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Fig. 7 in the article written by H. Bezzaoui and E. VogesT, showing
a photograph of a waveguiding situation between two cantilevers,
needs further explanation, The photograph shows unusual bright areas
(brighter than the waveguiding areas) on the etched silicon surface,
which suggests that there light scattering is stronger than that from

the guided wave.
T H. Bezzaoui and E. Voges, “Integrated optics combined with micromechanics on

silicon,” Sensors and Actuators A, vol. 29, no. 3, pp. 219-223, Dec, 1991.
Radiation loss is neither the only factor to be considered nor the best
parameter to determine the minimum allowable bending radius for a
curved waveguide,

In the near future, the mechanical properties of silicon will be
exploited even more intensively than presently for application both in
micro-electronics and in integrated optics.

The scaling-down of the bridge- and cantilever-dimensions to the order
of microns does not alter the principle governing the structures’
mechanical behavior, but changes the structures’ sensitivity and
potential applications.

Considerable errors will occur when intuitive assumptions are
introduced to model a problem before serious theoretical analysis has
been carried out.

Journals would contribute more to the development of science and
technology if they should publish more ideas than just facts.

Technically speaking, a human being functions excellently as a smart
sensor, but in many circumstances it is immoral to use a human
being as such. Technology, however, can greatly benefit from




10.

11.

12.

imitating the human scnsing capabilities as examples for new
developments.

Science

The barrier for the public to understand science is still too high to be
easily overcome. For today’s scientists, explaining Einstein’s theory
of relativity into popular songs is a great challenge. '

Technology

The increasing complexity of technology may be a joy to the
technocrats, but it is growing into an intimidating nightmare to the
public. The technocrats and the public are now standing at a road-
crossing, with the risk that they will run in opposite directions.

Allowing a government in an economic recession (0 cut the
expenditure for education is a recipe for a country to sink further into
bankruptcy.

Taoist “Wuwei¥” philosophy is the best solution for the
environment conservation since nature itself has the power to keep

the environment in balance.
¥ Wuwei: the Chinese word literally means “doing nothing".

People waste a lot of time learning compulter software that often
becomes outdated before being mastered.

The wording “No part of this publication may be reproduced, stored
in a retrieval system or transmitted in any form or by any means...”
in a usual copyright claim implies that no part of the publication
may be stored in our brain. This is an unrcasonable statement.
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Preface

This thesis is written to fulfill the requirements for the Ph.D. degree at Delft
University of Technology, and conveys most of the results obtained during the
four-year Ph.D. research period. It reports an investigation on micro-mechanical
structures (bridges and cantilevers) and on their applications as integrated
optical sensor elements.

Sensors are widely applied as tools for the mankind to strengthen and to
extend the human sensing system. With the aid of various sensors, human
beings are able to see the invisible, to hear the inaudible, and to understand the
incomprehensible. For machines, sensors provide certain intelligence to the
machines, and make the machines be able to sense their surroundings.

Sensors are very often based on more than one discipline. New sensors are
often discovered and developed when one scientific or technological branch
encounters another. The presently investigated sensor elements are the result of
an interaction between integrated optics and micro-mechanics. Integrated optics
lays down the operational principles for the sensor elements and uses guided
waves as the information carrier of sensor signals. Micro-mechanics provides
micro-structures as transducing interfaces to external influences and governs

the mechanical behavior of the structures.

vii



viii Preface

The idea to develop this kind of optical sensor elements came from a
parallel way of thinking by considering micro-mechanical structures used as
sensor elements in integrated electronics. If the micro-mechanical structures,
especially bridges and cantilevers, can be constructed in such a way that they
eventually become optical waveguides, the structures can then be applied as
integrated optical sensor elements.

The application of optical sensors using micro-mechanical structures meets
the trend of developing a broad range of inexpensive, batch-fabricated, high
performance sensors, which can be easily interfaced with the highly developed
micro-processors and communication systems. Micro-mechanical structures can
be batch-fabricated using micro-fabrication (micro-machining) techniques that
have already been highly developed for the electronic IC industry. At the same
time, optical fiber communication systems have been developed with such a
success that they have become the choice for communication in the future. This
imposes high demands on optical information acquisition and processing for
which optical integrated circuits, that fulfill similar roles as electronic IC’s, have
been introduced and developed. It is a logic extension of this tendency to
investigate the sensors which use optical waveguides and guided waves to
allow easy interfacing with optical communication. Besides, integrated optical
sensors have a number of further advantages above existing devices.

The present thesis considers the fabrication as well as the application of
micro-bridges and cantilevers. These bridges and cantilevers are fabricated upon
silicon substrates and are used as optical waveguides. The waveguides have a
sandwiched layer structure of an SiO; buffer, an Al;O3 waveguide and an SiOp
cover. Such bridges and cantilevers can be applied as optical sensor elements
for force-related quantities. In this thesis, both the theoretical and the
technological aspects of these two structures will be investigated.

The thesis consists of six chapters. Chapter 1 first gives an introduction to
the concept and history of integrated optical sensors, and then introduces
micro-mechanics and the micro-structures of bridges and cantilevers. The

operational principles of such micro-bridges and cantilevers as optical sensor
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elements are also briefly described. In Chapter 2, some theoretical backgrounds
concerning the operational principles of bridges and cantilevers are described.
In the first section, both the static and the dynamic mechanical behavior of
bridges and cantilevers are presented. A theoretical method dealing with curved
waveguides has been developed in the second section in order to understand
the optical loss induced by the deflection of the waveguide-bridges and
cantilevers. The optical coupling process in a cantilever structure is analyzed in
Section 2.3. In Chapter 3, micro-fabrication technology for producing three-
dimensional micro-structures is briefly summarized. Chapter 4 gives details of
the fabrication processes of the micro-bridges and cantilevers for integrated
optical sensors. Etching techniques like isotropic, anisotropic and reactive ion
etching (RIE) have been applied for the fabrication of the bridges and
cantilevers. The application of such structures as optical sensor elements is
evaluated and confirmed by the experiment results of acoustic signal detection,
which is presented in Chapter 5. Some other possible applications are also
proposed and discussed briefly. Chapter 6 provides some discussion and
conclusions regarding the present investigation.

One part of research during the four-year Ph.D. period is not covered in
this thesis. In the first year, research work was also carried out on integrated
optical interferometers with stacked multilayers and coupled waveguide
structures and their application as sensor elements, which led to three
publications.

I wish to acknowledge my gratitude to all those who contributed to the
success of my research and to the completion of this dissertation. First of all, I’d
like to thank Prof. dr. H. J. Frankena for his encouragement and guidance with
which I have been able to push the research to proceed and yet to keep on the
right track. With numerous fruitful discussions, sometimes arguments, new ideas
became plans and plans have been turned into results, finally leading to this
dissertation. I am also grateful to many of my colleagues: Dr. H. van Brug,
F. H. Groen, J. de Jong, C. J. van der Laan and many others whose names could

not be mentioned here for space reasons, for numerous pleasant and useful
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discussions. They, in many ways, helped me a lot during my Ph.D. period. I am
greatly indebted to A. J. van der Lingen for his constant help and assistance in
arranging much of the equipment needed for experiments, to R. C. Horsten for
the arrangement of equipment needed for acoustic signal measurement, and to
A. Looijen and A. Kuntze for their excellent high-quality thin films, which
enabled me to fabricate micro-bridges and cantilevers. Thanks to the Acoustic
Research Laboratory of this university for providing advanced acoustic
equipment and to J. L. Joppe from FEL (Physical and Electronic Laboratory) of
TNO (the Netherlands Organization for Applied Physics Research) for carrying
out the reactive ion etching process, the result of their effort enriched both the
research and this thesis enormously. The research has also been benefited a
great deal from the facilities of DIMES (Delft Institute of Micro-Electronics and
Submicrotechnology).

It is a pleasure to thank the Chinese Education Ministry for sending me to
the Netherlands for further study in the first place and providing financial
support in the beginning. I also appreciate the financial support from Shell
Nederland B.V. and NWO (Netherlands Organization for Scientific Research) for
my participation at international conferences.

Finally, my gratefulness goes to my parents whose encouragement and
support are the constant source of motivation of my study. Special words
should also go to all my friends both in China and in the Netherlands who have
made my life here enjoyable and my study successful.

It is also an exceptional occasion to finish my Ph.D. work in a year when
this excellent university celebrates her 150-th anniversary.

Shaodong Wu
Delft, The Netherlands
December 1992
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Introduction

About ten years have passed since the first application of integrated
optical sensors was reported. Numerous sensors, mostly involving interferometer
structures, have been investigated. New sensor structures and sensor
applications are still intensively searched and investigated. In this thesis,
integrated optical sensors using micro-mechanical structures are proposed and
studied. Such optical sensors are based both on integrated optics and on micro-
mechanics and take advantages from both areas. They use guided waves as
information carriers, and micro-mechanical structures as transducing elements,
which makes the structures very sensitive and favorable for sensor applications.
Using the guided waves for the sensors allows an easy interface with the
advancing optical communication, and applying the micro-structures makes it
possible to batch-fabricate the sensors. There is actually a growing trend in such
merging between integrated optics and micro-mechanics. Quite recently, the first
international conference devoted especially to micro-structures in integrated

optics has been organized [1].

In this first chapter, an introduction to the concept and history of

integrated optical sensors will be presented. Then, micro-mechanical structures
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(bridges and cantilevers) and the operational principles of these structures used
as optical sensor elements will be described.

1.1 Introduction to Integrated Optical Sensors
1.1.1 Sensors

A sensor is a device that senses either the value or a change in value of a
physical quantity (such as temperature, flow rate, or pH, ...) and converts that
into a useful input signal for an information processing system [2].

Classification of sensors is generally based upon the physical quantities to
be measured and on the nature of sensing elements. Thus, an optical sensor can
be defined as a sensor in which the effects on optical properties are used for
sensing other physical quantities, including other optical ones.

The basic operation of a sensor is illustrated in Fig. 1.1. If a sensor is
exposed to its environment, an unknown quantity X in that environment will
influence a certain variable V in the sensor. Through a specially designed
sensing structure, this variable is converted into another output variable O
which can be more easily detected. The detected signal S can then be connected

to an information processor or a display unit.

Sensing Communication
interface interface

Readout

Environment

Fig. 1.1 Diagram of a sensor setup.
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1.1.2  Principles of Integrated Optical Sensors

An integrated optical sensor is based upon the changes which take place
in the characteristics of guided waves traveling through an optical waveguide
when part of this guide is exposed to the environment. It usually comprises a
light source, photo-detectors, optical waveguides with sensing structures, signal
processors and other optical or opto-electronic components such as couplers,
connectors and modulators. In many aspects, an optical fiber sensor has the
same operation principles as an integrated optical sensor. Integrated optical

sensors and optical fiber sensors are two major branches of the optical sensor
family.

For integrated optical sensors, several types of modulation (sensing)
principles, using guided waves acting as information carriers, can be used. The
quantity to be measured modulates these waves and the resulting modulation

can be later determined to evaluate the quantity.

A guided wave, represented by its electric field strength E(F,?), can be
expanded as [3]

EF,.0)= AE,(F.0), (L.1)
m

where E'm (7,t) denotes the m-th order guided mode of the pertinent
waveguide and A,, the amplitude of that mode. There are four possible ways to

modulate the guided wave, viz., by changing

1.  the mode amplitudes;

2. the mode polarizations;
3. the mode phases;
4

the wavelength or the power distribution among modes.
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Each modulation type leads to a certain characteristic of the sensors. These
sensors can be broadly categorized into intensity, polarization, phase or spectral
sensors.

Optical intensity sensors. An optical sensor using a sensing technique
which directly produces a change in optical intensity proportional to the
applied signal can be classified as an intensity sensor. Here, the light intensity is
affected by an attenuator in the light path, which is controlled by the quantity
to be measured. As an example, the intensity loss in a fiber micro-bend sensor [4]
depends on an induced coupling from propagating modes to radiation modes.
The fluctuation in intensity will be directly related to the quantity to be
measured and can be easily detected. In the case of an intensity instability in the
light source, a reference channel and electronic circuitry can be employed to
compensate for the resulting intensity change.

Optical polarization sensors. If polarized light is launched into a
waveguide, the polarization plane will be rotated by induced birefringence [5].
With respect to this, the Faraday effect is well-known. If an external magnetic
field is applied to a suitable medium with a field component parallel to the
propagation direction of linearly polarized light, the polarization plane will be
rotated. The rotation angle can be determined to evaluate the applied magnetic
field.

Optical phase (interferometric) sensors. These are sophisticated optical
sensors which encode the sensed information into the phase of a guided wave
propagating through a sensing waveguide [6]. To detect the resulting phase
changes, another coherent light wave serves as a reference. Using optical
couplers, the sensing and reference paths can be combined to form an optical
interferometer.

Optical phase sensors are very effective because they offer an extremely

high sensitivity and wide dynamic ranges, using digital processing systems for
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the interference fringes. A phase modulation scheme requires a coherent light
source and mono-mode operation of the guides. To satisfy these conditions,
semiconductor lasers are the most promising candidates for use as coherent light
sources in this type of sensors because they can be integrated into optical

circuits to ensure the reliability of devices and to allow compact structures.

Optical spectral sensors. Utilizing more complex modulators and filters in
a sensor, a sensed signal can be encoded into the optical spectrum or into the
power distribution among different guided modes to reduce the influence of
various losses in transmission lines [7]. One form of spectral modulation is simply
a Doppler shift which may be induced by, e.g., back scattering from moving
particles beyond the end of a fiber or an integrated waveguide. Laser Doppler
Anemometry (LDA) is a well-known example.

Since optical waveguide materials have optical, mechanical, electro-
magnetic and thermo-dynamic properties which are significant for the wave
propagation, integrated optical sensors up to date have covered many aspects
of conventional sensors, such as for detecting electro-magnetic field, current,
sound, pressure, acceleration, displacement, temperature and gases etc., which
will be briefly reviewed in Section 1.1.4. Table 1.1 lists some physical quantities
which can be sensed by optical waveguides along with their optical
transducing mechanisms.

1.1.3 Features of Integrated Optical Sensors

An extremely high sensitivity is possible for an integrated optical sensor,
typically increasing linearly with the length of the waveguide section which
forms the sensing part. Theoretically, optical phase (interferometric) sensors

have orders of magnitude higher sensitivity over their electronic counterparts.

The sensing part of an integrated optical sensor can be entirely optical, that
is, devoid of electric phenomena. Thus, the sensor is immune to electric or

magnetic interference which is a problem restricting the use of conventional
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electronic devices in some cases. This permits their use in environments such as
high voltage, electrically noisy, or explosive atmospheres. Also, there is almost
no interference among neighboring optical sensor probes. The reason behind
this is that, unlike conventional electric wires or cables, the optical field is well
confined within the waveguides.

Table 1.1 Quantities and their optical sensing methods

Physical Quantities Transducing Mechanisms
Displacement Optical phase interference,
Induced losses, Attenuators
Vibration Induced losses,
Acceleration Attenuators
Sound
Force Photo-elastic effect
Pressure
Flow Doppler effect, LDA
Rotation Sagnac interferometry
Temperature Thermal expansion
Magnetic field Faraday effect
Electrical field Electro-optical effect

The most intriguing applications of an optical fiber sensor result from its
geometric versatility which is related to the fact that the sensing takes place in a
thin, long and bendable fiber. An integrated optical sensor, although less
flexible, provides the possibility to be integrated with other optical or even the
necessary electronic components onto a single chip and therefore possesses a
superior degree of compactness, stability and reliability.

Integrated optical sensors have an intrinsic compatibility with optical fiber
communication and optical telemetric techniques. The sensors can realize remote
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sensing and remote control if connected to optical fibers of low transmission
loss.

Several measurements may be carried out simultaneously with a single
optical waveguide using passive multiplexing techniques. For instance, the
polarization of a wave propagating through a mono-mode optical waveguide
can be modulated by a magnetic field (Faraday effect) while an intensity sensor
is fabricated from the same guide to sense another quantity [8]. The two
modulations are independent and the detection of the polarization and intensity
can be separated.

1.1.4 History of Integrated Optical Sensors

The earliest sensor application using integrated optical waveguides was
reported by Johnson et al. in 1981 [6]. The basic element of the integrated
optical sensor is a waveguide version of a Mach-Zehnder interferometer with
unequal arms as shown in Fig. 1.2. It was used for temperature sensing. The
interferometer was made from Ti-doped channel waveguides in an LiNbO3
substrate with dimensions of 10 mm in length and 0.7 mm in width. The device
had a projected range and a sensitivity of larger than 700 °C and 2x10-3 °C,

respectively.

An early integrated optical sensor for displacement sensing has been
demonstrated using a Michelson interferometer composed of an optical
waveguide hybrid coupler, as illustrated in Fig. 1.3 [9]. The reference arm is
terminated by a mirror attached directly onto the end surface of the waveguide
substrate. To detect an object displacement, a reflecting mirror is mounted on the
object and placed closely behind the sensing port. Light from the input port is
divided by the hybrid coupler into two beams which are reflected at the two

mirrors and then return to the coupler. The resulting change of the optical phase
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difference is converted to an intensity signal by the hybrid coupler. With this
method, a displacement in the submicron range could be easily measured.

—
g
= Light
Light Reference  commmmsms outputs
LiNbO; substrate
Fig. 1.2 Optical waveguide temperature sensor.
Coupler Refcrene }
—— Fixed
Inp.ut mirror
utpu
Moving
Substrate mirror

Fig. 1.3 Optical waveguide displacement sensor.

The Michelson interferometer used for displacement sensing was also
applied to sense pressure and force [10]. The coupler’s two branches forming
the sensing and reference arms are both terminated by a fixed mirror.
Mechanical pressure is applied onto the surface of the sensing arm and induces
a refractive index change which affects the phase of the light propagating
through it due to the elasto-optic effect. The phase change can be detected to
evaluate the applied pressure or force. The measured half-wave force which
results in a phase change of & had a value of 0.31 N.
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Since the advent of integrated optical sensors, intensive research has been
carried out at different institutions and numerous sensors have been developed.
According to their applications, these are sensors for the measurement of
temperature [6][11], pressure [12], displacement [9][13], flows [14], wavefront
shapes [15], voltage [16], electro-magnetic fields [17], pH values [18], gases [19],
humidity [20], biochemical quantities [21], etc. The sensor structures include
interferometers, couplers, gratings, diode lasers, resonant cavity structures etc.
Doubtlessly, the most widely used structures as sensor elements are the
interferometer type ones.

1.2 Micro-Mechanical Structures for Optical Sensors

1.2.1 Micro-Structures

While the effort on the exploitation of new integrated optical sensor
structures and on the development of new optical sensor applications continues,
there has been impressive progress in another technological aspect e.g. micro-
fabrication (or micro-machining) techniques. A research area called micro-
mechanics has been developed and numerous micro-structures have been
fabricated [22]. Silicon and its related materials like SiO2 become undisputedly
the most suitable and most widely used materials for making micro-structures

because of their excellent mechanical properties.

Micro-mechanics as a silicon-based device technology was initiated by H.
C. Nathanson et al [23][24] at Westinghouse Research Laboratories in 1965,
when the resonant gate transistors (RGT) were introduced. The RGT consists of
a plated-metal cantilever beam with typical dimensions of length 240 pm,
thickness 4.0 pm, beam-to-substrate separation 10 pm, It lasted, however, till the
mid 1970s that the potentials of micro-mechanics were widely recognized [25].
Since then, the concept of micro-mechanics has evolved with the development

of the highly sophisticated IC technology. Nowadays, micro-mechanics is



10 Introduction

referred to the application of silicon as a mechanical material and to the
fabrication of mechanical structures with very small dimensions. Along with the
role of silicon as a semiconducting material for its electronic properties, the
application of silicon has obtained a new dimension by allowing the fabrication
of mechanical devices. All the well known advantages of silicon technology,
such as high reliability, small geometric dimensions, and cost effectiveness due
to batch fabrication apply to the mechanical elements as well. The fabrication of
most micro-mechanical components relies on a three-dimensional structuring of
the silicon substrate or of deposited layers. A detailed overview of various
applications involving micro-mechanical structures can be found in the
literature [26].

Recently, micro-mechanics has also found its way into micro-optics and
integrated optics. The progress made in these two areas has been summarized by
P. P. Deimel in a review article [27], and has also been reported quite recently at
the first international conference devoted especially to micro-structures in
integrated optics [1].

1.2.2 Micro-Mechanical Structures for Optical Sensors

Although micro-mechanical structures have already been widely applied in
electronic devices, they are quite new for integrated optics. The work presented
in this thesis is one of the early researches on micro-mechanical structures for
integrated optics and for optical sensor applications. Only very recently, related
work has been carried out by others [28][29].

In this thesis, we propose two micro-mechanical structures for integrated
optical sensor applications. One is a bridge structure suspended over a gap
between two planar waveguide areas, the other a cantilever structure over a

similar gap, but not completely bridging the open space.
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The micro-bridge structure is illustrated in Fig. 1.4. For the simplicity, only
the substrate and waveguide are shown in the picture. In an actual situation the
waveguide can consist of a multilayer structure. The waveguiding situation in
the bridge structure can be described as follows. A guided wave can be coupled
into the waveguide through the input section. It will propagate through the
waveguide bridge and reaches the output section where it can be coupled out
and measured. The wave propagation through the bridge, and so the output
signal, is changed by a small bending or vibration of the bridge section.
Consequently, this bridge structure can be applied for the detection of force-

related physical quantities, such as sound, vibration and acceleration.

Waveguide bridge

Light in / [ Light out

Substrate ' Waveguide

Fig. 1.4 Micro-mechanical bridge for integrated optical sensor
applications.

The micro-cantilever structure is presented in Fig. 1.5. The difference in the
waveguiding situation as compared with the bridge structure is the occurrence
of an additional coupling process when a guided wave reaches the cantilever’s
free end. The guided wave will diffract from that end and only part of the
diffracted wave will be coupled into the output section.

The operational principles of both the waveguide bridge and the cantilever
proposed here can be described as follows. A bridge- or cantilever-shaped
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waveguide will be at rest when external influences are absent. If, however, an
external force is applied, it will undergo a forced deflection or vibration. The
deflecting amplitude is related to the applied force. The deflection will increase
the propagation loss for a guided wave within the waveguide. In a cantilever
structure, apart from the loss due to bending, also the optical coupling between
the free end of the cantilever and the output section will introduce loss. A shift
of the cantilever’s free end causes a change in coupling efficiency and
consequently a change in the intensity of the outgoing wave. Thus, external
forces cause a change in the intensity of a guided wave propagating through
such a bridge- or cantilever-shaped waveguide. For vibrations, the output signal
can yield information about the source’s amplitude and frequency.’

§

Lightin Light out

Substrate ' Waveguide

Fig. 1.5 Micro-mechanical cantilever for integrated optical
sensor applications.

The proposed micro-bridges and cantilevers are fabricated upon silicon
substrates. The waveguides have a sandwiched layer structure of an SiO; buffer,
an AlO3 waveguide and an SiO; cover. The use of silicon permits application of
the highly developed batch-fabrication IC technology to the sensor field. It also
makes it feasible to combine sensors and integrated circuits on a single chip,
thereby creating so-called “smart sensors”. Furthermore, a silicon substrate
provide an excellent surface for depositing optical layers.
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Our research has been oriented to the analysis of the possibility for sensor

applications of micro-mechanical bridge and cantilever waveguides using

guided waves as information carrier. The work may serve as the first step toward

developing actual sensor devices that can be readily used for sensor

applications. Much work and time are still needed to construct practical optical

sensors based on these structures.

References

1.  SPIE Conference 1793 — Integrated Optics and Microstructures, SPIE’s
International Symposium OE/FIBERS’92, Boston, USA, 8 — 11 Sept., 1992.

2.  McGraw-Hill, Dictionary of Scientific and Technical Terms. McGraw-Hill,
1984,

3.  T. Tamir (Editor), Integrated Optics. New York: Springer-Verlag, 1979.

4. I. N. Fields and J. H. Cole, “Fiber microbend acoustic sensor,” Applied Optics,
vol. 19, pp. 3265-3267, 1980.

5. C. H. Bulmer, R. P. Moeller and W. K. Burns, “Linear Mach-Zehnder
interferometers in LiNbO3 for electromagnetic field sensing,” in Proc. IEE of
Second European Conf. on Integrated Optics, Florence, Italy, 1983, pp. 140-
143.

6. L. M. Johnson, F. J. Leonberger and G. W. Pratt, Jr., “Integrated optical
temperature sensor,” Appl. Phys. Lett., vol. 41, no. 2, pp. 134-136, July 1982.

7. M. Johnson, “Optical-actuator frequency-coded pressure sensor,” Optics Lett.,
vol. 11, no. 9, pp. 587-589, Sept. 1986.

8. B. Culshaw, “Optical sensor multiplexing systems,” in Proc. Sensors and
Systems’82, Pasadena, 1982, pp. 47-57.

9. M. Izutsu, A. Enokihara and T. Sueta, “Optical-waveguide micro-displacement
sensor,” Electronic Lett., vol. 18, pp. 867-868, 1982,

10. M. Izutsu, A. Enokihara, N. Mekada and T. Sueta, “Optical-waveguide pressure

sensor,” in Proc. IEE of Second European Conf. on Integrated Optics, Florence,
Italy, 1983, pp. 144-147.



14

Introduction

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

S. Wu and H. J. Frankena, “Integrated optical interferometer with a stacked
waveguide structure,” Applied Optics, vol. 28, no. 20, pp. 4424-4428, Oct.
1989.

M. Ohkawa, M. Izutsu and T. Sueta, “Integrated optical pressure sensor on silicon
substrate,” Applied Optics, vol. 28, no. 23, pp. 5153-5157, Dec. 1989.

S. Ura, T. Suhara and H. Nishihara, “Integrated-optic interferometer position
sensor,” J. Lightwave Techn., vol. 7, no. 2, pp. 270-273, Feb. 1989.

A. Enokihara, M. Izutsu and T. Sueta, “Integrated-optic fluid sensor using heat
transfer,” Applied Optics, vol. 27, no. 1, pp. 109-113, Jan. 1988.

R. H. Rediker, T. A. Lind and F. J. Leonberger, “Integrated optics wave front
measurement sensor” Appl. Phys. Lett., vol. 42, no. 8, pp. 647-649, April
1983.

N. A. F. Jaeger and L. Young, “High-voltage sensor employing an integrated
optics Mach-Zehnder interferometer in conjunction with a capacitive divider,” J.
Lightwave Techn., vol. 7, no. 2, pp. 229-235, Feb. 1989.

C. H. Bulmer, W. K. Burns and R. P. Moeller, “Linear interferometric waveguide
modulator for electromagnetic-field detection,” Optics Lett., vol. 5, no. 5,
pp. 176-178, 1980.

P. K. Spohn and M. Seifert, “Interaction of aqueous solutions with grating
couplers used as integrated optical sensors and their pH behavior,” Sensors and
Actuators, vol. 15, pp. 309-324, 1988.

K. Tiefenthaler and W. Lukosz, “Integrated optical switches and gas sensors,”
Optics Lett., vol. 9, pp. 137-139, 1984,

S. Wu and H. J. Frankena, “An integrated optical interferometer and a coupled-
waveguide humidity sensor,” in Sensors and Actuators, A. Driessen, Ed., Kluwer
Technical Books, 1990, pp. 75-78.

Ph. M. Nellen, K. Tiefenthaler and W. Lukosz, “Input grating couplers as
biochemical sensors,” Sensors and Actuators, vol. 15, pp. 285-295, 1988.

L. Csepregi, “Micromechanics: a silicon microfabrication technology,”
Microelectronic Engineering, vol. 3, pp. 221-234, 1985,

H. C. Nathanson and R. A, Wickstrom, “A resonant-gate silicon surface transistor
with high-Q bandpass properties,” Appl. Phys. Lett., vol. 7, p. 84, 1965.

H. C. Nathanson, W. E. Neweil, R. A. Wickstrom and J. R. Davis, Jr., “The
resonant gate transistor,” IEEE Trans. Electron Devices, vol. ED-14, p- 117,
1967.



References 15

25.

26.

27.

28.

29.

K. E. Petersen, “Dynamic micromechanics on silicon: techniques and devices,”
IEEE Trans. Electron Devices, vol. ED-25, pp. 1241-1250, 1978.

K. E. Petersen, “Silicon as a mechanical material,” Proc. IEEE, vol. 70, no. 5,
PP. 420457, May 1982.

P. P. Deimel, “Micromachining processes and structures in micro-optics and
optoelectronics,” J. Micromech. Microeng., vol. 1, pp. 199-222, 1991,

H. Bezzaoui and E. Voges, “Integrated optics combined with micromechanics on
silicon,” Sensors and Actuators A, vol. 29, no. 3, pp. 219-223, Dec. 1991.

K. E. Burcham, G. N. De Brabander and J. T. Boyd, “Micromachined silicon
cantilever beam accelerometer incorporating an integrated optical waveguide,”
presented at SPIE’s International Symposium OEIFIBERS’92, Boston, USA, 8
— 11 Sept., 1992.



Theoretical Background

This chapter provides a concise theoretical background concerning micro-
mechanical bridges and cantilevers used as optical sensor elements. Section 2.1
is devoted to the mechanical behavior of bridges and cantilevers in order to
understand how these two mechanical structures respond to external forces.
The other two sections are mainly for the analysis of optical loss. Section 2.2
presents a theory over optical loss induced by the waveguide’s bending. The
theory, which is introduced to understand the bending loss in a bridge or a
cantilever structure, is essentially a general theory for a curved waveguide with
an arbitrary cross-section. Effects caused by inhomogeneous stress in the bridge
or the cantilever are difficult to be analyzed, especially for multilayer structured
waveguides, and are not considered here. Section 2.3 deals with the optical
coupling process when the wave crosses the separation gap in a cantilever
structure (from the cantilever’s free end to the output section), and describes an

approximate approach for the evaluation of the coupling efficiency.
2.1 Mechanical Behavior of Bridges and Cantilevers

Since the dimension of a micro-bridge or a micro-cantilever is a few

micrometers in thickness, several to a few tens of micrometers in width and tens

17
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to hundreds of micrometers in length, the bridge and the cantilever can be
treated as beams which are shown in Fig. 2.1. In the following analysis, the
materials of bridges and cantilevers are assumed to be homogeneous and
isotropic and to obey Hooke's law.

(a) Bridge

(b) Cantilever

Fig. 2.1 Mechanical beams: (a) a bridge and (b) a cantilever.

2.1.1 Dynamic Behavior

Dynamic mechanical systems with distributed masses can be treated in
terms of the vibration theory for continuous solid media [1]. They have an
infinite number of natural frequencies and natural modes of vibration. In general,
the vibrations of continuous solid media are termed as longitudinal, transverse or
torsional and can be described through partial differential equations. Since we
treat a bridge or cantilever as a beam, the problem to be solved regards the

transverse vibration of the beams.

The differential equation of motion for a beam of length L is

¥z, 23%(0)

32 3,7 (0=z<L), 2.1)
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where y represents the beam’s deflection, z is the coordinate along the
longitudinal beam axis. In Eq. (2.1), a2 = EI/m where m is the mass per unit
length, E is Young’s modulus of elasticity and I is the cross-sectional area
moment of inertia. EI together represents the flexural rigidity of the beam.

A general solution from separation of the variables takes the form
¥(z,)=0()Y (2), 2.2)
where, for time-harmonic phenomena,
Q(t) = A, cos(wt) + A, sin(wt), 2.3)
and for z-dependent deflection amplitude
Y(z) = B, sin(kz) + B, cos(kz) + Bs sinh(kz) + B, cosh(kz). .9)

Here, @ = ak? is natural frequency; the relations between the constants A;, A,
are to be obtained from two initial conditions, and between B;, By, B3, B4 from

four boundary conditions of the vibration problem. From Eq. (2.3), we can see
that Q(¢) is harmonic no matter what the factor Y(z) is.

The boundary conditions can be stated as follows. At a fixed end (in z=2zp)
of a beam, where the displacement and slope both vanish, the boundary
conditions are

ylzo =O’ 22

=0. 2.5
P 2.5)

Zq

At a free end (in z=z;), where the bending moment and the shearing force

are both zero, we have

9%y

—_— :O’
9%z

=0. (2.6)

Z,
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Free vibration of a bridge

Using the boundary conditions of Eq. (2.5) at both z = 0 and z = L, the
solution for free vibration of a bridge can be obtained as
Y(2)= ——t
sin(kL) + sinh (kL)
x{[sin(kL)+sinh(kL)][sin(kz)—sinh(lcz)] .7
+[cos(kL) — cosh(kL)][cos(kz) — cosh(kz)]},

where £ is the eigenvalue of the characteristic equation
cos(kL)cosh(kL)=1. (2.8)

The solutions of Eq. (2.8) can be obtained numerically, yielding an infinite set of
eigenvalues k; (i = 1, 2, ...). Inserting each k; for k into Eq. (2.7), we obtain the

corresponding natural mode Y,(z). The first four modes of a bridge are shown in
Fig. 2.2.

Fig. 2.2 Transverse vibration modes of a bridge.

Free vibration of a cantilever
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Substituting the general solution to the boundary conditions of Eq. (2.5)
at z=0 and of Eq. (2.6) at z = L for a cantilever yields

B,
sin(k; L) — sinh(k;L)
x{[sin(k;L) - sinh(k; L)][sin(k;z) — sinh (k;z)] .9
+[cos(k;L) + cosh(k;L)][ cos(k;z) — cosh(k;z) ]},

Y,-(z)=

while k; can be determined from the characteristic equation
cos(kL)cosh(kL)=-1. 2.10)

The first four modes of a freely vibrating cantilever are presented in
Fig. 2.3.

Fig. 2.3 Modes of transverse vibrations of a cantilever.

Forced Vibration

We consider the case that a uniformly distributed force of intensity
Fsin(w't) is applied to a cantilever or to a bridge. The equation for transverse
vibrations in the existence of an external force as Fsin(w't) is
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92 'y 1 _ .
22 4+a? 22 - " Fsin(o'r). @.11)
ot 9z m

Since we are interested in the steady state vibration, we assume
¥(z,8) =Y (z)sin(@'t) to be the solution form. Substituting this expression for y in
Eq. (2.11) and using the notation p= 1,“‘%‘ , We obtain

Y(z)= B, sin(pz) + B, cos(pz)

F (2.12)

+ By sinh(pz) + B, cosh(pz) - —— .
mo

Using the boundary conditions for a bridge, the solution of the forced
vibration takes the form

Y(z)= B [sin(pz) - sinh(pz)] + B, [cos(pz) — cosh(pz)]

* mf)"2 [cosh(pz)-1], o
where
B P sin(pL)[l—cosh(pL)]+Sinh(PL)[1"°°S(PL)], 210
2 mw' 1 - cos(pL)cosh(pL)
and

F sin( pL)sinh(pL) + cos(pL) — cosh( pL)
B, = =1~ . (2.15)
2me' 1—cos(pL)cosh(pL)

Similarly, applying the boundary conditions of a cantilever, the solution
becomes

Y(z) = B,[sin(pz) - sinh(pz)] + B, [ cos(pz) - cosh(pz)]

moi'z [cosh(pz) -1],

(2.16)
-+

where
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F  sin(pL)cosh(pL) + cos(pL)sinh(pL)

B, = , 2.17
' ome'? 1+ cos(pL)cosh(pL) @17
and
in{ pL)sinh( pL
B, = F2 1- sin( pL)sinh(pL) . 218
2mo' 1+ cos(pL)cosh(pL)

The deflection y(z) of a bridge undergoing forced vibration is calculated
and drawn in Fig. 2.4, while that of a cantilever is shown in Fig. 2.5. This kind of
deflection will in its turn contribute to the optical bending loss in the waveguide

bridges and cantilevers, which will be discussed in more detail in the next two
sections.

y
0
0 —_—» Z L
Fig. 2.4 Deflection of a bridge under forced vibration
(uniformly distributed force).
Y
0 T

0 —>» z L

Fig. 2.5 Deflection of a cantilever under forced vibration
(uniformly distributed force).
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For both structures, we see that resonance will occur if the forcing
frequency @’ equals the natural frequency a. Then, the amplitude of the steady
vibration will theoretically tend to infinity.

2.1.2 Static Behavior

In terms of static behavior, we are interested in the static deflection of a
beam due to an applied force F. The beam is again assumed homogeneous and
the deflection is small. The effect of a beam’s own weight is ignored. Under
these conditions, the beam’s deflection curve is governed by [2]

d’y(z) _M(2)
dz* EI

) (2.19)

where M(z) is the bending moment at point z.

For a bridge beam with a force F applied at the center, the bending
moment M(z)=F(L-4z)/8 when 0<z<L/2. The deflection curve y(z) takes
the form

2 3
2y=F (Lz 2z

0<z<L)2). 220
SEI| 2 3) (0=z<L/2) 220

In the region when L/2 <z< L, y(z) is symmetric with respect to the central
line z=L/2. The deflection at the center is

3
L F
192E1

Vb (2:21)

Similarly, for a cantilever beam with a force F applied at the free end, the
bending moment M(z)=F(L-z) and
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FI3[ 2\ (z)?
)’(Z)—m[:‘)(z) _(Z) :l 2.22)

The deflection y, at the free end can be written in the form

L3
Ye = E F (2.23)
The deflection curves for these two cases are plotted in Fig. 2.6.
y f
f r
0 —>
z
0 (a) L
yT ’
0 —
zZ
0 ®) L

Fig. 2.6 Deflection curves for (a) a bridge under a point force
at the center and (b) a cantilever under a point force at its free end.

The results obtained in this section will be helpful to understand the
operational principles of micro-bridges and cantilevers used as optical sensor

elements, and to evaluate the sensitivities of the sensor elements.
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2.2 Optical Loss in Bridges and Cantilevers

It is essential in integrated optics to use curved waveguides in order to
place a certain number of optical components on a single substrate. For various
reasons, curved waveguides may be used to connect two waveguides with
different directions or to introduce a lateral displacement without changing
directions. In some circumstances, curved waveguides are basically required to
achieve certain components for integrated optical circuits, such as mode filters,
couplers or sensor elements,

In a waveguide bridge or cantilever, transverse vibrations or static
deflections will create bends. It is necessary to know the change of the mode
propagation properties and the additional loss in a curved waveguide in
comparison to a straight one. This section describes a method for analyzing
curved waveguides with arbitrary cross-sections.

2.2.1 Introduction to Curved Waveguides

It is well known that a dielectric waveguide loses power by radiation if its
axis is curved. Because of its importance in determining the minimum allowable
radius of waveguide curvature, many researchers have dedicated their efforts to
calculate the radiation loss of a curved guide, and various methods for analyzing
curved waveguides have been proposed. Marcatili and Miller [3] described an
approach studying the group velocity distribution in a cross section, which is a
simple method to understand bending radiation loss qualitatively. Another
approximate method developed by Marcatili [4] solves eigenvalue equations
with boundary conditions in order to calculate the loss in a curved waveguide.
M. Heiblum and J. H. Harris [5] applied conformal transformations in their
analysis of curved waveguides. Marcuse and Lewin [6][7] investigated the
bend loss problem by representing the fields in the external region by Hankel
functions and assuming the fields within the waveguiding layer undeformed as
compared to those in a straight waveguide. The method was extended by M.
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Miyagi and S. Nishida [8] from slab to rectangular waveguides. K. S.
Kaufman [9] used the same method and developed a closed-form integral to
calculate the losses of high-order modes. Recently, the beam propagation
method (BPM) was employed by R. Baets and P. E. Lagasse [10] and a
numerical solution was found for radiation loss in arbitrarily curved waveguides.
D. C. Chang and E. F. Kuester [11] utilized an approach that resembles the
perturbation theory of quantum mechanics. E. C. M. Pennings [12] spent much
effort tackling the curved waveguide problem; several methods, such as the
effective index approach, the WKB approximation and the transfer-matrix, were
applied in his thesis.

The described methods differ in many ways since intuitive assumptions are
quite often introduced before the serious theoretical derivation begins. There is
also much confusion about the definitions of attenuation and radiation loss of a
guided mode caused by waveguide curvature. The contribution to the
attenuation should include not only the radiation loss, but also the power
converted to other guided modes (both forward- and backward-propagating
modes). Furthermore, the analysis of the mode conversion or the change in
propagation constants have not yet been paid considerable attention. However,
the mode conversion is the core in the analysis of a curved waveguide since
radiation loss is actually caused by the conversion of a guided mode to radiation
modes. As we will show, the change in propagation constants can also be used

as a parameter to determine the minimum allowable bending radius.

In the theory to be described, Maxwell's equations in cylindrical
coordinates are the starting point for the analysis of a curved waveguide with
an arbitrary cross section. The electro-magnetic field in a curved guide is
expanded in the modes of a straight waveguide with the same cross-section.
Due to the curvature of the waveguide, those modes will be coupled. The
attenuation of a guided mode comes from two sides: radiation loss and mode

conversion to other guided modes; all those guided modes couple to radiation
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modes and as such contribute to the radiation loss. The method described here is
capable to obtain the solution to radiation loss, changes in propagation
constants, and coupling coefficients, provided that the modes of the
corresponding straight waveguide are known.

2.2.2 Theory of Curved Waveguides

A curved waveguide is schematically depicted in Fig. 2.7, along with a

y ’/I y ‘

Fig. 2.7 Curved waveguide with cylindrical
coordinates and a reference waveguide with local
rectangular coordinates (r,8 in xz-plane).

reference straight waveguide with the same cross section. If a cylindrical
coordinate system (r, 6, y) is defined for the curved waveguide and a
rectangular coordinate system (x, y, z) for the reference straight waveguide, as

shown in the figure, the relations between the two coordinates are apparently

x=R-r,
y=y, (2.24)
dz =rdo,

where R is the radius of the curved waveguide. The actual field in the curved

waveguide satisfies Maxwell's equations in cylindrical coordinates:
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r'merE —aHy —rilie—
J T 90 dy ’
a(rHe) aH
oerE. = oH,
SOy =T T o0
o _OH, OH,
JHE%e = dy or
0E, OJE
- H, =—2 —p—2
J(ou'r r ae r ay
o(rE
— jourH, = -(la;"—) - %EGL, (2.25)
i E, OE
TJOREy =R

Similarly, Maxwell's equations for the m-th order mode (m=1,2,3,...) of the

straight waveguide can be expressed in the rectangular coordinates (x,y,z) as:

r

oH"
JoeE;" = ay’ + Bty
oH
—_](D&‘,E;n= axz +]BmH;n’
oHy' QH™
iweE™ = Yy x ,
SO ox dy
)
OE]
—JO)HH;" = a; +JﬁmE;na
OET
JouH) = a; + B LET, (2.26)
Ey QEI
— i Hm = Yy _ X
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Since the modes of a straight waveguide form a complete set, the field in a
curved waveguide can be expanded in terms of the modes in a straight
waveguide. Supposing that the fields perpendicular to the z-direction, (for the
moment indicated as “transverse”) in the (7,0,y) system are described by
E,(r,6,y) and H,(r,0,y), then

E,(r,7,0)= Y, a,(8)EP(x,y),

2.27)
H,(r,y,8)= b, (O)H/ (x,y).
m

Dividing E;* and Hy" into forward fields (propagating in the positive z direction)
E[*, H** and backward fields E/*~, H™", we have [13]
a, (BOYE] (x,y) =}, (0)e P=E™ 4 o7 (9)ePrEM

» N (2.28)
b, (OYH] (x,y) =}, (8)e PrH™ — - (0)eBriyg ™~

We extend m from the interval (1,+c0) to (—oo,+00) by putting that backward-

propagating fields have negative m’s and use the following transformations

B =B
El* =EI"", (2.29)
HM™ =—H™,

Omitting the propagation signs, Eq. (2.27) can be re-written subsequently as

+oo
E,(r,6,5)= Y A, (0)E(x,),
e (2.30)
+o00
H, (r,6,y)= Y A, (0)H!(x,y).

m=—oo

Here, A, (8) =c,, (8)exp(— jB,,z). From Eq. (2.30), we obtain
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Er(r999y)=_ ZAm(e)E;n (x,}’) ’

m=—co
+o0
E,(r,0,5)= Y An(0)EN (x,7),
m=—oo
+o00
H,(r,0,5)== Y A, (O)H] (x,7), 2.31)
m=—oo

Hy(r,0,y)= Y An(0)H} (x,y).

m=—oco

Inserting Eq. (2.31) into Eq. (2.25) leads, with the aid of Eq. (2.26), to

Ey(r,8,y)= Y A, (0)EM(x,),

m=—co

(2.32)
oo
Ho(r,0,9)= Y An(O)H] (x,7).

m=-—oo

From now on, we will omit the range indication of m (—eo,+e0) in the summations.
Substituting E,, Ey, Eg, Hy, Hy, and Hg into Maxwell's equations (2.25), we

obtain

sz (B)E"‘z—Z[A (O)E" + jrB Ay, (O)ET ],

do
szde(e)Em _erBmA (0)E) ,
EdAZe(e)Hf=—2[Am(9)H§" + iBnAn (OHT], @33
szde(e) —-erBmAm(e)H’"
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If we express Ap( ) in the rectangular coordinates (x,y,z) and use the relations
between z and 6, as well as between x and r, as described in Eq. (2.24), then

%:(R—x)%. 2.34)

Multiplying the proper equations from Eq. (2.33) with the complex conjugates
of the field components —Hy’, Hy', E} and —E." , and adding them properly, we

obtain [14]

dA
* ™ * >
> (EpHY +HIEY —EVHD - H! E;")jd;'"-

m

=~ B (EJHY + HYE] ~EJHY - HUET A, @39)
m

+3 ——(BS HI - EPH YA,

m

Integrating Eq. (2.35) across the entire transverse plane and utilizing the

orthogonality and normalization conditions, we arrive at

% A zm:%[-”‘ R i x (Ey HI -ErHY )dxdy]Am . (2.36)

If we introduce the abbreviation
Ky =~ | J' 1 (Ey HM ~ EMHY )dxdy, @37)
4R x\TY 4

the equation (2.36) can be rewritten as
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dA \
m

This is a coupled mode equation, and k;», represents the coupling
coefficient between the m-tk order and [-th order modes. With Eq. (2.37), kj,
can be determined from the fields of modes in the (x,y,z) rectangular

coordinates.

2.2.3 Numerical Results and Discussion

In this analysis of a curved waveguide, strategies have to be followed to
" treat the curved waveguide problem as a whole, not only the radiation loss. A
general case of curved guides has been considered instead of particular types.
The waveguiding properties due to waveguide bending is believed to be
governed by the same theory regardless its type (open or closed guide) or its
cross-sectional shape (planar, rectangular or circular). Following such an
approach, the solutions concerning the radiation loss, the changes in the
propagation constant and the coupling coefficients are obtained altogether. In
the following, some useful results will be derived.

Propagation constant. Bending of a waveguide causes a change in the
propagation constant of a guided mode in comparison to that of a straight
waveguide. The change in the propagation constant for m-th order mode equals

J 1 * *
AB,, =Z”R—x(E;n H' —-EH} )dxdy. (2:39)

Computing examples for the propagation constant changes are presented
in Fig. 2.8 for the symmetric and asymmetric configurations. In the calculation,
the wavelength of a TEp mode is taken as 632.8 nm. The bent planar
waveguides have a thickness of 0.3 um and a refractive index of Ny, The
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refractive index outside the bent waveguides is denoted as N, and inside as N;.
The results can be utilized to determine the minimum allowable radius of a
curved waveguide which is usually determined by evaluating the radiation loss
in other methods. When Af of a guided mode begins to alter rapidly
corresponding to a change of the bending radius, the guided mode is likely to
undertake a transit from a stable, low-loss propagation to a lossy one, and the
radius is regarded as the minimum allowable radius. In the examples presented in
the Fig. 2.8, the minimum allowable radius for the second curve can be judged
as 12 um. Asymmetric distribution of the refractive indices alongside a curved
waveguide plays an additional role in the propagation constant change, as
shown in the figure. AB, which is positive in the symmetric case, can become
negative if N, > N;. This phenomenon may be utilized in the practical design of
waveguide bends to minimize Af for a given radius by properly balancing the
refractive indices of N, and N;.

_ 600
- : 1. No=1.46, Nf=1.7, Ni=1.46
B : 2. No=1.40, Nf=1.7, Ni=1.46
3. No=1.46, Nf=1.7, Ni=1.40
@
&0 .
£ o e
g ey
-
7
) ,73
5 /
% R/ i\ i\ Ne
-3
£ D
600 ' r T T
0 50 100 150 200 250

Radius (um)

Fig. 2.8 Propagation constant changes due to bending,
subscript o denotes outside the bending guide while i inside.
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Coupling coefficients. The coupling between two different modes is
expressed by the coefficient k. Because of the bending, a single mode can not
propagate in a curved waveguide alone, and mode conversion to other guided
modes and to radiation modes must occur. Coupling to the radiation modes
contributes to radiation loss. It is also possible that the power of a guided mode
will be coupled to backward modes (k;,#20), even to the same but backward-

propagating mode; the coupling coefficient for TE modes is k_y m = —jABm, while
for TM modes k_n, 1 = jABm. From Eq. (2.37), we can easily prove that coupling

between an TE and an TM mode will not occur in a curved guide.

Radiation loss. Assuming that the power coupled into radiation modes
will not be coupled back and therefore becomes radiation loss, the total
radiation loss of a guided mode should include power coupled to all radiation
modes. The radiation loss is different from the power loss (attenuation) of the
guided mode which should include power coupled both to radiation modes and
to other guided modes. The radiation loss can be calculated by a method
discussed by Marcuse [13]. Numerical analysis of the radiation loss, however, is

a quite complicated process. We simply present the resulting formula for
calculating the radiation loss 2« as

2 2sin(B, B, )z
Pr (Bg _Br)

n,k
20=) J.—n,,k 1B, |dB, , (2.40)

g |

where the subscript r indicates a quantity for radiation modes and the g for a
guided mode, and p, = 1/k§ ng - [33 . krg is the coupling coefficient and is
determined from Eq. (2.37). Detailed derivation of Eq. (2.40) can be found in
Appendix A. As indicated in the equation, the radiation loss is z-dependent
which is confirmed by the experiments performed by Neumann and
Rudolph [15]. The relation between the radiation loss 2« and the bending
Kyg

radius R is determined by the quantity which can be numerically
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calculated. Taking the same symmetric case as in Fig. 2.8 and P, =%—B ¢ the
2
solution for |k,g| and |k,g| is presented in Fig. 2.9. The figure shows the

influence of the bending radius on the radiation loss.
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Fig. 2.9 Coupling coefficient between a guided mode and a
radiation mode due to waveguide bending, solid line: lkrgl and
dashed line: lkygl2.

From Eq. (2.37), it is obvious that there is a singular point at x=R (the
curvature center) in the integral function. This may imply that the excitation of
other modes due to waveguide bending seems to be caused by a fictitious point
source at the curvature center. The existence of this singularity provokes
difficulties in the numerical calculation. In most cases, however, the electro-
magnetic field of a guided mode is well confined within the waveguide, and the
part of the field tailing into the region near x=R is negligible. Thus, numerical
analysis can proceed quite easily. When the waveguide dimension (denoted as
D in the bending direction) approaches the bending radius R and the tailing
field at x=R is no longer negligible, the waveguide gets more lossy, and the

numerical analysis becomes more difficult, and results in more serious calculation
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errors. Practically, such a situation is avoided in the waveguide design. In an
extreme case, when D 2 2R (a bending guide turns into a disk), the coupling

coefficient shows an infinite value.

2.3 Optical Coupling in Cantilevers

An exact theoretical evaluation of the sensitivities of the micro-mechanical
structures to external forces is very complicated, especially for a bridge
structure, since the radiation loss due to bending and inhomogeneous stress
induced by the external forces is hard to be calculated. For a cantilever
structure, the optical loss induced by external forces is mainly determined by the
optical coupling between the cantilever’s free end and the output section. In
this section, an approximate method is introduced to deal with the optical
coupling in the cantilever structure.

2.3.1 Introduction

When a guided wave is launched into the input section in a cantilever
structure, the wave will first propagate through the waveguide cantilever. Then
it will meet the free end of the cantilever and is converted into radiated waves in
free space. Part of the radiated waves will be coupled into the waveguide in the
output section and the rest becomes optical loss. It is important to analyze this
coupling process in order to understand the sensing principles of cantilever
structures. The cantilever which is under deflection or without deflection can be
illustrated in Fig. 2.10.

2.3.2 Coupling Efficiency

An exact analysis for coupling efficiency in a cantilever structure should
involve: (1) the conversion of the guided waves in the waveguide to radiated

waves in free space; (2) the wave propagation from the cantilever’s free end
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toward the output section; (3) coupling of the radiated waves back to guided
waves in the output section and (4) reflections at both interface surfaces.
Besides, the tilt angle of the surface of the cantilever’s free end and the
direction change in the waveguide axis of the deflected cantilever will also
influence the coupling efficiency. All these aspects make an exact theoretical
analysis an impossible task. Using proper approximations, however, it is possible
to estimate the coupling coefficient.

Guided wave Guided wave

Fig. 2.10 Optical coupling in a cantilever structure, (a)
cantilever without deflection, (b) cantilever under deflection.

We will ignore the reflections and the tilt angle of the cantilever’s end
surface. The cantilever-shaped waveguide is assumed to be a planar guide,
restricting the theory to cantilever widths of more than a few wavelengths. The
fundamental modes are also assumed symmetric in the x-direction. Thus, a
fundamental mode within the waveguide can be described by a wave function
with an x-dependence of the form

v, (x,2)=A4A, (z)cos(k,x), (2.41)
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where Ay, is the mode amplitude. Outside the waveguide, the wave has an
exponentially decay function. Now we introduce a Gaussian beam

x2

¥, (x,2)= A (2)e V¥, 2.42)

to approximate the guided mode [16]. Here A, is the amplitude of the Gaussian
beam. Detailed discussions on the Gaussian approximation of the fundamental
modes have been provided by D. Marcuse [16]. Here w represents the beam
half-width and is chosen to satisfy cos(k,w)=1/e. Choosing also yg=V,, at the
point x=0, then y, equals v, at the points x=tw and is a good approximation
to the mode in the waveguide. However, it is a poor approximation for the
evanescent field away from the waveguide. Let’s consider a symmetric
configuration of a waveguide with a thickness of 0.3 um, and a refractive index
of 1.70. The refractive index outside of the waveguide is taken as 1.46. Fig. 2.11

exhibits the profiles of an actual TE mode and a Gaussian approximation.

1.1

0.8 1

0.5 A

Normalized Mode Amplitude

2.5 -1.5 0.5 0.5 1.5 2.5
X (um)

Fig. 2.11 Gaussian approximation to a fundamental TE mode,
solid line: actual wave profile in a planar waveguide; dashed line:
Gaussian approximation profile.
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The coupling process now becomes simple to describe and is depicted in
Fig. 2.12. A guided wave y, with a Gaussian profile emerges from the

cantilever’s free end, propagates through a distance d (the separation gap) and
has a wave function y when reaching the output section. The coupling
coefficient 1 is then the overlap integral [17] between y and the field ' in the
output section which has also a Gaussian profile. Thus,

{
+

L
zZ

Vo \v v

Fig. 2.12 Coupling process in a cantilever structure for the
calculation of coupling coefficient.

[

v asar [Tw v s

(2.43)

According to the Gaussian approximation, y, with a beam half-width w,

has the form

x2

Yo (x)=Ape wg’ (2.44)

where A, is the amplitude of ;. wo can be determined by making cos(kwp)=1/e.
After propagating over a distance d, the wave \,, reaches the output section and

has a new Gaussian profile

x2

y(x)= Ae-:"T , (2.45)

where A is the amplitude of y; w is the new half-width and satisfies
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2

2
w? =w? 1+(£) : (2.46)
'EWO

Again according to the Gaussian approximation, the guided wave in the
output section has the same profile as y, but with a shift along the x-direction

equal to 3, and its field y' with an amplitude of A’ can be expressed as

_(x-8)?
v(x)=Ae ¥ . (2.47)

Inserting Egs. (2.45) and (2.47) into (2.43), yields the coupling coefficient

2w’ 282 28%

ww v N

N=—g—7ge ¥ =npe W, (2.48)
wo+w

Here, no is the coupling coefficient when there is no shift of the
cantilever’s free end, i.e., 8=0. The dependence of 1g on the separation distance

is presented in Fig. 2.13. Here, the same waveguide configuration as in Fig. 2.11

(=] (=1 (=]
» =} o
1 L 1

Coupling Coefficient

e
[
L

0 2 4 6 8 10
Separation Distance

Fig. 2.13 Coupling efficiency in relation with the
separation distance at zero shift.
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is taken for the computation.

As we can see, the coupling coefficient is dependent on the shift of the
cantilever’s free end. This is the theoretical basis for using a cantilever structure
as an optical sensor element.
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Technological Background

The operational principles of the micro-mechanical bridges and cantilevers
have been described in the previous chapters. In this chapter, the micro-
fabrication techniques underlying the fabrication of these bridges and
cantilevers will be summarized. The emphasis is laid on the logical scheme for
the fabrication of three-dimensional structures rather than on details of each
technique since almost all of these techniques are common in electronic and
optical IC’s. Detailed documentation concerning these techniques can be found
in numerous papers and books and a few of them are listed in the references of

this chapter.

This chapter is divided into three sections. The first section discusses thin
film deposition and growth techniques which are the tools for depositing certain
materials upon a substrate or for changing preferentially the substance at certain
locations. Patterning techniques (lithography) which determine the shapes of
various components and their locations upon a substrate will be briefly
considered in Section 3.2. Micro-processing (or micro-machining) techniques
responsible for fine-shaping three-dimensional structures are going to be
discussed in Section 3.3. These three technical aspects (deposition, patterning
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and micro-processing) provide powerful tools for fabricating complicated three-
dimensional structures.

3.1 Thin Film Deposition and Growth

A deposition or growth process creates a thin layer in or upon a substrate,

as illustrated in Fig. 3.1. Available techniques are abundant, including spin

...

Substrat
by depositing ubstrate

i i by changing part
E;gt?llltlhglatenals of the substance
substrate in the substrate

T

creates a thin creates a thin
layer upon the layer in the
substrate substrate

Fig. 3.1 Two ways to obtain a thin layer in or upon a
substrate.

coating, dip coating, vacuum evaporation, sputtering, chemical vapor deposition
(CVD), epitaxial growth, polymerization, ion exchange, ion implantation, thermal
diffusion and others like thermal oxidation. Each of these techniques can be
executed in various forms. For instance, epitaxial growth can have forms like
liquid phase epitaxy (LPE), vapor phase epitaxy (VPE) or molecular beam
epitaxy (MBE). Techniques such as ion exchange, ion implantation, thermal

diffusion and thermal oxidation usually produce a thin layer in a substrate and
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the new layer will have optical, electronic or mechanical properties different
from those of the substrate. Other techniques usually deposit a thin layer of
different material upon a substrate causing a step-wise change of those
properties. Epitaxial growth requires a substrate in a crystal form and results in a
crystalline layer of a similar material.

From those numerous ways to deposit or to form a very thin layer of
certain material on a substrate, it is generally difficult to state which technique is
the best. Choosing the right technique depends on various aspects such as the
materials to be deposited, the required quality and the desired optical or
mechanical properties of the thin layers, Among the thin film quality
requirements, stability, adhesiveness, uniformity and reproducibility of
fabrication are important factors. If used as a building material for optical
components, a thin layer needs to be deposited according to a specified
thickness, optical propagation loss, refractive index change or distribution. In
the case of making three-dimensional structures like bridges and cantilevers, the

mechanical properties of a thin film should also be considered seriously.

3.2 Lithography

The process of lithography is widely applied to produce high-resolution
patterns on a substrate. There are three different patterning methods, i.e.
patterning with a mask, through which the resist layer is exposed, direct resist
patterning in which the resist is exposed by a moving laser, electron, X-ray or
ion-beam following a pattern, and direct processing in which patterns are
written directly in a substrate by a laser or an electron beam. The lithographic
techniques can be classified, according to their exposure source, as
photolithography, electron-, ion- or laser-beam lithography, X-ray lithography,

etc.
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Before any lithographic process begins, data concerning desired patterns
need to be prepared either digitally by a computer or analogically by drawing
the enlarged patterns. Nowadays, special computer programs are widely
available to design high resolution micro-patterns, and mask making or direct
processing has become an automatic or semi-automatic process.

Once a substrate is properly prepared, the lithographic process can begin.
There are several major steps which are common to all lithographic process. The
basic sequence of a lithographic process, as shown in Fig. 3.2, involves resist
coating, softbaking, exposure, development, and postbaking.

aaaaaaaaaaaaaaaaaaaaaa

+ Softbaking

AAAAA/

* Development

N

Resist =%
Resist coating

Mask =~
Exposure

Fig. 3.2 Lithographic process to transmit designed patterns onto

a substrate.
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Spin coating is the most widely used technique for applying resist film
onto a substrate. The resist film is then baked (softbaking) to remove the
solvents present in the spin-coated resist film. This softbaking step is usually
performed immediately after the spin coating. After the softbaking, exposure of
the resist takes place through a mask or through patterned beams in the case of
direct patterning. The goal of this exposure is to transmit a latent image of the
designed pattern into the resist film. This latent image is fixed in the subsequent
development process in which the developer selectively attacks and removes
either the exposed regions (positive resist) or the unexposed regions (negative
resist), leaving behind a resist coating in the required pattern to serve as a mask
for further processes like etching. Postbaking is not always carried out but may
be preferred in order to remove any residual moisture from the developing
operation. Further, it bonds the resist to the substrate, and additionally hardens
the resist by making it chemically inert to etchant solutions or gases. Direct

processing is an exception to these process steps since no resist is involved.

3.3 Micro-Processing Techniques

Micro-processing (also often called micro-machining) techniques are
introduced to transfer the pattern, formed in a resist layer or in a layer of other
materials, to the substrate. They are especially important in the fabrication of

three-dimensional micro-structures.

Although lift-off is classified as one of the processing techniques and is
widely used for the patterning of relatively thin layers, it may be indicated as a
masked deposition process. The patterned resist layer works as a mask layer.
The most powerful and versatile processing tool continues to be etching even
though new techniques are continuously being developed for use in micro-
structures. The goal of etching is to precisely remove materials left exposed by
holes in the mask layer. The basic etching process is illustrated in Fig. 3.3. As a
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result, the same pattern as formed in the mask layer is transferred into the
material below.

Photoresist can be used as a mask layer material. In cases when resist can
not withstand the etching process, however, hard materials like metals, SiO5,
Si3Ny etc. can be applied as etching masks. Etching processes can be divided
into wet etching (which occurs in liquid solutions), and dry etching (which uses
gaseous etchants). Wet chemical etchants are numerous and usually different for
etching different materials. They can be isotropic or anisotropic, dopant
dependent or not, and have varying degrees of selectivity to different materials,
which determines the appropriate masking materials. In an isotropic etching
process, the etchants remove material in all directions at the same etch rate, while
an anisotropic etching exhibits a strong dependence of the etch rate on the
crystallographic orientation. Dry etching includes plasma, reactive ion, or sputter

etching and is generally considered as anisotropic etching.

Fim =

Film et

l Mask removal

Fig. 3.3 Pattern transfer by etching technique.
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To better understand the etching mechanism for both isotropic and
anisotropic etching, and eventually leading to the concept of making three-
dimensional micro-structures, Fig. 3.4 presents some structures which can be
expected as a result from different etching techniques. These are the basic
shapes underlying the formation of more complicated micro-structures such as
micro-mechanical bridges and cantilevers.

Sfu"t orientation

(b)

‘ <110> surface orientation

Mask 1> ;;‘Z:?/hx“‘“
Substrate /W 7 //
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Fig. 3.4 Etched geometries which are common in micro-

Mask

Substrate

structure fabrication: (a) isotropic etching, (b) anisotropic etching
on <100> surface, (c) anisotropic etching on <110> surface, (d)
dry etching.

While, in general, the processing techniques for electronic or optical IC’s

consist of a sequence of planar processes, the fabrication of most micro-
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mechanical structures relies on a three-dimensional structuring of the substrate
or of deposited layers. Taking a silicon substrate for an example, micro-
mechanical bridges or cantilevers can be realized by isotropic or anisotropic wet

etching. Fig. 3.5 gives some illustrations of the formation of micro-mechanical
structures.

.

(@)

(b)

Fig. 3.5 Formation of micro-mechanical structures in different
situations: (a) isotropic etching, (b) anisotropic etching for <100>
surface orientation, (c) anisotropic etching for <110> surface
orientation.
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With the combination of above techniques, more complicated micro-
structures can be produced. In this research, it is desirable to fabricate micro-
bridge and cantilever structures which can be used as optical waveguides and
as optical sensor elements. Therefore, the structures should demonstrate not
only excellent mechanical properties but also good optical ones, which adds
extra complications for the fabrication.
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Fabrication of Micro-Mechanical
Structures

The combination of micro-machining technology and the excellent
mechanical properties of silicon and its related materials like SiOy provides
possibilities to produce high precision, miniaturized three-dimensional structures
on Si-substrates. Furthermore, an advanced micro-fabrication technology has
already been developed for silicon material processing as stated in Chapter 3. A
substrate made from silicon also offers an excellent surface for further optical
thin-film deposition. These facts lay down a solid base to develop new
integrated optical structures and components upon silicon substrates for specific

application purposes.

The production of the proposed micro-waveguide bridges and cantilevers
upon silicon substrates requires specific micro-fabrication procedures and
techniques. Fabrication process steps can differ very much when different
techniques are used. In the present chapter the fabrication process, comprising
sputter deposition, photo-lithography and isotropic wet etching techniques, will

be described in detail. Another fabrication process involving reactive ion
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etching (RIE) will also be presented. Waveguiding through such a bridge or a
cantilever will be demonstrated by coupling a laser beam into the structure.

4.1 Fabrication of Waveguide Bridges and Cantilevers

4.1.1 Waveguide Layer Structure and Exposure Mask Patterns

The waveguide structure consists of sandwiched layers of an SiO, buffer,
an Al203 waveguide and an SiO2 cover, as shown in an SEM photograph in
Fig. 4.1. The SiO, buffer layer between the AlyOs-layer and the Si-substrate is
relatively thick (about 1.7 um) in order to prevent guided waves from tunneling
into the lossy Si-substrate. It also provides a firm support for the construction of
bridges and cantilevers. The SiO2 cover layer (about 0.6 pum thick in this case)
on top of the structure is used for prism coupling and for better confinement of
guided waves within the waveguide. Planar waveguides of such sandwiched
layer structures show excellent optical waveguiding properties and have
already been investigated extensively [1]. The optical loss of such a planar
waveguide can be as low as 1.0 dB/cm at a wavelength of 632.8 nm.

Si0,
AlyO4
Si0,

Si

Fig. 4.1 Sandwiched waveguide structure consisting of an
Si0O; buffer, an Al,03 waveguide and an SiO; cover.
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The bridge and cantilever patterns on the exposure mask are designed
using the Computer Aided Transcript System (CATS) developed by Transcript
Enterprises and are written by an electron beam pattern generator (EBPG) on
chromium-coated glass. Typical bridge and cantilever patterns are drawn in
Fig. 4.2. Numerous bridge or cantilever patterns of different dimensions have
been designed on the mask. The sets include bridges/cantilevers with lengths of
500 pm, 200 pm, 100 pm, 50 um and 25 um, while for each length four different
widths of 30 um, 20 um, 10 um and 5 um occur. For cantilever-shaped
waveguides, the separation distances between a cantilever’s free end and the

output section have been chosen as 2.5 um, 10 um or 25 um.

Width

A bridge pattern

Length

-

Width /

Gap

A cantilever pattern

Fig. 4.2 Designed patterns of a bridge and a cantilever.
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4.1.2 Fabrication Process Using Isotropic Etching

The fabrication process of the waveguide bridges or cantilevers using
isotropic wet etching, illustrated in Fig. 4.3, starts with a polished Si-substrate.
To obtain a high quality optical buffer layer and an excellent surface for further
film deposition, an SiO»-layer is produced on top of the Si-substrate by thermal
oxidation, which takes place in an oxide furnace at 1200 °C under an
atmosphere of steam during 210 minutes. The thickness of the resulting SiO,-
layer is about 1.7 um and its refractive index is 1.455+0.005.

A oy

i PR
//// coating

Exposure and
developing

% Si etching

Sio,
etching

Al,0;+Si0,
Film
deposition

Fig. 4.3 Fabrication process of bridge- or cantilever-shaped
waveguides using isotropic wet etching.
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After cleaning the oxidized SiO; surface thoroughly, spin coating is
employed for applying photoresist (denoted as PR in Fig. 4.3) to the substrate.
The coating process starts at a rotational speed of 2400 rpm for 10 seconds,
immediately followed by a rotation of 4000 rpm for 40 seconds. The positive
photoresist used is Microposit 1470 from Shipley. Before the exposure process,
soft-baking at a temperature of 90 °C is applied for 15 minutes. The photoresist-
coated substrate is then exposed through a mask using an optical mask aligner
to transmit a latent image of the designed patterns into the resist film. Then, the
photoresist coating is developed using the Microposit 351 developer and is
baked afterwards at a temperature of 120 °C during 30 minutes.

The patterns on the developed resist coating are transmitted to the SiO»-
layer by HF buffered etching. The etchant is prepared by mixing one part of
49% HF (by weight) with six parts of 40% NH4F (by weight), yielding an etch
rate of 91 nm/min. The etching process continues until the SiO-layer is etched

through completely. Then, the photoresist is removed.

Another etching process follows to remove silicon underneath the SiO2-
layer. For isotropic etching of Si, a solution has been prepared of one part of
49% HF (by weight) and two parts of 65% HNOs (by weight) and one part of
CH3COOH, yielding an etch rate about 9 um/min. If the complete undercut of Si
underneath the areas where bridges and cantilevers are to be formed occurs,
suspended bridges or cantilevers are obtained, this occurs in the silicon etching
(sixth) step in Fig. 4.3.

A cantilever made from the oxidized SiOz-layer is shown in Fig. 4.4, It is
100 pm long, 20 um wide and 1.7 um thick. The gap between the cantilever’s
free end and the output section is 2.5 um. The cantilever itself already forms an
Si0; waveguide, but unfortunately guided waves can not propagate through
the in- and output sections because the (lossy) Si-substrate has a higher

refractive index (of 3.42).
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Fig. 4.4 A micro-cantilever made from an SiOj layer upon an
Si-substrate.

Our experiments have indicated that a cantilever made from the oxidized
SiOz-layer can not survive in the subsequent sputtering process (to produce
Al>O3 and SiO; layers) which involves a strong ion bombardment. The free end
of the cantilever will be bent down permanently toward the surface of the Si-
substrate as shown in Fig. 4.5. Therefore, the silicon etching process has been
modified to remove the Si underneath the designed cantilever patterns only
partially by controlling the etch duration, leaving an Si-ridge supporting the yet
to be formed cantilevers. The resulting cross-sections are mushroom-shaped, as
shown in Fig. 4.6. The top layer of the mushroom-shaped structure consists of
SiO2 material. The remaining support part in the center is from Si and will be
removed after the Al,O3-guide and the SiOj-cover are deposited. On the other
hand, the bridge structures can survive the ion bombardment in the sputtering

process reasonably well, for them the process modification is not necessary.
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Fig. 4.5 A cantilever bent down to the silicon surface.

Fig. 4.6 Etched mushroom-shaped structure showing an SiO2
cap (the future cantilever), below that the Si stem (support ridge)

and at the bottom the Si substrate.
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Since sputtered Al,O3 material is hard to be etched, the formation of
bridges and cantilevers is accomplished by the Si and SiOj etching just
described. In the next step, an AlO3 waveguiding layer and another SiO; cover
layer are sputtered using an Alcatel SCM-600 system. In this way, an
Si02/A1,03/Si0, sandwiched waveguide structure is obtained. The sputtering
process is performed in a gas mixture of 90% Ar and 10% O under a pressure of
0.8 Pa. The resulting refractive indices are 1.455+0.005 for SiO, and
1.69310.002 for Al,03.

Finally, the entire micro-mechanical structures on the Si-substrate are
annealed to reduce the optical waveguide loss. It was thought in the first place
that such structures would have difficulties to endure a high temperature
process because of stress in the layers and the difference in thermal expansion
coefficients between different layers. Experimental results, however, have
shown that the bridges and cantilevers are able to withstand large temperature
changes. Annealing tests of such structures have been carried out at 800 °C
without any evidence of damage or changes in their mechanical structures.
Since the lowest optical loss of such SiO2/A1,03/Si0O; waveguide structures
occurs after annealing at a temperature between 700 °C and 800 °C, the high

temperature annealing process obviously presents no problems.

Sets of optical waveguides, shaped as micro-mechanical bridges or
cantilevers with in- and output sections, have been produced. Fig. 4.7 shows an
SEM photograph of a waveguide bridge with the Si0,/A1,03/Si05 sandwiched
layer structure. The bridge’s dimensions are 100 um in length, 10 pm in width
and about 2.5 um in thickness. The waveguide is slightly bent toward the
substrate surface, which is caused by a combination of the difference in thermal
expansion coefficients among the various layers and the effects of ion
bombardment during the sputtering process.

The bright regions bordering the in- and output sections are caused by

etching undercut underneath those regions. The undercut can also be seen in
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Fig. 4.6. This undercut is essential in the case of cantilever fabrication to form
the mushroom-shaped structures which prevent sputtered SiO; and AlpO3
particles from reaching the undercut areas, leaving silicon material under the
designed cantilever patterns bare such that the remaining support ridge of

silicon material can be removed in the later etching process.

Fig. 4.7 SEM photograph of a bridge-shaped waveguide.

A SEM photograph of a waveguide cantilever is shown in Fig. 4.8. It has
the same layer structure as that of the bridge-shaped waveguide of Fig. 4.7. Its
dimensions are 100 pm in length, 30 wm in width and about 2.5 pm in thickness.
The separation distance between the cantilever’s free end and the output
section is 25 pm.

The rippled patterns at the sides occur during the second silicon etching
process when the remaining support part of silicon material is etched away.
They actually indicate that silicon etching happens also under the sputtered
Al;03-layer in the exposed areas which are located in the undercuts under the
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cantilever patterns and along the regions bordering the in- and output-sections,
This can be understood better from the SEM photograph of Fig. 4.9, showing
both the rippled patterns and the etching undercut.

Fig. 4.8 SEM photograph of a cantilever-shaped waveguide.

Si05/AL03/Si0,

fipplcs
N

Si0z/Al03

Fig. 4.9 SEM photograph of an etched structure showing the
undercut and the rippled patterns.
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4.1.3 Fabrication Process Involving Reactive Ion Etching

Although waveguide bridges and cantilevers can successfully be
fabricated using isotropic wet etching only, major optimization of the fabrication
process in order to achieve better quality elements is possible. Technological
improvements including plasma dry etching of SiO; to obtain steep etching
walls and anisotropic etching of the silicon material to achieve better process
control and etching quality can be utilized. There is, however, one disadvantage
for the fabrication of micro-mechanical structures in using the sputtered Aly03
as the waveguide material. The sputtered Al;O3 has a micro-crystalline structure
containing crystallites of the order of 10 nm [1] and exhibits high resistance to
wet chemical etching. This is the reason that complicated silicon etching steps
need to be applied to avoid AlpOj3 etching.

The sputtered Al»O3 can be etched by using other techniques such as
teactive ion etching (RIE), and an etching process for subsequently etching
Si02/A1,03/Si0, sandwiched layers has been developed [2]. RIE utilizes both
chemical and physical sputtering and the material is etched away by the
combined effects of chemical reactions and physical sputtering. The etching is
performed in a plasma reactor and occurs essentially anisotropic. The application
of such a process becomes ideal for the fabrication of the proposed mechanical

structures and further results in a much simpler fabrication process.

Many process steps, such as thermal oxidation, patterning, Al;03 and SiO,
sputtering, are the same as in the fabrication process using isotropic etching. The
fabrication process steps involving RIE are the following. A silicon substrate is
thermally oxidized to obtain an SiOy buffer. An AloO3 waveguide and an SiO;
cover are sputtered subsequently. An additional chromium layer is sputtered to
be used as a mask during the RIE process. After patterning the Cr layer, which is
performed by photolithography, and a Cr etching process, the substrate is ready

for the RIE process. The Cr etching is carried out in a solution of ceric
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ammonium nitrate (Ce(NH4)2(NO3)g) and perchloric acid (HC1Oy4). The further
fabrication process is straightforward and is illustrated in Fig. 4.10.

and Si etching

=

////////////////////////////////%

Fig. 4.10 Fabrication of micro-mechanical bridges and
cantilevers involving RIE.

The RIE process is performed in a RIE reactor using a mixture of four
different gases e.g. C2Fs, SFg, CHF3 and O,. Some etching results are presented
in Fig. 4.11, showing the etched walls and the silicon surface. From this figure
one can see that the etched walls of the Al;03 and SiO; layers are quite vertical,
but this is not the case for Si substrate. Etching undercut in silicon can clearly
be seen. For an etching depth of 9 um in Si, an undercut of 2.5 pm has been
observed (see Fig. 4.11 (a)). The peaks and valleys on the etched Si surface seem
to be a result of remaining unetched AlyOs particles which serve as micro-masks
for the underlying layers. Although a smooth and flat Si surface is preferred, the

rough Si surface does not hinder the fabrication of the micro-mechanical bridges
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and cantilevers very much, and will become smoother after further Si etching in
a later process step.

Fig. 4.11 Results obtained from the RIE process, (a) showing
the etched walls of different layers, and (b) the etched Si surface.

To obtain suspended bridges and cantilevers, Si etching is carried out to
remove the Si underneath the bridge and cantilever structures. Either isotropic
wet etching using an HF + HNO3 + CH3COOH solution or anisotropic wet
etching using diluted potassium hydroxide (KOH) have been applied for that
purpose. The KOH etchant is prepared by diluting 100 gram KOH in 200 ml
water, and etching is performed at a temperature of 70 °C.

Fig. 4.12 shows a waveguide cantilever which is 200 pm long, 20 pm wide
and is obtained by the isotropic etching process after RIE. As it can be seen, the
sharp peaks and valleys on the silicon surface have been eased and flattened.
With this same process, long structures have be produced successfully. Fig. 4.13
presents another suspended cantilever with a length of 500 um and a width of

20 pm.
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Fig. 4.12 A waveguide cantilever fabricated using RIE and
isotropic wet etching.

Fig. 4.13 A long waveguide cantilever of a length of 500 um
and a width of 20 pm.

With anisotropic wet Si etching, the structure can obtain a shape as shown
in Fig. 4.14. The etching occurs in the direction parallel to the structure’s axis.
Little etching in the direction perpendicular to the axis occurs. There exists still
a section of the cantilever supported by a silicon ridge, which would disappear
by a longer etching duration. The rough Si surface now becomes more or less
flat. The cantilever in the figure is 100 pm long, 20um wide. Completely
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suspended cantilevers of 50 um in length have been obtained for the same

etching duration, which is shown in Fig. 4.15.

Fig. 4.14 A partially suspended waveguide cantilever fabricated
using RIE and anisotropic wet etching.

Fig. 4.15 A completely suspended waveguide cantilever
fabricated using RIE and anisotropic wet etching.

The cantilever’s free end and part of the output section are shown in the

SEM photograph of Fig. 4.16, from which the quality of the micro-structures
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produced by RIE can be inspected. The etched walls and the structure’s
multilayers can also be observed from that figure. There, the width of the

cantilever’s free end is 20 wm and the separation gap is 2.5 pm.

Fig. 4.16 SEM photograph showing a cantilever’s free end and
part of the output section, produced by RIE and anisotropic wet
etching

Fig. 4.17 A waveguide bridge fabricated using RIE and

isotropic wet etching.
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Waveguide bridges have also been produced with these processes.
Fig. 4.17 shows a bridge with a length of 25 um and a width of 10 pum,
fabricated using RIE and isotropic wet etching.

4.2 Waveguiding in Bridge and Cantilever Structures

Waveguiding through the bridges and cantilevers has successfully been
demonstrated by coupling a He-Ne laser beam with a wavelength of 632.8 nm
into the input sections. Fig.4.18 shows a photograph of a laser beam
propagating through a bridge-shaped waveguide, together with a schematic
drawing to illustrate the waveguiding situation in the photograph. The bridge’s
dimensions are 50 um in length, 10 um in width and 2.5 pum in thickness.

Fig. 4.18 Observation of a wave guided through a bridge-
shaped waveguide.

Fig. 4.19 illustrates how a guided wave, propagating through a cantilever-
shaped waveguide, exits at the free end of the cantilever and, after crossing the
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gap, part of the wave is coupled into the output section. The cantilever’s
dimensions are 100 pm in length, 30 pm in width and 2.5 wm in thickness. The
gap between its free end and the output section has a length of 10 um. Those
pictures have been taken by a commercial camera attached to an optical
microscope.

Fig. 4.19 Observation of a wave guiding through a cantilever-
shaped waveguide.

The bright spots in both Figs. 4.18 and 4.19 indicate scattered waves
occurring when the light meets discontinuities. Within the waveguide regions,
too little scattering occurs to be recorded; thus, the waveguides can not be seen
from the figures. The bright spots can be understood better from the schematic
drawings in Figs. 4.18 and 4.19. The laser beam in the input section has a
transverse dimension exceeding the bridge’s or cantilever’s widths, causing the
scattering at places indicated by B; and Ci, respectively. The main portion of
the wave propagates through the waveguide. When reaching the other side of
the bridge, it scattered only slightly (see the spots in Fig. 4.18 indicated by Bj)

since the guided wave is well confined within the waveguide. In the cantilever-
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shaped guide of Fig. 4.19, the beam radiates into air at the cantilever’s free end
(spot C3), and part of radiation is picked up further on by the planar output
section (spot Cs).

4.3 Discussion

The distance over which a bridge or a cantilever lies above the substrate is
actually the maximal distance over which the bridge or the cantilever can be
deflected. A suitable value of this distance is important in order to limit the
structure’s operational range and to protect it from breaking in the case of
excessive external influences. This distance can be controlled by the etching
duration, in our case the structures occur about 10 pm above the Si-substrate

surface with an air gap in between.

Extremely long or narrow structures are vulnerable. They are likely to be
broken in the fabrication process. But still, some of those vulnerable structures
have been produced successfully, including those with a length of 500 ywm and
those with a width of 2.5 um.

The waveguides are mono-mode waveguides if the thickness of the
sputtered Al,O3-layer is less than 0.35 pm. Normally, a value between 0.2 um
and 0.3 pm is used. In all examples shown in this chapter, the thickness of the
Al;0O3-waveguides equals 0.3 pm.

As long as isotropic etching is applied in the fabrication process, crystal
orientations in the substrate are irrelevant. For anisotropic etching, the
orientations of an Si-substrate will be a major factor to be considered. A detailed
investigation on anisotropic etching in this thesis has been obstructed by the
lack of supply of silicon substrates with <110> and <100> orientations. All
substrates that have been processed had a <111> orientation.
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Due to their small sizes, arrays of the waveguide bridges or cantilevers with
different dimensions can be produced on the same chip to obtain different
sensitivities and operational ranges. Since for those Si-based structures the usual
fabrication techniques for electronic IC’s are applied, it is possible to integrate
necessary electronic circuits and detectors on the same chip to control the
structures or to process the output signals.
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Applications

In the previous chapters, we have introduced micro-mechanical bridges
and cantilevers and discussed the principles and the fabrication of such
structures. These bridges and cantilevers are mechanically unstable structures
and undergo vibrations or deflections due to external influences, especially
force-related disturbances. Thus, they can be utilized as sensor elements. This
chapter presents the experimental results of such structures used as sensors for
the detection of acoustic signals. Further possible applications to the
measurement of vibrations and acceleration will be discussed briefly. The
purpose of this experimental work is to verify the predicted behavior of micro-

bridges and cantilevers when used as optical sensor elements.

5.1 Acoustic Signal Detection

The presence of an acoustic wave will create a pressure variation in the
medium surrounding a mechanical element. The acoustic wave interacts with the
mechanical structure and induces vibration there. This is the basic principle
underlying the operation of most acoustic detection devices such as

microphones. The micro-bridges and cantilevers described in this thesis can be

77
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applied as sensor elements for measuring acoustic waves based on the same
principle. The experiments have been performed within the audio-frequency
spectrum from 20 — 20000 Hz due to the limitations imposed by some of the
employed acoustic and electronic units in the measuring setup. The use of these
sensors, however, is not limited to this frequency range; they can be applied for
acoustic signals of higher frequencies as well.

5.1.1 Experimental Setup

The setup performing our measurement of acoustic signals is illustrated in
Fig. 5.1. The acoustic signal is generated by a signal generator and then after
amplification directed onto the sensor device through a loudspeaker. The

acoustic wave is propagating normally to the sensor surface; this is important

Signal E
generator
Qi/ ,
SN~— Oscilloscope
t‘_// or spectrum
r analyzer

Reference
ong

Sensor  Detegtor

Fig. 5.1 Experimental setup for the measurement of acoustic
signals using the micro-mechanical structures as sensor elements.
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since the sensor is orientation sensitive. A laser beam at the wavelength of
632.8 nm is coupled into the sensor structure through a prism to excite a guided
mode in the sensor’s waveguide. The guided wave propagates through the
sensor structure (either a waveguide bridge or a cantilever). The emerging wave
is out-coupled by another prism and detected by a photodiode mounted directly
on the out-coupling prism. The detected signal is then analyzed or displayed by

a spectrum analyzer or an oscilloscope.

A Hewlett Parkard 8904A Multifunction Synthesizer has been used to
generate acoustic signals. It can produce accurate sine waves from 0 Hz (DC
signals) to 600 kHz with 0.1 Hz resolution. It also has some other standard
functions like square waves, triangular waves, as well as noise. All waveform
values in the synthesizer are calculated digitally in real time, yielding a 12 bit
digital accuracy.

The generated signals are amplified by a Sony 1120 Integrated Amplifier
and then converted into acoustic waves by a custom-made loudspeaker. The
loudspeaker is designed by the Acoustic Research Laboratory of Delft
University of Technology using a Vifa type M-110 speaker unit from Audio
Design GmbH. A reference microphone is placed near the sensor device for
comparison of the signal. The microphone is a BK 4165 type, flat response

device from Bruel & Kjear.

For the detection of the outgoing guided wave in the sensor structure, a
silicon planar PIN photodiode, BPW 34 from Siemens, is incorporated into the
sensor and is directly mounted on the out-coupling prism. The photodiode is
favorable for its short response time and high signal-to-noise ratio. The noise
equivalent power (NEP) of the diode is equal to 4.2x10-'4 W/VHz.

An ADVANTEST TR 9402 Digital Spectrum Analyzer has been used to
analyze the detected signals either from the reference microphone or from the

sensor device. This spectrum analyzer covers a frequency range from 0 Hz (DC
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signals) up to 100 kHz with an input sensitivity from +30 dBV (31.6 Vrms) to
-120 dBV (1 pVrms). During the measurements, the AC coupling mode was used
to eliminate the DC bias (or offset) voltage from the input signals. The spectrum
analyzer is also fully equipped as a time-domain oscilloscope and was used for
observing the wave forms of the detected signals.

The positioning of the loudspeaker, the sensor device and the reference
microphone is shown in the photograph of Fig. 5.2. The distance between the
speaker and the sensor is the same as that between the speaker and the
microphone and is approximately 15 cm, while the microphone is positioned
about 5 cm away from the sensor. The loudspeaker is placed in a face-to-face
position with the sensor surface during the actual measurement, ensuring the
acoustic wave to propagate normally to the sensor surface. The position of the
loudspeaker in the picture, however, is somewhat rotated for photographic
purposes.

_sensor structures

Fig. 5.2 Photograph showing the arrangement of the speaker,
the sensor and the reference microphone.
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The characteristics of the amplifier and the loudspeaker together are not
exactly known and have been measured with the aid of the reference
microphone. The transfer function, represented as the frequency response, is
shown in Fig. 5.3, which represents the characteristics of the system consisting
of the amplifier and the speaker.
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Fig. 5.3 Frequency response representing the characteristics of
the amplifier and the speaker together.

5.1.2 Experimental Results

The experiments on acoustic signal detection were performed in an
ordinary laboratory room with the presence of noise from the operating
equipment. The obtained results, however, are encouraging and concluding.

They demonstrate and prove the working principles of the sensor elements.

Fig. 5.4 presents the response of a bridge structure with a length of
100 pm and a width of 10 pm to an acoustic signal at a frequency of 2000 Hz.
The figure shows a sharp response and the peak of the detected signal is exactly
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at 2000 Hz. Other small peaks arise from the noise existing in the experimental
environment.
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Fig. 5.4 Response of a bridge structure to an acoustic signal at

2000 Hz.
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Fig. 5.5 Frequency response of a bridge structure in the audio
range.
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The frequency response of the bridge structure is plotted in Fig. 5.5. The
bridge’s resonant frequency is as high as approximately 1.39 MHz.
Theoretically, the response curve should be almost flat since the measured
acoustic signal has a frequency spectrum from 0.50 Hz to 20 kHz, which is far
low from the resonant frequency. The possible cause of the bridge’s decreasing
response for higher frequencies is the existence of stress in the bridge structure.
The influence of this stress becomes more pronounced when the bridge vibrates

more quickly.

The response of the sensor element with a cantilever structure, to an
acoustic signal at 2000 Hz is presented in Fig. 5.6. The cantilever is 100 um long
and 30 pm wide and has a separation gap of 2.5 um. The figure also shows a
sharp peak response at 2000 Hz. The cantilever seems to be more sensitive to
the acoustic signal but also shows a higher noise level.
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Fig. 5.6 Response of a cantilever structure to an acoustic signal
at 2000 Hz.

The frequency response of the cantilever structure is plotted in Fig. 5.7,

which shows a fairly flat line. The reason behind this excellent performance is
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probably that the cantilever has a free end such that potential stress is released.
Another reason is that the cantilever also has a resonant frequency of
approximately 218 kHz, which is high as compared to the measured acoustic
waves with a frequency spectrum in the audio range.
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Fig. 5.7 Frequency response of a cantilever structure.

The sensor response in the time domain to an acoustic signal can also be
observed by the spectrum analyzer. Fig. 5.8 shows the response of the bridge
structure to an acoustic signal at 2000 Hz, with the signal directly coming from
the signal generator as a reference. As shown in the figure, the sensor’s
response curve demonstrates some irregularities and a phase shift. Similar

phenomena can be observed for the cantilever structure, as presented in
Fig. 5.9.
