?hw.

4.3.3 Mixing Performance in a Microchannel

Mixing efficiency of an optical rotor designed to be used in micrototal analysis
systems (U-TAS) has been studied by CFD [4.13]. The finite volume method
is used to discretize (4.19) and (4.20), in which the third-order upwind scheme
is used for the advection terms of the Navier—Stokes equation (4.20), and the
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Fig. 4.34. Rotation rate obtained by CFD and approximation with parallel
beam illumination at P = 100mW,a = 45°,2r = 3um with rotor height as a
parameter
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Fig. 4.35. Rotation rate obtained by approximation and CDF with slope angle as
a parameter

second-order central differencing scheme is used both for the viscosity terms
and the pressure terms of the Navier—Stokes equation (4.20) and for all the
terms of the continuity equation (4.19). For time marching, the implicit back-
ward Euler differencing scheme is used. The algorithm of the numerical solu-
tion is based on the SIMPLEC algorithm [4.12].

The shuttlecock optical rotor (d = 20 um,w = 4pum, ¢ = 10 um) is placed
at the center of a Y-shaped microchannel (30 pm width and 20 um depth) and
rotates at speeds of 100-2,000 (typical 500) rpm. The corresponding Reynolds
number (Re = rwd?/4w) is 1072 to 107%. The fluid used is water at room tem-
perature and its inlet fluid speed is in the range of 0 to 100 ums~!. Figure 4.36
shows the grid system of the Y-shaped microchannel and the rotor. The mesh
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Fig. 4.36. Grid system of Y-shaped microchannel (inlet: 15um width and 20 um
depth, outlet: 30 um width and 20um depth) and optical rotor (d = 20 um,w =
4um,t = 10pum) [4.13]. Courtesy of Y. Ogami, Ritsumeikan Universiry, Japan

numbers are 12 x 20 for the inlet and 30 x 20 for the outlet. The total mesh
becomes about 70,000.
Mixing rate M is defined on the outlet plane as

. 2 ,
M1 L 2057 o 3G (4.22)
C N N
where C; is the mixing volume ratio of the ith mesh, N is the total mesh
(600), and C is the average of the volume ratio, which leads to 0 in the state
of no mixing and 1 in the state of complete mixing.

Figure 4.37a shows the relationship between mixing rate and rotation rate
with diffusion coefficient D = 0, inlet fluid velocity as a parameter. The mixing
rate increases as the rotation rate increases and it becomes high for slow fluid
velocity. Figure4.37b shows the relationship between the mixing rate and
diffusion coefficient with rotation rate w = 0, inlet velocity as a parameter.
The mixing rate increases as the diffusion coefficient increases and it becomes
high for low fluid velocity.

Figure 4.38 shows the mixing rate dependence on the ratio of the wing top
speed (circumferential speed corresponding to w) to inlet fluid speed w. It is
found that the mixing rate depends on w/u. Figure 4.39 shows the mixing rate
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Fig. 4.37. Mixing rateM at various rotation rates w and fluid velocities u with D =
0 (a), and Mat various diffusion coefficients D and fluid velocities v with w = 0
(b) [4.13]
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Fig. 4.38. Similarity of mixing rate M at D = 0, where R is the radius of the
rotor [4.13]. Courtesy of Y. Ogami, Ritsumeikan Universiry, Japan

dependence on the ratio of the diffusion coefficient to u. It is found that the
mixing rate depends on D/u. From these results, an enhancement effect of
convection generated by the rotor and the diffusion of fluids on the mixing
performance is confirmed.

In microscale systems, the flow is considered to be laminar and convective
mixing was considered to be negligible. Nevertheless, from the results obtained
earlier, it is confirmed that the mixing efficiency increases due to convection
generated by the rotor, through the effective increase of the diffusion coeffi-
cient.

8.0



148 4 Optical Rotor

1 T T T

0.8

O u=80pums i

0.6

+ u=40um st
S QO u=20ums

0.4 <1 4=10 um st -

X y=5umst
Approximated curve
0.2 .
0 L 1 1
0.0 1.0 2.0 3.0 4.0

DI(Ru)

Fig. 4.39. Similarity of mixing rate M at w = 0 [4.13] Courtesy of Y. Ogami,
Ritsumeikan Universiry, Japan
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Fig. 4.40. Variation of the shuttlecock wing number for considering the stability,
rotation rate and agitation in the medium
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4.4 Fabrication

4.4.1 Potolithography

We can choose the wing number according to the desired characteristics, i.e.,
stable rotation, high rotation rate, and high agitation in the medium, under
the conditions that the direction of surface III is parallel to the radial direction
and the shape of surface II is circular. These are illustrated in Fig. 4.40 for 3,
4, and 5 wings. Such rotors can be fabricated by micromachining [1.1] such
as dry etching [1.62], wet etching (photolithography) [1.23], and microphoto-
forming [1.27]. In the figure, photographs of the SU-8 photoresist rotors of
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Table 4.5. Fabrication conditions of photolithography

photo resist SU-8-25
spinner condition 1st: 1,000 rpm, 10s
2nd: 5,000 rpm, 40s
prebaking® 100°C, 20 min
postbaking® 140°C, 20 min
development 4.1 min
thickness 10 pm
* Hot plate
@ () Sacrificed layer (Al) evaporation
gs
Resist (SU-8)
xed
UV light <" Prebaking >

1
l l l Mask
Rotor shape B

. Adhesion

Resist " T ok T~ 0 Lo Te—al
< _Postbakm o
Allayer N\ i
. Residual
Si substrate resist \Development
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Fig. 4.41. Optical rotor fabrication by photolithography

20 um diameter fabricated by photolithography are shown. The fabrication
conditions of photolithography are listed in Table4.5.

Figure4.41 shows the photolithography process. Not only the exposure
and development conditions [4.14] but also the baking methods and condi-
tions are important, particularly for achieving the correct rotor shape and
avoiding adhesion between rotors [4.15]. An example of the fabricated three-
wing rotor is shown in Fig. 4.42 along with the mask. Roundness at the wing
top and swelling at the wing root are seen in the figure. To fabricate the cor-
rect shape, parallelism between the resist and the mask is important. We used
a hotplate instead of an oven to prevent resist deformation during prebakeing
and postbaking. We adjusted the baking temperature of 140°C to polymerize
the resist firmly.
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Fig. 4.42. Example of fabricated three-wing rotor shape (a) compared with the
mask shape (b)

400
350 Three wings
T 300 b , \
o Four wings
o 250
S 00k Five wings
S
E 150
nO: 100
50 -
0 I Il I ]
2.3 2.8 33 3.8 4.3

Exposure time (s)

Fig. 4.43. Measured rotation rates for three kinds of rotors

We released the rotor into the laser trap environment by etching away the
aluminum under the resist. The measured rotation rates for three kinds of
rotors are shown in Fig. 4.43. Rotation rate varies according to the exposure
time (varies the rotor shape), but the maximum speed (corresponds to the
correct shape) is fast for small number of wings. Three wings provide the
fastest rotation in this experiment.

Fluorinated polyimide is also suitable for the microrotor because it is
highly transparent in the near-infrared region and it is easy to etch into a
particular shape using oxygen plasma. The fabrication process of the poly-
imide rotor is as follows [4.16]:

1. a polyimide solution is spin-coated onto an Si substrate, which is then
heated to 370°C
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2. a Si-based negative resist with high resistance to oxygen reactive ion-beam

etching (O9 RIE) is spin-coated onto the polyimide layer and exposed to

an electron beam

the polyimide layer is etched down to the Si substrate by Os RIE

4. after removal of the resist, the microrotor are freed from the substrate by
ultrasonic vibration.

@

Fluorinated polyimide has a density of 1.49 and a refractive index of 1.53 at
a wavelength of 1.064 um as listed in Table 3.3.

4.4.2 Microphotoforming

In order to increase the optical torque of the rotor, it is effective to adopt a 3-D
structure with slopes on its upper surface. To fabricate such 3-D microstruc-
tures, photoforming is applied. However, the presently proposed photoforming
apparatus is large and requires a special laser beam (ultra-short-pulsed near-
infrared Ti:sapphire)or special resin (two-photon-absorbed urethane material)
[1.29,4.17].

We developed a desktop microphotoforming apparatus using a DVD opti-
cal head and a visible light-curable resin (DF-200N, Nippon Kayaku Corp.),
both of which are commercially available [4.18]. Since the microstructure is
generated by scanning a focused laser beam to solidify the contour of a lig-
uid photopolymer, the resolution is determined by the laser beam intensity
distribution and the absorption of light within the polymer. To decrease the
solidified depth, a thin resin film was made using a spinner, as shown in
Fig.4.44

Figure 4.45 shows the shuttlecock optical rotor with a 30 um diameter and
15um thickness. The fabrication conditions were a scan speed of 25 ums=1!,
scan pitch of 0.3 um, single scan and a laser power of 0.35 mW. The overall
time was 12 min to fabricate 16 rotors.

@) : ()
Z stage /Optlcal head
\ |

N

Spinner
(=

oo |

=X

| XY stage

Fig. 4.44. Schematic diagram (a), and photograph (b) of the spinner-type mi-
crophotoforming apparatus
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Fig. 4.45. Shuttlecock optical rotors, 30 um diameter and 15 pm thick, fabricated
by photoforming

Table 4.6. Photoforming conditions for the slope of the rotor

optical power 0.35mW

scanning velocity 25—70 ums !

scanning pitch 0.3 um

scanning method single scan

layer thickness 5 um

resin visible light-curable resin®
resin amount 360 ul

# DF-200N, Nippon Kayaku Corp.

Complicated 3-D microstructures were fabricated by stacking thin resin
layers that had been solidified into the cross-sectional shape using a DVD LD
with the wavelength of 650 nm. Table4.6 shows the photoforming conditions
for the slope of the rotor. Figure4.46 shows the 3-D design (upper), cross-
sections (middle) and fabricated layers (lower) of 5 um thick each. It is found
that the fabricated layer shapes are similar to those of the corresponding cross
sections.

4.5 Evaluation

In this section, evaluation methods of the microflow field generated by the
optical rotor are discussed, considering the future application as a mixer in
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Fig. 4.46. Microstructures with slopes are fabricated by stacking of thin resin layers
having the 2-D cross-sectional shape, upper: 3-D designed shape, middle: 2-D cross-
sections designed, and lower: fabricated 2-D cross-sectional-shape layers of 5um
thick each

u-TAS [4.18,4.19]. In addition, the rotation rate of the rotor was measured by
two techniques using the video frame time and the period of scattered light
variation [4.4].

4.5.1 Visualization of Microflow (Agitation)

In the actual evaluation, the microflow fields generated by the optical rotor are
analyzed using images obtained with a newly constructed evaluation system.
To obtain the images, we use two methods. One is the tracer method in
which we trace many particles suspended in the medium. The other is an
optical method in which we observe the medium density variation [4.20]. By
comparing the results of the two methods, we confirm that the optical method
is appropriate for visualizing the overall microflow behavior.

Figure 4.47 shows the experimental setup for trapping and rotating the ro-
tor with an upward-directed YAG laser beam and for visualizing the microflow
using a high-speed camera. Figure 4.48 shows a photograph of the experimen-
tal apparatus. The rotor in the medium inside the chamber is secured at the
focal point of the NA = 1.4 objective lens.
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Fig. 4.47. Experimental setup to visualize microflow around mixer. The upward-
directed YAG laser traps the rotor. Generated microflows are visualized with oblique
angle illumination
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Fig. 4.48. Photograph of experimental apparatus to visualize the microflow around
rotor

To visualize the flow field in the proximity of the rotor, the light scattered
due to the medium density variation upon illumination at a grazing angle is
observed. The oblique illumination increases the image contrast, because only
the scattered light is observed. The sample chamber, in which optical rotors
and milk fat colloid are suspended in water, as shown in Fig.4.49, is sealed
with a cover glass.
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Fig. 4.49. Fabricated sample chamber sealed with cover glass. When liquid is
dropped at the edge of the inlet it moves toward the center by surface tension

Tracer Method

Arbitrarily-shaped glass particles (n = 1.51,p = 2.54gcm™3) ranging from
5 to 15um in size and the photoresist shuttlecock rotors (n = 1.6,p =
1.16 gecm~3) of 10 to 30 um in diameter were used in the experiment. They are
transparent to the YAG laser wavelength of 1.06 um, which prevents optical
damage.

Tracers added to mark the flow included polystyrene, glass, gold, aluminum
oxide, diamond, tooth powder, pigment, a shampoo colloid and a milk fat col-
loid. Some of them are shown in Fig. 4.50. Polystyrene and glass are spherical,
but gold and aluminum have no definitive shape. The particles were dispersed
in water with a surface active agent, but the gold and aluminum were con-
densed due to electrostatic force.

Figure 4.51 shows the results for microflow analyzed by the tracer method
for the 1.0 um glass beads in 30% glycerol solution. We recorded a 2.3-second
motion (71 frames) with a high-speed camera. The resolution was 640 x 240 x 8
bits per frame.

The velocity and the direction of each of beads #1 through #6 were traced
as the pathlines. In the figure, the following interesting characteristics of mi-
croflow are recognized.

1. The flows are strong for tracers #2, #3, and #4, which were very close
at the rotor, but weak for #1, #5, and #6, which were at very distant
locations.

2. The flows expand to two to three times the rotor diameter.

Figure 4.52 show the variation in the tracer velocity due to the rotor and the
Brownian motion. Microflow and the diffusion effect will promote stirring or
mixing in microscale systems.
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Fig. 4.50. Various particles used to visualize microflow
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Fig. 4.51. Visualization and pathlines using glass tracers. Single-frame image (a),
and analized pathlines (b)

The following are the requirements for the tracers used with an optical
rotor. (1) They must be small (less than 1um in this case) and sufficiently
dense, (2) The tracers should be prevented from undergoing Brownian motion,
and (3) The tracers should not be affected by optical pressure. Condition (1)
is satisfied with an optical rotor of about 10 um, and condition (2) is satisfied
by using glycerol to increase the medium viscosity. Since high density glycerol
affects the rotor motion, heavy beads are suitable for the tracer. Concerning
condition (3), particles such as polystyrene, glass, and milk fat colloid were
not significantly affected by the optical pressure, but metallic particles such
as gold and aluminum oxide were expelled from the laser focal point, as shown
in Fig.4.53.
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Fig. 4.52. Variation in tracer velocity due to the flow generated by the rotor and
the Brownian motion. Notation # corresponds to that of Fig.4.51

Fig. 4.53. Effect of optical pressure. Gold particles around the laser spot are ex-
pelled by the optical pressure

Table 4.7 lists the evaluation results of the visualized images for a number
of different kinds of tracer and medium combinations. The symbol () indicates
excellent, A good, and X poor results, which suggests that 1-um-diameter
glass beads and milk fat colloid are suitable for microflow visualization.

Optical Method

In the optical method, we observe the medium density variation. The micro-
flows generated by the optical rotor are analyzed through visualized images of
medium density variation. We can see microflow around the rotors. Compared
to the tracer method, this optical method can easily yield the total image of
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Table 4.7. Effect of the tracer on the images of the visualized microflow

tracer (size) glycerol (%) visualization
tracer optical

polystyrene (0.5 1m) 50 X X
polystyrene (1.0 um) 30 A X
glass (0.5 um) 50 X X
glass (1.0 um) 30 O X
aluminum (1.0 pm) 30 X X
gold (0.5 um) 50 X X
milk fat colloid 30 O O

m =B

Fig. 4.54. Velocity vector analysis by tracking the density pattern of the medium,
with rotation rate as a parameter

the microflow. We analyze the microflow using the visualized images obtained
by the optical method. Velocity vectors and the flux amount around the mixer
are derived to evaluate the degree of agitation of the liquid. Through the
analysis, we confirmed that both the rotor shape and the rotation velocity
affect on microflow.

Optical rotors were trapped near the upper surface of the chamber, and
the rotation rate was varied to 80, 170, and 260 rpm by changing the laser
power. The velocity vectors due to the medium density variation caused by
the optical rotor was observed for different rotation rates, as shown in Fig. 4.54
at the frame rate of 1/120s.

4.5.2 Medium Density Pattern Tracking

These flow-field analyses can be carried out using a fast pattern tracking
algorithm based on the correlation between the density variation patterns
(Flow-vec 32, Library Corp.), as shown in Fig. 4.55. The measuring points are
located at 0.5 um intervals in the observation plane. The correlation between
the medium density pattern in an element with size of 3.5 x 3.5 um? and that
in the search size are calculated to obtain the reliability, which is defined as
the pattern tracking accuracy for the medium density variation. The velocity
of flow at the measuring point can be calculated from the distance between
the measuring point in the current frame and the maximum correlation point
in the next frame, divided by the frame time (1/120s).
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Fig. 4.55. Analytical model used to obtain velocity vectors and measuring points
in horizontal plane
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Fig. 4.56. Determination of optimum search size for rotation rates of 80, 170, and
260 rpms; arrow shows displacement of wing top per frame (1/120s). The optimum
search size is that at which flux amount reaches a maximum

The flux amount is defined here as the total sum of the absolute velocity
vectors U at all the measuring points in the observation plane. They are
averaged over the frame time. Average flux amount is also defined as total
flux amount divided by the number of measuring points in the observation
plane.

Figure 4.56 shows the relationship between the total flux amount /reliability
and the search size for the rotation rates of 80, 170, and 260 rpms. The opti-
mum search size is determined by the maximum flux amount. Arrows in the
figure show the calculated displacement of the mixer wing top per frame. We
can see that the optimum search size nearly equals 1.4 times the wing top
displacement per frame [4.19].

4.5.3 Velocity Vector and Flux Amount Analyses

Microflow at different depths was observed by placing a high-speed camera
along the optical axis. An optical mixer, 12um in thickness, was trapped
and horizontally rotated at 170 rpm in contact with the upper surface of the
chamber. Figure 4.57 shows the analyzed velocity vectors around the rotor at
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Fig. 4.57. Velocity vectors around optical mixer at different depths for horizontal
rotation
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Experiment < __ 170

Average flux amount (um s™%)

0 5 10 15 20
Distance from bottom surface (um)

Fig. 4.58. Average flux amount at different depths

different depths measured from the bottom surface of the rotor. The velocity
vectors at the bottom surface z = 0 um are directed along the rotation in the
circle but expand outward outside the circle. The fluid expands to more than
twice the thickness of the rotor.

The average flux amount outside the rotor decreases exponentially as the
depth increases, as shown in Fig.4.58 for the rotation rates of 80, 170, and
260 rpm. In the figure, theoretical results for 100 and 200 rpm are also shown
for reference. Both results are in fairly good agreement, even in the microscale.

When an optical mixer, 9um in thickness, is 3-D trapped in an off-axis
position in the medium, it rotates vertically around the axis perpendicular
to the laser beam axis. The flows are visualized with a frame rate of 120 at
speeds of 115, 155, and 215 rpm, as partly shown in Fig.4.59. The velocity
vectors at the focal plane originate from the left wing, flow into the right
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Fig. 4.59. Velocity vectors around optical mixer for vertical rotation, with obser-
vation depth and rotation rate as parameters
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Fig. 4.60. Average flux amount at different depths for vertical rotation, rotation
rate as a parameter

wing, expand outward, and gradually decrease as the depth increases. The
flux amount decreases gradually from focal point, as shown in Fig. 4.60

To improve the agitation efficiency, we fabricated three kinds of optical
rotors. Figure4.61 shows the effect of the number of wings of the rotor on
the rotation rate and flux amount. Figure 4.62 shows the relationship between
the average flux amount and rotation rate, with the number of wings as a
parameter. The rotation rate of a three-wing rotor reaches 600 rpm with a
laser power of 200 mW. The average flux amount of a five-wing rotor is 1.15
times greater than that of the three-wing rotor because the five-wing rotor is
in contact with the liquid more frequently, even at the same rotation rate. We
also observed that the higher the rotation rate, the greater the flux amount.
These results show that both the wing number and the rotation rate affect
the flux amount.
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Fig. 4.61. Velocity vectors for rotors with different numbers of wings, with rotation
rate as a parameter
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Fig. 4.62. Flux amount generated by shuttlecock optical rotors with different wing
numbers

In summary, three kinds of optical rotors are proposed stirring the liquid
around them, and the characteristics that promote mixing are confirmed. The
fluidic velocity vectors around the 20-pum-diameter SU-8 rotors are visualized,
and the flux amounts are derived at different depths both theoretically and
experimentally.

The microflow arises within two to three times the rotor diameter and
thickness for the horizontal rotation, and the flow goes not only outward but
also up and down. The average flux amount gradually decreases as the depth
increases. The flux amount of the five-wing rotor is 1.15 times greater than
that of the three-wing rotor at the same rotation rate. The velocity vectors of
the vertical rotation originate from the left wing and flow into the right wing
and expand outward partly along the optical axis, which promotes convective
mixing.
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4.6 Mixer Application for u-TAS

Because the Reynolds number in a microchannel in future u-TAS will be small,
mixing devices that increase two liquid contact areas are proposed to promote
the diffusion effect. Interweaving of two liquids has been achieved by adopting
various structure geometries in a channel, such as micronozzle arrays and
intersecting channelswhich induce chaotic flow, as shown in Fig.4.63 [4.21].
These mixers have been characterized as static devices. On the other hand,
active micromixers with pressure perturbations that are applied transversally
to the main stream, as shown in Fig.4.64 have been presented [4.22]. They
are called cross-channel mixers [4.23], fabricated by using MEMS technology,
in which chaotic-like mixing is achieved in an efficient way. The optical mixer
proposed in this book is another type of active mixer to stir a liquid in a
microchannel [4.19)].

u-TAS is also called a Labs-on-a-chip. The chip will have components such
as inlets for loading the sample and reagent, microfabricated fluidic channels

100 um

Fig. 4.63. Mixing by intersecting microchannels, which induces chaotic behavior of
microflow [4.21]. Courtesy of A. Stroock, Cornel University, USA

Flow direction Periodic perturbation I

l

100 um

Fig. 4.64. Chaotic mixing by using the mechanical micromixer [4.22]. Courtesy of
Y .K. Lee, University of California, USA
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with a mixing chamber and an analyzing chamber, a detector of the reaction
products, and outlets for exhausting sample waste. The analyte specimen and
the reagents will be actuated by pressure force using syringe pumps.

Figure 4.65 shows the mixing part of the microchannel and the optical ro-
tor. The microchannel width and depth are both 50 um. Such an optically
driven rotor is expected to be used as the mixer in future chemical Labs-on-
a-chip and have the advantage of remote control without the use of bearings.
Reaction results in the mixing part are analyzed by, for example, optical (fluo-
rescence), thermal [4.24], electrochemical, and mass spectrographic methods.

Figure 4.66a shows the merging of flows of NaOH solution (4 mmolL_l)
and BTB solution (BromoThymol Blue, 4 mmol Lfl), both having the inlet
fluid velocity of 3.3 x 103 ums~! with surfactants, and Fig. 4.66b shows the
optical mixer (d = 20 um) having the rotation rate of 1,000 rpm at the laser
power of 200 mW. The mixer is held stable using optical tweezers even in such

h
| I

/
/

Reagent

Fig. 4.65. Concept of an optical mixer for use in future u-TAS. The integrated
system will have components such as inlets, fluidic channels with a mixing chamber,
a detector (not shown) and outlets

(a

(b)

)
\\ NaOH

1,000 rpm

" BTB

Flow velocity: 3.3 X 103 ums-1 Wing top velocity: 1.0 X 103 ums-1

Fig. 4.66. Merging of the flows of NaOH solution (4 mmol/L) and BTB solution
(a), and optical mixer (d = 20 um) with the rotation rate of 1,000 rpm at the power
of 200mW (b)
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(b)
500rpm

A

Flow velocity: 67 um st Wing top velocity: 530 um s-1

Fig. 4.67. Visualization of two-liquid mixing: without mixer (a), with mixer (b);
20% milk fat colloid for visualization was included only in the NaOH solution

(a) (b)

NaOH
with colloid

BTB

Flow velocity: 67 um s-1 Wing top velocity: 530 um s—1

Fig. 4.68. Two-liquid mixing. Velocity vectors appear only in NaOH solution with-
out mixer (a), but they appear in both liquids upon mixing using the optical
mixer (b).

a high-speed flow. The wing top speed (circumferential speed) corresponds to
1 x 103 ums™1.

To visualize the mixing of two liquids, 20% milk fat colloid is included
only in the NaOH solution. Figure4.67a shows the flows without mixer and
b shows the flows with mixer. We can recognize stirred flow of the milk fat
colloid in the NaOH solution. To confirm the mixing of the two liquids, the
velocity vectors are analyzed for the two liquids, as shown in Fig. 4.68. Velocity
vectors appear only in the NaOH solution without mixer (a), but they appear
in both liquids due to the mixing by the optical rotor (b).

u-TAS is expected to reduce inspection time or the amount of reagent
needed [4.25,4.26]. In order to promote convective mixing, a shuttlecock op-
tical mixer, which rotates in fluids and is capable of stirring the fluid around
it, is proposed and the following basic technologies are confirmed:

1. mixer shape design by analyzing the optical torque by a ray optics model

2. microflow analysis around the mixer by CFD

3. mixer fabrication both by photolithography using an SU-8 and mi-
crophotoforming with a visible light-curable resin
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4. flow visualization using milk fat colloid in glycerol solution with grazing
angle illumination

5. pathline and velocity vector analyses around the mixer

flow amount analysis around the mixer

7. two-liquid mixing performance in a microchannel is confirmed using the
optically trapped mixer both by theoretically and experimentally.

o

Problems

4.1. How can the optical torque for a three-wing shuttlecock rotor be in-
creased?

4.2. How is the optical torque dependence on the rotor diameter simulated
for a four-wing shuttlecock under the conditions listed in Table 4.17

4.3. How is the rotation rate dependence on the refractive index for the cylin-
drical optical rotor with a slope angle of 45° simulated under the conditions
listed in Table 4.27

4.4. What is the relationship between the rotation rate and the number of
slopes of the cylindrical rotor with 45° slope angle under the conditions listed
in Table 4.2?

4.5. What is a suitable optical mixer structure for used in the microchannel
of future u-TAS?
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Near Field

The near field represents an electromagnetic evanescent field that has its
intensity maximum at the surface and an exponentially decaying field per-
pendicular to it. It is localized within a hundred nanometers. The near field
cannot be probed by conventional light detectors because it does not propa-
gate. However, if we could access and control it, we would be able to observe or
read/write or fabricate beyond the wavelength resolution. These science and
technology fields, which include near-field scanning microscopy, optical data
storage, and the processing industry, are also concerned with micromechanical
photonics.

In this chapter we describe the near field’s features, theoretical analyses,
experimental analyses, and applications mainly related to optical storage.

5.1 Background

The evanescent field is widely known as a solution to Maxwell’s equations
[6.1-5.4]. It is localized near the surface and decays exponentially within a
hundred nanometers. To excite the near field, it is necessary to have the
following nonpropagating conditions, as shown in Fig.5.1:

1. Attenuated total reflection (ATR): the use of a highly refractive prism is
the simplest method of producing a near field. When a light is incident at
the interface from a high-refraction medium to a low-refraction medium
at an angle greater than that of total reflection, the light is reflected
totally to the high-refraction medium and a near field is produced at the
low-refraction medium surface, as shown in Fig. 5.2.

2. An aperture smaller than the wavelength of light: if the aperture size is
smaller than the wavelength, the light does not propagate through the
aperture but produces evanescent light. An optical fiber with a sharpened
end is often used for this purpose.
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Fig. 5.1. Methods how to produce near field at object surface
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Incident light
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Fig. 5.2. Sketch of the near field produced at the low-refraction medium surface as
the electric flux generated by dipoles due to the attenuated total reflection of light

3. An apertureless scattering probe: a metallic needle [5.5,5.6] and a
nanometer-size metallic sphere [5.7,5.8] are used for strong enhance-
ment of the near field.

The idea of using a small aperture for high-resolution microscopy was re-
ported a long time ago. Pohl et al. [5.9] showed a high-resolution capability
(20 nm) by line scanning with a transparent probe coated with metal and hav-
ing a small aperture at the apex in 1884. Imaging in reflection by a scanning
near-field microscopy (SNOM) was demonstrated with an aperture probe by
Fischer et al. in 1888 [5.10]. In the 1990s, Betzig at Bell Labs. invented a
pulled-fiber probe with a metal coating. He and his coworkers demonstrated
various applications in superresolution microscopy [5.11]. Ohtsu et al. fabri-
cated many sophisticated sharpened structured fiber probes and they are also
developing atom-manipulation techniques using near-field light [5.3]. Kawata
et al. developed a new concept of physics and instrumentation by combining
near-field and surface plasmon polaritons [5.4].

Driven by great expectations, various studies of microscopy were carried
out. However, success in practical use was delayed by problems of probe
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fabrication reproducibility and an artifact caused by the vertical tip displace-
ment [5.12]. Using the near field we can observe [5.11], read/write [5.13], and
fabricate [5.14] beyond the diffraction limit of the conventional optics.

5.2 Theoretical Analysis

The quantitative description of the near field is given by vector theory. We can
obtain analytical solutions for only limited structures, resulting in a compu-
tational solution approach to Maxwell’s equations. The finite difference time
domain (FDTD) method [5.15] is often used for such an approach because a
new structure of interest can be modeled easily by systematic mesh generation.

5.2.1 FDTD Method

FDTD is a direct solution method for Maxwell’s equations by space-grid time-
domain techniques employing no potentials. It is based on volumetric sampling
of an unknown electric field E' and a magnetic field H within and surrounding
the structure of interest, and over a period of time. The sampling in space is,
typically, more than 10 per wavelength. The sampling in time is selected to
ensure numerical stability of the algorithm. At present, the best choices for
the computational algorithm and mesh remain unclear.

Since this technique requires no special knowledge, FDTD is emerging in a
variety of fields of science and engineering. Optics-related fields are concerned
with near fields, microdisk resonators, photonic band-gap devices, and col-
liding spatial solitons. FDTD is becoming a standard method in these fields.
We consider the foundation of FDTD electromagnetic field analysis using the
algorithm introduced by Yee in 1996 [5.16]. The main steps of the FDTD
algorithm are as follows:

Define the space domain to be computed

divide the domain into cells

rewrite Maxell’s equation (5.1) using the time and space derivatives
calculate F and H at each location under initial conditions and continue
the process cycle for the time step

=N

_,0H
M 8t )
OE

VXH:O'E‘FEE. (5].)

VxE=

We introduce the following notation (in one spatial dimension), denoting
a space point in a uniform, rectangular lattice as:

(z,y,2,t) = (iAz, jAy, kAz, nAt), (5.2)
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where Az, Ay, and Az are the lattice space increment in the z-, y-, and z- axis,
respectively, and At is the time increment, and 4, j, k and n are integrals. Ab-
breviating Az, Ay, Az, and At, the expression can be rewritten more simply
as

F(x,y,z,t) = F*(i,j, k), (5.3)

where (4, J, k) are the coordinates of the lattice. The finite-difference expres-
sions for the space derivatives used in the curl operators are central difference
in nature and second-order accurate.

Figure 5.3 shows the space-time chart of the Yee algorithm in one dimen-
sion showing the use of central differences for space derivatives and leapfrog
for time derivatives. E is positioned at t = (n — 1)At, nAt, (n + 1)At, and H
is positioned at t = (n — 1/2)At, (n + 1/2)At. In actual case, E™ is derived
from E" ' at t = (n—1)At and H" */?at t = (n—1/2)At and H"t'/2 is de-
rived from H"~'/2 and E™. Figure 5.4 shows the position of the electric- and
magnetic-field vector components in two dimension. E and H components are
positioned alternately, i.e., H is on every cell edge and F is between cells.

In three-dimensional (3-D) space, E and H components are positioned so
that every E' component is surrounded by four circulating H components, and

e Ent1

Fig. 5.3. Space-time chart of Yee algorithm in one dimension showing the use of
central differences for space derivatives and leapfrog for time derivatives [5.15]

Fig. 5.4. Positions of electric- and magnetic-field vector components in two dimen-
sion. £ and H components are positioned alternately, i.e., H is on every cell edge
and F is between cells [5.15]
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every H component is surrounded by four circulating £ components. The po-
sition of the electric- and magnetic-field vector components is approximately
a cubic unit of the Yee space lattice.

We now rewrite the vector components of (5.1), yielding the following
system of six coupled scalar (5.4)—(5.9) [5.15].

a;y _ ﬁ (852 B 8£x>7 (5.5)
a;? _ ﬁ (8595 B 6£y)7 (5.6)
a;m _ é <88Hyz - 8;2@ _UEx> 7 (5.7)

Here, from (5.3) we define the function F' on (4, j, k) at the time increment n
as
F" (i,j,k) = F (iAzx, jAy, kAz,nAt) . (5.10)

The space and time derivatives are given as

8Fn<l?.7ak) _ F" (Z—’_%a]vk) - (l_%vjak)

ox Az ’ (5.11)
oF" (Z7Jak) _ Fn+% (imjak)_Fn_% (Za]7k)
b N . (5.12)

The space derivative (5.11) has the same form for y, z and the time deriv-
ative (5.12) is given between half an increment and half a decrement. Consid-
ering F' as F or H, (5.4)—(5.9) are expressed as the time-stepping expressions
(5.13)—(5.18).

1 1 1 _1 1 1 At

H;+2 ‘7‘ 7ak a :H;:l 2 'a. 7ak a
(”*2 *2) (”*2 +2>U<¢,j+;,k+;)
By (ivj + 3.k +1) = By (5,5 + 3.K)
Az

E? (i, k+ 1) = B2 (i,j+ 1,k + 3)

+
Ay

)

(5.13)
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From (5.13)-(5.18), it is found that H at the time step n+1/2 can be
obtained by F at n and H at n—1/2, F at n+ 1 is obtained by H at n+1/2
and E at n (see Fig.5.3). The cycle begins again with the computation of F
components based on the newly obtained H. This process continues until the
solutions remain constant. To avoid numerical instability, the time increment
must satisfy the following Courant condition:

1 1 1\ 2
max At < ) 1
U AL (Aﬂ v AzQ) (5.19)

Here, vpax is the maximum phase velocity of the electromagnetic wave.
Moreover, to prevent the reflection at the outermost space—lattice planes of
the computational domain, absorbing boundary conditions (ABCs) must be
introduced. Since first-order Mur ABCs are effective only for normally incident
plane wave, second-order Mur ABCs are often used [5.17]. On the other hand,
Berenger’s perfectly matched layer (PML) ABCs are effective for the plane
waves of arbitrary incidence, polarization, and frequency [5.18]. In the case of
a perfect conductor, the electric field equals zero on the surface.

5.2.2 Numerical Examples of Near Field Analysis

The following are examples of the application of FDTD to problems including
the interaction between a plane wave and typical subwavelength structures.

Ezxample 5.1. Compute the electromagnetic field around a small aperture on
the perfect conductor plane when a TM (p-polarized) plane wave is normally
incident, and show the intensity profile in two dimensions.

Solution. Figure 5.5 shows (a) a process for analysis, and (b) a 2-D Cartesian
computational domain (1500 nm x 500 nm). We consider a TM (p-polarized)
plane wave normally incident on a 100-nm-diameter aperture with the para-
meters Az = Ay = 1nm, At = 2.3586769 x 10~'?s and n = 3,000. Figure 5.6
shows a numerical result in the domain of 75 nm x 500 nm by FDTD, indicating
that the electric field is enhanced at the edge and decays rapidly [5.19].
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Fig. 5.5. Calculation process for FDTD (a), and computational domain for calcu-
lation (b)

TM field
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Boundary
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Fig. 5.6. Numerical result indicating that the electric evanescent field is enhanced
at the edge and decays rapidly

Ezample 5.2. (1) Show the time-step dependence on the electric field intensity
FE, for Example 5.1.

(2) Show the round-trip number dependence on the electric field E, at 20 nm
above the aperture for Example 5.1.
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Fig. 5.7. Relationship between electric field F, and time steps of FDTD
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Fig. 5.8. Numerical results for the calculation of E,, round-trip number as a para-
meter

Solution. Figure 5.7 shows the relationship between F, and n for a computa-
tional domain of 1,500 nm x 500 nm. Figure 5.8 shows the numerical results of
FE., round-trip number as a parameter. The electromagnetic wave propagates
from the aperture and reflects at the upper boundary of the computational
domain leading to a round trip. The round-trip numbers 0, 1, 2, 3, and 4
correspond to the time steps 636, 1,908, 3,180, 4,452 and 5,724, respectively.
It is seen from the figure that the solution converges stably without the wave
reflection effect.

Ezxample 5.3. Compute E, around the tapered optical fiber end with a silica
core and a perfect conductor clad shown in Fig.5.9. Compare the obtained
three E,s for the diameters of (a) 34nm, (b) 68 nm, and (c) 136 nm in two
dimensions.

Solution. Figure 5.10 shows numerical results of E,, for the TM (p-polarized)
plane wave. The evanescent light becomes sharp as the diameter of the aper-
ture becomes small. To obtain a high resolution it is necessary to make the
probe-sample distance short.
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480 nm

() d =34 nm
(b) d =68 nm
280 nm (c) d =136 nm

R

Plane wave

Fig. 5.9. 2-D Cartesian computational domain of 480 nm x 640 nm for calculation
of E, around tapered fiber end with silica core and perfect conductor clad. Here,
the refractive index and electrical permittivity of silica are 1.46 and 2.25¢,, (&:
free-space permittivity), respectively

Ezxample 5.4. Compute the scattered light field from an optically trapped gold
particle in the evanescent light, which is produced by a total reflection on a
prism—air interface.

Solution. First, we produce an evanescent light by the incident s-polarized
plane wave expressed by the following equations at an angle of § = 45° with
a wavelength of A\ = 488 nm:

B.015) = s [ {nse - Y swna)],

i) = —sin 227 { (3 ) &= Y {6~ pasing + 5 coso |}

c
Ver
Z

H,(i,j) = sin |2nf { (n - ;) At — \/—E(z - I)A:vsinHH X gsinﬂ.

Here, f = ¢/, ¢ is the speed of light in vacuum, &, is the free-space permit-
tivity and Z is the intrinsic impedance.

Next, a 100-nm-diameter perfect conductor sphere is located 10 nm above
the surface of the prism and the electromagnetic field near the surface is

X

cosf,
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Fig. 5.10. Calculated electric field F, around aperture for TM plane wave. The
evanescent light becomes sharp as the diameter of the aperture becomes small

Table 5.1. Conditions for calculation of scattered light by an optically trapped gold
particle in evanescent field

incident plane wave s-polarized
wavelength 488 nm
space increment Az, Ay 10 nm
space domain to be computed 4,000nm x 2,000 nm
time increment At 2.0x 107" s
time step n 10,000
substrate
refractive index 1.6
conductivity 1.1 x 10712
electrical permittivity 2.56 X g,
incident angle 6 45°
diameter of the trapped metal particle 100 nm

er: free-space permittivity (8.854 x 107 1?Fm™*)

calculated by FDTD with parameters Ax = Ay = 10nm,At = 2.0 x
10~'7s,n = 10,000, the refractive index of the prism 1.6, and electrical per-
mittivity of 2.56 &, (¢, = 8.854 x 102 Fm™'). The computational domain is
4,000nm x 2,000 nm (twice the output domain). See Table5.1.
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Fig. 5.11. Input plane wave and evanescent field produced at interface (white line)
by total reflection

Fig. 5.12. Scattered light field of evanescent field by perfect conductor particle of
100 nm diameter (white circle) located 10 nm above the interface (white line)

Figure 5.11 shows the input plane wave and evanescent field produced. In
the figure, an incident light and a reflected light interfere in the prism and the
evanescent light is produced near the interface (white line) mentioned earlier.
Figure 5.12 shows the scattering field produced by a perfect 100-nm diameter
conductor particle (white circle). In the figure, the evanescent field is scattered
in space by the particle and the field in the prism becomes weakened.

Developing these basic computations described earlier, FDTD is applied
usefully to the following contemporary and emerging fields related to micro-
mechanical photonics:

— Electromagnetic field near a small aperture!-2

— Field enhancement by a metallic probe?
— Electromagnetic interaction with nanoparticles

! Kann JL, Milster TD, Frochlich FF (1995) Near-field detection of asperities in
dielectric surfaces. J Opt Soc Am 12:501-511

2 Christensen DA (1995) Analysis of near field tip patterns including object interac-
tion using finite-difference-time-domain calculations. Ultramicroscopy 57:189-195

3 Furukawa H, Kawata S (1998) Local field enhancement with an apertureless near-
field-microscope probe. Opt Commun 148:221-224

* Shinya A, Fukui M (1999) Finite-difference-time-domain analysis of the inter-
action of Gaussian evanescent light with a single dielectric sphere or ordered
dielectric spheres. 6:215-223
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— Electromagnetic field around a near-field optical head®:6:7

— Readout performance for ultrahigh density near-field recording®?:10

5.3 Experimental Analysis

In order to observe the near field, the evanescent light scattering characteris-
tics of a tip probe should be understood. In this section, we first compare the
characteristics of different tip probes. Next we measure the evanescent field
intensity by detecting the scattered light by a photocantilever, vibrating at
its mechanical resonant frequency, placed near the interface. Then we observe
the profile of a topological grating by scanning the photocantilever. At last we
observe the distribution of the refractive index grating and topological grat-
ing, by detecting the scattered light of an Ar™ laser, by scanning a nanogold
particle optically trapped by a YAG laser, two-dimensionally on the surface.

5.3.1 Comparison of Near-Field Probes

When a sample is illuminated by a light the evanescent field is locally excited
near the surface according to its surface property and structure. This evanes-
cent field is scattered by a tip probe and then can be detected by a photodiode
(PD) or a photomultiplier tube (PMT). We can observe the surface by scan-
ning the probe two-dimensionally on the surface. The imaging mechanism of
the SNOM is different from that of conventional optical microscopy; the scat-
tered light intensity is detected as a result of the interaction between the tip
probe and the sample surface. With growing understanding of the underlying
probe-sample interaction mechanism, SNOM has found applications in many
scientific and industrial fields.

As a typical near-field probe, a small aperture [5.3], a metallic needle
[5.5,5.6], and a small metallic sphere [5.7,5.8] are well known. The most
popular probe is a metal-coated sharpened optical fiber with a subwavelength
aperture at the end. We use this aperture to illuminate the surface and collect

5 Tanaka K, Ohkubo T, Oumi M, Mitsuoka Y, Nakajima K, Hosaka H, Itao K
(2001) Numerical simulation on read-out characteristics of the planar aperture-
mounted head with a minute scatterer. Jpn J Appl Phys 40:1542-1547

6 Mansuripur M, Zakharian AR, Moloney JV (2003) Interaction of light with sub-
wavelength structures. Opt Photon News:56-61

" Kataja K, Olkkonen J, Aikio J, Howe D (2004) Readout modeling of superreso-
lution disks. Jpn J Appl Phys 43:4718-4723

8 Liu J, Xu B, Chong: TC (2000) Three-dimensional finite-difference-time-domain
analysis of optical disk storage system. Jpn J Appl Phys 39:687-692

9 Nakano T, Yamakawa Y, Tominaga J, Atoda N (2001) Near-field optical simula-
tion of super-RENS disks. Jpn J Appl Phys 40:1531-1535

10 Chiu KP, Lin WC, Fu YH, Tsai DP (2004) Calculation of surface plasmon effect
on optical disks. Jpn J Appl Phys 43:4730-4735
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the scattered light to propagate it to the PMT placed at the other end, leading
to the prevention of background light noise. The metal-coated fiber has a cutoff
frequency for light transmission, i.e., an aperture minimum of 48 nm due to
skin depth for aluminum coating.

We use a cantilever or a metallic needle as an apertureless probe. The probe
is ideal in terms of resolution and field intensity. Its spatial resolution is higher
than that of the aperture probe because of the smaller radius of the apex. The
near-field intensity is much stronger than that of the aperture probe because of
the field enhancement effect [5.7,5.20]. The probe is easy to fabricate and has
a wide spectrum range owing to no waveguide, but the surrounding stray light
must be fully removed. There are two scanning methods, the constant height
mode and the constant distance mode. We need the same control technology as
that used for scanning tunnel microscopy (STM) and atomic force microscopy
(AFM).

As a small metallic probe, we use an optically trapped gold particle [5.8,
5.21]. The metal particle scatters the surface plasmon excited depending on
the sample surface property and the scattered light is gathered by an objective
lens guiding it to a PMT. The scattered light includes information not only
on the optical, physical, chemical, mechanical properties but also the profile.
We need to discriminate between these effects [5.12]. Trapping force strength
is very weak (on the pN order), thereby not destroying the sample. So we need
not control the distance (gap) between the probe particle and the sample. The
metal particle probe is considered to have the following advantages (1) It has
a high experimental reproducibility depending on the shape and size of the
particles being made, (2) It does not require control of above mentioned gap,
(3) Tt not only has the ability to obtain a surface property but also obtains the
spectroscopic data of the sample. Table 5.2 shows the performance comparison
between the three.

5.3.2 Photocantilever Probe

To increase SNR for an apertureless SNOM, it is necessary to distinguish
the scattered light (signal) produced by the probe from the background light
(noise). One method is to place the detector close to the probe apex. A pho-
tocantilever is a photosensitive Si-based microfabricated cantilever with a PD

Table 5.2. Comparison of probes for detection of near field. The symbol o indicates
excellent, A good, and X poor

probe optical fiber metallic needle metal particle
reproducibility VAN A o
space resolution A o o
SNR A o )
gap control VAN A o
optical recording o A X
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Fig. 5.13. Photograph of photocantilever, in which top photodiode (PD) is fabri-
cated (a), and sketch of that (b)
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Fig. 5.14. Photograph of AFM/SNOM setup mounted on a vibration-damped table

placed very close to the probe tip [5.22]. Figure 5.13 shows a photograph of a
photocantilever (a), and a sketch of that (b). The photocantilever is attached
to a piezoelectric transducer (PZT) allowing z distance regulation. The pho-
tocantilever is moved close to the sample surface and the distance between
the cantilever and the surface is detected from the focus error signal of the
optical head placed above the cantilever.

Experimental Setup

Figure5.14 shows a photograph of an AFM/SNOM setup mounted on a
vibration-damped table. An He—Ne laser (this side) incident to a prism and
a microscope (other side) are used to observe the sample and the cantilever
tip, which is helpful in aligning the setup. An evanescent light is produced at
the prism surface by the total internal reflection arrangement. The prism is
mounted on a cylindrical PZT, allowing xyz movement. The z movement is
used for the gap (distance) control and zy for 2-D scanning. Since the piezo-
electric transducer has characteristics of creep and hysteresis, it is driven by a
small voltage or with feedback control. Figure 5.15 shows a sketch of the main
part of the setup using the photocantilever.
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Fig. 5.15. Sketch of experimental setup. Distance signal is used for measuring
surface profile and SNOM signal is used for observing surface property by detecting
the scattered light from the evanescent field
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Fig. 5.16. Focus error signal representing typical S-shape curve of optical head

The photocantilever tip scatters the localized evanescent light changing to
a propagating light to be detected by the PD. Since the PD is integrated very
close to the tip, the SNR is markedly increased compared with the conven-
tional arrangement used in the PMT method.

A small gap between the cantilever and the sample surface (displacement
of the tip) is detected as the focus error signal of the optical head. Figure 5.16
shows a focus error signal representing a typical S-shape curve. From this S-
shape curve, it is found that the dynamic range becomes approximately 29 pm.
This optical head’s focus error detection makes the setup simpler resulting in
better manipulability than that of the combined laser source and quadrant
PD arrangement.

Measurement of Evanescent Light Distribution

First, a 7-mW He-Ne laser incident to a prism at an angle of 45°, refracts
and goes through the prism and reflects at the upper surface creating an
evanescent light by the total internal reflection. Figure 5.17 shows the actual
prism configuration: three corner prisms at 45° are attached together by an
optical bond (refractive index of 1.55) and black paper sheets are inserted
between the prism boundaries to prevent random reflection of light.
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Fig. 5.17. Prism configuration consists of three corner prisms at 45°
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Fig. 5.18. Measured evanescent light intensity with cantilever amplitudes of 550 nm
(a), 700nm (b), and 1,400 nm (c)

Second, the photocantilever is moved close to the prism surface with the
vibration of its resonance frequency (4.2kHz) at an amplitude of approxi-
mately 500 nm. The cantilever tip scatters the evanescent light and the PD
close to the tip detects the scattered light. To approach the tip to the surface
in the nanometer range, both manual control (rough positioning) and piezo-
electric control (fine positioning) are required. The distance between the tip
and the sample surface is obtained by the focus error signal of the optical
head.

Figure 5.18 shows the evanescent light intensity with the cantilever ampli-
tude of 550 nm (a), 700 nm (b), and 1,400nm (c). An FFT low-pass filter is
used to remove noises resulting in solid lines in the figure. In the cases of (b)
and (c), a flat signal region appears during the period when the cantilever tip
reaches the prism surface owing to a large vibration amplitude.

Simultaneous light and gap (distance) observations lead to the evanescent
field intensity distribution as shown “experimental” in Fig.5.19. It is found
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Fig. 5.19. Dependence of measured evanescent field intensity on distance from
boundary. Theoretical result is also shown for reference
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Fig. 5.20. Gray-scale image of optical disk tracking groove; intensity is proportional
to profile

from the figure that the evanescent intensity increases rapidly when the gap
reaches approximately 100 nm.

Surface Profile Observation

An optical disk tracking groove (1.6 um pitch, 0.1 pm in depth) is line-scanned
at a pitch of 50 nm in the constant height mode, and the scattered light from
the evanescent field at the groove surface is detected by the photocantilever.
Figure 5.20 shows a gray-scale image of the groove. Scince the intensity of the
image is proportional to the scattered light due to the evanescent field, the
image represents the profile of the sample.

In summary, an apertureless near-field optical-imaging method is presented
by exploiting a photocantilever with a PD integrated very close to the tip.
This aperturless SNOM can offer substantially improved spatial resolution, as
well as combined operation with AFM.

5.3.3 Gold Particle Probe

It is well known that surface plasmon existing on a metal surface and a
metal/dielectric interface causes strong field enhancement at the interface
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[56.20]. According to the theoretical analysis, surface refractive index distrib-
ution mapping with a high contrast is predicted to be possible [5.7]. A metal
particle probe is considered to have the advantages of high experimental re-
producibility, not requiring gap control, and not only the ability to obtain the
surface image, but also to obtain the spectroscopic data of the sample. The
scattering efficiency of a silver particle is higher than that of a gold particle,
but the latter is more chemically stable. Therefore a gold particle is frequently
used as an SNOM probe.

Sugiura et al. [5.8] observed a dip on a cover glass and a gold colloidal
particle adhering to the cover glass. However, these images were thought to
have been an artifact problem due to the vertical displacement of the gold
probe [5.12]. On the other hand, the following are observed for a refractive
index grating on a flat surface, which was made on a planar light waveguide
circuit (PLC) [5.24], by scanning an optically trapped 100-nm-diameter gold
particle. The scattered Ar™ laser light from the gold particle has a high inten-
sity due to the high refractive index of the grating with periods of 1.06 and
0.53 um, both by s- and p-polarized illuminations.

Moreover, the surface profile of an optical disk tracking groove is also
observed with and without the gold particle and the results compared to
discuss the artificial effect due to the vertical displacement of the particle
caused by the surface topology.

Experimental Setup
Figure5.21 shows an experimental setup to trap a gold particle with an

upward-directed Nd:YAG laser beam (A = 1.06 um) and to scan it on the
sample surface two-dimensionally using an XY stage. The upward-directed

Sample chamber

AN

— XYZ Stage
A=488 nm YZ Stage ~ Objective
.» == | (NA=L.3)
T
BS2
CCD |
Lens BS1
(f=180 mm)
= .
PMT "N\ Pinhole Optical box
(b=}
K4
A=1064 nm

Fig. 5.21. Experimental setup of SNOM using an optically trapped gold particle.
An Nd:YAG laser is used for trapping, and an Ar™ laser is used for illuminating the
gold particle. All the optical elements except mirrors to guide the lasers are installed
inside the small optical box (white boz in Fig.5.22a) for easy operation
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Fig. 5.22. Photograph of experimental setup of SNOM (a), and enlarged view of
sample chamber (b)

laser beam has a higher trapping efficiency than the downward one [5.25].
Figure 5.22a shows a photograph of the setup. The gold particle at the focal
point of the objective lens is in the medium of a coverslip-shield chamber and
is pushed onto the sample surface and scanned as shown in Fig. 5.22b.

An Art laser (A = 488nm) is focused through the same objective to
illuminate the particle. The scattered light from the gold particle is collected
through the objective and imaged on the pinhole (5um in diameter) in front
of a PMT. The scattered light variation due to the interaction between the
gold particle and the sample surface is recorded on a personal computer (PC).
A CCD camera observes the operation of the gold particle in the medium. All
the optical elements, except the mirrors to guide the Nd:YAG laser and Ar™
laser, are installed inside the optical box for easy operation.

Trapping Principle

A metallic Rayleigh particle (much smaller than the wavelength) can be op-
tically trapped at the focal point by the gradient force. The particle in such
a tightly focused beam is polarized by the electric field and drawn into the
beam focus by the large intensity gradients created in both the axial and
transverse directions. The gradient force Fyraq for the Rayleigh particle is
given by [5.4,5.8]

1
Fyraa = Tme grad (|E|2) , (5.20)
where n is the refractive index of the medium, « is the polarizability of the
gold particle and E is the electric field. The polarizabiliy is given as

2
m-—1 4

o = 4mee T
rm2+2 )

(5.21)

where m is the relative refractive index of the particle to the medium, r is the
radius and ¢ is the electric permitivity of the particle, and &, is the free-space
permitivity.
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Table 5.3. Parameters for calculation of gradient force of Rayleigh particles

refractive index of medium n1 1.33
refractive index of particle no 0.272 4+ 47.07
objective NA 1.3

laser power 20 mW

laser wavelength 1,064 nm
beam profile Gaussian

Trapping force F (pN)

0 f h
-1,000 -500 0 500
Distance from focus (nm)

Fig. 5.23. Calculated gradient force Fjyaq in transverse direction and in axial di-
rection for gold particle with refractive index ny = 0.272 +i7.07, diameter 100 nm,
medium refractive index n; = 1.33, objective lens NA = 1.3, and Gaussian laser
power 20 mW

Fyraq in the transverse direction and in the axial direction were calculated
for the gold particle refractive index ne = 0.272 4 ¢7.07, the gold particle
diameter 2r = 100 nm, the medium refractive index n; = 1.33, the objective
lens NA = 1.3, and the Gaussian laser power is 20 mW as listed in Table 5.3.
We found from Fig. 5.23 that the gradient force along the transverse direction
is eight times greater than that along the axial direction. This result shows
that the trapped particle is very stable along the transverse direction but
unstable along the optical axis, which leads to the particle being trapped and
pushed onto the sample surface by the upward-directed beam.

Here, we estimate the forces [5.26] between the optically trapped particle
and the sample surface for reference. See the problems at the end of this
chapter.

Dependence on Scanning Velocity

The theoretical transverse trapping power ngﬂs can be expressed in (5.22)

by taking into consideration the maximum trapping efficiency Qumax

snudve {1+ 38 (% - 7i7) }

ni Qmax

trans __
Ppre -

: (5.22)
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Fig. 5.24. Dependence of minimum trapping power on scanning velocity of optically
trapped gold particle at different viscosities

where g and np are the viscosity and refractive index of the suspending
medium, respectively; c is the speed of light, and His the height of the sample
chamber (150 um) [5.27]. Qmax is found from the maximum gradient force at
1.49/(2n/A)NA = 193 nm along the transverse direction.

Although the calculated result is based on an aberration-free optical sys-
tem, the actual trapping characteristics are affected by the color aberration of
the objective lens (for near infrared A = 1.06 um) and the spherical aberration
due to the refractive index difference between the immersion oil (1.52) and
the medium (1.33).

Figure 5.24 shows the dependence of the minimum trapping power Pans
on the scanning velocity of an optically trapped gold particle for different
viscosities, which were controlled by altering the glycerol density. Pi2"s was
measured as the minimum power needed to trap the bead moving at the ve-
locity v in water. PEa"s increases as scanning velocity increases, but decreases
as viscosity increases. However, if we increase the laser power to hold the gold
particle in position, the trapping becomes rather unstable because Brownian
motion hastens due to the temperature increase resulting from the light ab-
sorption. The addition of glycerol is effective in slowing down Brownian motion

by increasing viscosity.

Observation of PLC Refractive Index Grating

The sample for the trapped-particle probe is a refractive index grating fabri-
cated by UV exposure through a phase mask under the conditions outlined
in Table5.4 [5.28] The grating is formed in a cladding layer (30 um thick)
on a planar light waveguide circuit (PLC) as shown in Fig. 5.25. Figure 5.26a
shows the top view of the grating obtained by optical microscopy. The grating
period of 1.06 um (zeroth order) is clearly observed but the grating period of
0.53 um (first order) is only partially visible. Figure 5.26b shows a sketch of
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Table 5.4. Conditions to fabricate refractive index grating in PLC

core (SiO2 4+ GeOs2) index 1.46

clad (SiO2) index 1.45

refractive index difference (grating) 0.001-0.002 (estimated)

phase mask method source: ArF laser (A = 193 nm)

phase mask pitch: 1.06 pm

energy density per pulse: 1.0J cm ™2 pulse™
pulse repetition rate: 50 Hz

grating pitch (zero-order): 1.06 pm

1

24 um

Grating:[

: (. 6 um

20 um

1mm

Si substrate

Fig. 5.25. Sectional view of refractive index grating fabricated by UV exposure
through phase mask. The grating is formed in a clad layer on a PLC. Courtesy of
T. Maruno and Y. Hibino, NTT, Japan
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Fig. 5.26. Top view of grating fabricated on PLC (a), and sketch of the grating (b)

Fig. 5.26a. The relative refractive index difference between the gratings in the
cladding layer is estimated to be 0.001-0.002, where the cladding layer index
is 1.45.

We observed the scattered Ar laser light (P = 0.13mW) by the 100 nm
gold particle optically trapped by a Nd:YAG (P = 25mW) laser, which was
scanned over the refractive index grating at the PLC surface. The scanning ve-
locity and pitch were 1.6 ums~! and 50 nm, respectively. Observation time for
the square 5 pm x 5 wm was 5 min. These conditions are outlined in Table 5.5.
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Table 5.5. Conditions for observation of refractive index grating using optically
trapped gold particle

gold particle diameter 100 nm

medium water

YAG laser intensity 25 mW (A = 1,064 nm)
Art laser intensity 130 uW (A = 488 nm)
scan velocity 1.6ums!

scan pitch 50 nm

scan area 5 x 5um?
measurement time 5 min

Fig. 5.27. SNOM images (scattered light intensity) of refractive index grating ob-
tained by gold particle probe with p-polarized illumination

Figure5.27 shows the SNOM image (scattered light intensity) of the re-
fractive index grating produced by a gold particle probe with p-polarized illu-
mination (electric field is perpendicular to the gratings as shown). Figure 5.28
shows the SNOM image (scattered light intensity) with s-polarized illumi-
nation (electric field is parallel to the gratings as shown). We can clearly
recognize the grating pitch of 1.06 um in both images.

Figure 5.29 shows the relationship between scattered light intensity and
the refractive index grating distribution. The scattered lights are averaged
for ten data lines. The scattered averaged light corresponds to the grating
distribution of the periods of 1.06 and 0.53 um for both p- and s-polarized
illuminations. The higher-order-grating of 0.53 um can also be seen for the
100nm gold particle. By collecting the scattered light under a scanning gold
particle that induces a local electric field, we have resolved two individual
refractive index periods on the sample surface. We confirm that the optical
near field is effective for observing the sample surface beyond the diffraction
limit of optical microscopy [5.29].

Next, we investigated the possibility of profiling the topography of the
sample surface. Figure 5.30 shows a sectional view of the optical disk tracking
groove, which is observed via scanning electron microscopy (SEM). The period
is 1.6 um, 0.1 um deep, and the groove edge width is 200 nm.
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Fig. 5.28. SNOM images (scattered light intensity) of refractive index grating by
gold particle probe with s-polarized illumination
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Fig. 5.29. Relationship between scattered light intensity and refractive index grat-
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Fig. 5.30. SEM photograph of optical disk groove and its profile

Figure 5.31 shows the SNOM topography profile obtained with and with-
out a gold particle probe under p-polarized illumination with the addition of
glycerol (13%) to suppress the particle’s Brownian motion. We can clearly see
the groove pitch of 1.6 um with the gold probe. Figure 5.32 shows the rela-
tionship between the averaged scattered light intensity and the groove profile.
The scattered light with the gold particle (solid line) has a high intensity at
the groove edge and has split peaks, which correspond to the gradient of the
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Fig. 5.31. SNOM topography of optical disk tracking groove with/without gold
particle probe under p-polarized illumination
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Fig. 5.32. Relationship between scattered light intensity and disk groove profile
with and without gold particle

surface profile. On the other hand, the scattered light without the gold parti-
cle (broken line) has a single peak at the groove edge. The difference between
the two (bold solid line) seems to correspond to the surface topology because
the effect of the laser light reflection is removed and the vertical displacement
of the gold particle appears due to the scanning on the groove.

In summary, the near field for a refractive index grating fabricated on
a PLC is observed by scanning an optically trapped 100-nm-diameter gold
particle. The amplitude for the refractive index modulation of the cladding
layer (index 1.45) is estimated to be between 0.001 and 0.002. Stable trapping
and scanning occur with a Gaussian laser beam at a scan velocity of 1.6 ums—!
and a Nd:YAG laser power of 25 mW. The scattered Ar™ laser light from the
gold particle is strong at high refractive indexes of the grating with periods
of 1.06 and 0.53 um, both by s- and p-polarized illuminations.

In addition, an observation under p-polarization was also carried out for
the topographical optical disk tracking groove. The scattered light from the
gold particle was strong at the groove edge and had split peaks corresponding
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to the gradient of the surface profile, whereas the scattered light without a
gold particle had no split peaks.

From the result mentioned earlier, we confirm that an optically trapped
gold particle is effective in observing both the physical and topological prop-
erties of a sample. Further investigation will be required to clarify the exact
effect of the vertical displacement of the particle, i.e., to distinguish the probe
vertical displacement effects from the SNOM signal [5.12].

On the other hand, to improve the spatial resolution further, the robust-
ness of the optically trapped particle must be increased by an increase in
medium viscosity or by a follow up control of the particle position [5.30].

5.4 Future Applications

For future ultrahigh density optical storage, the so-called fourth generation
optical disk, many types of methods are being proposed. These methods
are holography [5.31,5.32], superresolution near-field structure (super-RENS)
recording [5.33], near field recording [5.34], and a 3-D recording [5.35]. Holo-
graphic storage is expected to have the possibility of storing over 1 terabyte
of data on a 120mm diameter disk for data archiving [5.32]. In this sec-
tion, near-field methods, particularly super-RENS, are introduced in detail.
Super-RENS has the merit that a recording apparatus the same as that of a
conventional optical storage system can be used and is considered to have the
highest potential for on-line storage.

5.4.1 Conventional Superresolution

I would like to start to explain beyond the diffraction limit readout principle
(superresolution) [5.36], which is used actually for today’s digital versatile
disk (DVD). Fig.5.33 shows the pit size comparison between a CD, a DVD,
a next-generation DVD and a near-future optical disk. The pit size decreases
owing to not only the short wavelength [5.37] and high objective NA but also
the superresolution scheme.

We can make a write mark infinitesimally small by choosing the critical
thermal conditions so that only the peak area of the temperature distribution
corresponds to the writable temperature. This is called “brush tip record-
ing”. However, information bits cannot be detected when two marks are in-
cluded in a diffraction-limited spot (A/NA) in conventional readout as shown
in Fig. 5.34a.

Nevertheless, bits can be detected by superresolution because its effective
aperture is restricted within a crescent-shaped region, as shown in Fig. 5.34b.
Fig. 5.34c shows a spot intensity profile and the temperature distribution in a
mask layer. The material is melted in the rear area of the light spot because
the absorbed heat dissipated in the moving disk direction. The reflectance is
designed to be very low for the melted region so that it works as a mask.
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Fig. 5.33. Optical disk pit size comparison between CD, DVD, next-generation
DVD and near-future optical disk. Courtesy of S. Sugiura, Pioneer Co., Japan
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Fig. 5.34. Principle of superresolution readout through crescent-shaped aperture
thermally formed in mask layer. Conventional readout (a), superresolution readout
(b), and spot intensity profile and temperature distribution in a mask layer (c).
Reprinted from [5.36] with permission by A. Fukumoto

As a result, the superresolution readout is possible through a crescent-shaped
aperture thermally formed in a mask layer [5.36].

In actual case, a medium with a mask layer/protective layer/recording
layer is formed as shown in Fig.5.35a. Some type of dye or phase change
medium is employed as a mask layer. We can evaluate the effect of a thermally
induced mask on the performance of an optical disk for a model shown in
Fig.5.35b. We assume that the thermally induced mask can be represented
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Fig. 5.35. Medium composition with mask layer/protective layer/recording layer

(a), and schematic illustration of partial readout principle of superresolution optical
disk (b)
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Fig. 5.36. Calculated MTF of system with ideal mask, relative shift dx as parameter

(a), and with 90° rotation different mask shape (b). Reprinted from [5.38] with
permission by Yi hong Wu

by an ellipse with a variable shape and a relative position with respect to the
center of the laser spot.

Simulation has been performed to evaluate the modulation transfer func-
tion (MTF) of this system. First, the point-spread function h(u,v) of the disk
system is calculated and then multiplied by the mask function f(u,v) on the
disk plane. Here, the mask function is represented as an ellipse with radii a
and b, and with the relative shift of 6x with respect to the center of the read-
out laser spot. For simplicity, we assume that the reflectivity of the mask is
0% and that of the aperture 100%.

Figure 5.36a shows the calculated MTF for Ry = 1.1um,a = Ro,b = Ry/2

where NA = 0.45, A\ = 0.78 um and Ry = 1.22/2NA [5.38]. It is found that the
MTF depends on the relative position of the mask and the superresolution
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effect reaches a maximum with 8z = 0.8. Figure 5.36b shows the same results
for a = Ry/2 and b = Ry by changing the mask shape elongated perpendicular
to the track by the mask rotation of 90°. This perpendicularly elongated mask
enables us to cover more of the read spot, resulting in a higher MTF compared
with that of (a). As a result, it is confirmed that the MTF depends strongly
on both the shape and relative position of the mask.

5.4.2 Near-field Recording

Ultrahigh-density optical storage is performed by switching a material phase
or a magnetization point by point using the light energy from an aperture
fiber probe. Heat-assist recording is particularly useful for magnetic recording
on flux-detectable media because of the high sensitivity of giant magnetore-
sistive (GMR) devices [5.39]. There are mainly three read/write schemes for
an ultrahigh-density optical near-field storage; a scanning probe microscope
(SPM), an optically switched laser (OSL) head, and a solid immersion lens
(SIL).

Scanning Probe Microscopy

There are various types of SPM storage; STM-based, AFM-based, MFM-
based and SNOM-based storages. Figure5.37 shows an SNOM-based stor-
age [5.40] using an Al-coated fiber probe and a phase change medium (GeS-
bTe). An aperture probe induces an evanescent light, heating the nanometer
area, changing the medium phase from crystal to amorphous such that the
reflectivity of the illuminated area decreases. The smallest mark size obtained
is 60 nm in diameter, which corresponds to 170 Gbin. 2.

laser light (A=785 nm) 2nd coupler

SNOM tip
core

1st coupler

laser diode
cloud

Al coating film

evanescent light

(writing) detector of
reflected light
| (reading)
protect layers polycarbonate
phase change

phase changed bit recording film
(GeSbTe(30 nm))

Fig. 5.37. SNOM-based storage using Al-coated fiber probe and phase change
medium (GeSbTe). Reprinted from [5.40] with permission by S. Hosaka, Gunma
University, Japan
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To achieve a high-speed readout, the gap control between the probe and
the medium sample is realized using an SNOM slider head, which consists
of a flying slider and an air-bearing spindle motor. However, readout speed
is basically restricted with the resonant frequency of the gap control system.
A schematic diagram of proto-type SNOM slider head is shown in [5.40].

The experimental results indicate the possibility of achieving a density
over 100 Gbin.”? and a readout speed over 2 Mbs~!. However, some technical
problems such as nanometer size aperture probe productivity, precise gap and
tracking control for each track independently remain unsolved.

Optically Switched Laser Head

A lensless flying optical head suitable for near-field recording arrangements
was firstly proposed by Ukita et al. in 1987 [5.33,5.41,5.69]. A tapered laser
diode attached on a slider forms an extremely short-external-cavity (ESEC)
with a phase change optical disk as described in Chap. 2. This is called an
OSL head due to its working mechanism.

After ten years, Partovi et al. [5.42] fabricated a very small aperture laser
(VSAL) for near-field recording and Chen et al. [5.43] reported a method for
producing a VSAL from a low-cost, commercial index guided edge diode laser.
Recently, Kataja et al. [5.44] presented a numerical study of near-field writing
on a phase change optical disk.

This direct read /write scheme by a laser diode is thought to be a promising
approach for near-field storage because of its structure simplicity, smallness,
and low cost.

Solid Immersion Lens/Solid Immersion Mirror (SIM)

To overcome the fragility and yield of fiber probes of an SPM storage, the
use of an SIL [5.45] or an SIM [5.46] on a flying head has been proposed and
studied. An SIL has a higher numerical aperture (NA) and is easier to fabri-
cate than an SIM, however, its lens center is more difficult to align. The flying
height of this head is 20nm at present [5.47]. Use of an SIL/SLM is not re-
stricted by readout speed but restricted by area recording density due to NA.
However, these devices are also suitable for heat-assisted magnetic record-
ing (HAMR), avoiding the superparamagnetic limit of the HDD as shown in
Fig. 5.38.

HAMR schemes combining a bow-tie antenna attached on a flying slider
are under development to achieve storage densities greater than 1Tbin. >
(corresponding to a mark size of 25nm) in many institutes. Moreover, to
achieve recording data rates of 500 MHz, the thermal response time of the
medium must be less than 1ns and a temperature rise of at least a 200°C is
required. From thermal modeling calculation, approximately 1 mW of optical
power will cause 200°C temperature rise in a 25 nm spot of a recording film
stack [5.48]. Techniques based on apertures, antennas, waveguides, SILs and
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Fig. 5.38. Heat-assisted magnetic recording (HAMR), avoiding superparamagnetic
limit of HDD. A SIL has a higher NA [5.39]. Courtesy of H. Sukeda, Hitachi, Japan

SIMs have been suggested for delivering a substantial amount of optical power.
However, many practical technologies for HAMR, have remained unsolved to
date.

5.4.3 Super-RENS Optical Disk

The near-field recording schemes described earlier have difficulties in fabricat-
ing a nanometer-size probe with reproducibility and distance control between
a probe and a recording medium. Why is not the conventional superresolution
scheme using a mask layer employed? Tominaga et al. [5.33] proposed beyond
the diffraction limit optical readout in the near field using superresolution
structure in 1998. Transmission efficiency of very small apertures is thought
to decay as d—*, where d is the aperture size, but it can be markedly enhanced
with the aid of surface plasmons and localized surface plasmons [5.49,5.50].

There are three types of beyond the diffraction limit optical readout using
super-RENS. The first is by a transparent aperture formed in an Sb mask
layer [5.33]. The mask layer is uniformly crystallized but the high tempera-
ture region of the super-RENS readout power opens a small aperture sim-
ilar to the superresolution technique [5.38]. This type optical disk consists
of PC-substrate (0.6 mm)/SiN (170nm)/Sb (15nm)/SiN (30nm)/GeSbTe
(15nm)/SiN (20nm). The success of 90nm mark length readout and direct
observation of the near-field aperture [5.51] formed on the super-RENS, the
phase change mechanism for two layers (mask and recording layers) [5.52]
and thermal lens model of the Sb thin film [5.53] have been reported, but the
carrier to noise ratio (CNR) has been poor (approximately 15dB for 100 nm
marks).
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The second is by the aperture formed with the Ag nanoparticle ring
in the mask layer (AgO,) and the CNR is increased by 20dB as that of
the transparent-aperture type described earlier [5.54]. The CNR increase is
thought due to the plasmon scattering by Ag particles. This type optical disk
consists of PC-substrate (0.6 mm)/ZnSiOs (170nm)/AgO, (15nm)/ZnSiO,
(15nm)/GeSbTe (15nm)/ZnS;04 (20nm). The functional structures of AgO,
thin film for near-field recording has reported [5.55]. The aggregated Ag clus-
ter produced by a lower input energy, high reflectivity, scatters near field
efficiently and the Ag ring produced by a higher input energy, low reflectiv-
ity, not only confines the input light energy for writing but also enhances the
scattering fields for reading.

Kataja et al. [5.56] studied the AgO, super-RENS phenomena numerically
using a 2-D FDTD method. They indicated that a super-RENS structure hav-
ing an AgO,, active layer can produce beyond the difraction limit resolution
when the aperture surrounded by small Ag particles formed and filled with a
low index material such as Os. Recently, read /write characteristics have been
studied through systematic experiments and the detaild mechanism to explain
the Ag type super-RENS has been proposed more clearly [5.57].

This mechanism by a deformed gas bubble associated with metallic
nanoparticles was also elucidated for a platinum oxide super-RENS disk.
The CNR of over 47dB for 100nm mark length was obtained for the
optical disk with the following structure: PC-substrate (0.6 mm)/ZnS—
SiO2 (170nm)/PtO16 (4nm)/ZnS-SiOz (40nm)/AIST (60 nm)/ZnS-SiOs
(20 nm) [5.58,5.59].

The third is a huge change in the refractive index generated in a focused
laser spot. Tominaga et al. [5.60] have proposed a ring aperture formed by
ferroelectric catastrophe in AgInSbTe recording medium. This superresolution
aperture can be observed between 350°C and 400 °C, resulting in a second
phase transition from a hexagonal to a rhombohedral structure. This type
optical disk consists of PC—substrate (0.6 mm)/ZnSiOs (130nm)/AgInSbTe
(40nm)/ZnSiOy (100 nm) [5.61]. Mask layer does not required.

Sb-super-RENS(Aperture Type)

Here, write and read mechanism of super-RENS optical disk of PC—substrate
(0.6 mm)/SiN (170nm)/Sb (15nm)/SiN (30 nm)/GeSbTe (15nm)/SiN (20 nm)
is presented by the results obtained from the experiments in various read /write
conditions and theoretical analyses for a six-layer film reflectivity.

Experimental setup and read/write conditions

Figure 5.39 shows the conventional experimental apparatus consists of an op-
tical disk tester (Pulstec Industrial Co., Ltd) with a wavelength of A = 826 nm
laser diode and an NA = 0.5 objective lens. Figure 5.40 shows a typical super-
RENS disk using an Sb mask layer with an objective lens. A near-field aperture
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(1) Optical disk tester (Pulstec:DDU-1000) (5) Optical head
(2) Function generator (Tektronix:TM5006) (6) Spindle

(3) Oscilloscope (HP:Infinium54820ZA)

(4) Spectrum analyzer (ADVANTEST:R3132)

Fig. 5.39. Conventional experimental apparatus consists of an optical disk tester
with laser diode (A = 826 nm) and objective lens (NA = 0.5)

Incident laser
(A=826 nm)
T Lens (NA = 0.5 for 1.2 mm PC)

Compensation plate (0.6 mm)

PC substrate

Protection layer
¥ Mask layer

B ¥ Protection layer
i | - Record}ng layer
,_— Protection layer

Lo

Aperture
Mark

Fig. 5.40. Typical super-RENS disk medium using Sb mask layer. Optical diffrac-
tion limit for detection A\/4NA is 413 nm

is generated in the center portion of the laser spot. Optical diffraction limit
for detection, \/4NA, of our experiment is 413 nm. Table 5.6 shows the disk
configuration and the parameters of materials for the medium.

In order to determine the amorphous level of the mask and recording layers
in super-RENS readout, we measured write power dependence of signal ampli-
tude with an oscilloscope and CNR with a spectrum analyzer. They were mea-
sured for two conditions, just after writing with read power of P, = 1.5 mW
(readout #1) and the super-RENS readout with P, = 6.0mW (readout #2)
as shown in Fig.5.41. Readout #3 with P, = 1.5mW is for reference. We
compared these two signals (readout #1 and readout #2) in Fig.5.42 and
estimated the phase change levels of the medium.

First, read power dependence of CNR for various mark length written at
the power of 7.0 mW for the medium velocity of 1.9 ms™! is shown in Fig. 5.43.
For long marks (1,000-3,000nm), CNRs are high and almost independent of
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Table 5.6. Medium configuration of aperture-type super-RENS disk

layer material  thickness (nm) phase optical constant
n k
substrate PC 0.6 x 10° - 1.56 O
protective layer  SiN 170 - 235 0
mask layer Sb 15 crystal 3.52 548
amorphous 4.21 3.2
protective layer  SiN 30 - 235 0
recording layer =~ GeSbTe 15 crystal 3.97 441
amorphous 4.29 2.09
protective layer  SiN 20 - 235 0
Mark writing Super-RENS Readout #2
P, =3.0-9.0 mw P.=6.0 MW
v=19ms? 1[ V=39ms? 1
Readout #1 Readout #3
P,=1.5mwW P,=15mwW
v=19ms? v=19ms?

Fig. 5.41. Experimental analysis scheme to determine amorphous levels of both
mask and recording layers for super-RENS disk

(@) — (b) =

AVAVAVAY

@ Q@Or O 0P

as-depo: Initial level (before writing) CNR(dB)
V; : Non-mark level (maximum)
V, : Mark level (minimum)

Vyp : Peak to peak (amplitude)

Fig. 5.42. Two measured signals; signal amplitude with oscilloscope (a) and CNR
with spectrum analyzer (b)

read power. For short marks (200-400nm) less than diffraction limit, the
signals appeared at the read power more than 5.0 mW. We define Sb-super-
RENS read power as 6.0 mW.

Wright power (recording level) consideration

Figure 5.44 shows a write power dependence of signal amplitude measured
for readout#1. Complete amorphous means the signal level that marks are



202 5 Near Field

40

30

20

CNR (dB)

10

1 2 3 4 5 6 7
Read power P, (mW)

Fig. 5.43. Read power dependence of CNR for various mark lengths written at
power of 7.0mW for medium velocity of 1.9ms™*

1.2
>
Ny ¥
) (TR e
S 10| 2/4NA = 413 nm
= Mark length (nm) o
% -0~ 3,000 Half amorphous“o.,..
£ 0.8 —~ 500 O,
] o,
E -~ 400 Complete amorphous ™«
£ -+~ 300 R
= -o- 200

0.6

3 4 5 6 7 8 9

Write power P,, (mW)

Fig. 5.44. Write power dependence of signal amplitude measured for readout#1

written many times on one track until the signal level become saturated. For
long marks of 3,000 nm the signal level changes (decreases) clearly both the
write power 3.5mW and 6.5mW from as-depo to amorphous and reaches
two states of halfway amorphous and complete amorphous. It is not clear for
short marks of 200-500 nm, but the signal level changes (decreases) at 5.0 and
9.0 mW. This is because that the marks are much smaller than the laser spot
size.

Figure 5.45 shows a write power dependence of CNR measured for read-
out#2. For long marks of 3,000 nm, CNR increases drastically at the write
power 6.5 mW, which corresponds to the write power of Fig. 5.44. Figure 5.46
shows typical signals for as-depo (P, = 1.5mW), just after writing (P, =
1.5mW), and super-RENS (P, = 6.0mW) at the write power of P, = 6.0 mW
and P, = 9.0mW. These signal levels obtained experimentally agree well with
those obtained theoretically from the reflectivity calculation for a six-layer thin
film super-RENS. From these results, we confirm that the Sb-super-RENS has
two states; one is due to the change of only mask layer (halfway amorphous),
the other due to the change of both mask and recording layer (complete amor-
phous).
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Fig. 5.45. Write power dependence of CNR measured for readout#2

(@) (b)

P, =6.0mwW

as-depo Just after writing Super-RENSreading

Fig. 5.46. Typical signal levels for (a) as-depo state (no mark, P, = 1.5mW),
(b) just after writing (P, = 1.5mW), and (c) super-RENS readings at write powers
of Py = 6.0mW and P, = 9.0mW

Aperture-type super-RENS working model

Figure 5.47 shows a model of working mechanism for the super-RENS obtained
from the experimental results given earlier:

1. In the case of sufficient write power (P, = 8.0-9.0 mW for 300 nm mark),
the heat reaches the lower recording layer, and both mask and recording
layers change from as-depo to amorphous (Fig. 5.47b). After super-RENS
readout, the mask layer is crystallized uniformity but small high temper-
ature region behaves the aperture just like a superresolution technique
(Fig. 5.47c¢).

2. In the case of insufficient write power (P, = 3.0-7.5mW for 300 nm mark),
the heat dose not reach the recording layer, and only upper mask layer
change from as-depo to amorphous (Fig.5.47d). After super-RENS read-
out, the signal does not appear because there are no marks on recording
layer (Fig.5.47e).
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Fig. 5.47. Working mechanism for aperture-type super-RENS disk obtained from
experimental results. The disk moves from right to left

In summary, both mask and recording layers change from as-depo to
amorphous in write process and the mask layer uniformly changes to amor-
phous in read process is presented. According to the conventional superres-
olution mechanism, the very small high temperature region in the focused
spot behaves as an aperture and makes it possible to detect marks less than
diffraction limit on the recording layer.

Ag-Super-RENS (Scattered Type)

In this paragraph, following read/write mechanism for the scattered-type
super-RENS optical disk using a silver oxide (AgO,) mask layer will be
presented experimentally: The AgO, mask layer has five possible states de-
pending on the input laser power; AgO, (as-depo), uniformly dispersed Ag
particles (after the initialization of 3.5 mW), Ag cluster (4.0-5.0mW), Ag dif-
fusion (5.5-7.5mW), and Ag ring structure (greater than 8.0 mW) for an ob-
jective lens numerical aperture of NA = 0.5, a laser wavelength of A = 826 nm
and a medium velocity of 2ms~!. On the other hand, the GeSbTe record-
ing layer has states; crystal, halfway amorphous, completely amorphous and
gas bubble associated with Ag particles. At the superresolution read power
(4mW), the mask layer will have Ag ring structure that increases both the
CNR and the resolution limit.

A scattered-type super-RENS disk using a silver oxide (AgO, ) mask layer
has been proposed to improve the CNR markedly. The small metal particles
in the gas bubble pit formed in write process enhanced the near field (surface
plasmon on the particles) as shown in the upper figure of Fig. 5.48. Ho et al.
found that the functional structure [5.55] of AgO, depends on the write power
as shown in the lower figure. The aggregated Ag nanocluster (having high
reflectivity due to Ag dots) efficiently scatters the near field and the Ag ring
(having high transmission due to a nanoaperture) not only confines the input



5.4 Future Applications 205

(C)

Laser beam

Ag Particle Bubble

Mask layer
Protective layer

\ { Recording layer

Bubble formation

\ ﬂ ParnN /
.o -.8'34'.%, ae,e ¢ s e sl dstenene) Mask layer

) ) GO *
= *. '..r' . oot 1 f‘ o Protective
layer
Ag cluster structure Ag ring structure 4
(High reflectance) (High transmission)

Fig. 5.48. Bubble pit formation and functional structures of scattered-type super-
RENS disk using AgO, mask layer [5.55]
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Fig. 5.49. Configuration for super-RENS optical disk using AgO_ mask layer

laser beam as that it is thin, but also enhances the scattering field. Kataja
et al. numerically studied the AgO, super-RENS phenomena using a 2-D
FDTD method [5.56]. They indicated that an AgO, super-RENS structure
can be produced beyond the diffraction limit resolution when the aperture
surrounded by small Ag particles that were formed and filled with a low index
material such as Os,.

In the following, the read/write mechanism of a super-RENS with the
structure: PC—substrate (0.6 mm)/ZnSiOy (170nm)/AgO, (15nm)/ZnSiO,
(15nm)/GeSbTe (15nm)/ZnSiO2 (20 nm) is described along with results ob-
tained from experiments under various conditions. The smallest mark forma-
tion of 50 nm length owing to the optical pulses with a reduced duty ratio is
also presented.

Initialization effect

To explain the super-RENS mechanism directly and clearly, the read/write
characteristics have been scrutinized experimentally. The configuration for a
super-RENS optical disk using an AgO,, mask layer is shown in Fig. 5.49. The
optical disk parameters and read/write conditions are shown in Table5.7.
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Table 5.7. Parameters of materials for super-RENS disk using AgO, mask layer

layer material  thickness (nm) phase optical constant
n k
substrate PC 0.6 x 10° - 1.56 0
protective layer  ZnSiO2 170 — 2.25 0.01
mask layer AgOx 15 AgO, 28 0.08
Ag particle 0.04 6.99
protective layer  ZnSiO2 30 — 2.25 0.01
recording layer ~ GeSbTe 15 crystal 4.29 2.09
amorphous  3.97 4.41
protective layer  ZnSiO2 20 — 2.25 0.01

(b)

(d)

Fig. 5.50. Effect of initialization laser power P; on reproduced signals

Figure 5.50 shows the reproduced signals (normalized with as-depo level
Vi) at different initializations of laser power P; for an as-depo medium. The
reproduced signal V; (mark) at the read power P, = 1mW changes in ways
such as the following: becomes small negative at P, = 2.5mW (a), becomes
maximum positive at P, = 3.5mW (b), becomes nearly zero at P, = 4mW
(c), and gradually increases to negative as P, increases (d). This variation
generated by the written mark is shown in greater detail by the curve “mark”
in Fig. 5.51. This figure shows the effect of initiallization on an as-depo medium
of the super-RENS disk. The mark reflectivity V5, normalized with as-depo
reflectivity V;, changes from (a) a small negative to zero to (b) positive to
(c) zero to (d) increases to negative and then becomes saturated as the laser
power increases.

This phenomenon corresponds to (a) the little decrease in reflectivity due
to the little amorphous process in GeSbTe and then cancellation due to the
increase in refrectivity with the AgOx decomposition (Ag particle), (b) fully
decomposed Ag particles, (c) cancellation due tothe half amorphous process
of GeSbTe, (d) the decrease in reflectivity due to the completely amorphous
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Fig. 5.51. Initialization effect on as-depo medium of the scattered type super-

RENS disk with read power of 1 mW, medium velocity of 2ms™*, and mark length
of 3,000 nm
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Fig. 5.52. Relationship between CNR of super-RENS readout (P, = 4mW) and
initialization laser power P;, with mark length as parameter

process in GeSbTe. The maximum positive of the laser power of 3.5 mW shows
that the AgO, is fully decomposed to Ag particles and Og, both of which are
uniformly dispersed in the mask layer. On the other hand, the nonmark reflec-
tivity Vo remains constant because thermal interference due to the succcessive
laser pulses does not occur for long (3,000 nm) marks.

Figure 5.52 shows the relationship between the CNR for the super-RENS
readout (P, = 4mW) and the initialization laser power P;, mark length as
a parameter. We define P, = 3.5mW as the initialization laser power where
the CNR for the short mark (under diffraction limit) reaches maximum. The
maximum CNR corresponds to a reproduced signal maximum at P, = 3.5 mW
in Fig.5.51, where fully decomposed Ag particles are dispersed in the mask
layer.

Figure 5.53 shows the effect of initialization on the CNR for the super-
RENS readout, with write power P, as a parameter. The CNR with initial-
ization (b) is higher and less dependent on P, than that without initialization
(a). Moreover, we can detect a mark length of 200 nm (duty ratio 50%) because
with initialization the resolution increases.



208 5 Near Field

@ 49

30
20

CNR (dB)

10t

—
(=)}
=

50
40 tFi=
30t
20 |
10 |

CNR (dB)

1 2 3 4 5 6 7 8 9
Laser power Pw (mW)

Fig. 5.53. Effect of initialization on CNR for super-RENS readout (P, = 4mW),
with write power P, as parameter

Write power dependence

To determine the amorphous level of the recording layer, we measured write
power dependence of signal amplitude V;,,/V; and the CNR for the initialized
medium. Here, V,, = Vi — V5, and Vj is the as-depo level. They were mea-
sured for two conditions, immediately after writing (observed at P, = 1 mW)
and at super-RENS readout (observed at P, = 4mW). We compared the
two signals and estimated the phase level (signal) and the noise level of the
medium.

Figure 5.54 shows the relationship between CNR, V,,,,/Vi, and write power
P,, at the read power of P, = 1lmW. Figure 5.55 shows the relationship be-
tween CNR, V,,,/ Vi, and write power P, at P, = 4mW mark length is a para-
meter. Figure 5.54 shows that a dip appears for every mark length. This phe-
nomenon occurs because reflectivity decreases as the half amorphous process
for middle P, but it increases as the Ag cluster process for high P,. Then
the CNR becomes constant for high P,. This suggests that the noise level
increases for high P, because the reflectivity (signal level) was found to in-
crease with the completely amorphous process as P, increases, as shown in
the lower figure. We also found that the signal remains constant between 5.5
and 7.5 mW for a long mark at P, = 1 mW. This suggests that some changes
occurred in the mask layer between 5.5 and 7.5 mW.

In the case of the super-RENS readout (P, = 4mW), we found that every
dip disappars as shown in the upper figure of Fig.5.55. Moreover, we found
that the the signal increases as P, increases due to the completely amorphous
process, as shown in the lower figure. We confirm that the constant signal level
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of P, = 1mW, with mark length as parameter

50
40
30
20

CNR (dB)

140
120
100

Signal amp. (Vpp/ Vi)

Write power Pw (mW)

Fig. 5.55. Relationship between CNR, V,,/Vi and write power Py for read power
of P, = 4mW (super-RENS readout), with mark length as parameter

between P, = 5.5 and 7.5 mW, which appeares in the lower figure of Fig. 5.54,
is a result of the reflectivity decreasing as the Ag cluster is decomposed and
diffused due to the great heat generated at the continuous read power of
P, = 4mW. We define the optimum write power as P, = 8.5mW, at which
the CNR for the shortest mark of 200 nm reaches maximum as shown in the
upper figure of Fig. 5.55.
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Fig. 5.56. Read power dependence on CNR of mark written at power of P, =
8.5 mW, with mark length as parameter
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Fig. 5.57. Read power dependence on signal amplitude and spectrum for mark
lengths of 1,000nm with 10dBdiv™' and 1MHzdiv™!' (a), and 200nm with
10dBdiv™" and 10kHzdiv™* (b), with read power P, as parameter

Read power dependence

Figure 5.56 shows the read power P, dependence on the CNR of the mark
written at the power of P, = 8.5mW, where mark length is a parameter.
From the figure, it is evident that signals (400-200nm) appear beyond the
diffraction limit and the highest CNR of each mark length can be obtained at
P, = 4mW. On the other hand, CNRs are high and almost independent from
P, for long marks (1,000-3,000nm). All the signals disappear at read powers
greater than P, = 6.5 mW because the amorphous mark and the bubble pit
are erased due to the continous large P.. We define the optimum super-RENS
read power as 4mW.

Figure 5.57 shows the read power dependence on the signal spectrum and
the amplitude for mark lengths of 1,000 nm (a), and 200nm (b), where read
power P, as a parameter. Both the signal spectrum and the signal amplitude
increase at P, = 4mW. On the other hand, we find that noise increases at
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Fig. 5.58. Proposed working mechanism of super-RENS using AgO_ mask layer

P, = 6 mW in the spectrum in the upper right figure and the signal amplitude
decreases due to the degradation of the resolution (Ag cluster size increases).

Scattered type super-RENS working mechanism

On the basis of these results, we propose a model for an Ag-super-RENS mech-
anism. Figure5.58 shows the states just after writing (P, = 1mW) for both
the mask layer and the recording layer, with write power P, as a parameter.
The working mechanism for the Ag-super-RENS is as follows. Both the mask
and the recording layer have five possible states depending on the write power
P, (a) as-depo, (b) Ag particles uniformly dispersed and crystallized (after
initialization P, = 3.5mW), (¢) Ag cluster and half amorphous (P, = 4-
5mW), (d) Ag diffusion and completely amorphous (P, = 5.5-7.5mW), and
(e) Ag ring and bubble pit (greater than P, = 8 mW). The mask layer for the
super-RENS readout (P, = 4mW) has an Ag ring structure, and the aperture
is filled with Og, which increases both the CNR and the resolution limit.

Optical pulse duty dependence

To realize a short mark length, we illuminated thermally isolated optical pulses
(having decreased duty ratio). Figure 5.59 shows the relationship between re-
flectivity V1 (non-mark), V5 (mark), and mark length for the write power of
P, = 8.5mW with the super-RENS readout (P, = 4mW); the optical pulse
duty ratio as a parameter. The signal amplitude V,,, = Vi — V5, increases as
the duty ratio decreases, which means the amorphous level difference between
mark and nonmark increases because the difference in temperature increases
due to the longer time separation between the laser pulses. Figure 5.60 shows
the relationship between CNR and mark length for the super-RENS readout,
optical pulse duty ratio as a parameter (P, = 8.5mW). The reproduced signal
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Fig. 5.59. Relationships between reflectivity V1 (non-mark), V2 (mark), and mark
length for super-RENS readout (P, = 4mW), with optical pulse duty as parameter
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Fig. 5.60. Relationship between CNR and mark length for super-RENS readout
(P, = 4mW), with optical pulse duty as parameter

mark length becomes shorter as the optical pulse duty ratio decreases, and
reaches 50nm (CNR = 17dB) at the duty ratio of 10%.

In summary, the scattered-type super-RENS using ZnSiOs/AgO, /ZnSiOy/
GeSbTe/ZnSiO4 has the following characteristics:

1. The mask layer and the recording layer have five possible states depending
on the write power P,,: as-depo, Ag particles uniformly dispersed and crys-
tallized (after initialization), Ag cluster and half amorphous, Ag diffusion
and completely amorphous, and Ag ring and bubble pit.

2. The mask layer for the super-RENS readout has an Ag ring structure,
and the aperture is filled with O, which increases both the CNR and the
resolution limit.

3. The smallest mark length of 50 nm is reproduced at 17 dB by decreasing
the optical pulse duty ratio of 10% under the experimental condition of
A/ANA = 413 nm.

Problems

5.1. How is the force F = 2kT/d (due to Brownian motion) dependence on
the diameter d of a microsphere? The microsphere is suspended in water,
where k is the Boltzman constant, and T is 298 K.
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5.2. Simulate the scattered light of the evanescent field generated by the at-
tenuated total reflection at the prism (refractive index 1.6) to air interface.
A plane wave with a wavelength of 800 nm is incident at an angle of 45° and
the induced evanescent field is scattered by the sharpened metal probe of the
curvature of 20nm, where the distance between the probe tip and the prism
surface is 15 nm.

5.3. The drag force Fyag acting on a metal sphere (diameter d) moving at
the constant speed of v in the medium can be expressed by Eq. (5.23) [5.11]

9 (1 1
Fdrag = 3TC,LLd'U {1 + 372 <D — H_D> } 5 (523)

where p is the viscosity of the medium, H is the height of the sample chamber
and D is the distance between the sphere and the wall surface of the chamber.
The viscosity p varies with the temperature 7" as shown by

262.37
T +273.15 — 133.98°

log g = —1.64779 + (5.24)

How is the drag force dependent on the trapping position (particle-to-wall
distance) (a) and medium temperature (b)?

5.4. The van der Waals force F, between the particle and the wall is ex-
pressed as the Hamaker approximation shown by (5.25) [5.26], where H is the
Hamakar constant, a is the radius of the particle, § is the shortest distance
between the particle and the wall.

Hla a 1 1

Fv:_* sy - =< .
6 52+(5+2a)2 5+5+2a

(5.25)

How is the van der Waals force dependenct on the distance between the
particle and the wall?

5.5. The electrostatic force acting on a particle is expressed as the Hogg ap-
proximation shown by (5.26) [5.26], where (¢1,12) are the potentials of the
particle and the wall, 1/ is the thickness of the electric double layer and ¢ is
the dielectric constant of the medium

1+ exp(—kd)

Fs =mea {2@[111/)2 In { = exp(—ro)

} + (2 + ) In{l — exp(—2xd)}| .
(5.26)

How is the electrostatic force dependent on the distance between the par-
ticle and the wall?
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Answers, Hints and Solutions

Chapter 1

A1.1 There are several aspects in comparing the fabrication methods for
microstructures: productivity, thickness, structure, and material used. Pho-
tolithography and LIGA will be used for mass production, but photoforming
will be used for small-scale production and also for fabricating a complicated
3-D structure. An EBL, which has high resolution and does not require masks,
will be used for fabricating microstructures less than 1 pum thick. Photolitho-
graphy will be used for fabricating microstructures less than several 10 pum,
and LIGA less than several 100 um. The latter two require the use of masks
for the etching. Groups III-V compound materials are used to integrate an
LD and a PD.

A1.2 A sacrificed layer is the layer that is etched away, whereby the
microstructure is undercut, leaving it freely suspended (see Sect.1.2.1).

A1.3 Friction-less and contact sticking-free structures are needed for optical
MEMS because of the increase of the surface effect. Refer to the scaling law
(see Sect.1.3.1).

A1.4 The moment of inertia of the mirror is I; = pab3t/12.1 with a 50%
reduction in the dimensions is Io/I; = (0.5)(0.5)3(0.5) = 3.1%.

A1.5 Response time is proportional to [mass/frictional force], i.e., [L?/L?] =
[L], which leads to faster response as L decreases.

A1.6 See Sect. 1.5.
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A1.7 There will be two development directions when device/system size
decreases: the number of functions will decrease (commercialization-oriented
direction), and the number of functions will increase (research-oriented direc-
tion). See Sect. 1.5.

Chapter 2

A2.1 See Fig. A.1.
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Fig. A.1. Relationship between the cantilever resonant frequency fo and the length
I, with thickness t as a parameter

A2.2 See Fig. A.2.
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Fig. A.2. Relationship between the cantilever spring constant K and the length [,
with thickness t as a parameter

A2.3 Since the LD facet reflectivity Ry facing the medium is greatly reduced
by an antireflection coating to improve the signal-to-noise ratio, the light
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output P; (PD side) differs from P, (medium side). The light output ratio for
a complex cavity laser is calculated using effective reflectivity RST instead of
laser facet reflectivity Rg, as shown [2.34]

Py Ry (1— R5T)

P R (1-Ry) -

Figure A.3 shows the calculated results for a high-reflection coated facet R; =
0.70. Tt is found that Po/P; = 5 for Ry = 0.01 and R3 = 0.3 with h = 2um.
While, for a cleaved facet Ry = 0.32, P,/P; = 1.5 for Ry = 0.01 and R3 = 0.3
with

h =2 um.

100
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R

Power ratio (P, / P;)
=
o

c
oo~ ™ W, N -

01 .01 1 1
Facet reflectivity R,

Fig. A.3. Relationships between the power ratio and the medium side LD facet
reflectivity R for Ri = 0.7 with h = 2um, medium reflectivity R3 as a
parameter.

A 2.4 There will be two ideas: one is a fine microactuator, such as a PZT, on
the slider or on the arm of the main actuator. An electric actuator, such as
a laser beam deflector, will be preferable to a mechanical actuator, such as a
PZT.

A2.5 A 1.3-um long-wavelength InGaAsP LD is used because it is stable and
oxidation-free in air and its spot diameter (near field) is mainly constrained
by the shape of the ridged waveguide. The oxidation-free characteristics are
very important, especially when the LD is used at a high power output for
thermal writing.
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A2.6 Contamination may be a problem for removable media, but it can be
avoided if we apply some kind of wiping mechanism and head lifting mecha-
nism.

Chapter 3

A3.1 See Fig. 3.2 and Table 3.1 in Sect. 3.1.
A3.2 Consult the following procedure:

1. decompose the beam into individual rays with appropriate intensity and
direction

2. trace individual rays

3. find the angle 6, (r, 8) incident to the microsphere of a ray entering the
objective lens aperture at an arbitrary point (r, 3)

4. compute the Fresnel transmission T and reflection R coefficients at the
incident point

5. compute the trapping efficiencies Qs(r) and Qg(r), for that ray

6. integrate the contribution of all rays within the convergent angle

7. compute total trapping efficiency using Qy = |/Q2 + Q2
A3.3 See Fig. 3.15.

A3.4 First, we find the incident angle 6;(r, 3) of a ray entering the aperture
of the objective lens at an arbitrary point (r, 3) as shown in Fig.3.12a. The
ray makes an angle a to the zy plane and also makes an angle v to the y-axis
as shown in Fig. 3.12b. Then the angles become

R
a=tan? (m cot ®m> ,
r

v = cos™!(cos arcos 3).

Since 7o sin 0y (r, 8) = s sin(7y), then the incident angle becomes

R/"
6, (r, 3) = sin~!(s sin(tan* ( . * cot <I>m) cos 3),

where R, is the radius of the objective lens, @,, is the maximum convergent
angle, s is the distance from the laser focus to the center of the microsphere.

Next, the trapping efficiencies Qs(r) and Qg (r) are computed by the vector
sum of the contributions of all rays within the convergent angle in the same
manner described in Example 3.4. See Fig. 3.13b.

A3.5 See Fig. 3.16.



6 Answers, Hints and Solutions 219

A3.6 See Fig. A.4.

Fig. A.4. Magnitude and direction of total trapping efficiency (optical pressure
force) for a microspore of relative refractive index of 1.2 at arbitral focal position in

the yz plane. A circularly polarized laser beam uniformly fills the objective aperture
of NA = 1.25 [6.4]

A3.7 The discrepancy between theoretical and experimental results comes
from the fact that the trapping position moves upward due to the gravitational
force, which decreases @); as shown in Fig. A.5. Expected trajectory of the
trapping (focus) position in the polystyrene are shown by 1: for a diameter
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Fig. A.5. Dependence of predicted Q22 on sphere diameter for polystyrene, which
is derived from experimental data of Fig. 3.32. Q%22 decreases as diameter increases
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less than 20 um; 2: for the diameter of 30 um; and 3: for a diameter greater
than 40 um, as shown in Fig. A.6.

Fig. A.6. Contour lines for total trapping efficiency Q: of polystyrene particle;
broken line indicates along which Q¢ is purely horizontal (a). Expected trajectory
of trapping position; 1: for diameter less than 20 um, 2: for diameter of 30 um, 3: for
diameter greater than 40 um (b)

Chapter 4

A4.1 Figure A.7 shows the shape of a three-wing shuttlecock rotor. Optical
pressure F, exerted at part « generates torque in the normal rotation direction
(a), but optical pressure Fj3 exerted at part § generates torque in the reverse
rotation direction (b).

(b) Fy F,
", s
Reverse torque Y ¢
Fg n/2-B, n/2-a,
Normal torque = T
’ B

1«

W\

o

@)

1

Fig. A.7. Optical torques induced in three-wing rotor. Not only normal torque but
also reverse torque is generated.

To obtain a higher torque, the reverse torque should be changed to be 0
or to be in the normal direction by varying the side wall angle 35, as shown in
Fig. A.8a, and the normal torque should be increased by varying the side wall
angle as, as shown in Fig. A.8b. From the 2-D simulation results shown in the
figures for the rotor and medium conditions listed in Table4.1, 85 = 130° and
ag = 100° are found to lead to the shape shown in Fig. A.9.
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Fig. A.8. Relationship between optical torque and side wall angle 82 (a), and side
wall angle a2 (b), both simulated in two dimension for simplicity

Fig. A.9. Improved shape of the three-wing shuttlecock rotor with 8 = 130° and
az = 100° for the rotor of ny = 1.6,d = 20um, ¢ = 10um, w = 5um, and medium

A4.2 See Fig. A.10.
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Fig. A.10. Optical torque dependence on diameter of rotor with four wings
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A4.3 See Fig. A.11.
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Fig. A.11. Rotation rate dependence on refractive index of cylindrical optical rotor
with slope angle of 45°

A4.4 See Figs. A.12 and A.13.
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Fig. A.12. Relationship between rotation rate and starting angle o of the slope.
The span of the slope forms from o to o + 90°
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Fig. A.13. Rotation rate and number of slopes of the cylindrical rotor with slope
angle of a = 30°,45°, and 60°

A4.5 See Fig. A.14. Optical mixer rotates due to the torque exerted on the
slope upon parallel beam illumination, making the objective lens unnecessary.

Laser

Paddle
Slope

C_

Rotation

Fig. A.14. Optical mixer suitable for used in a microchannel of future u-TAS
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Chapter 5

A5.1 Figure A.15 shows a simulated result, indicating that the force decreases
inversely proportional to the particle diameter (a), and linearly increases with
temperature (b). At less than 10nm in diameter, it reaches the piconewton
(pN) order

(@) (b)
T T 8x 10—13 T T T T T
2 101t T=298 (K) 4 = —— d=100nm
= T 7<) d=40nm |
g -% I d=20 nm
2 2 6x10 1
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© —12 L i
£ 10 F0.30 pN g 5x107 ]
2 - : .
@ @ 4x10788)
IS AN e ]
g 10713 E 0.20 pN k| % 3X10713
: ™ 0.08 pN S T ]
- ' 'Lo2x10718] -7
o o i
S ]
L gaal 2 1x10B|—— ]
1 10 100 1000 280 300 320 340 360 380

Diameter d (nm) Medium temperature T (K)

Fig. A.15. Relationships between force due to Brownian motion and diameter of
microsphere (a), and temperature of medium (b)

A5.2 See Fig. A.16 and [5.20].

Metalic probe

Dielectric

Plane wave prism

Fig. A.16. 3-D configuration of system for calculation of scattered light by sharp-
ened metal probe [5.20]
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A5.3 See Fig. A.17.
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Fig. A.17. Drag force dependence on diameter of microsphere moving at constant
speed of v in water (a), and viscosity dependence on temperature of medium (b)

A5.4 See Fig. A.18.
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Fig. A.18. van der Waals force dependence on distance between particle and wall
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A5.5 See Fig. A.19.
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Fig. A.19. Electrostatic force dependence on distance between particle and wall
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spherical aberration correction, 18

spinner, 151

split peaks, 191

SPM storage, 196
spring constant, 79
stacking, 7
sticking-free, 11

stirred flow, 165
straight ray model, 106
streamlines, 138, 141
stripping, 3

strongly focused laser beam, 112

SU-8, 4, 148

SU-8 rotors, 162
super-RENS, 198
super-RENS readout, 208
superresolution, 193

superresolution near-field structure

(super-RENS), 193
surface active agent, 155

Index

surface micromachining, 3, 14

surface plasmon, 184
surface property, 180
surface-emitting LD, 22
syringe pumps, 164

tangential vector, 96

taper-ridged waveguide, 24, 59
tapered lensed optical fiber, 94-95, 100

tapered optical fiber, 175
thermal energy, 106
thermal expansion, 54

thermal expansion coefficients, 69

thin resin film, 151
three-layer MC, 69

three-wing rotor, 149, 161

threshold current, 44
threshold gain, 33
Ti:sapphire laser, 8
tight convergence, 90
time derivatives, 170
time increment, 170

time-step dependence, 174
time-stepping expressions,

tip deflection, 70
tip probe, 179

TM (p-polarized) plane wave, 173

topography, 190
torque efficiency, 131

171

249
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torque force, 123

torsion pendulum, 82

total trapping efficiency, 120

tracers, 155

track error signals, 61

tracking groove, 190

trajectory, 120

transmission efficiency, 198

transmittance efficiency, 104

transverse components of the
momentum, 86

transverse trapping efficiency, 90, 120

transverse trapping power, 106, 187

trapping, 81

trapping efficiency, 87, 90

trapping force, 128

tribology, 30

tunable infrared (IR) filter, 7

tunable LD, 21, 76

two-dimensional (2-D) trapping, 128

two-liquid mixing, 166

two-photon absorption, 8

U-shaped LD, 23

ultrahigh density optical storage, 193
unfocused (parallel) laser beam, 123
uniformly filled, 133
upward-directed, 185

urethane, 8

using up-ward-directed, 104

UV light, 149

V-grooves, 3
vaccum, 81
van der Waals force, 213

vane, 81

variable parameter, 95

vector theory, 169

velocity, 137

vertical cavity surface-emitting laser
(VCSEL), 50

vertical components of the momentum,
87

very small aperture laser (VSAL), 197

vibration amplitude, 54

viscosity, 188, 213

visualization, 153

wall force, 106

wavelength division multiplexing
(WDM), 16

wavelength tuning, 45

wavelength tuning range, 46

wet-etching, 11

windmill effect, 121

wing number, 148

wiring, 30

with the gold particle, 191

without the gold particle, 192

working mechanism, 203, 211

write power dependence, 208

X-ray lithography, 6

Y-shaped microchannel, 145
Yee algorithm, 170

yield strength, 57

yoke, 14

Young’s moduli, 69
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