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ABSTRACT

Optical waveguides are structures that confine and direct optical signals in a
region of higher effective index than its surrounding media. For integrated optics and
photonic applications, it is often of importance to prepare waveguides in the form of
thin film and channel structures. Hybrid sol-gel material is one of the interesting
material in waveguide fabrication as it possess advantages such as low processing
temperature, low fabrication cost, and ability of refractive index tuning. Main novelty
of this research lies in the development of VTES based optical waveguides.
Moreover, refractive index of selected material can be easily tuned by adjusting
composition of TTBu in the synthesization stage. Behavior of light propagation and
the confinement of light in a hybrid VTES based optical waveguide had been
investigated. The characteristics of the waveguide had been simulated by
BeamProp™ to obtain the optimum structure for waveguide fabrication. Planar slab
waveguides and single mode straight waveguides had been fabricated using low cost
photolithographic techniques and wet chemical etching processes. The properties of
the hybrid sol-gel material and the fabricated waveguides had been characterized. The
experimental results have demonstrated optical waveguiding in the sol-gel material.
Attenuation of single mode optical waveguides at 1310 nm and 1550nm with
waveguide losses of 1.6dB/cm and 6.7 dB/cm have been obtained respectively. Even
though the losses are rather high, the VTES based hybrid sol-gel material is suitable
as a waveguiding material in the optical interconnect situations by optimizing the

fabrication process.
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ABSTRAK

Pandu gelombang optik adalah struktur yang membatas dan memandu tenaga
optik dalam satu kawasan yang mempunyai indeks biasan yang lebih tinggi daripada
medium yang mengelilinginya. Dalam aplikasi litar bersepadu optik dan fotonik,
penyediaan pandu gelombang berbentuk struktur filem nipis adalah penting. Bahan
sol-gel merupakan satu bahan yang menarik bagi pembinaan litar bersepadu optik
kerana ia mempunyai kelebihan seperti suhu pemprosesan yang rendah, kos fabrikasi
yang murah, dan keupayaan untuk menala indeks pembiasan. Pembaharuan utama
yang terdapat dalam tesis ini adalah pembinaan pandu gelombang optik berasaskan
bahan hybrid VTES. Selain itu, indeks pembiasan juga dapat ditala dengan mudah
dengan mengawal komposisi TTBu dalam langkah sintesis. Litar optik padat boleh
dibentuk dengan bahan sol-gel kerana ia menawarkan kontras indeks biasan yang
besar. Bahan sol-gel berasaskan VTES telah dikaji bagi pembinaan pandu gelombang
optik. Sifat perambatan cahaya dan pembatasan tenaga optik dalam pandu gelombang
berasaskan bahan sol-gel VTES telah diselidik. Simulasi telah dilakukan mengunakan
perisian BeamProp™ untuk mengetahui dan mengaji sifat pandu gelombang serta
mendapatkan satu struktur yang optimum bagi fabrikasi pandu gelombang. Pandu
gelombang planar dan pandu gelombang monomod lurus telah dibina dengan proses
fotolitografi yang murah dan teknik hakisan kimia basah. Sifat bahan sol-gel dan
pandu gelombang yang dibina telah dikaji serta parameter optik telah diukur.
Keputusan yang diperolehi menunjukkan sifat perambatan optik dalam bahan sol-gel
ini. Pemerosotan kuasa sebanyak 1.6 dB/sm pada panjang gelombang 1310 nm dan
6.7 dB/sm pada panjang gelombang 1550 nm telah didapati dalam pandu gelombang
monomod lurus. Walaupun pelemahan kuasa tersebut agak tinggi, bahan sol-gel ini
didapati sesuai sebagai bahan perambatan optik dalam rangkaian optik dengan

memperbaiki proses fabrikasi.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Advances in electronics today in various fields enable the production of low
cost integrated circuits in mass amount. However, bandwidth demands outgrowing
performance of electronic in many applications. Telecommunication is field that
clearly suffers from this limitation. Bandwidth expansion is desperately needed in the
telecommunication applications. To overcome the bandwidth limitation, new
communication revolution based on photonic technology was performed. Surely,
photonic application has an extremely large information carrying capacity and very
low transmission losses. Very small photonic devices can be faster and more reliable
than a standard electronics. Photonic technology was successfully demonstrated in
various applications including broadband communication. Originated from the
invention of laser in 1958, photonic technology started to widely been applied.
Coaxial cables were replaced with glass fibers. At the beginning, major problem that
occurred from using optical fiber is the high attenuation value. However, if the optical
fiber attenuation can be reduced to 20dB/km, it will be practical medium for
communication [1]. In September 1970, a glass fiber with the attenuation less than 20
dB/km was successfully developed by Corning in the USA. With this achievement,

optical fiber becomes viable technology to be used in telecommunication. The first



field deployment of fiber communication system used multimode fibers with laser
operating at wavelength of 850 nm. The system can transmit several kilometer with
optical losses about (2-3) dB/km. It is then improved with laser operating at 1310 nm
where optical loss was reduced to 0.5 dB/km in a single mode fiber (SMF). Finally,
another wavelength window, 1550 nm was developed and SMF has minimal optical

loss 0of 0.15 dB/km.

With the optical networks becomes billion dollar business, the bandwidth size
becomes more and more demanding. For instance, application that only enabled by
high speed optical network such as web browsing, Fiber to the Home (FTTH),
medical image access, also broadband services needs wide bandwidth. When these
demands become crucial, it forces researchers to search for new method of sending
and processing information. A promising approach to increase the bandwidth in the
network links are integrated optical (IO) interconnections. Using integrated optics,
huge amount of information can be sent. Not only that, this technology is capable of
high yield, but low cost manufacturing while delivering high performance and unique
functions. 1O circuits started when S.E. Miller from Bell Laboratories proposed the
concept of integrated optics in 1969 [2]. He concerned with hybrid type integrated

circuit, that is, the dielectric substrate OI circuits.

In the early 1970s, various material and processing technique was used to
fabricate waveguide. However to realize an IO circuit, the optical devices or
components therein have to be compact, small, reliable, with high mechanical and
thermal stability, low power consumption and able to be integrated on a common
substrate material [3]. Because of this, it is worth to state that the major performance
of 10 circuits relies on its waveguiding components. These requirements encourage
numerous of studies on the thin film fabrication techniques as well as the new optical

materials that suitable for this IO circuits [3].

Finding suitable material for use in optoelectronic application has started

widely from 1970s due to need of material that can yield high performance output,



nevertheless, it offers low cost production. Few materials with different advantages
have been explored and used for the fabrication of optical waveguides, as well as the
integrated components. For instance, III-V semiconductors (InP,GaAs), silica based
material, polymer, lithium niobate (LiNbO3), silicon based materials, and also sol-gel
material. All of these materials have their own advantage and disadvantage for the use
in optoelectronic application. For example, silica has been a favorable material due to
its high thermal stability, small coefficient of thermal expansion and low attenuation
in the two main telecommunications windows (1.3 and 1.55 um) [4-5]. However they
utilize expensive, high temperature thermal treatment which is over 1000°C, and also
time-consuming processes such as chemical vapour deposition (CVD), vacuum
deposition (VD), flame hydrogen deposition (FHD) and reactive ion etching (RIE)
[6]. Alternatively, polymer materials put forward the low cost and simple step of
optical devices fabrication [7]. They involve low temperature processing; have the
ability of refractive index tuning, and able to produce flexible but strong film with
low polarization sensitivity [8]. These materials however are prone to aging problems,
poor mechanical resistance and low thermal stability which reduce its long-term

reliability [9].

All these limitation and problems with silica and polymer lead to development
of glass-like organic—inorganic hybrid materials due to their robustness and largely
adjustable optical properties [10]. Sol-gel derived materials seem to offer material
which properties range from pure silica glass to silicone rubber [11]. On top of that,
sol-gel process is as well dealing with lower processing temperature and able to
produce materials with high homogeneity and purity in several forms [12]. Started
with just inorganic material with addition of titania (TiO,) as part of sol-gel
processing precursors, it evolved until the hybrid organic inorganic sol gel technique.
The mechanical, optical and physical properties of this material have been widely
studied [13]. Organic-inorganic hybrid sol-gel derived material has been discovered to
be able to go about these drawbacks. The organic group that is introduced can
functions as organic modifiers of the inorganic network and it can form the organic
networks. These would lead to more flexible products and also decreases the problem
of shrinkage significantly [14]. Other advantages and properties of this organic-

inorganic hybrid sol gel material will be further discussed in chapter three.



Many types of fabrication techniques are proposed and currently being
employed to fabricate these waveguides. These include classes of deposition
techniques, ion exchange, thermal diffusion, ion implantation, epitaxial growth,
lithographic patterning, dry etching and wet etching. However, the selections of these
techniques are highly influenced by two reasons, suitability of material systems and
cost effective deployment. For example, deploying dry etching technique is far more
costly if we compare with wet etching technique. As for mass production, of course it
will not be a practical approach. Therefore, the technique that can yield high

productivity yet cost-effective was selected for this research.

With the rapid advent in the optical integrated circuit, importance of planar
waveguide and channel waveguide, which are the fundamental element for realizing
IO circuit, has been recognized. Hybrid organic-inorganic sol-gel based material
which has huge advantage in term of processing temperature, cost effective, and
largely adjustable optical properties chosen to be the material of interest. Knowledge
and hand-on skills that gained from this research are needed for the future work of

fabricating advanced passive and active devices.

1.2 Problem Statement

Motivated from the cost-effective nature of hybrid organic-inorganic sol-gel
material, precursors chosen was vinyltriethoxysilane (VTES, Sigma-Aldrich, 99%)
[H,C=CHSIi(OEt);], tetracthoxysilane (TEOS, 98% Fluka), and tetrabutoxytitanate
(TTBu, 99% Across) based or what we can call VTT sol is chosen as the material of
interest in this research. VTES act as organic component as it contains C=C in its
structure. Primarily, this VTT sol is employed in the development of single mode

optical channel waveguides which are the fundamental structure of any optical



devices and further can be applied in the development of optical passive and active

devices such as MMI and optical switches.

Based on previous literature surveys, it was found out that the proposed ridge
waveguide devices based on the photosensitive VTES precursor can be considered as
the first ever development work. As such, it is significant to mention the novelty of
this research which can contribute to the enhancement of knowledge, predominantly
in the field of sol-gel based photonic devices. VTES was chosen because of its shorter

organic chain and it contributes to lower propagation loss [15] .

TEOS, photopatternable organic component with shorter organic chain VTES
and refractive index modifier TTBu will be used to synthesis the hybrid organic-
inorganic VTES/TEOS/TTBu (VTT) sol. Benzoin Isobutyl Ether (BIE ,Sigma-
Aldrich,98%) and Aluminum Acetylacetone (AlAA, Sigma-Aldrich, 99%) as
photoinitiator and catalyst respectively. The waveguides will be fabricated by means

of spin coating, UV micropatterning, and wet chemical etching technique.

1.3 Research Objectives

The main objective of this research is to fabricate a single mode ridge
waveguide using hybrid organic-inorganic sol-gel technique. In order to achieve this
main objective:

1) Characterization of hybrid organic-inorganic sol-gel material based on

VTES for use in photonic application was done.

2) Development and characterization of single mode ridge waveguide based

on VTES in term of refractive index, thickness, and propagation loss was

performed.



Single mode ridge waveguide fabricated using hybrid organic-inorganic sol-
gel processing method, will be characterized in term of its performance. The
fabricated waveguide will be further used to design an active device such as MMI

device.

1.4  Project Scope

It is reasonably difficult for a single research with limited time constraint to
cover the broad topic of the research. However, owing to the fact that a research is a

continuing effort, the conducted research was focused on the scope as determined.

The literature review was done for the sake of understanding the research
requirement, related tools, equipment, and material of interest. Through this, the basic
understanding of the research was overviewed. The fundamental knowledge of the
optical waveguide such as concept, and analysis method were studied. Mathematical
modeling was done to gain the best structure and the ability of the waveguide to
confine light. Through this, the optimal design that will guide the only single mode

transmission can be obtained and simulated through software.

In the first stage of the waveguide development, suitable material portion of
VTES, TEOS, and TTBu was investigated to yield the best material for fabrication.
Planar structure was developed first to investigate the refractive index of the material.
Equipments and parameters that affect the structure was investigated and controlled.
For example, thickness of the resulting waveguide can be controlled by varying the
spin coating speed. The best conditions for lithography and wet etching process was

studied in order to gain the best resolution of the ridge waveguide structure.



Passive optical waveguides were fabricated and characterized. Refractive
index measurement, geometrical inspection, structure profile, and light launching
were successfully done. Fabricated ridge structure has demonstrated the ability to

confine only single mode propagation, with low propagation loss.

1.5  Research Methodology

Before proceeding with the project, the planning or methodology has taken
into account. The steps on how the research will take place were done carefully. Each
step, starting from the simulation until loss measurement, was planned to gain better

understanding of the project. Moreover, the methodology will keep research on track.

As for this project, first of all, the simulation was done to get the basic idea of
ridge waveguide structure. Since the desired structure is the single mode ridge
waveguide structure. However, in order for the simulation to be done, the refractive
index value of the material must be obtained. Therefore, from the literature review,
the approximate value of the materials refractive index was taken. The value was then

fine tuned when the slab structure fabricated.

The slab structure was fabricated next for the refractive index and thickness
measurement. From the measurement using prism coupling method, the exact
refractive index value of the material was obtained. This value was then used to

remodel the structure using the simulation software.

From the simulation, the exact dimension of single mode structure was
obtained. The simplest structure of the ridge waveguide was fabricated. The

fabrication process was varied in order to yield the finest structure of the ridge



waveguide. Parameters such as the drawing speed, the exposure time, the etching
time, and heat treatment temperature was varied for the purpose. Finally, the best

parameters of the experiments was recorded and used for later experiments.

Thickness and refractive index was measured using spectroscopic
reflectometer in the earlier stage, followed by prism coupling method for precise
value. Geometrical inspection of the structure was done by scanning electron
microscope (SEM). The surface roughness was measured using atomic force

microscope (AFM).

Finally, the light launching was done to measure the propagation loss of the
material. This final step will show the suitability of the material in photonic
application. Two different wavelengths were used in the propagation loss
measurement, 1310 nm and 1550 nm, pertaining to main telecommunication windows

in the photonic application.

Figure 1.1 shows the flowchart of the whole process of the hybrid organic-

inorganic sol-gel ridge waveguide fabrication and characterization.
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1.6 Thesis Outline

Chapter 1 explains the brief history of the development in photonic
technology. Research motivation, overview of research, objectives of research, and

goals of the research were presented.

Chapter 2 consists of basic theory of optical waveguide, and analysis method.

A simple mathematical modeling of the ridge waveguide was performed.

In chapter 3, several materials which are under intensive investigation for
integrated circuit purposes were discussed. The detailed literature review was done,
by providing the recent related work done by other researchers. The properties of
VTES based organic-inorganic sol-gel material properties which is the material of

interest in this research were presented.

The full fabrication and measurement procedure to fabricate the ridge
waveguide is described in detail in chapter 4. The condition that must be fulfilled, the
problem that occurs during fabrication process and precaution taken in fabrication

process also presented in this chapter.

Results and discussion of the research are shown in Chapter 5. Data
verifications were done in the sense of comparing our modeling and simulation result.

Measurement results of fabricated waveguides are shown in this chapter.

Finally in Chapter 6, a concluding remarks and suggestions for future work are

given. The contribution of this thesis also stated in this chapter. Fabrication skill
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obtained through this research could be applied for the future development of active

optical devices.
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