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Abstract

Chalcogenide glasses have unique properties and are now getting increasing
attention in the electronic and opto-electronic industries. Scientists are looking for ways
to utilize them in the field of integrated optics. Waveguides, including straight
waveguides, curved waveguides and Y-branches, form a basis for various applications of
chalcogenide glasses. With strip-loaded shallow rib waveguides, relatively low coupling
losses and propagation losses can be achieved in the infrared region for chalcogenide

glasses while maintaining single-mode propagation.

In this project, single-mode chalcogenide strip-loaded shallow rib waveguides
were designed and fabricated. First, simulations were undertaken using the effect index
method, the finite difference method and the beam propagation method. The mode
profiles were determined and the waveguides were fabricated by standard micro-
fabrication techniques. Finally, the waveguides were tested. The single-mode
chalcogenide strip-loaded shallow rib waveguides exhibited a low loss of ~1 dB/cm at

wavelength of 980 nm.

Key words: chalcogenide glass, strip-loaded shallow rib waveguide, effective index

method, finite difference method, beam propagation method
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1. Introduction

1.1 The demand for integrated optics

Integrated optics generally means to guide and manipulate light in micron-
scale dielectric waveguides. The reason to miniaturize optics is the same as in
integrated electronics: to achieve lower cost, higher efficiency and higher

performance.

Integrated optics is a concept that was brought to us 30 years ago. Early in
1969, Miller [1] pointed out it is inconvenient to place and align all optical
components on light benches and suggested the idea of integrated optics. After that,

great effort was made to compress different functions into one single chip.

At the beginning, the field of integrated optics grew very slowly. However
as more and more governments, universities and research labs have become
involved, this field has increased at a rapid rate due to the booming of the
information and communication industries, which are the main application areas of
integrated optics. As seen in Industry Canada’s statistical data [Figure 1.1], the
GDP of the Information and Communication industries increased 180% between
1997 and 2000, which is much faster than the growth of Canadian economy during

the same period.

Obviously, the basic reason for the development of integrated optics is
profit. Optical fibers are well developed and widely used, and nowadays most of the
investment for wavelength division multiplexing system (WDM) goes into optical
devices, such as filters, switches etc. No doubt there is a high demand for integrated
optics, and as a result, companies have increased their research and development

expenditures [Figure 1.2] rapidly in recent years.
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Indexed Growth in GDP at Basic Prices for the
ICT Sector and the Canadian Economy, 1997-2001
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Figure 1.1: GDP diagram showing the growth of ICT sector

indexed Growth in R&D Expenditures for the ICT
Sector and the Canadian Private Sector, 1993-2001
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Figure 1.2: Growth in R&D expenditure for ICT sector

* ICT: Information and Communication Technologies
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1.2 The challenge of integrated optics

For the information and communication industries, the most important
functions that are required for high-speed, mass-producible photonic and

optoelectronic circuits are:

o Waveguides, including straight waveguides, curved waveguides and
Y-branches

o Couplers, optical filters and switches
e Multiplexers and Demultiplexers

e Optical sources and sensors

¢ Optical modulators and amplifiers

Ideally, all of these functions would be integrated into a single chip.
However, since each of these functions tends to have its own ‘optimal’ material
system [2], this goal still has a long way to go. With current technology, III-V
semiconductors are favored as light sources, modulators work best in lithium
niobate and passive devices (waveguides, mux etc.) are fabricated in SiO,. Thus,
integrating many functions into one single chip is still a challenge. To achieve such
monolithic integration, scientists are trying to modify the properties of a single
material system or develop ways to integrated diverse materials on a single platform

(i.e. a single chip).

1.3 Chalcogenide glasses — a good candidate for integrated optics

Glasses, which lack the long-range periodicity characteristic of crystals,
have long been manipulated to achieve multi-functions. For example, glass fibers

can be doped with erbium to make an amplifier (erbium-doped fiber amplifier).
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Chalcogenide glasses (CHGs), glasses that contain one or more of the
elements from Group VI of the periodic table, namely S, Se or Te, have attracted
great interest in recent years. In 1954, Kolomiets [3] discovered that chalcogenide
glasses can act as semiconductors. Since then, these glasses have been used in

several commercial applications, e.g. X-ray detection, photocopier.

Chalcogenide glasses are excellent candidates for integrated optics because

they have the following properties [3]:

e Wide optical transmission band with potentially low loss for both 1.3 and

1.55 micron telecommunication windows [4];

Photoluminescence and photoconductivity;

Photo-darkening effect;

Reversible structural changes;

Large non-linear optical effects.

Thus it may be possible to integrate many functions into a single chip using
chalcogenide glasses to make efficient and reliable devices. And the fabrication

processes are compatible with the existing semiconductor industry.

1.4 Chalcogenide waveguides - the basic element

Current research on chalcogenide glasses is mainly in optical sources,
micro-lenses, photo detectors and optical memories [5]. Few experiments have
been performed on chalcogenide waveguides. Since the basic element of all
passive and active optical devices is the waveguide, further research on
chalcogenide waveguides should be done. Also, the availability of high quality

chalcogenide glasses as well as the capability of fabricating optical devices using
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thin film technology will facilitate the realization of relatively low cost

waveguides.

1.5 Thesis outline

The goal of this thesis is to investigate the feasibility of making waveguides
in Chalcogenide glass. Waveguide technology, including the state-of-the-art
fabrication techniques and waveguide characterization techniques, is reviewed in
Chapter 2. Chapter 3 is dedicated to the design and simulation of As;Se; strip-
loaded shallow rib waveguides. Fabrication and testing of these waveguides are
described in Chapter 4 and 5 respectively. Chapter 6 briefly reviews my other
research on As,Se; laser-writing channel waveguides. Finally, a summary is

presented in Chapter 7.
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2. Integrated optical waveguide technology

2.1 Introduction

Light is important for the field of communications. In communications,
bandwidth is generally proportional to the carrier frequency. Light has frequencies in
the range 2 - 4x10" Hz. Therefore, compared to lower frequency radio waves,
microwaves and millimeter waves, which also carry information in a way similar to

light, light has the advantage of a potentially huge information carrying capacity.

However, free space optics is not suitable for communication for distances
more than a few kilometers [6] because it suffers from scattering by rain, snow, dust
and clouds, and as a result, has large attenuation. In addition to attenuation, the
turbulence of air introduces large amounts of noise as well. Also, light propagating
through the atmosphere diverges because of diffraction, which will lead to intensity
loss in the central part of the beam. Thus, it is necessary to guide the light so that the
power of the beam is confined in the transverse direction with minimized attenuation

and noise. Devices which achieve this are normally called optical waveguides.

2.2 Waveguide structure and classification

In general, the most common form of optical waveguide consists of two
regions: a region called the core, which has a higher refractive index, and the

surrounding area called the cladding, which has a lower refractive index.

Optical waveguide structures can be categorized as step-index or graded-
index. For step-index waveguides, the refractive index is constant within the
confinement region, while for the graded-index waveguide, the refractive index is a
function of the coordinates and thus varies both inside and possibly outside of the

confinement region [7].
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According to the number of spatial dimensions that provide confinement,
waveguides can also be classified into one-dimensional (1D) waveguides and two-
dimensional (2D) waveguides as shown in Figure 2.1. One-dimensional waveguides,
called slab waveguides, have few practical applications. Currently, 2D waveguides
formed on a substrate are of great interest in integrated optics because light can be

guided between specific points on a substrate.

Cladding Cladding

Core Core

(a) (b)

Figure 2.1: Waveguide confinements: (a) 1D confinement; (b) 2D confinement

For design and simulation purposes, 2D waveguides using standard thin film
techniques can be treated as rectangular waveguides. There are many configurations

as seen in Figure 2.2.
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General channel guide Buried channel

n¢

n.

Ridge guide Embedded strip

Rib guide

* ne> ng, ng (ng: cladding index; ng: core index;ng: substrate index)

Figure 2.2: Five possible waveguide cross-sections

2.3 Waveguide configurations

In integrated optical circuits, light is manipulated in different ways to
achieve different functions. The basic function of waveguides is guiding light
between locations in a micro-system. Thus, the main passive waveguide

configurations include:

e Straight section: To guide the light in a direct route [Figure 2.3].
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AN

Waveguide

Figure 2.3: Straight waveguide

e Curved section: To change the propagation direction of light in order to guide

light between any points in an integrated circuit [Figure 2.4].

light Waveguide

Figure 2.4: Curved waveguide

Curved waveguides are necessary to reduce the length of integrated
optical components and circuits. As discussed later in this chapter, if the curve
radius is too small, the light will radiate out. Many different shapes have been

tried in order to minimize the bend losses.

e Splitter: To divide light in order to direct a signal to two or more parts in an

integrated optical circuit.

Splitters tend to be very long with a very small separation angle. This is
to avoid high losses, just as in the curved section. Compared to other types of

splitters, Y-branches [Figure 2.5] are simpler, thus more practical.
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Light out

Sl
Light in ——;_—/<

~a

Light out

Figure 2.5: Y-branch

2.4 Optical waveguide losses

The fabrication of low loss optical circuits is necessary because the
usefulness of optical devices is determined largely by their losses. High loss
waveguides often limit the device performance. In most practical applications, the

waveguide propagation losses should be less than 1 dB/cm [7].

The losses of integrated optical waveguides can be classified into two major

categories according to their mechanism [7]:
1. Absorption

The absorption loss is due to the optical energy being dissipated or
converted into other form of energy as a result of its interaction with
waveguide material. There are three kinds of absorption loss: intrinsic,

impurity and atomic defects.

For current optical materials, absorption loss can be minimized in the
waveguide range of interest, namely 800 to 1600 nm, the “IR window”.

Chalcogenide glasses in the IR window have very low absorption losses.
2. Scattering loss

The scattering loss is due to the conversion of guided optical light into

radiation modes or other guided modes. Scattering loss [7] can be caused by

10
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imperfections (the compositional variations within the volume of the
waveguide or dimensional fluctuations associated with variations in the height
and/or width of the waveguide), which result in density and refractive index
fluctuations. Even though the scattering loss has been substantially reduced to
the fundamental limit in fibers, it is still important in integrated optics.
Specifically, scattering loss in chalcogenide glass waveguides could be due to
the growth of microscopic crystals that have higher density at the glass/air
interface during the evaporation step [5]. Thus, special treatment for example,

annealing, of the sample is necessary.

Radiation loss caused by directional changes is another issue that
should be considered in integrated optical circuit design. This plays an
extremely important role in determining the density of components on a single
integrated optic substrate, and is the reason why optical devices tend to be very

long and narrow currently.

The loss in the bend or splitter section is due to the mode mismatch [8].
To predict bending loss accurately, an accurate description of the fundamental
mode field of the waveguide and the waveguide parameter is required. For the
curved regions connecting two parallel wavguides (directional coupler and
Mach-Zehnder interferometer for example), the result of Minford et al. [9] can

be used in practice, so that extensive theoretical discussion can be avoided.

What Minford derived is as follows: for the connection of two parallel
waveguides, if the length of the curved section is I and the offset of the two
parallel waveguides is l;, sine-wave S-bend [Figure 2.6] is generally the

optimal solution, as specified by the following piece-wise continuous equation:

! !
y = (L)x +-Lsin27(2) @.1)
[ 27 [

X

11
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If the radius of curvature varies gradually in the sine-bend (continuous second
order derivative), mode mismatch is minimized at each point. The typical loss

of sine-wave s-bend is less than 0.2 dB for 1,/1,> 100 [10].

Figure 2.6: Sine-wave S-bend approach

There 1s always a tradeoff in the design of a sine bend. The more tightly
confined a mode is, the smaller bend radius can be accepted. In the case of a
rib waveguide, this means a large index offset between center region and the
outside regions is required. The larger the index offset is, the smaller the guide
should be to maintain single mode condition, thus the more difficult to launch

light from a fiber to the waveguide.

2.5 Waveguide modeling techniques

Simply speaking, light in a waveguide can be viewed as being confined in
one or more dimensions along the propagation direction by total internal reflection
[11]. Total internal reflection, or TIR, is the reflection of the total amount of incident

light at the boundary between two mediums.

12
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Historically, geometrical optics analysis has been applied for waveguides
with dimensions greater than the wavelength of light [6] in order to describe the
phenomenon of guidance by total internal reflection. However, when the dimension
of the waveguide approaches the wavelength of light, the solution of Maxwell’s
equations is necessary to analyze waveguides. Thus, waveguide modeling generally
means to figure out the solution of the following Helmholtz equation that is derived
from Maxwell’s equations for each isotropic, lossless dielectric medium, and then
use the boundary conditions to match the solutions at the boundaries between these

media [2, 12].

Ve =-w’ué =-k’é (2.2)

V2h = -wluch = —k’h (2.3)

i(wt—k x—k,y—k, . . i(wt—~k x—k y—k .
b s the electric field, h=H ™™™ is the

Here: e=Ege
magnetic field (Eo, and Ho represent the amplitude of the field);
k* =k} +k}+k}=w’us (k;Kky, k, are the propagation constants along the
X, y and z directions respectively); and o=2nc/A (c is the light velocity in free
space), ¢ = €,&, is the permitivity of the dielectric (g, is the relative permitivity of

the dielectric, ¢, is the permitivity of vacuum), u = g, u, (u is the relative

permeability of the dielectric, u, is the permeability of vacuum).

Unfortunately, except the slab waveguide, which has a simple structure for
which exact closed form solutions exist, directly solving Maxwell’s equation to get
the mode profiles is generally impossible. Solutions are then sought by solving

Maxwell’s equations using either numerical or semi-analytical methods.

Several numerical and semi-analytical methods have been developed so far.
Among them, finite difference, beam propagation and effective index methods have

proven to be accurate, efficient and stable.

13
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While a finite difference method (FD) is typically used to figure out the
lateral mode profiles (the X-Y shapes of the field), the beam propagation method
(BPM) describes the evolution of the total field along the direction of propagation,
Z, in a waveguide [13]. This can be simply stated as: Given the optical field at the
input plane Z=0 (for example, the field coupled into the integrated optical circuit
from the input fiber), and the known refractive index distribution of the waveguide
circuit, what is the optical field through the optical circuit. Combining FD with BPM
(FD-BPM) can give a detailed picture of the light in a waveguide.

There are several reasons for the popularity of FD-BPM in modeling optical
guides like tapers, bends, splitters and gratings. Perhaps the most significant one is
that it is easy to use and can be applied to complex geometries without having to
develop specialized versions of the method [14] while maintaining high efficiency.
Thus an understanding of the proper usage and results of the tool can be readily

grasped by a non-expert in numerical methods [15].

On the other hand, the effective index (EI) method [14], which calculate the
approximate propagation constants in a waveguide by decomposing the two-
dimensional waveguide problem into two separated one-dimensional waveguide
problems (See Appendix I for a summary of EI method), is widely used for deriving

the mode profiles, because it has advantages in simplicity, accuracy and speed.

With the improvement in computer technology, commercial CAD packages
using the FD, BPM and EI methods are available nowadays to provide accurate, fast
and efficient analyses of micron-size waveguides with different structure and

configuration.

2.6 Optical waveguide fabrication techniques

Since the term “integrated optics” originated in 1969 [1], many waveguide

fabrication techniques have been proposed and used to form various optical

14
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waveguides on different substrate materials. The usefulness of these waveguides is

determined largely by their mechanical and optical properties.

Some of the latest fabrication processes that are related to this project are

summarized as followed:

» Evaporation

————————P b
g >
a
h >
—p f f
e d
1 e
e
a: vacuum chamber b: chamber cover and substrate holder c: valve
d: mechanical pump e: diffusion pump f: electrode
g: thickness monitor h: cooling system 1: power supply

Figure 2.7: Evaporation system scheme

The basic idea for evaporation is to heat the material to be deposited in
a vacuum chamber until it evaporates. The vapor then condenses on the cooler

substrate to form the film.

15
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Evaporation techniques have been employed in the optical field for a
long time and are still used today because of their simplicity. However,
evaporation has its shortcomings. The films made by evaporation have poor
sidewall coverage and relatively low density and small grains. Moreover,
compared to sputtering, evaporation films in which atoms arrive with a lower
energy have worse adhesion [16], thus careful annealing is necessary.

Annealing can also get rid of the intrinsic stress inherent in evaporated films.

A typical evaporation system is composed of three main parts as shown
in Figure 2.7. First is the pumping system, which consists of a diffusion pump
and a mechanical pump. The pressure is maintained at around 10" Torr. Low
pressure is required so that the vapor travels from source to substrate with
minimal collisions with gas molecules. Otherwise, the film quality is poor, the
deposition rate is low and source utilization is low. Moreover, the vacuum
system protects the contamination of the surface from the ambient

surroundings.

The second is the vacuum chamber which consists of a refractory
“boat”, electrical heating system and cooling system. The heating system is
composed of two pairs of electrodes, and the evaporating speed is controlled
by manipulating the voltage between the electrodes. The microscopic
roughness of the surface depends on by evaporating speed and system

temperature.

The third part of the system is the substrate holder and a cover for the
vacuum chamber which include a crystal thickness monitor to measure the
thickness of the film. The deposition rate is determined by the emitting flux
and by the geometry of the target and the substrate holder [17].

» Optical lithography

The performance and size of the optical chips are partly dictated by the
lithographic minimum printable size. Lithography, which replicates a pattern
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rapidly from wafer to wafer, or substrate to substrate, also determines the
throughput and the cost of optical systems. A lithographic system includes
exposure tool, mask, resist, and all of the processing steps to accomplish

pattern transfer from a mask to a resist and then to devices.

Although e-beam and x-ray systems are at present the primary
lithographic technique used in sub-quarter-micron device research due to their
intrinsic high resolution, optical sources remain attractive because of their high
wafer throughput, and they are the only ones used commercially. The
dominance of optical lithography is the result of a worldwide effort to improve
optical exposure tools and resists. For features over 1 um, optical lithography

is adequate [16].

A typical optical lithography system using the contact method, in which
mask and wafer are held in intimate contact by a vacuum after careful

alignment with existing features, is illustrated in Figure 2.8.

Light source

L Lens system

mask
substrate

Photo-resister

Figure 2.8: Contact exposure scheme for optical lithography

» Reactive ion etching
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It is necessary to etch the thin film previously deposited and/or the

substrate itself in order to form a functional structure on a substrate. Etching is

a micro-fabrication process for transferring the pattern that is defined by a

mask prepared by lithographic techniques on layers of photo-resist. In general,

there are two classes of etching processes:

Wet Etching

Dry Etching

Disadvantage:
1. Isotropy

mask

2. Undercutting due to isotropy

3. Bad resolution due to lateral etching

4. Reagents used are toxic, difficult to
dispose of [21]

5. More particles are generated

Advantage:

1. Simple

2. High etching rate
3. Low cost

Advantage:
1. Large anisotropy

Ion bombardment

mask

v

2. Good structure transfer with more
vertical sidewalls

3. High resolution

4. “Safe” precursor gas

Disadvantage:
1. Low selectivity
2. Low etching rate
3. Increased cost and complexity

Table 2.1: Comparison of wet etching and dry etching

1. Wet etching, which is the simplest approach by immersing the wafer into a

chemical solution that preferentially removes the underlayer without

substantially degrading the PR pattern [18].
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2. Dry etching, where the underlayer is dissolved by reactive ions or a vapor

phase etchant.

As seen from Table 3.1, the main advantage of dry etching is the
possibility of anisotropic etching due to ion bombardment [16]. This process is

optimized in a variant of plasma etching called reactive ion etching (RIE).

In RIE, the substrate is placed inside a reactor in which several gases
are introduced. An RF power source generates a plasma in which the gas
molecules dissociate into ions. The ions are strongly accelerated and impinge
vertically on the substrate. If the ions have enough energy, they can knock
atoms out of the material to be etched. This is the physical part of RIE. There is
also a chemical part, in which the ions also react at the surface of the material
being etched and form another gaseous material that can be pumped away. A

schematic of a typical RIE system is shown in Figure 2.9 below.

Wafers [RF signal
Insulator
,/ ﬁ’f‘fff/_?ﬂ’ A

i Upper electrode

7 Lower electrade
) Wafer holder

T Diffuser nozzles
Gas Pump Gas

Figure 2.9: Typical parallel-plate reactive ion etching system

There is a trade-off between the chemical and physical etching, and the
RF voltage and gas content needed to be adjusted, since the chemical part
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creates a smooth surface, but is isotropic and tends to cause undercutting, while
the physical part is anisotropic, creates vertical sidewalls, but tends to create a

rough surface.

2.7 Optical waveguide characterization techniques

Waveguides are the basic element in an integrated optical circuit. An
accurate knowledge of the optical characteristics, especially the propagation losses
and mode profiles of these waveguides is necessary for device design and

specification, as they characterize the quality of a waveguide.
1. Loss measurement

The losses in a waveguide can be caused by absorption, scattering and
bend, as discussed in Section 2.4. The attenuation coefficient, o, which describes

the losses in a waveguide, is given by

a =1—0—-1—(—)—g££°—/1—)‘—)—(d3/cm) , (2.3)

2172

where Py and P; are the optical power at the positions z; (cm) and z; (cm) in the
waveguide respectively. Therefore, to measure the attenuation involves measuring
the transmitted light as a function of propagation distance. Prism coupling and

cutback are two commonly used methods.

Instead of measuring the transmitted light, one can measure the scattered
light. In an optical waveguide, a guided mode continuously loses a small part of its
power by Rayleigh scattering. This scattered power is assumed to be proportional

to the total guided power, thus

- 1010g(PscaltO /Pscattl) (dB/Cm) , (2.4)

2172y
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where Pgeano and Pgcan; Tepresent the measured scattered light at zy and z,. The

decrease in scattered light shows the propagation losses of the guided mode.

The experimental setup to detect the scattered light is shown in Figure 2.10.
It includes a video camera, a video monitor, a video camera controller with an A/D
converter and a computer. When the light scattered from the wavguide is detected
by the video camera, the light intensity profile can be measured and the scattered
light power can be found in terms of the propagation distance. Typically, the
scattered light decreases exponentially along the waveguides (constant o), and the
attenuation coefficient is obtained by fitting the measured scattered power to a
decreasing exponential function. The computer can help to do this, as well as

control the camera. The accuracy depends on the sensitivity of the detection

system.
TV monitor
Camera controller
A/D converter
Camera
Computer
AAAAAAAAAA
Laser
waveguide

Figure 2.10: Scheme for scattered light measurement

Compared to other loss measurement methods, the scattered light
measurement is a more useful technique, as it determines the propagation losses of
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a waveguide without destroying it, and can be used for channel waveguides. Light
propagation in devices such as bends, Y-branches can also be observed using this

scattered light measurement method.
2. Mode profile characterization

The mode profile, or more specifically the intensity distribution of a mode,
is related to many properties of the waveguide such as its coupling coefficient to
an optical fiber or another waveguide, and its interaction with a grating. Thus the
mode profile is an important characteristic of a waveguide. Through mode profile
characterization, the number of modes, as well as mode dimensions and the

symmetry of the waveguide can be derived.

FIBER WAVEGUIDE CAMERA TV MONITOR
[ e [ O
MICROSCOPE
OBJECTIVE
A/D
converter
Computer

Figure 2.11: Experimental setup for mode profile characterization

A typical experimental setup for mode profile characterization is shown in

Figure 2.11. Light from an optical fiber is end-coupled into a waveguide. Because

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



waveguide dimensions are in the micrometer range, light coming out of the
waveguide is put through a microscope objective, and the near field pattern is
magnified. The image is then focused onto a video camera and converted to digital

data that can be processed by a computer.

One obstacle to get correct mode profiles with this setup might be the
linearity of the camera. The camera should have a very good linear response to the

optical power, or the mode profiles will be distorted.
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3. Waveguide design and simulation

For our experiments, arsenic tri-selenide (As,Ses) was used. This chalcogenide
material was selected because it has good transparency at 1550 [3]. Moreover, it is a

readily available material.

In this chapter, the design of waveguides in As;Se; is presented. Also, the
simulation results of these waveguides are discussed in terms of confinement and mode

shape.

3.1 Inverted rib chalcogenide waveguides
3.1.1 Design of single-mode rib waveguides

Considering the large index offset between As,Ses; and typical cladding
materials (e.g. SiO,), large cross-section rib waveguides, a novel waveguide
concept proposed by Marcatili [19], were initially considered. This design allows
for a large cross-section of single-mode waveguides despite the big difference in
refractive index between core and cladding material. Thus, a lower coupling loss to

fiber and a lower propagation loss can be obtained.

At first glance, the rib waveguide structure may be confusing since there are
no physical core-cladding boundaries in the horizontal direction. However, rib
waveguides do have transverse confinement due to the effective index offset
between the center region and the side regions [20]. The effective index offset is
relatively small. By properly defining the proportional size of transversal
dimensions, mono-mode rib waveguides can be comparable to single-mode optical

fiber. This consequently provides better coupling between waveguide and fiber.

Rib waveguides have been analyzed extensively in [20 — 29]. The result of
Pogossian et al. [20] have a simple normalized form, and can be used for the
analysis in this project.
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ASQSC}

Figure 3.1: Structure of inverted rib waveguide

A schematic diagram of the proposed waveguide structure is shown in
Figure 3.1. The inverted structure was used, thus both As;Ses etching and additional
effort can be avoided. Air was used as the upper cladding, and SiO; as the substrate.
Therefore, total internal reflection can be maintained since both have an index of
refraction lower than As;Ses.

For the rib structure in Figure 3.1, the conditions that Pogossian et al [20].

derived for single-mode propagation can be formulated as follows:

7

t<—_(l—r2)”2 , 3.D
r(=hy /H,;)>05 (32)
Defining ; = _W_ef!;, and , =hi,
He/]. H,

Where: h, =h+q,H,; =H+gq,
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q

n,,ng,n, are the refractive indices of the core, lower cladding and

the upper cladding respectively (see Fig.2 for detail),

For TE modes, y__=1; for TM modes, y_ = (nc_’s)z )
' ’ n
S

k = 2; , A 1s the wavelength.

(pm)

Multi-mode

Rib Width, W

45+

Single-mode

| | 1 ] i
34 3.6 38 4 4.2 4:4 46 4.8 5 52
Rib Height, H (pm)

Figure 3.2: Single-mode condition curve for rib waveguide (h=3 pm)
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Equation (3.1) and (3.2) tell us that whether the rib waveguide only supports
fundamental mode depends largely on the ratio of the rib width to the rib height. A
plot of H as a function of W for h=3 micron is shown in Figure 3.2. The region
under the curve corresponds to mono-mode propagation, while the region above the

curve is the multi-mode zone.

The following single-mode points which have maximum W/H for the given

h were selected for fabrication.

Wum)| 45 | 44 | 43 | 42 | 41 | 40 | 39 | 38

H(um) | 4 41 | 43 | 42 | 43 | 45 | 46 | 48

h(um)| 3 3 3 3 3 3 3 3

Table 3.1: Proposed inverted rib waveguide dimensions

3.1.2 Simulation of single-mode rib waveguides

It is necessary to verify the single-mode propagation of the designed
waveguides and to evaluate the mode profiles and other theoretical parameters
before fabrication. The commercial software packages tempSelene and BeamPROP
[15] were used in this project to derive the fundamental mode profiles and to

confirm the single-mode propagation.
a) Fundamental mode profiles

The fundamental mode shapes were derived by running the Mode Cal in

tempSelene [finite difference method: ncore=2.72; nup=1; ndown=1.45; H, h and
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W are as illustrated in Table 3.1; substrate thickness=10 pm; calculation

window: 50 um X 50 um]. The simulation result is shown in Figure 3.3.

A ] N

Figure 3.3: Fundamental mode profile of a proposed rib waveguide (w=4 pm)

Figure 3.3 tells us rib waveguides do have lateral confinement, as seen
from the plot that large amount of power carried by the fundamental mode

(illustrated by the red circle) is confined under the rib.

Figure 3.3 also tells us the proposed rib waveguides have good coupling
efficiency to single-mode fibers, in view of the fact that the amount of power
coupled to a waveguide is determined by how similar the input field distribution
is to the transverse field profile of the fundamental mode of the waveguides [10].
As shown by the simulation software, the fundamental mode of the proposed rib
waveguides has an approximate gaussian distribution both in lateral and vertical
direction with full width half maximum (FWHM) around 3.26 pm and 2.30 pm

respectively. Because the input field from a single-mode fiber to waveguides is
28
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an approximate gaussian beam, the proposed rib waveguides are matched to

single-mode fibers in terms of shape and mode field diameters.

TempSelene did find the designed rib waveguides support high order
modes in the FD point of view. However, as stated by Pogossian et al. [20], since
the single-mode conditions are met, the high order modes will radiate out when

light propagates through the rib waveguides.

b) Verification of single-mode behavior

Computed Transverse Field Profile at Z=36000

w

Vertical Direction (um)
— [N

370 380 390
Horizontal Direction {(pm)

Figure 3.4: Transverse field profile of a rib waveguide (W=4 um) at z=36000 um
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Even though the single-mode conditions for rib waveguides were applied,
the question remains as to whether the high order modes will be cut off as
expected. In order to solve this issue, BeamPROP, a commercial software

package which uses FD-BPM in its calculation, was exploited.

To verify the single-mode behavior of the proposed rib waveguides, a
method that Pogossian et al. [20] developed was applied. A gaussian beam was
launched into these waveguides at z=0 um (Waveguide dimensions are as shown
in Table 3.1, and the propagation distance in the guide is denoted as z). The
transverse field profiles were then picked up at z=36000 pum. A plot of these
transverse field profiles is shown in Figure 3.4. It can be clearly recognized that
the shape of the field at z=36000 um is close to the fundamental mode of the rib
waveguides with only one peak at the center region. Thus, it is proved that the

proposed rib waveguides are effectively single-mode.

3.2 Strip-loaded shallow rib waveguides

The shape of the fundamental mode in a rib waveguide is strongly
determined by the discontinuity along the edges of the rib. Basically, we expect the
shape of the fundamental mode to be more like a Gaussian, so that more light can be
coupled into the waveguide from an input fiber. The deeper the rib is, the closer the
mode is to a Gaussian. However, experimental results presented in Chapter 4 show
As;Se; thin films do not have good adhesion and are subjected to high stress. Also,
deep-etching these films through conventional wet or dry etching techniques has
proven troublesome. Thus, a different method to fabricate large cross-section rib
waveguides was required. Strip-loaded shallow rib waveguides were finally

fabricated, and are analyzed in detail.

The structure of the proposed strip-loaded shallow rib waveguides is shown
in Figure 3.5. After a BCB buffer layer was added to silicon wafer in order to

improve adhesion, a TORLON strip is applied on top of the shallow rib. The strip
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gives the waveguide lateral confinement, and the shallow rib further confines the

light in the center region and reduces the mode loss [30].

Another reason that a strip was added on the rib is that the strip-loaded
structure is easier to fabricate [31]. Mode loss was found to be strongly dependant on
interface roughness in rib waveguides [32], while in these strip-loaded shallow rib
waveguides, the requirement on the edge roughness of the strip is no longer as
severe as in rib waveguides [32], since most of the light is confined in the film under

the strip as shown in Section 3.2.2.

P
ity - I h Strip
u I 2bA 2brA Core
m Substrate

Figure 3.5: Scheme of strip-loaded shallow rib waveguide

3.2.1 Design of strip-loaded shallow rib waveguides

The strip-loaded shallow rib waveguide is a hybrid between a strip-loaded
waveguide and a rib waveguide. It belongs to a class of waveguide called open
dielectric waveguides [22] (slab-coupled waveguides in [19], rectangular dielectric
waveguides in [25]). Open dielectric waveguides, especially rib waveguides have
been analyzed in the literature using mode-matching techniques [21-29]. Among

the articles, the result of Soref et al. [21] for rib waveguides have greatly been
31
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discussed and quoted. Their result is given in a normalized form, and can be

adapted for strip-loaded shallow rib waveguides.

In view of the fact that rib waveguides are strip-loaded rib waveguides with
n, = n3 (Figure 3.5), generalizing the single-mode conditions that Soref et al.
derived for rib waveguides to strip-loaded shallow rib waveguides yields a relation

between the transversal sizes of these waveguides for single mode propagation:

Defining the height of the rib as 2b, and the height in the side regions (refer
to Figure 3.5) are 2brA, when

7>05, (3.3)

Then higher-order modes in the vertical direction (EH,9, HE o modes and
the higher-order EHpo, HEp modes) will be cut off [21]. The main underlying
physical assumption of the above condition is based on the fact that when r>0.5, the
effective index of the fundamental slab mode in the side regions becomes higher
than the effective index of any high-order vertical mode in the central region. The
higher-order modes in the central rib section will be leaky and coupled to the

fundamental mode in the side regions.

For r>0.5, it was found by Soref et al. [21] that the EH¢;, HEo; modes and
the higher-order EHom, HEom modes will cease to propagate if

V<V, 34
where: V=£ﬂ‘—\/g, (3.5)
2 b
v, :%(1+0.3J§), (3.6)
d w _ﬁb— 3.7
ane g, +4rb’ S
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2
5:(&)2—1=(&)2_1_—_ M -1 (3.8)
h, ™, q, +4rnrb
with h,.=2by , (3.9)
w
= 2bri
h=2r (3.10)
w, =—27rb (3.11)

a q, +4xrb’

7/c0 }/02
g = + , (3.12)
1 \/nz—nz2 \/nz—nlz

7’s0 7/s2
9= T (3.13)
2 \/nz P \/n2~nl2

n, n;, ny, n3 are the refractive indices of the core, lower cladding, strip and
the upper cladding respectively (see Figure 3.5 for detail). For TE modes, yco, c2, so,
o= 1; for TM modes, yco, c2=(n2,1/n)2, ¥s0, S2=(n3,1/n)2. 2ay and h, are the width and

the height of the strip respectively as shown in Figure 3.5.
Substituting (3.5) and (3.6) into equation (3.4) yields

a 1 1
—<—(03+—). 3.14
5 <1 JE) (3.14)
Coding the conditions (3.3) and (3.14) for strip-loaded shallow rib
waveguides in Matlab generated the following plot for the height of the rib=1 um.

As shown in this plot, when etching depth increases, both rib and strip-loaded
shallow rib waveguide width must decrease to maintain only single-mode
operation. At some point, this width may be too narrow for fabrication and/or

introduce unacceptable coupling loss. Compared to rib waveguides, strip-loaded
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shallow rib waveguides allow a wider rib for the same etching depth in most cases,

and thus are easier to fabricate.

The height of the side region vs the-width-of the rib for H=1 um
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Figure 3.6: Single-mode condition curve for strip-loaded shallow rib waveguide
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Based on the curve in Figure 3.6, the following single-mode strip-loaded
shallow rib waveguides were finally fabricated [H: the height of the rib region, h:
the height of the outside region, W: the width of the rib].

Wa‘l’\?f?ide S.1 | S2 | S3 | S4 | S5 | S6 | S7 | S-8
W (um) 30 | 29 | 28 | 27 | 26 | 25 | 24 | 23
H (um) 1 1 1 1 1 1 1 1
h (pm) 09 | 09 | 09 | 09 | 09 | 09 | 09 | 09

Length (cm) 3 3 3 3 3 3 3 3

Table 3.2: Fabricated strip-loaded shallow rib waveguide dimensions

The above dimensions were crosschecked with Marcatili method [19] to
ensure that the proposed strip-loaded shallow rib waveguides are mono-mode. As
indicated by Marcatili, the penetration depth of higher-order modes can be infinite
due to well-defined proportional sizes of the height and the width in the central
region. When propagating, high-order modes will be filtered out by coupling to
radiation modes. The number of modes, N, of a slab-coupled guide is mostly

determined by its geometry. Following Ref. [19],

-}V?j (3.15)

where: T =2brA(l+c,), (3.16)
W =2aA(l+c,), 3.17)

H =2bA(l+c¢,), (3.18)

Vigs = kh,/n2 —nlz’z,3 , (3.19)
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¢ =l(i+i), (3.20)
V3

r v

¢, =+ Ltanh("2y, +tanh 122y, (321
v, v, h Vv,
2
and ¢, = ﬁ%— (3.22)
avy n

Our calculation with the Marcatili method proves all the fabricated strip-

loaded shallow rib waveguides are single-mode (N<2).

3.2.2 Simulation of strip-loaded shallow rib waveguides

The commercial software package tempSelene was used to derive the
fundamental mode profiles for the proposed strip-loaded shallow rib waveguides. In
view of the fact that the etching depth is hard to control during the processing of
As,Ses, the effective index method was coded in Matlab in order to derive the

confinement changes in terms of etching depth (See Appendix IV).

1) Effective indices

Waveguide

S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8
No.

Width(um) | 3.0 29 2.8 2.7 2.6 25 24 23

Neffrib | 2.6455 | 2.6455 | 2.6455 | 2.6455 | 2.6455 | 2.6455 | 2.6455 | 2.6455

Neffout |2.6295|2.6295 | 2.6295 | 2.6295 | 2.6295 | 2.6295 | 2.6295 | 2.6295

Neff 2.6406 | 2.6404 | 2.6401 | 2.6399 | 2.6397 | 2.6394 | 2.6391 | 2.6389

Table 3.3: Effective indices of the proposed strip-loaded shallow rib waveguides
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The lateral confinement in an open dielectric waveguide is greatly
defined by the modal refractive index or the refractive index offset between the
center region and the side regions, and can be analyzed by the effective index

method. Coding the effective index method in Matlab resulted in Table 3.3 and

Figure 3.7.
H=1um, w=3e-006
2.646: i —7 T - T T T T T T
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Figure 3.7: Effective index vs. etching depth
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As seen from Table 3.3, when the width of the rib decreases, the effective
index of the fundamental mode decreases, resulting in greater field penetration in
the side regions. On the contrast, when the width of the rib increases, the
effective index of the fundamental mode increases, resulting in a strong

confinement in the lateral direction.

While Table 3.3 shows the effective index changes with the width of the
rib, Figure 3.7 demonstrates the index offset between the rib region and side
regions increases with etching depth in strip-loaded shallow rib wavguides,
resulting a stronger confinement. This can be interpreted using the ray optics. As
etching depth increases, the lateral ‘glancing’ bounce angle of the fundamental

mode increases, thus has a higher percentage of its field under the rib.

The lateral confinement is related to many properties of the waveguide,
such as waveguide density in an integrated optical circuit and allowable bend
radius. As deep etching is difficult for As,Se; film, the proposed waveguides do
not have a strong lateral confinement. Thus, the bend radii cannot be too small as

discussed in Chapter 2.

2. Fundamental mode profiles

The fundamental mode profiles were derived by running the Mode Cal in
tempSelene. Finite difference method was used with H, h and W as illustrated in
Table 3.2, ncore=2.72, nstrip=1.54, nup=1, ndown=1.62, strip thickness=1 pm,
substrate thickness=10 pum, and calculation window was defined as 50 um X 50
pm. The resulting figure (Figure 3.8) shows strip-loaded shallow rib waveguides
have better mode shape in terms of coupling light from a single mode fiber for
the reason that compared to strip-loaded waveguides and rib waveguides, the
fundamental mode profiles of the proposed strip-loaded rib waveguides are more
circular with most of the energy (80%) is confined under the rib (shown by the

red circle).
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In the case of strip-loaded waveguides, the fundamental modes spread a
lot to the sides, thus the waveguides should be further apart. A rib, even a
shallow one, can help to further confine light in the center region. The deeper the
rib is, the better the light is confined. This is consistent with what we get from
the EI method.

Replacing the strip with a higher refractive index material, such as As,S;
- (refractive index ~2.5) or Ga:La:S glasses, can improve the coupling coefficient
as well, because the mode shape will have better match with the output of single-

mode fibers.

b) Strip-loaded waveguide

a) Strip-loaded shallow rib waveguide

¢) Rib waveguide

Figure 3.8: Fundamental mode profiles
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3.3 Bends and splitters

3.3.1 Design of sine-bends and Y-splitters

Sine-bend | ¢ S2 | $3 | s4 S5 S-6
No.
Ix (cm) 4.0 4.0 4.0 4.0 4.0 4.0
Iy (um) 125 250 375 125 250 375
W (um) 2.5 23
H (um) 1 1
h (um) 0.9 0.9
L; (cm) 0.05
L, (cm) 0.45
N
f ly
N
N N N N
> n
Remark: L;, and I are the length of the added straight
sections and bend section respectively.

Table 3.4: Fabricated sine-bend (refer to equation 2.1) dimensions

Sine-wave s-bends were used for the bends and Y-splitters in this project
since it minimizes the bending loss discussed in Chapter 2. The length of the bends
should be not less than 100 times of the offset in the transverse direction, because

there is no tight horizontal confinement. The separation between two nearby
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outputs in bend sections is a multiple of 125 pum as it is the standard of integrated
optics. Two straight sections are added before and after the bend section in order to

observe the light changes in the curved area during testing.

The fabricated sine-bends are shown in Table 3.4, while the fabricated Y-

splitters are illustrated in Table 3.5.

Yosplitter |y b yo | v3 | v4 | vs | v
No.
lx (cm) 4.0 4.0 4.0 4.0 4.0 4.0
ly (pm) 250 500 750 250 500 750
W (pum) 4.0 3.8
H (um) 1 1
h (um) 0.9 0.9
L, (cm) 0.05
L, (cm) 0.45
ST
ly
BT
N N NN
M D Lo Lh
Remark: L, and I are the length of the added straight
sections and branch section respectively.

Table 3.5: Fabricated Y-splitter dimensions
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3.3.2 Simulation of sine-bends and Y-splitters

The energy flow along the propagation direction gives us a clear picture of
how the light evolves in the proposed sine-bends and Y-splitters, and can be
simulated with BeamPROP, a simulation program using finite-difference beam

propagation techniques.

Running BeamPROP generates the following plot (Figure 3.9) for a sine-
bend. As seen from this graph, when light goes through a sine-bend, it will lose part
of its energy. This can be explained as the power is coupled from fundamental
mode to radiation modes. As calculated by BeamPROP, losses are around 30% for

our proposed sine-bends.

20000 - |- Pathway,
: : Maonitor: 1.0
| | 1, Mode O i ‘
€ : - 1
= 10000 -] |
~ . L -
0 T 60
0 100 200 1.0 0.5 .0 :
XK (pm) Monitor Value (a.u.)

Figure 3.9: Beam propagating in a sine-bend (refer to equation 2.1)

Note: Monitor value is the light power propagating under the strip (see Figure 3.1).
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3.4 Mask design

A prototype mask was designed for optical lithography of the waveguide
structures. Quartz was used as the substrate, and chromium is applied as the opaque

layer. Thus, the mask is more robust and will not wear out in a short time.

The waveguides were defined by e-beam, and were arranged by its width and
function as shown in Appendix VI. The waveguides are also labeled to facilitate
identifications during inspection. Alignment marks were included in order to provide

angular alignment during exposure.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4. Waveguide fabrication

Fabrication is the key step in this project. Whether the waveguides are feasible
depends on the fabrication techniques, as well as the materials. In this chapter, the
fabrication and experimental results of the proposed inverted rib waveguides will be
discussed. Also, the fabrication recipe of the proposed strip-loaded shallow rib

waveguides will be described in detail.

4.1 Inverted rib waveguide fabrication

Inverted rib waveguides are initially proposed, as the rib channels can be constructed

by silicon dioxide etching, which is well known.
4.1.1 Fabrication processes

The steps [Figure 4.1] required for making the proposed As;Se; inverted rib

waveguides are:
a) Wafer preparation

Commercial silica wafers (orientation: <100>, diameter: 57, silicon dioxide
thickness: 2 um) are applied as the substrates for the proposed As,Se; inverted rib

waveguides.

The silica substrates are cleaned using a “piranha’ solution (1800 ml sulfuric
acid and 600 ml hydrogen peroxide, see Appendix VII for recipe). Cleaning is necessary
for the subsequent processes, as not all the material adhere well to oxides, and adhesion

is generally improved on clean surfaces.
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b) Chrome sputtering

One layer of chrome is sputtered on top of silica wafers. This layer of chrome
will work as the etching mask for transferring the waveguide pattern onto the surface of
the silica wafers later. Chrome is chosen because most of the other metals, as well as

photoresist are etched by CHF3, the echant for silicon dioxide in RIE.

Lesken sputtering system is used in this project for chrome deposition, as
sputtering has advantages over evaporation. The sputtering system pressure is maintained
at 1.3 X107 torr so that it can provide fairly good coverage, and films have higher density

and larger grain.

c) Photolithography

In this step, the pattern on the prototype mask is transferred to a layer of positive
photoresist which is then the mask for the chrome etching (For detail lithography recipe,
please refer to Appendix VII).

Pre-dehydration baking of the substrates at 200°C is necessary for positive PR,
as positive PR doesn’t always adhere well. PR is then applied to the wafers by spinning.
The thickness of the PR is determined by the spinning speed, as well as the viscosity and
acceleration. In the proposed inverted rib waveguide fabrication, the spinning is set at

4000rpm for 40s.

To drive off the extra solvent, the wafers with PR on top are baked before
exposure at 115°C for 90s on a hot plate. PR is exposed to UV light for 4s and developed

in Developer 354 solution for 15s afterward.

d) Chrome etching and PR stripping off
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This step is to define the proposed pattern on the chrome layer which is then the

mask for silica etching.

In this step, wafers are simply dipped into cerium ammonium nitrated solution
which preferentially remove chrome without substantially degrading the PR pattern.

After chrome etching, the remaining positive photoresist is then stripped off in acetone.

e) Silicon dioxide etching and chrome stripping

This step implements the proposed rib channel in silicon dioxide using reactive

ion etching.

CFH; is used as the precurser gas for RIE, as this gas will be broken down into
sub-fluorides CF, which then can etch silica. The gas flow rate is 20 sccm, while the RF

power is set to be 150W and cubical pressure 45 mtorr.

As the major advantage of plasma etching is the possibility of anisotropic
etching due to ion bombardment, a lower pressure and a higher RF power increase ion
energy, thus cause more vertical sidewalls and relatively less undercutting. However,

they can also cause lower etching rater and rough surface.

Chrome is stripped off after silica etching using cerium ammonium nitrated

solution.

f) As,Se; bulk material preparation and As,Se; evaporation

This step is to deposit As,Ses; on top of silica and construct the desired rib

waveguides.

In this process, As;Ses bulk material is first prepared by melt quenching. Melt
quenching is a way to prepare bulk glasses by rapidly cooling (quenching) the liquid
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materials. Whether the material will crystallize or form a glass upon cooling mainly
depends on the temperature of the oven and the rate of cooling. As,Se; is good glass
formers, which means it can be made amorphous easily without extreme conditions, such

as an extra high cooling rate.

As;Se; bulk material is then place in an evaporator, and As;Ses thin films are
prepared by vapor deposition. The chamber pressure is controlled at 2 X10° Torr, while
the evaporation power is 7V X 145A. The substrate is rotated, so that the produced thin

films will be as homogeneous as possible, with uniform thickness.

Similar to the cooling rate in melt quenching, the parameter in vapor deposition
is the deposition rate. The faster the film is deposited, the more “amorphous” it is.
Evaporation works well on As;Se;. Being a good glass former, As;Ses thin films usually
do not require a particular deposition rate (10nm/s in our case). Moreover, As;Se; has a

glass transition temperature (Tg) as low as 468K, which is attractive for evaporation.
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Initial oxide Initial oxide
<100> substrate <100> substrate
a) Step 1 b) Step 2
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d) Step 4
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Figure 4.1: Inverted rib waveguide fabrication receipt
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4.1.2 Obstacles in fabrication

The proposed inverted rib waveguides cannot be fabricated as expected. The

problems, which are related to the materials, are analyzed as followed:

1) As,Se; films do not stick to Si0, wafer very well due to different bond lengths
and angles. Different buffer materials (TORLON, BCB) and different treatments, e.g.
hexamethyldisilazane (HDMS), annealing, were tried to improve the adhesion. It seems
TORLON and BCB have better adhesion than Si0,. HDMS does not work on As,Se;

films.

2) CHG (As,Ses3) films suffer from high stress due to different thermal expansion
coefficient (Si0,: 0.5 ppm/C°, BCB: 52 ppm/ C°, AsySes: 21 ppm/ C°) from the

underlying layer. Thus, the adhesion problem is compounded.

It is said in the literature that annealing can help to relieve residual stress and
minimize the scattering losses of the guided wave [5]. However, research at TRLabs has
shown that As;Ses films with Si0; or BCB as under-cladding become more fragile after
annealing at different temperature range from 30 C° to 170 C° (the glass-transition
temperature Tg). Different annealing temperatures with different durations have been

tried. The reason for this is still unknown.

Figure 4.2: Stress cracks a sample which had been sitting for 12 days
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3) CHG (As;Ses) films have shown degradation over time.

For example, stress cracks may show up in a film which has been sitting outside
clean room for seven days [Figure 4.1]. Apparently, the glass structure cannot stand the

stress with time.
4) Basically, all alkaline solutions can etch As;Ses.

Monoethanolamine (MEA), ethylenediamine (EDA), NaOH and NH4OH have
been intensively tested to determine etching rates and etching conditions. EDA and
NaOH are very active. Fumes are generated and As,;Se; film will peel off after several
tens of seconds. MEA and NH4OH have better controllability. For MEA, the solvent can

be heated up to increase etching rate.

An etching rate of 200nm per minute was measured for MEA which has been

heated up to 45°C, and 20nm per minute for NH,OH at room temperature.

5) Lithography might be difficult because most of the PR developers (NaOH for
positive photoresist and NH4OH for negative resist normally) available in Microfab are

alkaline solutions.

6) Due to the chemical and adhesion characteristics of As,Ses films, etching depths
can only reach several hundred nanometer. If the film submerges in the etchants for a
longer time, the solvents will go underneath through defects [Figure 4.2 (a)] and later the

film will peel off [Figure 4.2 (b)].

Our final experimental result showed that etching 100-200 nm is easier to

achieve, and it is more repeatable.
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a) Solvents go underneath b) As;Se; film peels off

Figure 4.3: Deep-etching problem of As,Se; film

7) For As;Ses, evaporation does not provide good sidewall coverage [Figure 4.3].

SEM shows the step coverage, which is defined as the ratio of minimum sidewall
coverage to the normal film thickness on the top surface, is around 3.21%. This means

evaporation has poor ability to deposit film uniformly over topographical features.

Unless the substrate is also very hot, the As;Se; molecules most probably will
stick to the surface each time they strike. The sticking coefficient is very close to one,
thus the As,Se; cannot fill the rib channel as expected. The shape of the fabricated
inverted rib waveguides is not as nice as in Figure 3.1, as seams appear along the rib

channels (shown in Figure 4.3), and bubbles and ripples distort the waveguide structure.

Poor sidewall coverage, as well as the columnar structure due to the angular
distribution of flux, are typical problems of evaporation. In addition to heating the wafer
in evaporation, sputtering will provide better sidewall coverage. However, the
availability in Microfab (no suitable sputtering system for As;Ses) limits our choice in

experiment.
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Because perturbations, e.g. seams, bubbles and ripples, are the reason for a high

level loss in waveguides, the proposed inverted rib waveguides are not feasible.
Ripple

Bubble

Seam

ASzSC3 film

Silica substrate Waveguide Channel

Figure 4.4: SEM picture of a fabricated inverted rib waveguide

4.2 Strip-loaded shallow rib waveguide fabrication

As discovered in the fabrication of the inverted rib waveguides, deep etching is
impossible, and large cross-section rib waveguides need to be modified. Based on the

characteristics of As,Ses thin films, strip-loaded shallow rib waveguides were proposed,
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as these structures do not require deep etching, have a simple fabrication procedure and

relatively good optical properties.
4.2.1 Fabrication processes

The fabrication of the proposed As;Ses strip-loaded shallow rib waveguides involves

the following steps.
a) Wafer preparation

Commercial silicon wafers (orientation: <100>, diameter: 5) are used as the
substrates for the proposed As,Se; strip-loaded shallow rib waveguides, and a BCB
buffer layer will be applied on top of silicon to increase adhesion and provide total

internal reflection.

The silicon substrates are cleaned using a “piranha’ solution (see Appendix VII
for recipe). Rigorous cleaning is necessary before BCB deposition, as dust generates

pinholes in the BCB films.

b) BCB deposition

In this step, a BCB layer is deposited on top of silicon wafers by spinning to

solve the problem of adhesion of the As,Se; films.

The wafers are coated with Dow adhesion promoter AP3000 first, as BCB
doesn’t always adhere well. 20ml of BCB is then dispensed on the wafers and spun at
3000rpm for 30s. At last, T1100 ancillary chemical solvents are added at the edge of the
wafers to remove the edge bead, and the substrates are cured in vacuum oven for one

hour at 250C. The resulting films are approximately 10 microns thick.

c) As;Se; bulk material preparation and As,Ses evaporation
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In this step, As;Ses thin films are deposited as in inverted rib waveguide

fabrication.

However, because As,Se; doesn’t always adhere well to BCB, cleaning becomes
more critical. As been found out in process, cleaning the evaporator chamber every time
before evaporation can greatly reduce pinhole and defect. Reducing pinhole and defect
will prevent solvents from going underneath and peeling off the film in the coming

processes.

a) Without cleaning b) With cleaning

Figure 4.5: Clean-up can reduce pinhole and defect

d) TORLON deposition

Similar to BCB deposition, a layer of TORLON is deposited on top of As;Se; by
spinning. The wafers are first coated with TORLON at a very low speed, and then spun at
7000 rpm for 30s. The final TORLON thickness is around 1.2 microns (refer to Appendix
VII for detail).

e) Photolithography
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This step is to transfer the pattern on the prototype mask to a layer of negative
photoresist which is then the mask for the TORLON etching and As,Se; etching (see
Appendix VII for recipe). Negative PR 5214 is used because the same mask for the
inverted rib waveguides is applied. Similarly, MF321 is used as developer. Since the
negative PR works as the mask for two consecutive etchings, the PR layer needs to be
thicker. The spinning speed is thus lowered to 3500 rpm for 40s. The resulting thickness

is approximately 2 pm.

f) TORLON Etching

This step implements the strip structure in TORLON for the proposed strip-

loaded shallow rib waveguides using reactive ion etching.

O, (flow rate: 80sccm) and SF¢ (flow rate: 2.6sccm) are used as the precurser

gases for RIE. While the RF power is set to be 150W, the chamber pressure is 93 mtorr.

g) As;Se; etching

This step implements the shallow rib in As,Se; for the proposed strip-loaded
shallow rib waveguides using wet etching. The wafers are simply dipped into ammonium

hydroxide solution for 5 minutes, and the As,Ses layer will be etched down 100nm.

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BCB layer (10um)

Silicon wafer
\ <
<100> substrate <100> substrate
a) Step 1 b) Step 2
BCB layer TORLON (1.2 um) As;Ses
As,Se BCB layer
< 7
< -
<100> substrate <100> substrate
c) Step 3 d) Step 4
TORLON Negative PR Strip (TORLON)
Negative PR AsySes AsySe;
b BCB layer / BCB layer
7
= ¥

<100> substrate

<100> substrate

e) Step 5

Strip (TORLON)

f) Step 6

ASzSe3

/ BCB layer
P
e

x

<100> substrate

g) Step 7

Figure 4.6: Strip-loaded shallow rib waveguide fabrication receipt
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4.2.2 Discussion

Even though the shapes and dimensions of the strip-loaded shallow rib waveguides
(shown in Figure 4.4) are generally as expected, there are still some issues that need to be

analyzed.

Strip (TORLON) Suspected crystal pits Rib (100nm)

Core (As;Se3 )

Substrate (BCB)

Figure 4.7: SEM pictures of a fabricated strip-loaded shallow rib waveguide

1. Negative PR is not thick enough to be the mask for both TORLON etching (Step
f) and As;Ses etching (Step g). As shown in Figure 4.7, the negative PR layer has gone in
Step f, and the TORLON layer has been etched down as well.

Moreover, Ammonium hydroxide also reacts with TORLON slowly in step g,

which result in the shrinking of strip (TORLON) both in vertical and horizontal direction.
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Thus, the fabricated strip-loaded shallow rib waveguides will be smaller than the
features on the mask, e.g. if the width of the feature on the mask is 3.8 um, the fabricated

strip-loaded shallow rib waveguide will only be 3.0 um wide.

Faceting Horn

m-m= 10nm

820.653nm

879.261nm

Figure 4.8: Sample structure after TORLON etching

2. In TORLON RIE (Step f), re-deposition on the sidewalls creates ‘horns’, and
angular dependence of sputter yield causes faceting (see Figure 4.9), thus the fabricated

strip-loaded shallow rib waveguides are not rectangular, and have a rough sidewall.

However, as discussed before, since most of the power is confined under the
strip in strip-loaded shallow rib waveguides, surface roughness is no longer as important

as in rib waveguides, so it is a minor issue.
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horns faceting

Figure 4.9: Horns and faceting in RIE

3. The As;Se; films are suspected to undergo local crystallization in processes
(most probably in baking). Crystal structure (see Figure 4.7) is observed in waveguide
samples. The reason for this is still unknown. As discussed in Section 2.4, pits generated

by crystallization can cause high loss in waveguide.
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5. Waveguide testing

This chapter deals with the characterization of the As,Ses strip-loaded shallow rib

waveguides.

Even though the proposed strip-loaded shallow rib waveguides are designed for
1550 nm, calculation shows they also support single-mode propagation at wavelength of
980 nm. It is generally understood that for propagation at A=980 nm, the mode size will
be smaller, the propagation loss will be higher as Rayleigh scattering loss is proportional

to 1/A* and the absorption coefficient also decreases with A.

Single-mode
fiber

Figure 5.1: End coupling scheme

Light of wavelength 980 nm was end-coupled into waveguides from a single-
mode fiber in testing as shown in Figure 5.1. The scattered light and waveguide output
are captured by a camera, and the images were analyzed with the aid of a computer for
the propagation losses and mode profiles. The waveguide testing was also tried for higher
wavelengths such as 1310 nm and 1550 nm. However, without a proper camera, it is

different to align the waveguides with the fiber.
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5.1 Mode profile characterization
5.1.1 Mode profiles

The waveguide near-field patterns are imaged using the setup shown in Figure 2.11.
The intensity distributions are derived with the help of IPLab, a software package. The

intensity linear plots are shown in Figure 5.2 and Figure 5.3, while the output images are

as shown in Figure 5.4.

Intensity Distribution (horizontal direction)

250
200

150

+ Series1

100

Intensity (arbitrary unit)

50

0 5 10 15

Distance (micron)

Figure 5.2: Intensity distribution of a waveguide output (horizontal direction)

Note: the distance is measured by comparing the output images to the film thickness that

has been measured by profilometer.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Intensity Distribution (vertical direction)
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Figure 5.3: Intensity distribution of a waveguide output (vertical direction)

a) Rib region b) Slab region

Figure 5.4: Waveguide output images
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5.1.2 Analysis

As seen from the above figures, most of the light is confined under the strip in the
chalcogenide glass. The mode field shape is gaussian-like except the top, which is

rounded due to the saturation of the camera.

There is a discrepancy between the theoretical and measured profiles in that the
predicted modes are more tightly bound than the measured modes. One possible reason
for this inconsistency is that the tested waveguide sections are not long enough to let the

slab modes in BCB leak away.

5.2 Evaluation of waveguide losses
5.2.1 Light propagation (top images)

Single-mode fiber Multimode fiber

a) Light propagating in waveguide region  b) Light propagating in nearby slab region
Figure 5.5: Light propagating in a straight waveguide
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The light scattered from the wavguides is captured using the setup shown in Figure
2.11, and the top images, which represent the light evolution inside the waveguides, are

derived with the help of Studio DC10phus, a software package.

Light propagating along a straight waveguide and a splitter are shown in Figure 5.5

and Figure 5.6 respectively.
Single-mode fiber

Waveguide Outputs

Figure 5.6: Light propagating in a Y-splitter: a) light coupling into waveguide;
b) splitting; c¢) further splitting apart; d) light coming out.
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5.2.2 Loss measurement
1) Propagation loss

As the scattered light power can be derived in terms of the propagation distance
from Figure 5.5 using IPLab, the attenuation coefficient can be obtained using equation

24.

A plot of the logarithm of the scattered light power is shown in Figure 5.7 as a
function of propagation distance. Considering a large amount of light is lost at both ends
due to the mode mismatch, a straight line least squares curve fitting was carried out for

the region from 1.2 mm to 6.7 mm. The slope gives the propagation loss value of around

1 dB/cm.

Scattering loss vs propagation distance
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Figure 5.7: Scattering loss vs. propagation distance

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2) Total loss

An 18 dB total loss, which includes propagation loss and coupling loss, is
observed for a 6.7 mm long strip-loaded shallow rib waveguide. This implies that the
propagation loss (including scattering loss and absorption loss) is negligible compared

to the coupling loss. The coupling loss needs to be further analyzed.

5.2.3 Analysis
1) Coupling loss

The coupling loss contributes ~ 17 dB to the total loss. First of all, it is believed
that the high coupling loss is due to the field mismatching [shown in Figure 5.7}, which
can be calculated by integrating the input field with the waveguide field.
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Figure 5.8: Field profiles of a fabricated waveguide and a single-mode fiber
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It is found that the field mismatching loss for the case of end-coupling from a
single-mode fiber (9 um) to a strip-loaded shallow rib waveguide (rib width: 3.8 pm) is
around 7 dB (see Appendix V for Matlab code).

The remaining loss (18 dB — 8 dB = 10 dB) is attributed to waveguide

separation, misalignment and edge roughness (see Figure 5.9).

a)

Figure 5.9: Edge roughness of the fabricated waveguides: a) Uneven cleaving; b) Strip

stretching; ¢) Strip piling off.

A thicker As;Se; layer, as well as matching gel can reduce field-mismatching
loss. However, special care needs to be taken, as adhesion decreases with thickness. For

loss due to edge roughness, polishing can be the help, but toxicity of As,Ses is a concern.
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6. Other explored CHG waveguide structures

Other CHG waveguide structures were also explored in this project, including laser-

written channel waveguides. Laser-written waveguides are attractive for their simplicity

in fabrication.

Chalcogenide glasses undergo photo-induced structural changes when exposed to
near bandgap light [33]. Such changes can be optical, e.g. photo-darkening and refractive
index change. Taking advantage of this property of chalcogenide glass, a variety of
features can be patterned on chalcogenide thin film with suitable exposure techniques

[34], thus waveguides can be made [35].

The structural change of chalcogenide thin film is wavelength and intensity
dependent [36]. A 633 nm HeNe laser is applied for writing waveguides in As;Se; films,
as HeNe laser can change the refractive index of As;Se; films up to 0.04 [37]. A typical
fabrication process of laser-written CHG waveguides normally involves the following

steps:
1. Chalcogenide thin film preparation

Chalcogenide films are prepared as in strip-loaded shallow rib waveguides.

ASzSG3

BCB layer

S

'

<100> substrate

2. Laser-writing
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The laser-writing setup is shown in Figure 6.1. Mirrors and lens are used to
direct and focus the laser beam onto As,Se; films, while computerized moving stage

controls the exposed spot and exposure duration.

Figure 6.1: Laser-writing setup

The fabricated laser-written waveguides are as shown in Figure 6.2. Due to time
constraints, these laser-written waveguides have not been tested, and there are still
several unknowns, such as index profile of As;Se; films after exposure. It is generally

believed that light confinement in these waveguides is weaker than in rib waveguides.

Waveguide section

Figure 6.2: Microscope picture showing a laser-written waveguide (dark strip)
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7. Conclusions
7.1 Summary of work

In this project, chalcogenide glass, As;Se;, was investigated. State-of-the-art rib
waveguides, as well as strip-loaded shallow rib waveguides have been designed and
simulated using the effect index method, the finite difference method and the beam

propagation method.

The waveguides were fabricated using standard micro-fabrication techniques. While
the inverted rib waveguides could not be fabricated as proposed due to the adhesion and
the step coverage problem of As;Se; films, the strip-loaded shallow rib waveguides were
feasible. The shape and the dimension of the fabricated strip-loaded shallow rib

waveguides are generally as expected.

The fabricated strip-loaded shallow rib waveguides were tested using the scattering
loss and the near-field profile measurement. The waveguides exhibited a low propagation
loss (~1 dB/cm at wavelength of 980 nm). However, the coupling losses (from a 9 um
single-mode fiber to these waveguides) are very high (~ 17 dB) due to the mode
mismatch, which eventually results in a very high total loss (~ 18dB for a 6.7 mm long

CHG strip-loaded shallow rib waveguide).

7.2 Suggestions for future work

The first appropriate step towards the feasibility of waveguides in As;Se; would be
implementing a consistent and reliable etching solution. This can be done by either
further improving the adhesion of As;Se; films or developing a technique to etch As;Ses

without substantially degrading the films.

Other potentials that can be looked into for a better waveguide in As;Se; inciude

using photo-induced dissolution rate change of chalcogenide glasses [38] in making
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waveguides, applying thicker core layer and different strip material for strip-loaded

shallow rib waveguides.
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Appendix I: Summary of El method

In the EI method, the transverse field is decoupled in X and Y direction and is
assumed to be transverse electrical field (TE) or transverse magnetic field (TM). Thus the
effective index, the index seen by the mode, of the structure is obtained by successively

solving two transcendental slab equations.

(b) Step 2

Figure Al: Effective index method approach
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In the case of a rib waveguide, the method in the first step solves transcendental
equations for three vertical slabs [Figure Al (a)]. The effective indices can be obtained

by the standard TE eigenvalue equation for asymmetric slab waveguide:

tan(ht) = —E9__ (3.8)
Wi-PY)

where: h={(nsko)™-p*]'"; q=[B*- (niko)’]"; p=[B" (nsko)’]"”,
B is mode propagation constant,

I

-, ne[f
KO

n =

o = ’g—i", Ao is free space wavelength.

And the three derived effective indices are used as the refractive indices for a
horizontal slab waveguide as shown in Figure A1l (b). The effective index of the original
rib waveguide is approximated by solving the TM eigenvalue equation for the horizontal

symmetric slab waveguide [20]:

tan(hy = 2+ D) (3.9)
h™~pq
_ n  _ n
where: p=—p; g=—"29¢.
i3 n
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Appendix I

% This m-file codes the single mode condition for rib waveguides with large cross

section

% base on 1) effective index method t<r/(1-r*2)"0.5

% 2) beam propagation method 1<0.5

%

% h_H=height of the core material outside the rib/height of the rib in the core section

%

% Reqired input variable:

% H=height of the rib in the core section

% ncore=refractive index of the core material
ncore=2.5;

% nup=refractive index of the upper cladding
nup=1;

% ndown=refractive index of the lower cladding
ndown=1.45;

% lambda=free-space wavelength
lambda=1550e-9;

%

k0=2*pi/lambda;

h H=0.5:0.01:0.8;

H=h./h_H;

%

% for TE mode

garmac=1;

garmas=1;

%

g=garmac/(k0*(ncore"2-nup”2))+garmas/(k0*(ncore”2-ndown”2));

Heff=H+q;

heff=h+q;

r=heff./Heff;

%

if >0.5

t=r./(1-r.72).70.5;

end

Weff=t.*Heff;

w=Weff-2*garmac/(k0*(ncore”2-nup”2))

%

% Generate plots

%

plot(w*1e6,H*1e6)

xlabel('the width of the rib")
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ylabel('the high of the rib')
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Appendix Il

% This following m-file codes the single mode condition for strip-loaded shallow rib

waveguide

% base on 1) mode matching technique

% 2) beam propagation method r>0.5

%

clc

clear

% r=height of the core material outside the rib/height of the rib in the core section

%

% H=height of the rib in the core section(um)
H=1le-6;

% ncore=refractive index of the core material
ncore=2.72;

% nup=refractive index of the upper cladding
nup=1;

% ndown=refractive index of the lower cladding
ndown=1.62;

% nstrip=refractive index of the strip
nstrip=1.56;

% w=the width of the strip

%

% lambda=free-space wavelength
lambda=1550e-9;

%

% for TE mode

garmac=1;

garmas=1;

%

k0=2*pi/lambda;

r=0.5:0.01:1;

b=H/(2*lambda);

qout=garmac/sqrt(ncore”2-nup”2)+garmas/sqrt(ncore”2-ndown”2);

qin=garmac/sqrt(ncore”2-nstrip”2)+garmas/sqrt(ncore”2-ndown”2);

%

w1=4*pi*b/(qin+4*pi*b);

w2=4*pi*b*r./(qout+4*pi*b*r);

delta=(w2./(r*w1)).”2-1;

a=b*(0.3+1./sqrt(delta))/wl;

w=2*a*lambda;

%

% Generate plots

%

plot(w*1e6,H*r*1e6)
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ylabel('the height of the outside(um)')
xlabel('the width of the rib(um)")
hold on
%
%
% This following m-file codes the single mode condition for rib waveguides with large
cross section
% base on 1) effective index method t<t/(1-r"2)"0.5
% 2) beam propagation method r<0.5
%
%
h=H%*r;
%
% for TE mode
garmac=1;
garmas=1;
%
g=garmac/(k0*(ncore"2-nup”2))+garmas/(k0*(ncore”2-ndown”2));
Heff=H+q;
heff=h+q;
reff=heff./Heff;
%
if reff>0.5
t=reff./(1-reff.*2).”0.5;
end
Weff=t. *Heff;
w=Weff-2*garmac/(k0*(ncore”2-nup”2))
%
% Generate plots
%
plot(w*1e6,h*1e6,'r--")
title("The height of the side region vs the width of the rib for H=1 um")
legend('strip-loaded rib waveguide','rib waveguide')
gtext('single-mode region’)
gtext("'multi-mode region')
%
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Appendix IV

% This Matlab program is modified from Dr. Decorby's program.

% This program codes the effective index method for analyzing

% strip-loaded shallow rib waveguide.

% The guide is assumed to be single-moded, and the fundamental TE mode is

% solved. The guide is assumed to have different material for upper and lower claddings.

% The outputs are the effective modal index.

%

clc

clear

% REQUIRED INPUT VARIABLES:

% w=the width of the rib

w=3.0e-006:0.1e-006:3.0e-006;

% H=height of the rib in the core section

H=1.0e-006;

% h=height of the core material outside the rib

%

% ncore=refractive index of the core material

ncore=2.72;

% nstrip=refractive index of the strip material

nstrip=1.54;

% nup=refractive index of the upper cladding

nup=1; »

% ndown=refractive index of the lower cladding

ndown=1.62;

% lambda=free-space wavelength

lambda=1550¢-009;

%

k0=2*pi/lambda;

%

% calculate the maximum value of transverse wave vector in core, based on total

% internal reflection:

kapmax=sqrt(k0"2*(ncore"2-ndown”2));

%

% calculate starting guesses for transverse propagation vectors, based on

% the one-half-wavelength between reflecting boundaries condition:

kaprib0=pi/(2*H); % starting guess in 'region II'

if kapribO>kapmax

kapribO=kapmax;

end

%

% solve numerically for the propagation vectors of fundamental modes

%

% split along y into regions LILIII, solve as asymmetric slabs confined along x:
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% region I (the rib):
kaprib=fminsearch('eigenasymm’,kaprib0,[],H,kO,ncore,nstrip,ndown);
Neffrib=sqrt(k0"2*ncore”2-kaprib”2)/k0

%

kaptranO=pi./(2*w);

%

% for TE mode

garmac=1;

garmas=1;

%

k0=2*pi/lambda;

b=H/(2*lambda);
gout=garmac/sqrt(ncore”2-nup”2)+garmas/sqrt(ncore”2-ndown”2);
qin=garmac/sqrt(ncore*2-nstrip*2)+garmas/sqrt(ncore*2-ndown”2);

%
w1=4*pi*b/(qin+4*pi*b);
%

forn=1:1:1
a=w(n)/(2*lambda);

%

=0.8:0.002:1

w2=4*pi*b*r./(qout+4*pi*b*r);
delta=(w2./(r*w1))."2-1;
form=1:1:101
if a<(0.3+1/sqrt(delta(m)))*b/w1
h(m)=H*r(m);
% region 11 (outside the rib):
kapoutO(m)=pi/(2*h(m));% starting guess in 'region I and III'
if kapoutO(m)>kapmax
kapoutO(m)=kapmax;
end
kapout(m)=fminsearch('eigenasymm’,kapoutO(m),[],h(m),k0,ncore,nup,ndown);
Neffout(m)=sqrt(k0*2*ncore”2-kapout(m)"2)/k0
%
% Analyze transverse confinement by viewing the rib from the top view as a symmetric
% slab confined along the y-direction with cladding index Neffout and core index Neffrib
% (note that we should solve a TM eigenvalue equation here, since the electric field is
% assumed to be primarily along y in the plane of the substrate):
%
kaptran(m)=fminsearch('eigensymmTM' kaptranO(n),[],w(n),k0,Neffrib,Neffout(in));
Neff(m)=sqrt(k0"2*Neffrib”2-kaptran(m)"2)/k0; %overall effective index for the
fundamental TE mode.
%
subplot(4,2,n)
plot((H-h(m))*1e6, Neffrib,'kx',(H-h(m))*1e6, Neffout(m),'ko',(H-h(m))*1e6,
Neff(m),'’k)
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xlabel('Etching depth [micron]")
ylabel('Effective index’)
title(['H=1um, w=",num2str(w(n))])
legend(‘effective index of the rib region’,'effective index outside of the rib','effective
modal index")
hold on
end
end
end
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Appendix V

%Matlab code for calculating the coupling coefficient from fiber to strip-loaded shallow
rib waveguides
%
%The following m-file codes the Gaussian field profile of single-mode fibre
%
cle
clear
% lambda=free-space wavelength
lambda=980e-009;
%
k0=2*pi/lambda;
% core refractive index nl
nl=1.5362;
% cladding refractive index n2
n2=1.5306;
+ % core diameter a
a=5.5e-006/2;
% vacuum impedance z0
z0=377,;
% normalized frequency V
V=a*k0*sqrt(n1°2-n2"2);
% mode spot radus w0
w0=a*(0.65+1.619*VA(-1.5)+2.879*V/(-6));
%
% This following m-file codes the effective index method for analyzing a strip-loaded
shallow rib waveguide.
% The guide is assumed to be single-moded, and the fundamental TE mode is
% solved. The guide is assumed to have different material for upper and lower claddings.
% The outputs are the effective modal index and the approximate field profile.
% The file calls eigenasymm.m and eigensymmTM.m, which are function files that code
the
% eigenvalue equations for TE and TM propagation in asymmetric and symmetric slab
% waveguides, respectively.
%o
% REQUIRED INPUT VARIABLES:
% w=the width of the rib
w=3¢e-006;
% H=height of the rib in the core section
H=1e-006;
% h=height of the core material outside the rib
h=0.9¢-006;
% ncore=refractive index of the core material
ncore=2.72;
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% nstrip=refractive index of the strip material

nstrip=1.54;

% nup=refractive index of the upper cladding

nup=1;

% ndown=refractive index of the lower cladding

ndown=1.62;

%

% calculate the maximum value of transverse wave vector in core, based on total
% internal reflection:

kapmax=sqrt(k0"2*(ncore”2-ndown”2));

%

% calculate starting guesses for transverse propagation vectors, based on

% the one-half-wavelength between reflecting boundaries condition:
kapribO=pi/(2*¥H); % starting guess in 'region II'

kapoutO=pi/(2*h); % starting guess in 'region I and III'

if kapribO>kapmax

kapribO=kapmax;

end

if kapout0>kapmax

kapoutO=kapmax;

end

%

% solve numerically for the propagation vectors of fundamental modes

%

% split along y into regions LILIIL, solve as asymmetric slabs confined along x:
% region I (the rib):
kaprib=fminsearch('eigenasymm',kaprib0,[],H,k0,ncore,nstrip,ndown);
betarib=sqrt(k0"2*ncore"2-kaprib"2);
gammribup=sqrt(k0"2*(ncore”2-nstrip”2)-kaprib”2);
gammribdown=sqrt(k0"2*(ncore"2-ndown”"2)-kaprib"2);

Neffrib=betarib/k0

%

% region II (outside the rib):
kapout=fminsearch('eigenasymm’,kapout0,[],h,k0,ncore,nup,ndown);
betaout=sqrt(k0"2*ncore*2-kapout”2);
gammoutup=sqrt(k0"2*(ncore"2-nup”2)-kapout"2);
gammoutdown=sqrt(k0"2*(ncore”2-ndown”2)-kapout"2);

Neffout=betaout/k0

%

% Analyze transverse confinement by viewing the rib from the top view as a symmetric
% slab confined along the y-direction with cladding index Neffout and core index Neffrib
% (note that we should solve a TM eigenvalue equation here, since the electric field is
% assumed to be primarily along y in the plane of the substrate):

%

kaptranO=p1/(2*w);

%
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kaptran=fminsearch('eigensymmTM' kaptran0,[],w,k0,Neffrib,Neffout);

betatran=sqrt(k0"2*Neffrib"2-kaptran"2);

gammtran=sqrt(k0"2*(Neffrib"2-Neffout"2)-kaptran"2);

Neff=betatran/k0 %overall effective index for the fundamental TE mode.

%

% field distributions for the strip-loaded shallow rib waveguide

%

% create coordinate vector in x, with origin at top of the rib:
=-3*w0:0.01*H:3*w0;

Xm=X*1eb6; % x-coordinate in microns

% create coordinate vector in y, with origin in the centre of the rib:
=-3*w0:0.01*w:3*W0;

Ym=Y*1e6; % y-coordinate in microns

%

% approximate the x-dependence of the field using the eigenvalues from the asymmetric

% slab solution INSIDE the rib above:

for g=1:length(X)

fieldx _r(q)=asymmslabfield(H kaprib,gammribup,gammribdown,X(q));

end

% approximate the y-dependence of the field using the eigenvalues from the symmetric

% slab solution above:

for qg=1:length(Y)

fieldy r(qq)=symmslabfield(w kaptran,gammtran,Y(qq));

end

%

% Calculate the transverse intensity profiles (normalized):

%

intensx_r=fieldx r.*2;

intensy r=fieldy r.*2;

intensxN_r=intensx_r/max(intensx_r);

intensyN_r=intensy r/max(intensy r);

%

% field distributions for the 980nm single-mode fiber

%

% approximate the x and dependence of the field using the Gaussian approximation

for g=1:length(X)
fieldx f(q)=2*sqrt(n2/(z0*p1))*exp(-((X(q)+H/2)/w0)"2)/w0;

end

for qg=1:length(Y)
fieldy_f(qq)=2*sqrt(n2/(z0*pi))*exp(-(Y(qq)/w0)"2)/w0;

end

%

% Calculate the transverse intensity profiles (normalized):

%

intensx_f=fieldx f."2;

intensy_f=fieldy f."2;
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intensxN_f=intensx_f/max(intensx_f);
intensyN_f=intensy f/max(intensy f);

%

% Generate plots

%

subplot(3,1,1)

plot(Xm,intensxN _r,Xm, intensxN_f,'r--")
xlabel('vertical dimension {micron]')
ylabel('intensity [normalized]’)

title("field dist. of strip-loaded shallow rib waveguide vs. single-mode fiber')
legend(‘waveguide','single-mode fiber')
subplot(3,1,2)

plot(Ym,intensyN_r,Ym, intensyN_f'r--")
xlabel('transverse dimension [micron]')
ylabel('intensity [normalized]')

%
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Appendix VI

Mask layout
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Appendix Vi

1. Photolithography recipe

» Coating:

e  Positive photoresist (HPR 504)
Turn on spinner
Turn on AB-M mask aligner (after turn on, press “START” button and press it
down until the current is on.... should hear a little beep)

. Turn on power for oven and set at 115°C for 90s

. Set the AB-M mask aligner for 4s

e On the spinner, press start and turn the “SPREAD” knot to set the speed of
500rpm. The reading should show 0.5 since it is in the unit of krpm. Set the
time for 10s. The + and — buttons allow you to increase or decrease time.

e  Turn the “SPIN” knot to set the speed of 4000rpm. The reading should be
4.0krpm. Set the spin time for 40s.

e  Use clean room papers and spread them out on spinner table

e  Place in the chuck, then put the wafer on the top of the chuck (try to make it
center), and turn on the vacuum.

e  Pour out some photoresist into a small beaker (clean the mouth of the bottle
with clean room paper and close lid)

e  Hold the beaker of photoresist with your right hand and pour down the
photoresist into the center of the wafer while the left hand press the “START”
button

e  After finished spinning, if the resist didn’t spread out well, strip it off with
acetone and start again.

. If the resist spread out nicely, then turn off the vacuum

. Carry the wafer and place it in the oven, check to see if it lies straight. Close
the lid and press “START” button to bake for 90s at 115°. The Hg should be
at 15.

. When hear a loud beep, press “START” button again to stop, remove the
wafer and let it cool down for a few minutes.

» Mask Aligning:

Turn the chuck motion down

Place the substrate (try to make it center)
Turn on the substrate vacuum (sub. vac.)
Put on the mask and close the lid

Turn on the mask vacuum
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e  Turmn the chuck motion up and use the up/down or left/right or theta knots to
make the wafer align with the mask the way you want it to be.

e  Hold self-leveling and turn the knot until you feel the knot keeps slipping

. Turn on the contact vacuum and turn off the sub. vac.

e  Tum the light source to expose, face away (only look when wearing a black
goggles)

e  When finished exposing, turn the light source back to home

. Turn off the contact vacuum and turn on the sub. vac.

. Turn the chuck motion down, if the wafer stick to the mask; turn on the
nitrogen to help them separate.

e  Raise the mask frame

. Turn off the sub. vac. and remove the wafer.

> Developing

. Pour out some developer 354 solution into the tray

e  Place the wafer into the solution for ~15-20s

e  Remove the wafer and rinse the substrate with DI water and blow dry with
nitrogen gun.

> Inspection
e  Place the wafer under the microscope to inspect; make sure all the features are
nice and clear
e  Ifthe result is not good, strip off everything with acetone and repeat the whole
procedure again.

e When done with litho, remove the mask and turn off all the powers.

» Cleaning

e  Excess photoresist is poured into the photoresist waste bottle together with
acetone.

Positive Photoresist

¢ Dark on the mask = photoresist remains
¢ Dark on the mask = thin film remains

¢ HPR 504
1. Spread @ 500rpm for 10s
2. Spin @4000rpm for 40s
3. Soft bake @115°C for 90s
4. Expose for 4s
5. Developer 354 for ~15-20s
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6. Thickness = 1-2 microns
¢ SJR5740
1. Spread @ 200rpm for 10s
2. Spin @1500rpm for 15s
3. Let it sit in air for 5 minutes so that resist can spread out uniformly
4. Soft bake @ 105°C for 6 minutes (don’t close the lid = no vacuum because
the layer is too thick which may cause bubbles)
5. Expose for 18s
6. Developer 354 for 8 minutes; agitate after 5 minutes
7. Thickness = 16 microns

Note: changing the spin speed will lead to change the thickness of resist layer.

Quick Spin Speed Curve

40.0
35.0
30.0 ~
25.0
20.0 ~
15.0 -

Thickness (microns)

10.0
5.0

0.0 + T - T T : T )
0 500 1000 1500 2000 2500
Spin Speed (rpm)

Negative Photoresist

> & o o

SNk wh =

Dark on the mask = photoresist gone
Dark on the mask = thin film removed
AZ5214

Developer MF321

Spread @ 500rpm for 10s

Spin @ 4000rpm for 40s

Let it sit in air for ~2-3 minutes

Vacuum bake @115°C for 90s with 5s N, purge
Let it cool down for a few minutes

Expose with mask for 1s
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7. Bake for 3 minutes @115°C with 5s N; purge
8. Expose without mask for 20s
9. Develop for ~20s to 1 minutes

2. BCB Spinning recipe

1. Afier cleaning and dehydrating, the substrate is coated with Dow adhesion promoter
- AP3000 (Spin for 30s).

2. ~20ml of BCB is then poured into a 50ml beaker and dispensed directly on the wafer
at ~100rpm using Solitec spinner until the entire wafer is coated (BCB: Dow’s
cyclotene 3022-63). This usually takes ~20s.

3. The polymer is then spread at 500rpm for 20s and spun at 3000rpm for 30s.

4. After spun for 30s, the spinning speed is decreased to ~400rpm and the T1100
ancillary chemical solvents (from Dow) are then added at the edge of the wafer to
remove the edge bead (spin for 10s).

5. The speed is then increased to 3000rpm, and the wafer is spun for another 10s.

6. The substrate is cured in Shellab vacuum oven for one hour at 250C at last. The film

is around 10 micron thick.

3. TORLON Preparation

1. TORLON comes in a fine yellow powder and must be dissolved with solution before
use (60 grams of TORLON with 150mL of dimethyl formamide (DMF), mix the
powder with a stir bar). The TORLON is dissolved in approximately four hours at

room temperature.

2. The solution is strained using filter paper to remove any impurities. This usually

takes Shours.
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4. TORLON Spinning

1. Wafers are cleaned in piranha (3:1 sulfuric acid: hydrogen peroxide) for 15 minutes
first. After rinsed, the wafer is then baked at 120 C for 30 minutes to dehydrate.

2. The entire wafer is then coated with TORLON at very slow speed. Afterward the
wafer is spread at 500rpm for 20s and then spun at 7000rpm for 30s.

3. The film is baked at 65 °C on hotplate for 5 minutes and another lhr in oven at 120

°C at last. The thickness is around 1.2 microns.
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