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Abstract

This work is a contribution to a research project concerning the development of a material system for
high-density integrated optics based on silicon rich nitride (SRN) waveguides. Three opportunities
motivate the interest in SRN for this purpose: SRN has a relatively high refractive index (~ 2), SRN
films have low mechanical stress (< 100 MPa) and SRN is compatible with scalable, in semiconductor
industry developed fabrication methods. The relatively high refractive index enables the fabrication of
waveguides with small bending radii (~ 40 pm) compared to conventional silica-on-silicon material
systems (bending radii: ~ 5 mm), which enables to increase the integration density of optical devices
considerably. The low mechanical stress facilitates device fabrication, and the compatibility with
mainstream semiconductor processing industry offers a low-cost perspective.

The research performed includes the analysis of a number of SRN thin film and waveguide properties
to investigate the suitability of SRN for optical waveguide applications. The investigation of the
refractive index and thickness uniformity of SRN films by prism coupling resulted in the conclusion
that the spread in both refractive index (< 0.03 %) and thickness (< 0.8 %) of the LPCVD-grown SRN
films per wafer is good enough for device applications. From the investigation of N-H related
absorption by Fourier transform infrared (FTIR) spectroscopy it has been concluded that the N-H
related absorption loss in the SRN films is below 2 dB/cm in the 1550-nm region. The detection limit
of the equipment used is too low to obtain more accurate information. The measurement of propagation
loss in SRN slab waveguides by dual prism coupling demonstrates a propagation loss of SRN films
within a range from 0.6 to 1.3 dB/cm in the 1550-nm region, which is regarded to be promising for
future applications. The propagation loss can partly be attributed to N-H related absorption (peak
height is 0.5-0.8 dB/cm), which implies an improvement could be realized by avoiding the formation of
N-H bonds or by their removal. Two methods are proposed to realize this: improved anneal treatments
and the application of deuterium.
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1 Introduction

1.1 Optical communications

The remarkable growth of the Internet and telecommunication markets poses growing demands on network
requirements. Optical communications will in the long term be the cost-effective, technically superior solution to
improve network performance to the level required by market needs. The main reason for this is the fact that
optical signals (with carrier frequencies of ~100 THz) can be transmitted in fibers with very low loss (0.1 dB/km
[71). For electrical equivalents carrier frequencies have to be kept below a few GHz to avoid unacceptably high
impedance in copper wires. The efficient transmission of high-frequency signals is the essential advantage of
optical communications since it enables the use of a high bandwidth, which enhances transmission capacity [1].
Table 1.1 summarizes the differences and similarities between electrical and optical signal transmission.

o Insulator
. Electro- 8
Ciaaxial pble e« [nper magnetic | ~10 GHz | ~0.5GHz | ~27:10
conductor m/s
wave
Outer conductor
"y Dielectric Electro- ~2 1.10°
Optical fiber core magnetic | ~100 THz | ~50 THZ' ity
Dielectric cladding wave

Table 1.1: Comparison between signal transmission by coaxial cables and optical fibers. The signal types are
the same, but the bandwidths differ significantly (factor of 105). In contrast to what is sometimes suggested (in
reference 2 for example), the velocities are of the same order of magnitude and don’t make the difference.

The way in which the bandwidth of a transmission medium affects transmission capacity is expressed by the
Shannon capacity theorem [3]:

C=B-C'SH=B-log2(l+%), (1.1)

where C is the achievable capacity of the transmission medium (in bit/s), B is the bandwidth of the transmission
medium (in Hz), C’sy is the maximal spectral efficiency” and S/N is the signal-to-noise ratio. In the context of
this section, the essential part of the theorem is that it gives a quantitative expression for the importance of
bandwidth, which emphasizes the benefits of optical communications. The maximum achievable capacity C of
an optical fiber is 150 Tbit/s [6].

1.2 Integrated optics

To exploit the bandwidth opportunities that are offered by optical communications a higher degree of optical
integration’ is required than what can be achieved with current, commercially available technologies. The reason
for this is that advanced integrated optical devices enable the implementation of optical multiplexing
technologies in communication networks. Optical multiplexing technologies are inevitable to utilize the huge,
physical data capacity of fibers. They are especially relevant for backbone networks, where the amount of data
traffic is biggest and electrical devices are the bottleneck for network performances [4] due to the bandwidth

! The intrinsic loss mechanisms in silica-based optical fibers (Rayleigh scattering and IR absorption) limit the spectral
bandwidth to about 50 THz, corresponding to a wavelength range from 1.2 to 1.6 um [5].

2 The expression for the maximal spectral efficiency, logy(1+S/N), is only valid for linear transmission media. The influence
of non-linear effects in optical fibers is complex. Reported calculations that take these effects into account predict a maximal
spectral efficiency of 3 [6]. As a consequence, the theoretical transmission capacity of an optical fiber is about 150 Tbit/s.

3 The concept optical integration refers to the incorporation of several optical components for the generation, focusing,
splitting, combining, switching, modulation and detection of light on a single substrate [7].
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limitation of electronics, as is illustrated in figure 1.1. It is beyond the scope of this thesis to describe optical
multiplexing technologies and their essential role in high-capacity communication networks. This information
can be found elsewhere [8]. Additional, up-to-date information on technology trends in optical communications,
integrated optics included, can be found on the website of the IST Thematic Network project OPTIMIST [9].

Electro-optic node

— Fiber (b)
= Optical signal
—> Electronic signal
All-optical node

Optical processors

(©)

(@)

Figure 1.1: (a) Arbitrary fiber-optic network configuration. (b) Network node based on electronic data
processing which acts as a bandwidth bottleneck. (c) All-optical node in which the electronic bottleneck has
been removed.

In short, the realization of advanced integrated optical devices is highly desirable because of performance
improvements and cost reductions of communication networks. This objective is the motivation behind research
activities in the field of integrated optics.

Although optical communications can be classified as a real killer technology' [2], it is still in an early stage of
its development, which is illustrated by the fact that the used data capacity of optical fibers in current
communication networks is on the order of tens of Gigabits per second, far below the theoretical limit of 150
Thit/s. Because of this and because of the fundamental scientific aspects, optical communications remains an
attractive area for advanced university research that is focused on investigating the feasibility of new concepts
and technologies.

1.3 Research objective

In the context of the situation described in section 1.2, COM’s high-index project aims to develop a material
system and technology platform for high-density integrated optics. The primary goal is to enable the potentially
scalable realization of low-loss passive integrated optical devices for wavelength division multiplexing (WDM)
networks (e.g., add/drop multiplexers, dispersion compensators, gain equalizers) with a higher degree of
integration and complexity than what can be achieved with current, state-of-the-art technologies based on
discrete components. Other applications might become available as research continues.

The concept under investigation comprehends the implementation of two types of waveguides on the same
silicon substrate to benefit from the best properties of both types. In particular, these two types of waveguides
are high-contrast Silicon Rich Nitride (SRN)? and low-contrast germanium-doped silica waveguides. The
concept is described in detail in this thesis.

Contributions of the current master project to the high-index project are related to several aspects. The reason
why it is not focused on one specific issue is because the state of the high-index project did not allow defining a
narrow assignment. Contributions include the analysis of SRN thin film properties, cleanroom processing of
waveguides and test components and the implementation of a method to characterize optical ring resonators.
Besides, attention has been paid to the issue of transferring light between different types of waveguides.
Substantial results are related to the optical loss analysis of SRN waveguides.

! In reference 2, a killer technology is defined as a technology that delivers enhanced system performance of a factor of at
least a hundred-fold per decade.

2 In the literature various abbreviations are used to refer to silicon rich nitride: SRN, SiRN and SiN. SRN is used in this thesis
because it is the common abbreviation used at COM.
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1.4 Thesis outline

The thesis has been divided in two main parts: chapters 2, 3 and 4 present a general analysis of the concept under
investigation in the high-index project, while chapters 5 and 6 describe the experimental work performed during
this master project. The exact structure is as follows:

Chapter 2 gives an overview of waveguide-theoretical aspects that are relevant for the high-index project.
Especially the influence of the index contrast of waveguides on their optical properties is explained because this
is an important issue for the concept under investigation. Chapter 3 discusses the quantitative consequences of
the application of particular material systems on the waveguide theory described in chapter 2. The added value
of the material system under development in the high-index project is explained on the basis of a comparison
with alternative material systems. The comparison is mainly focused on silicon-related material systems.
Chapter 4 lists a number of potential applications of the material system under development. The objective of
this chapter is to explore to what extend the functionality of optical devices can be expanded by using high-
contrast material systems (e.g., the material system under development) instead of conventional low-contrast
silicon-related material systems.

Chapter 5 describes the experiments done to investigate the suitability of silicon rich nitride (SRN) for optical
waveguide applications. This chapter contains the description of three experiments: index and thickness
uniformity measurements of SRN films, the investigation of N-H related absorption in silicon rich nitride by
Fourier transform infrared spectroscopy and the investigation of propagation loss in SRN waveguides by dual
prism coupling. Besides, a number of possible process improvements are discussed. Chapter 6 describes an
experiment in which an SRN ring was coupled to a UV written waveguide. The objective of this experiment was
to investigate an essential part of the concept of the high-index project: the integration of low- and high-contrast
waveguides on the same substrate. Parts of this experiment were performed within the framework of the current
master project.

Chapter 7 summarizes the conclusions and recommendations and five appendices contain secundary
information: Appendix A describes a mathematical analogy between waveguide theory and quantum mechanics.
The analogy gives insight in the mathematical similarity between the confinement of a particle-wave in a
quantum well and the confinement of a optical mode in a waveguide. Appendix B presents an analysis of buffer
thickness requirements of various silicon-related material systems. The objective of this analysis was to
investigate to what extend the buffer fabrication time could be reduced for components based on silicon rich
nitride waveguides compared to components based on germanium-doped silica waveguides. Appendix C gives
an overview of COM’s waveguide fabrication technology. This overview is background information for chapters
5 and 6. Appendix D describes a mathematical model of a ring resonator that can be used to investigate the
behavior of ring resonators as function of the parameters optical loss in the ring and coupling ratio between ring
and straight waveguide. The model provides insight in the applications of ring resonators. Besides, the model
provides the possibility to deduce the optical loss in the ring and coupling ratio between ring and straight
waveguide from the transmission spectra of fabricated ring resonators. Appendix E shows the poster that has
been presented at the annual meeting of the Danish Physical Society as well as the papers that have been
accepted for ECOC 2002.
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2 Optical waveguiding

This chapter presents an overview of the main concepts of optical waveguide theory. The aim is to provide a
theoretical basis to facilitate the reading of this work. Comprehensive accounts on optical waveguide theory can
be found elsewhere [10], [11], [12]. The role of the relative index difference A is explained extensively because
this parameter is important for the concept of the high-index project. The definition of the relative index
difference of a waveguide, which is sometimes referred to as height profile parameter [10], is given by:

2 2 2
n. —n 1 n

Azw—2d=_ 1- ;’ . 2.1
2n00 2 nco

where n., and n, are the refractive indices of the core and the cladding of the waveguide under consideration.
See the next section for an explanation of the terms core and cladding.

2.1 Light confinement by total internal reflection

Light is usually described in one of three ways: as rays, as waves or as photons. Some phenomena in optical
communications can be described by the simple model of ray optics which is also referred to as geometrical
optics. The most important one is the effect that light can be confined in a medium with a certain refractive index
(core) that is imbedded in a medium with a lower refractive index (cladding). This confinement effect forms the
basis of waveguiding in optical communications. It can be explained by total internal reflection as is illustrated
in figure 2.1 for a waveguide geometry that can be encountered in integrated optics.

n

Figure 2.1: (a)Cross section of an optical waveguide. (b) Longitudinal section of the waveguide which
illustrates the confinement of light by total internal reflection. (c) Refractive index profile of the waveguide.

According to the model of total internal reflection, a ray of light is reflected completely at the interface between

core and cladding if the angle of incidence @1is larger than the critical angle .. The critical angle is dependent on
the relative index difference, as can be derived from Snell’s law [7]:

. 4| m 1 -

6, =sin'| =L | = —cos™(1-4A). (2.2)
n, 2

Because of the fact that the angle of incidence decreases in waveguide bends, it can be deduced from formula 2.2

that an increase in relative index difference enables the reduction of bending radii of waveguides, as is illustrated

in figure 2.2. To quantify this effect and to describe optical waveguiding in a better way', it is necessary to

switch from the limited description of ray optics to the more general, electromagnetic theory of light (see section
2.2).

! The electromagnetic description is better in the sense that it is able to deal with substantial changes in the refractive index
on a length scale that is comparable to the wavelength of light, in contrast to ray optics.
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Figure 2.2: (a) Guiding of light rays in a bent optical waveguide, which illustrates that the minimal angle of
incidence O decreases as the bending radius decreases. (b) Influence of the relative index difference A on the
critical angle 6. according to formula 2.2.

2.2 Electromagnetic theory of light

In the context of optical communications, the best way of regarding light is to think of it as an electromagnetic
wave. The reason is that the length scale of the structures that are involved is comparable to the wavelength of
light. Therefore, the Maxwell equations are in principle the starting point for any optical waveguiding analysis.
However, the complexity of this set of coupled equations makes it very complicated [13]. As a result there are
very few exact analytical solutions, which do not include the types of cross-sectional geometries and refractive
index profiles encountered in integrated optics. As a consequence, detailed descriptions of optical waveguiding
in integrated optics rely on approximations and numerical methods. The mathematical complexity of the mode
profiles under consideration is illustrated in figure 2.3.
IEIZT

Neo > Ney

(a) (b) (c)

Figure 2.3: (a) Typical geometry for waveguides encountered in integrated optics. (b) Cross-sectional profile of
the fundamental mode for one polarization on a linear scale. (c) Two-dimensional view of the profile. The
discontinuities (see side-lobs) illustrate the mathematical complexity of the solutions of the Maxwell equations.

The discontinuities in the displayed intensity profile originate from the fact that the Maxwell equations require
that the electric displacement D is continuous (see reference 13 for exact conditions for this to be true). As a
consequence the boundary condition for the electric field E at the interface between core and cladding is given
by:
)
& / n ] E 0,1
Eco,J. = gC Ecl,l = _;Ecl,_L = (1 - 2A)ECI,J. < Ec = 1 - 2A 4 (23)

co co cl, L

Formula 2.3 shows that an increase in relative index difference results in an increase in step size of the
discontinuity.

As in general the mathematics of electromagnetism is complicated, the next sections describe optical
waveguiding in a qualitative way with the objective to provide physical insight. The attention is focused on the
influence of the relative index difference of a waveguide on single-mode criteria, mode size, bending radius and
fiber-to-chip coupling efficiency. All these aspects are relevant for the high-index project. The quantitative
consequences of the application of particular material systems, including the material system under development
in the high-index project, are presented in chapter 3.



2.3 Single-mode criteria

2.3 Single-mode criteria

One of the consequences of increasing the relative index difference of waveguides in order to enable the
reduction of bending radii is that it is required to reduce the core dimensions of waveguides to maintain single-
mode operation. The reason why single-mode operation of waveguides is necessary is that the propagation
properties of various modes differ significantly (i.e. different propagation constants and difference in
confinement), which makes it practically impossible to fabricate useful devices for telecommunication purposes
based on multi-mode waveguides.

The relation between core dimensions, relative index difference 4 and single-mode operation can be expressed
based on the dimensionless waveguide parameter V which is an important parameter in the electromagnetic
description of optics:

V= 27” pn \2A 2.4

where p is the characteristic dimension of the cross-section of the core (i.e., diameter for a fiber, width for a
square waveguide) [11].

The waveguide parameter V, which is also known as degree of guidance [11] or normalized frequency [17],
needs to be below a certain cutoff value V. for a waveguide to be single moded [11]:

V<V, 2.5)

For fibers, V. is equal to 2.405. A detailed analysis is required to find an appropriate value of V. for rectangular
waveguides with a high relative index difference. The performance of such an analysis is beyond the scope of
this thesis. However, it is clear from formulas 2.4 and 2.5 that the characteristic dimension of a waveguide core
needs to be reduced to maintain single-mode operation when the relative index difference is increased.

An alternative way to understand the relationship between relative index difference and core dimensions, which
is based on a mathematical analogy between waveguide theory and quantum mechanics, is described in appendix
A. In chapter 3 attention is paid to the values of the core dimensions of single-mode waveguides for a number of
material systems with various relative index differences.

2.4 Mode size

In contrast to what the description of total internal reflection suggests (see section 2.1) an optical mode is partly
located outside the core of a waveguide. This could already be seen in figure 2.3. The extent of optical modes in
the cladding of waveguides has important consequences for the waveguide fabrication process. In particular,
optical modes have to be kept away from the substrate (if the substrate has a refractive index higher than the
cladding) to avoid leakage to the substrate. This leakage effect is a result of the fact that light tends to localize
itself in regions with a high refractive index. This phenomenon can be understood on the basis of the
electromagnetic variational theorem, as is described in appendix A.

The technological consequence of this leakage effect is that the thickness of the buffer layer of a waveguide,
indicated with dj.g, in figure 2.4, should be made sufficiently large. The required value for the buffer thickness
increases with the extent of the mode profile in the cladding which decreases with relative index difference. So,
increasing the relative index difference A relaxes the requirements for the buffer thickness:

A T = dbu-ﬁ’er' min ¢ (2.6)
It is beyond the scope of this thesis to derive an analytical relationship between relative index difference and

required buffer thickness for rectangular waveguides in an analytical way. However, appendix B presents a
numerical analysis of the required buffer thickness for various material systems.
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Figure 2.4: Mode profiles a properly designed waveguide (a). Mode profile of a waveguide which buffer
thickness is a too small (b). The displayed intensity profile represents the size of |E|2. It can be seen how
buffer thickness affects substrate leakage.

2.5 Waveguide bending

The physical picture of wave propagation in a bent waveguide is that the wavefront of the mode has to travel a
larger distance on the outer side of the bend than on the inner side to maintain a constant phase over the cross
section of the waveguide. This situation corresponds to a straight waveguide with a tilted refractive index profile,
since both increasing the refractive index n and increasing the physical length /.. result in an increase in
optical path length (/opicar = 1-lpnysicar) - This analogy, which is illustrated in figure 2.7, can be used to calculate
the mode profiles of a bent waveguide.

¢ @) o (b)

Figure 2.7: (a) Refractive index profile of a bent waveguide and (b) the equivalent refractive index profile for
a straight waveguide. The analogy between these two descriptions, which is based on the equation of optical
path length, has been indicated. Notice that the structures are not waveguide geometries but refractive index
profiles.

If the resulting mode profile has a significant overlap with the cladding of the equivalent refractive index profile,
next to the mark that has been indicated with breaking point in figure 2.8, then that part of the field is radiated
into the cladding. This effect is similar to substrate leakage which has been described in section 2.4. From figure
2.8 it can be deduced that two effects of increasing the relative index difference have positive consequences for
the configuration depicted in figure 2.8: the potential trap increases and the extent of the tail in the cladding
decreases (see appendices A and B respectively). Therefore, the profile can be tilted more, without the optical
mode having an overlap with the cladding. However, an issue that should be considered in the design is that the
optical mode should not have a low effective index, because that would move the breaking point towards the
core.
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Figure 2.8: lllustration of bend loss that is based on optical tunneling in an equivalent index profile.

An additional conclusion that can be drawn from the shape of the equivalent index profile from figure 2.7 is that
the index profile of a waveguide with a perfectly square cross section is not symmetrical in a bend. This means
that wave propagation in a bent waveguide is polarization dependent. The dependence is stronger for tight bends
because the tilt of the equivalent index profile increases with decreasing bending radius.

2.6 Fiber-to-chip coupling efficiency

The size of the mode in an optical waveguide decreases when the relative index difference increases (and the
core dimensions are reduced to preserve single-mode operation), see for example the mode profiles in figure B.2
in appendix B. A consequence is that the fiber coupling loss (Lcouping) Of an integrated optical waveguide
decreases with increasing relative index difference 4:

A ¢ = Lcoup]jng T (2.7)

This effect can be attributed to the growing mismatch in the spatial dependence between the modes in fiber and
waveguide, where the mode size of standard fibers (FWHM ~15 um) is large compared to integrated optical
waveguides (see also figure B.2 in appendix B). The coupling 10ss Lcouping (in dB) between two modes is given
by the overlap integral:

i $2dA)

L =-101 ,
| T tidd] , p2d4

coupling —

(2.8)

where the normalized electric fields of fiber and waveguide are denoted by ¢ and & and the integrals are over
the waveguide cross-section [11], [17].

As the profiles of optical modes in rectangular waveguides are complicated (see figure 2.3), it is difficult to
derive a more detailed expression of relative-index-difference dependence of the coupling loss than formula 2.7
analytically. An approximation that is often used to overcome this problem is to describe the modes as Gaussian
functions [11]. However, this approximation is not applicable on waveguides with a large relative index
difference, because the discontinuity (see figure 2.3) in the electric field is not negligible (see chapter 3).
Therefore, the relevance of such an approximation is very limited in the context of the high-index project. As an
alternative, the overlap integrals for waveguides with various relative index differences have been calculated
numerically. This analysis has been enclosed in appendix B.

2.7 Summary

In this chapter the main concepts of optical waveguiding have been described briefly to present a theoretical
basis to facilitate the reading of this work. Attention has been paid to two different formalisms by which light
can be described: ray optics and electromagnetism (sections 2.1 and 2.2). It has been shown that the simple
model of ray optics can explain some important phenomena, like the confinement of light, but that it does not
give an accurate description of optical waveguiding in general.

The electromagnetic theory of light has been used to explain the index contrast dependence of single-mode
criteria, mode size, bending radius and fiber coupling efficiency of integrated optical waveguides. In summary, it
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can be said that to be able to decrease the bending radius of waveguides, it is necessary to increase the relative
index difference (sections 2.2 and 2.5). As a consequence, the dimensions of the core need to be reduced to
preserve single-mode operation (section 2.3). Furthermore, the fiber-to-chip coupling efficiency decreases
(section 2.6), which asks for concepts and components that can eliminate this negative effect. Another
phenomenon is that the mode size decreases (section 2.4) which is positive for the relaxation of the requirements
for the thickness of the buffer layer. Quantitative consequences of increasing the relative index difference are
presented in chapter 3. More extensive waveguide-theoretical explanations can be found in the references
specified in this chapter.
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3 Silicon-related material systems for integrated optics

The current chapter presents a review of silicon-related material systems for integrated optics, where the term
silicon-related' refers to material systems that incorporate the element silicon. Involved materials include silica
(Si0y,), silicon oxynitride (SiON), silicon nitride (SiN) and silicon (Si). The concept of the high-index project is
related to the differences between the various silicon-related material systems, which clarifies why the review
has been included in this thesis.

First, silicon-related material systems are compared to other material systems to place their pros and cons in a
larger context. Subsequently, the similarities and the differences between the various silicon-related material
systems are described, and finally the concept of the high-index project is explained.

3.1 Material systems for integrated optics

A material system for integrated optics is the combination of materials that is used for the fabrication of
integrated optical circuits. A material system forms the link between optical waveguide theory described in
chapter 2 and the actual realization of devices. It is closely related to an associated technology platform which is
the equipment that is applied in the fabrication process. The choice of a material system has technological and
waveguide-theoretical consequences for both performance and cost of devices.

In integrated optics there is a wide variety of technologies available and there is not yet a dominant
manufacturing process. In comparison: in mainstream semiconductor industry, silicon is the material, CMOS is
the fabrication technology and transistors are the building blocks. This difference is an indication of the early
stage of development of integrated optics.

3.1.1 Comparison between key material systems for integrated optics

Key material systems for integrated optics include III-V semiconductors, silicon-related material systems
(especially doped silica) and polymers. Every material system has its specific pros and cons. The main
differences are summarized in table 3.1. The comparison is based on more extensive reviews which can be found
elsewhere [18], [19].

Availability of Limited Yes Limited
light-emitting (rare-earth doping - (rare-earth doping
components required) (direct bandgap) required)

. High
:::renrgz's‘t:':::d) Low (due to the low fiber-to- | Low

chip coupling efficiency)

Integration density .
(demonstrated) Low High Low
Availability of non- -
linearstructures Limited Good Good
Scalability / low
cost perspective Good Less good Very good
Maturity of manu-
facturing methods Very good Good Less good

Table 3.1: Overview of the differences between some key material systems for integrated optics. The
comparison is based on a number of sources [18] - [22]. Due to the shortness of the comparison, the table
gives a simplified picture of reality.

! The term silicon-based has been avoided because this term, which is often used in the literature, doesn’t cover materials like
silica, silicon oxynitride and silicon nitride.

11
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In general, it can be said that doped silica is the dominant technology for passive components (e.g., optical
bandpass filters, dispersion compensators and gain equalizers). The low integration density and the lack of both
highly nonlinear and compact active structures are major disadvantages of this technology.

III-V semiconductors (e.g., indium phosphide) allow the monolithic integration of electronic functions as well as
both active and passive optical functions, which is a big pro. Disadvantages include the low fiber-to-chip
coupling efficiency and the fact that the technology relies on crystalline instead of amorphous materials, which
limits the scalability of the fabrication process. Consequently, the economy of scale is not as applicable to III-V
semiconductors as it is to silicon-related material systems. Some of the most advanced integrated optical devices,
however, have been realized in III-V semiconductors [23], [24] which indicates the opportunities of this
technology.

The third category that is mentioned in table 3.1 is polymer-based integrated optics. The attractiveness of
polymers includes the wide range of pronounced properties that can be encountered in these materials (e.g.,
strong thermo-optic effects) and the fact that the involved processing equipment is ultralow cost. Current
disadvantages include the poor long-term temperature stability of devices and the relative immaturity of polymer
device manufacturing methods [21].

For the sake of completeness, it should be mentioned that so-called speciality fibers also have the capability to
perform an increasingly wide range of tasks in optical networks (e.g., dispersion compensation) [25].

3.1.2 Scope of the high-index project

The future will decide which material systems for integrated optics will become industry standards. Important
criteria are device performance, manufacturability and cost. Silicon-related material systems have a large
potential on account of their compatibility with conventional semiconductor processing industry. However, the
issues of low integration density and lack of both highly nonlinear and compact active structures limit their
applications significantly.

In the context of these deficiencies, the high-index project aims to increase the integration density of devices that
are based on established silicon-related material systems, particularly doped silica, while maintaining their
positive features. Besides, the high-index project opens up possibilities to improve the performance of active and
nonlinear components based on silicon-related material systems. This subject is discussed in chapter 4.

Before the primary concept of the high-index project is described in section 3.3, a classification of silicon-related
material systems and an overview of the status of silicon-related integrated optics are presented in section 3.2.
These descriptions enable to clarify and contrast the concept of the high-index project in a better way.

3.2 Classification of silicon-related material systems

Waveguides that are based on silicon-related material systems have a structure as is depicted in figure 3.1. The
base is a silicon (n = 3.45") substrate with on top of it a silica (SiO,, n = 1.45) buffer layer. The waveguide cores
are positioned on top of the buffer layer with a cladding of borophosphosilicate glass (BPSG) above them. The
refractive index of the BPSG is matched to the refractive index of silica, which is indicated by the dashed line
and the correspondence of both colors in figure 3.1. An overview of the fabrication process used at COM is
given in appendix B.

top cladding

waveguide
core

Figure 3.1: Cross-sectional geometry of an arbitrary component that is based on a silicon-related material
system. Three waveguide cores are visible.

The essential difference between waveguides based on the various silicon-related material systems is the core
material which can either be doped silica’, silicon oxynitride, silicon nitride or silicon. These materials have
significantly different refractive indices, which implies that waveguide properties as bending radius, core
dimensions, mode size and fiber-to-chip coupling efficiency are considerably different because of the arguments
that have been explained in chapter 2. In addition to these waveguide-theoretical consequences, there are also

! All refractive indices # in this thesis are specified for a wavelength of 1550 nm, unless specified otherwise.

2 Dopants that can be used to induce an increase in refractive index include germanium, phosphorus and titanium [26]. At
COM, germanium is the main dopant material. Therefore, this chapter concentrates on germanium-doped silica to explain the
properties of doped silica waveguides and components.

12
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differences in material properties that affect optical waveguiding. Both aspects are discussed in the next
subsections.

n
1.45 1.98 LI 3.45 si0, - silica
Ge:SiO, - germanium-doped silica
. = . SiON - silicon oxynitride
S0z, | SNl Sl SisN, - stoichiometric silicon nitride
[ — —— — SiN - silicon nitride
v SiON SN Si - silicon
Ge:SIO;

Figure 3.2: Overview of the refractive index values of a number of silicon-related materials. It is illustrated
that the refractive index can be adjusted between 1.45 and 3.45.

Figure 3.2 shows a classification of silicon-related materials that is based on refractive index. Germanium-doped
silica has a refractive index between 1.45 and about 1.48, depending on the germanium concentration. The
maximum value is determined by the maximum achievable doping concentration. Silicon oxynitride can have a
refractive index between 1.45 and 2.0. The exact value can be tuned by varying the oxygen-nitrogen ratio [27].
Because nitrogen is not a dopant but a part of the material matrix, the atomic nitrogen fraction is not limited to a
few percent. The refractive index of silicon oxynitride can be increased even further (> 3) if the relative silicon
content is increased [28]. Above a value of 2.0 the refractive index can also be tuned without using oxygen by
adjusting the silicon-nitrogen ratio. The highest refractive index value in silicon-related material systems is 3.45,
which is the value of silicon itself.

The next subsections explain the properties of waveguides with cores made from doped silica, silicon oxynitride
and silicon in more detail. The use of silicon nitride as core material is discussed in section 3.3, because this
material is used in the high-index project

3.2.1 Doped silica

The doped silica technology [26], which was introduced in the late 1980s, is the most mature silicon-related
technology for integrated optics. As discussed in section 3.1, doped silica waveguides are characterized by a
large minimum bending radius and a high fiber coupling efficiency. Besides, doped silica waveguides have a
relatively low propagation loss, which can be attributed to the wide bandgap (~ 9 eV' [29]) and the good
homogeneity of the material.

Table 3.2 shows an overview of the values of the waveguide properties that have been described in chapter 2 for
three relative index differences that are representative for germanium-doped silica waveguides. The table
displays the absolute refractive index step, which is an alternative parameter to quantify the refractive index
difference between core and cladding, the typical core dimensions of single-mode waveguides, the full-width
half-maximum of the optical mode, the minimum bending radius’ and the fiber coupling loss. In addition, typical
values for the propagation loss have been included. The displayed values have been obtained from the literature
and from calculations performed with the mode solver Selene [30]. All information in table 3.2, as well as in all
other tables in this chapter, applies to a wavelength of 1550 nm which is the standard for optical communications
because the attenuation in silica fibers is minimal at this wavelength (~ 0.1 dB/km) [7].

' A wide bandgap is positive for the transparency because it implies that light used in optical communications
(A=1550 nm < E= 0.8 eV) cannot induce energy absorbing band-to-band electron transitions.

% The minimum bending radius of a waveguide is a somewhat arbitrary quantity since it depends on the bend loss that is
tolerated. Because the values in table 3.2 as well as in the other tables in this chapter are originating from several sources (see
table captions), based on different and sometimes unspecified criteria, they can only be regarded as indications.

13
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0.0025 0.004 8x8 13 25 0.01 0.01
0.0075 0.011 6x6 9 5 0.4 0.01
0.012 0.017 45x4.5 7 22 1.2 0.03

Table 3.2: Overview of the properties of germanium-doped silica waveguides. Three values of the relative
index difference are displayed to give an indication of the influence of this parameter. The overview is based
on several sources [26], [31], [32].

An example that 1llustrates some of the pros and cons of doped silica is the optical amplifier technology
developed by Cisilias' [33] which is a spin-off company of COM. Their optical amplifiers are so-called erbium-
doped waveguide amplifiers (EDWA’s) which consist of germanium-doped waveguides that are also doped with
the rare-earth element erbium. Erbium enables to amplify signals around a wavelength of 1550 nm when it is
pumped with light with a wavelength of 980 nm. EDWA’s are related to erbium-doped fiber amplifiers
(EDFA’s) which are more established optical amplifiers [34]. Advantages of EDWA’s in comparison with
EDFA’s are their compactness, the fact that they can be integrated in arrays and the fact that they can be
combined with passive components (e.g., pump/signal multiplexers and gain equalizers) on a single substrate.
Figure 3.3 shows an illustration of an EDWA. The figure illustrates the major disadvantage of rare-earth-based
optical amplifiers: long (~ 1 m) erbium-doped waveguides are required to create practical devices due to the low
gain per unit length. Besides, figure 3.3 shows how the minimum bending radius of waveguides limits the
possibilities to reduce the size of integrated optical circuits.

Pump

! Amplified signal

¢_ Amplifying
section

Figure 3.3: Layout of an erbium-doped waveguide amplifier (EDWA). Two disadvantages of doped
silica are illustrated: long amplifier sections are required to obtain a significant gain per device and
the density of waveguides in the center of the spiral is limited by the minimum bending radius.

3.2.2 Silicon oxynitride

Silicon oxynitride provides the possibility to produce integrated optical devices with a higher degree of
integration than is possible with doped silica. In principle, the refractive index can be increased to about 2.0.
However, in that case the decrease in fiber-to-chip coupling efficiency is significant’. This could justify to
increase the refractive index only slightly.

A silicon oxynitride technology that is based on such a trade-off between small minimum bending radius and
high fiber-to-chip coupling efficiency has been developed by IBM [4]. In this technology, silicon oxynitride with
a refractive index of 1.50 is used as core material. The corresponding waveguide characteristics are shown in
table 3.3. The displayed core dimensions are not the exact values because the core of the waveguide is not
rectangular, but has a ridge structure [35]. The displayed fiber coupling loss can be reduced to 1.7 dB by
incorporating spot-size converters [36].

! Recently Cisilias merged with JONAS to form NKT Integration.
2 For single-mode waveguides with a core index of 2, the coupling loss to standard single-mode fibers is about 10 dB.
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Table 3.3: Overview of the properties of IBM’s silicon oxynitride waveguides. The information is based on
reference 35.

An example of a device that has been realized in IBM’s SiON technology is the add-after-drop filter for
wavelength division multiplexed communication systems that is shown in figure 3.4. The device is based on
resonant couplers and can be tuned thermo-optically. Positive features of the displayed design are the good
transmission characteristics (flat passband, low cross-talk, etc.) and the easy tunability [37]. The chip size is
75 mm x 5.6 mm. An equivalent component based on doped silica would be considerably bigger due to the large
number of waveguide bends.

Output
Drop

Input

Figure 3.4: lllustration of an add-after-drop filter based on IBM'’s silicon oxynitride technology. The chip
dimensions are 75 mm x 5.6 mm.

IBM’s SiON technology is the first silicon-related technology other than doped silica that is on such a level that
it can be regarded as a competitive optical technology for passive applications. However, the integration density
is still low. This encourages investigating the feasibility of new technologies that could lead to further
improvements.

3.2.3 Silicon

The utilization of silicon as core material is advantageous for optimal size reduction of optical circuits
(considering silicon-related material systems). However, the associated technological requirements are high due
to the small cross-sectional waveguide dimensions that are required to establish single-mode operation.
Moreover, silicon has less good optical properties than both silica and silicon oxynitride. Nevertheless,
promising results on silicon-based integrated optics have been obtained by MIT. One of their achievements is the
reduction of propagation loss in silicon waveguides from over 30 dB/cm to 0.8 dB/cm [38], [39]. Information on
their waveguides is shown in table 3.4.

The step size of the discontinuity in the electric field, which has been mentioned in chapter 2 (see formula 2.3),
is significant for silicon waveguides. The ratio £, / E.; ; is equal to 0.18. In doped silica and silicon oxynitride,
this discontinuity can be largely neglected (Ec, / Eo ;> 0.93).

Potential applications of silicon waveguides do not only include the realization of all-optical devices, but also the
replacement of electrical interconnects on electronic chips. This application is described briefly in section 4.4,
because it could have a serious impact on the evolution of integrated optics.

0.41 2 0.5x0.2 0.4 0.002 14 0.8

Table 3.4: Overview of the properties of MIT’s silicon waveguides. The information is based on references 38
and 39.
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3.3 Concept of the high-index project

The concept of the high-index project is related to aspects discussed in the previous sections. The essence of the
concept is that waveguides with a low and waveguides with a high relative index difference are integrated on the
same substrate (i.e. silicon) to benefit from the best properties of both: low fiber coupling loss and small
minimum bending radii. Both aspects are discussed in this section. Subsection 3.3.1 introduces the material that
has been chosen as core material for the waveguides with a high relative index difference: silicon rich nitride,
and subsection 3.3.2 explains the opportunities and the associated challenges of integrating waveguides with a
low relative index difference on the same substrate.

3.3.1 Silicon rich nitride

The material that has been chosen as core material for fabrication of the waveguides with a high relative index
difference is silicon rich nitride deposited by low-pressure chemical vapor deposition (LPCVD). The precursors
in this process are dichlorosilane (SiCl,H,) and ammonia (NH;). The deposited material is characterized by a
refractive index of about 2.1 which can be tuned by varying the gas flow ratio of the precursors [40].

Silicon rich nitride has an atomic silicon fraction that is larger than in stoichiometric' silicon nitride (Si;Nj),
which clarifies the term silicon rich. The reason why this particular type of silicon nitride was chosen is because
the mechanical stress is significantly lower than in stoichiometric silicon nitride?, which reduces material
induced birefringence and facilitates device fabrication.

Properties of the silicon rich nitride waveguides are shown in table 3.5. The displayed propagation loss is
applicable to multi-mode waveguides with cross-sectional dimensions of 8 um x 1.3 pum (width x height) because
single-mode waveguides have not been fabricated yet due to technological problems (see section 5.5). The value
for the minimum bending radius is a calculated value [41]. Because of all these complications, table 3.5 only
serves as an indication that can be used to compare silicon rich nitride with the materials that have been
mentioned in section 3.2. More detailed information on silicon rich nitride thin film and waveguide properties is

presented in chapter 5. The ratio E, s / E.; 1, which is a measure for the discontinuity at the interface between
core and cladding (see formula 2.3), of silicon rich nitride waveguides is equal to 0.5.

0.25 0.6 06x0.6 0.8 0.040 10 0.7

Table 3.5: Overview of indicative values of the properties of silicon rich nitride waveguides. The information is
based on calculations performed with Selene and on the experiments discussed in chapter 5.

Because the refractive index of silicon rich nitride is not as high as the refractive index of silicon, the achievable
integration density is not as high either. However, a positive consequence is the fact that the technological
requirements to fabricate single-mode waveguides are not as tight.

The above-described considerations explain the choice of silicon rich nitride as core material. Chapter 5 presents
a number of experiments that have been performed to investigate the suitability of silicon rich nitride for this
application.

3.3.2 Fiber-to-chip coupling efficiency
<<confidential>>

! Stoichiometric refers to the state of an ionic compound wherein there are equal amounts of cations and anions [42]. The
chemical formula of stoichiometric silicon nitride is given by Si;N,4 because the electric charges of silicon and nitrogen are
4+ and 3- respectively.

2 The mechanical stress in our films is below 100 MPa [43], and values below 10 MPa have been reported for silicon rich
nitride [44]. In comparison, the mechanical stress in as-deposited stoichiometric silicon nitride is 1.2 GPa [45].

16



3.3 Concept of the high-index project

<<confidential>>
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<<confidential>>
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4 Applications of high-contrast material systems

This chapter lists a number of potential applications of high-contrast silicon-related material systems for
integrated optics, where the term high-contrast refers to a high relative index difference. The purpose of this
chapter is to provide an overview of possible future directions for the high-index project.

4.1 Optical filters

The most evident application of high-contrast silicon-related material systems is the realization of optical filters.
Recently, the demand for optical filters has increased considerably because of the deployment of commercial
wavelength division multiplexed (WDM) communication systems, and optical filters are essential components
for these systems. In addition to traditional designs like bandpass filters, new applications have emerged such as
gain equalization and dispersion compensation [17].

Optical filters can be realized in established technologies as doped silica and silicon oxynitride. However, the
application of high-contrast waveguides offers the possibility to produce more compact filters with better
performance. This is explained in the next subsections.

4.1.1 Working principle of optical filters

The optical filters under consideration are generalized interferometers which split incoming signals into a
number of paths, delay the various signal parts and recombine them. Basically, there are two fundamental types
of filter elements: finite impulse response (FIR) and infinite impulse response (IIR) elements. Two
representations of these types are shown in figure 4.1. The essential difference between the two types is that their
transfer functions are fundamentally different, with as most pronounced feature the finite versus infinite duration
of the impulse responses [17]. The displayed IIR element is also referred to as ring resonator.

(@) (b)

Figure 4.1: lllustration of (a) a finite impulse response (FIR) filter element and (b) an infinite impulse
response (lIR) filter element. This particular IIR element is also referred to as ring resonator.

In practice, filter elements are characterized by a magnitude and a phase response which both depend on
coupling coefficient x and phase shift ¢ The filter response can be tailored by varying these parameters. This is
usually done thermo-optically. Cascading and combining filter elements gives more design freedom, and can be
used to realize an arbitrary filter response. The advantage of incorporating both FIR and IIR elements in a single
device is that a desired response can in general be achieved with fewer stages [17]. This is illustrated in
subsection 4.1.2.

In addition to the above-described difference in size, there is another relevant issue which concerns the free
spectral range (FSR) of ring resonators. The free spectral range is the length of a period in the spectral response’
and, for a ring resonator, the free spectral range increases with decreasing length of the feedback path:

FSR=—F_, (4.1)

n,L,

where c is the velocity of light in vacuum, L, is the length of the feedback path or unit length, and n, is the
effective group index which is given by:

ng=n—ﬂj—z, 4.2)

! The spectral response of a ring resonator is intrinsically periodic because of the discrete set of delays that is generated by
the feedback loop.
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where 7 is the effective refractive index of the waveguide that forms the feedback loop. L, is equal to 2nR, when
the feedback loop is a circle with radius R.

The consequence of the fact that the free spectral range increases with decreasing bending radius is that high-
contrast material systems are more suitable to realize devices compatible with the current ITU grid for optical
communications' than for example the intermediate-contrast silicon oxynitride technology. This is explained in
subsection 4.1.3.

The relevance of the above-described filter theory for the high-index project is that the integration of ring
resonators in devices can only be realized on the basis of material systems which waveguides have sufficiently
small bending radii. In this context, high-contrast material systems are more suitable than either the low-contrast
doped silica or the intermediate-contrast silicon oxynitride technology.

4.1.2 Bandpass filtering

Bandpass filters are basic building blocks for add/drop multiplexers and optical routers in wavelength division
multiplexed (WDM) communication systems. Ideal bandpass filters have 100% transmission in the passband and
0% transmission outside the passband. This can be approximated by using a large number of filter elements.
Because of practical reasons (area reduction, reduction of insertion loss and limitation of the influence of
fabrication tolerances), it is advantageous to reduce the amount of filter stages as much as possible.

To illustrate the role that ring resonators can play in reducing the number of filter stages, figure 4.2 shows a
schematic representation of a 4 x 4 optical router. The influence of the ring resonators which are indicated by the
bold blocks with symbol @,, is illustrated in figure 4.3 on page 21. Figure 4.3a displays the spectral magnitude
response of the optical router without ring resonators, and figure 4.3b shows the spectral response with ring
resonators. It can be seen that the ring resonators flatten the passband and lower the cross-talk. The latter has
been indicated by the increase in useable bandwidth per frequency channel from 6 to 74 percent. The useable
bandwidth per frequency channel is defined by the 30 dB cross-talk points.

The described performance improvements of optical routers cannot be achieved without ring resonators in a way
equally effective as the one illustrated here [17], which demonstrates the added value of ring resonators for
bandpass filter applications.

0
e —1.0AL [ @ | —> %o
gt i — 1AL H @, e L
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Figure 4.2: Schematic representation of a 4 x 4 optical router. The AL blocks represent different path
lengths. The bold blocks with symbol @ represent optional ring resonators. The influence of these
elements is illustrated in figure 4.3.

! The International Telecommunications Union (ITU) has defined an allowed channel optical frequency grid based on 100
GHz spacing from a reference frequency of 193.1 THz = 1552.52 nm [46].
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Figure 4.3: Spectral response of the 4 x 4 optical router that is displayed in figure 4.2 (a) without and
(b) with ring resonators in the arms. HO1, H11, H12 and H13 are the normalized outputs of channels 0,
1, 2 and 3 as function of input 1. The graphs were reprinted from reference 17.

4.1.3 Dispersion compensation

In standard single-mode fibers light pulses with a wavelength around 1550 nm are broadened in time and
distance. This phenomenon is called dispersion. Compensation of dispersion becomes increasingly important
with increasing bit rate in order to prevent pulses from overlapping each other. Dispersion compensation is
another filter application that benefits from the properties of ring resonators.

The essence of dispersion compensation is that a frequency dependent group delay is induced to compensate the
frequency dependent group delay caused by the fiber. Because the group delay in fibers is a linear function of
frequency, a dispersion compensator should have a linear response as well, but with a negative slope compared
to the dispersion in fibers. Ideally, the amplitude is unaffected, because the group delay 7, is only dependent on
the phase response @ of the filter [17]:

T __Ld;() 4.3)
% 27 df’ ’

where f'is the frequency in Hz.

In principle, dispersion compensators can be realized by using only FIR filter elements. However, a number of
arguments [47] suggest that ring resonators are the best choice for achieving low loss and extremely compact
dispersion compensators. Figure 4.4 shows a design of a dispersion compensator that exists of four cascaded ring
resonators. Figure 4.5 displays the spectral group delay of the individual ring resonators as well as the response
of the total device. In the limit of low feedback path losses, the magnitude response is unity for all frequencies.
Effects of a finite loss are discussed elsewhere [48].

Figure 4.4: Layout of a dispersion compensator that is based on four cascaded ring resonators.
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Figure 4.5: Spectral group delay of the individual ring resonators and a device consisted of four
cascaded ring resonators (upper line). The useable bandwidth reaches over 50% of the free spectral
range (graph was reprinted from reference 48).

The linear slope in figure 4.5, which is the useable part of the response for compensation of dispersion induced
in fibers, reaches over half the free spectral range. Since the free spectral range of a ring resonator increases with
decreasing length of the feedback path, as expressed in formula 4.1, the maximum achievable bandwidth of
dispersion compensators increases with increasing relative index difference of the waveguide that forms the
feedback path. Consequently, dispersion compensators as illustrated in figure 4.4 can have a wider usable
bandwidth when they are fabricated in high-contrast material systems.

To show the practical relevance of the difference in useable bandwidth, table 4.1 compares the properties of a
demonstrated dispersion compensator based on IBM’s SiON technology [48] and a dispersion compensator that
could be fabricated from silicon rich nitride waveguides. The table shows that the dispersion compensator based
on silicon rich nitride can have a useable bandwidth of 100 GHz when the radius of the ring is reduced to 0.12
mm. Because of the low relative index difference of IBM’s silicon oxynitride waveguides, the useable bandwidth
of that dispersion compensator is limited to 25 GHz'. This implies that these dispersion compensators limit the
data capacity per channel of the ITU optical frequency grid which is based on 100 GHz spacing [46] (see
formula 1.1). This proves that high-contrast material systems enable performance improvements of optical
filters.

SiON (IBM) 0.033 0.55 1.5 50 25 25

SRN (COM) 0.25 0.12 2.0 200 100 100

Table 4.1: Comparison between the usable bandwidths of a dispersion compensator that has been realized in
IBM’s SiON technology and a similar device that could be realized in the material system that is under
development in the high-index project.

Two remarks should be made regarding the above-described comparison. First of all, a negative effect of
decreasing the radius of the rings is that the absolute dispersion slope (usually expressed in ps/nm) becomes less
steep because of two effects: the delay per round trip decreases and the wavelength scale is stretched out. This
implies that dispersion compensators have to be cascaded to achieve the same compensation effect. Second, the
comparison between a realized and a non-realized device is not completely fair, though it illustrates the
difference in physical limits of the application of both material systems.

! To achieve a useable bandwidth of 25 GHz the bend radius needs to be reduced to 0.55 mm, as is shown in table 4.1. This
value is lower than the minimum bending radius described in section 3.4, which implies that more bend loss is tolerated, see
reference 48.
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4.2 Additional resonators applications

Optical resonators have a wide range of applications other than the ones described in section 4.1. A few of these
applications are described in this section because high-contrast material systems are inevitable for the
implementation of compact optical resonators. Notice that the description has been broadened from ring
resonators to resonators in general because a wide variety of shapes are possible. The three applications that are
discussed are: switching, lasing and device miniaturization.

4.2.1 Optical switching

Optical switching is based on the variation of the refractive index with applied light intensity by means of a
nonlinear optical (NLO) material [7]. The primary limitation on optical switching is the weakness of nonlinear
effects in currently available materials. To a certain extent, optical resonators are able to relax the requirements
on the strength of these nonlinear effects. In the first place, high-finesse' resonators can have very high internal
field intensities, which increases the phase shift induced by a nonlinear optical (NLO) material that is
incorporated in the resonator. Second, the phase shift that is required to change the output levels of high-finesse
resonators is relatively small due to the wavelength selectivity of resonators. This effect is illustrated in figure
4.6, where 4.6a shows a layout of a possible implementation of an optical switch, and figures 4.6b and 4.6¢
display the signal magnitudes of outputs 1 and 2 as function of the refractive index of the nonlinear optical
material incorporated in the resonator. Because of the sharp peaks, which are associated with the high finesse,
the two switching states are relatively closely spaced. The working principle of the illustrated switch, which is
extensively discussed elsewhere [49], is based on the superposition of control beam I .o and signal beam I;gnas
which together form input signal 7;,. The variation in input intensity causes the variation in refractive index of
the nonlinear optical material.

Another implementation of an optical switch is the incorporation of a resonator in one of the arms of a Mach-
Zehnder interferometer. In addition to the above-described features, this implementation benefits from a third
effect of resonators which enhances their ability to switch. This concerns a linear effect that is also employed in
optical filters [50].
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Figure 4.6: lllustration of an integrated optical switch based on a ring resonator with a nonlinear optical
material. (a) Schematic top view of the device, and signal magnitudes of (b) output 1 and (c) output 2 as
function of the effective refractive index of the nonlinear optical material (figure was reprinted from
reference 49).

! The finesse F of a resonator is defined as the ratio of the distance between the peaks in the spectral transmission spectrum
(free spectral range, FSR) to their full-width half-maximum (¥ = FSR/FWHM). The finesse is a normalized quantification for
resonance.
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4 Applications of high-contrast material systems

A major concern related to the application of high-finesse resonators for optical device applications such as
switching is that dynamical effects in high-finesse resonators are relatively slow, which limit the maximum
modulation frequency'. This is a relevant issue because the principle advantage of optics is data capacity. A
restriction on data capacity could undermine the benefit of replacing electronic devices by optical devices.

An important design consideration that is related to this concern is originating from the relation between
intensity magnification factor M, which is the ratio of circulating intensity to incident intensity, and maximum
modulation frequency f,,,,. The maximum modulation frequency f,,, of a ring resonator is roughly given by [50]:

L
nFL, ’

I

Sonax 4.9

where c is the velocity of light in vacuum, L, is the length of the feedback path or unit length, F is the finesse of
the resonator and n, is the effective group index which is given by formula 4.2.
The intensity magnification factor M scales quadratically with the finesse of the resonator [50]:

Mo« F’L,. (4.5)

From formulas 4.4 and 4.5 it can be concluded that any desired magnification factor M and maximum
modulation frequency can be obtained, provided that the resonator can be made to small dimensions (lower L,)
and large enough finesse (higher F). It is beyond the scope of the thesis to present a quantitative analysis of
required dimensions. However, compact resonators can only be realized in high-contrast material systems, which
is another illustration of the fact that these particular material systems enable performance improvements of
integrated optical devices. Nevertheless, it remains questionable whether switching frequencies on the order of
terahertz® can be realized with switches based on high-finesse resonators.

4.2.2 Lasing

Two aspects in high-contrast material systems are advantageous for the fabrication of active devices such as
lasers. The first aspect, which is not related to resonators, is the fact that light in high-contrast waveguides is
more confined than light in low contrast waveguides (see chapter 3). This implies that for equal total power
levels, light in the center of high-contrast waveguides is more intense than light in the center of low-contrast
waveguides, which is an opportunity to increase pump efficiency [51]. Secondly, high-finesse resonators can
have very high internal field intensities in a narrow wavelength range, as has already been mentioned in
subsection 4.2.1, which enables them to increase pump efficiencies further as well as to act as wavelength
selectors [52].

Therefore, resonators could be applied for the fabrication of compact arrays of light sources for WDM
applications. In relation to this opportunity, it should be noticed however that both propagation and coupling
losses are generally higher for high-contrast material systems. This limits the applicability of active devices at
the present time.

4.2.3 Device miniaturization

Optical resonators enable a higher degree of device miniaturization than what’s possible with traditional
waveguide bends. It has been reported [53] that low-finesse resonators can form right angle bends, T-junctions
and crossings with excellent transmission characteristics. The waveguide intersection regions under
consideration are resonant structures with symmetry, as is shown in figure 4.7.

This example illustrates that also low-finesse resonators could be useful for applications in high-density
integrated optics.

! The fact that operating frequencies of all-optical devices can be limited by effects such as cavity build-up time, cavity
dynamical effects or non-linear response times is often overlooked. However, it is an important issue that proves that all-
optical devices are not necessarily faster than electronic devices.

2 In comparison, state-of-the art silicon-based (SiGe) transistors are capable of reaching operating frequencies of 210 GHz
[54] and frequencies as high as 1.08 THz have been reported for so-called transferred-substrate heterojunction bipolar
transistors [55].
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Figure 4.7: (a) Schematic of a square resonator in a high-contrast material system with a 45°C-cut at
its outer corner and (b) corresponding electric field amplitude distribution.

4.3 Photonic bandgap structures

Photonic crystals are engineered structures with a periodic arrangement of dielectric materials in two or three
dimensions. If the periodicity and symmetry of the crystal and the refractive indices of the materials are chosen
well, then the band structure of such a crystal shows a photonic bandgap (PBG) for one or two polarizations, i.e.
at particular frequencies light propagation is prohibited in any direction in the crystal. Photonic crystals that
exhibit a photonic bandgap are referred to as photonic bandgap structures or photonic bandgap materials.
Photonic bandgap structures are considered to be promising structures for a number of applications, including
inhibition and enhancement of spontaneous emission [56]. The promising aspect of photonic bandgap structures
is the fact that they provide mechanisms to manipulate light and light-matter interaction that are incomparable to
mechanisms in conventional optics. An illustrative example is the optical switch that is proposed in reference 57.
The switching action in the described photonic bandgap structure is not associated with the operation of a
resonator with an inevitable trade-off between modulation frequency and switching intensity (for given
dimensions), which has been described in subsection 4.2.1, but it is associated with an abrupt discontinuity in the
engineered broadband electromagnetic density of states of the photonic bandgap structure [57].

The relevance of high-contrast material systems for photonic bandgap structures is given by the fact that
photonic bandgap effects are more pronounced in high-contrast than in low-contrast structures [15]. More
information about prospects and practical limitations of photonic bandgap structures can be found elsewhere
[56].

4.4 Optical interconnects for electronic devices

As bit rates of integrated electronic components increase, the metal interconnection lines that provide the
communication paths between components become the bottleneck for device performances. This phenomenon is
commonly referred to as interconnection bottleneck [58], and it is a result of the aspect ratio limit of electrical
interconnects. The aspect ratio limit states that the data capacity C (bits/s) of electronic interconnects is
proportional to aspect ratio (=4//°) of the electrical line [59]:

A
C=z= }’l—z, (4.6)

where 4 is the effective cross-sectional area of the line, / is the length of the line and yis a prefactor that depends
on the type of line (Yrc 1ine = 10'® bits/s, YLC line = 10" bits/s). The aspect ratio limit tells that the data capacity of
an electrical line decreases with increasing length and decreasing cross-sectional dimensions. For so-called
global on-chip interconnects this is already a problem, and the aspect ratio limit is expected to dominate
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electronic device performances in the near future [58]. To give an indication, the bandwidth of an RC-line with a
1 x 1 pm cross-section is ~3.5 GHz [59]. An opportunity to overcome the interconnection bottleneck is the
application of optical interconnects. Optical interconnects do not suffer from the aspect ratio limit because the
physics of loss and signal distortion is completely different [S9].

The exiting aspect of optical interconnects is that it could be a first step in the monolithic integration of
mainstream silicon-based electronics and integrated optics, which could be highly advantageous because it
would combine the bandwidth capacity of optics with the processing capacity and the data storage capacity of
electronics’.

A relatively simple implementation of optical interconnects in electronic devices is illustrated in figure 4.8. The
diagram shows an optical bus architecture for clock distribution. The architecture consists of a network of
waveguides that distributes an optical signal of an external source to a number of photo detectors which
transform the optical signals into electrical signals. The external source could be mode-locked laser, which raises
possibilities not normally available in electrical systems because pulses are much shorter than pulses available
from electrical circuits and the very fast rising edges imply that the clock phase could be very well defined [59].
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Figure 4.8: lllustration of an optical bus architecture for clock distribution in electronic devices.

Although there are several arguments for introducing optical interconnects to electronic devices, there are still a
number of technological challenges that have to be overcome. A major challenge is the design of receiver
amplifiers and transmitter drivers. The performance of CMOS-compatible photo detectors, which would be
required for the application illustrated in figure 4.8, is still low [59]. Using silicon-based materials systems for
light emission for optical interconnects still would require major breakthroughs.

An extensive analysis of opportunities and challenges of both off-chip and on-chip optical interconnects can be
found elsewhere [59].

4.5 Summary

In this chapter a number of applications of high-contrast silicon-related material systems have been presented to
give an impression of the opportunities offered by these material systems. The opportunities are related to size
reduction and enhancement of functionality of devices based on conventional low-contrast silicon-related
material systems.

Regarding optical filters, it has been shown that existing concepts can be implemented in a more compact way
and to some extent with better performance in high-contrast material systems than can be done in low-contrast

! The processing capacity and data storage capacity of electronics is higher because its integration density is fundamentally
better than the integration density of optics due to the relatively large wavelength of light: ~ 1 um (in waveguide materials
and for telecommunications wavelengths). The wavelength is a relevant length scale in this context because most optical
components rely on interference, and device dimensions are therefore necessarily restricted by wavelength [59].
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4.5 Summary

material systems. Although there are a number of technological challenges to overcome, the surplus value of
high-contrast material systems is obvious.

Other applications such as switching, lasing and enabling a monolithic merge between electronics and optics,
which are examples of applications that would make integrated optics a more mature technology, seem to require
substantial breakthroughs. However, all these applications can take advantage of several features of high-contrast
material systems: small size of devices, ability to integrate high-finesse resonators and the possibility of
obtaining a strong photonic bandgap effect.

Some of the technological challenges that prevent high-contrast silicon-related material systems from a fast
introduction have been subject of the current project and are discussed in the next chapters.
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5 Analysis of silicon rich nitride film and waveguide properties

This chapter presents an analysis of a number of silicon rich nitride (SRN) film and waveguide properties. The
performance of this analysis is the main experimental work of the current master project. The objective was to
investigate the suitability of silicon rich nitride for optical waveguide applications and to investigate whether
process improvements could be implemented.

Before the experiments are described in section 5.2-5.4, section 5.1 presents an overview of the characteristics of
silicon rich nitride as well as a summary of the status of the deposition process at the start of the master project.
In this way, the motivation to perform the experiments is explained. The actual experiments comprehend the
characterization of the uniformity of the refractive index and thickness of SRN films by prism coupling (section
5.2), the investigation of N-H related absorption in SRN films by Fourier transform infrared (FTIR)
spectroscopy (section 5.3) and propagation loss measurements of SRN slab waveguides by dual prism coupling
(section 5.4). After these experiments have been described, section 5.5 discusses some technological problems
that are acting as a bottleneck for the development process at the moment and which are related to the deposition
process. Section 5.6 emphasizes the recommendations for further research.

The content of sections 5.3 and 5.4 is the subject of poster presentation on ECOC 2002. The associated paper has
been enclosed in appendix E.

5.1 Background

5.1.1 Arguments for the choice of silicon rich nitride

A number of arguments explain why silicon rich nitride deposited by low-pressure chemical vapor deposition
(LPCVD) was chosen as potential core material for high-density integrated optics. Some of these arguments
have already been mentioned in chapter 3, but for the sake of completeness they are included in the following
overview as well (notice that the choice was made before the start of this master project):

o The refractive index of silicon rich nitride is relatively high, which enables the fabrication of
waveguides with small bending radii. Because the refractive index is considerably lower than for
silicon, the technological requirements for the fabrication of single-mode waveguides are not as tight.
This enhances the possibility that optical lithography can still be used and that the less scalable electron
beam lithography can be avoided. The relation between refractive index of the core and bending radius
of the corresponding waveguide has been explained extensively in chapter 3.

e The propagation loss around the wavelength of 1550 nm is higher for silicon than what has been
reported for stoichiometric silicon nitride (0.3 dB/cm [60]). Although promising results for the
propagation loss of silicon have been achieved (0.8 dB/cm [38]), these values are difficult to realize.
Values of several decibels per centimeter are more realistic. This difference in propagation loss is an
additional reason for the choice of silicon rich nitride instead of silicon. However, it is not necessarily
true that the propagation loss of stoichiometric nitride can be obtained in silicon rich nitride. This is a
subject of research.

e The mechanical stress in SRN films is lower than in stoichiometric silicon nitride films, which is an

argument that has been mentioned in chapter 3 as well. The mechanical stress in our films is below 100
MPa [43], which is much lower than the 1.2 GPa of as-deposited stoichiometric silicon nitride films
[45].
The most important consequence of low mechanical stress is that it facilitates device fabrication. If the
stress value of a deposited film is high, then the wafer has either a bowl shape, which is
disadvantageous for the waveguide definition process, or the film cracks. Another advantage of low
mechanical stress is the fact that stress-induced birefringence is low.

e Low-pressure chemical vapor deposition has been chosen as deposition method instead of plasma-
enhanced chemical vapor deposition (PECVD) because the incorporation of hydrogen in LPCVD films
has been reported to be less pronounced than in PECVD films [61]. Two possible explanations for this
phenomenon are the fact that the hydrogen has more thermal energy in LPCVD than in PECVD
processes due to the difference in temperature (LPCVD: 700-900 °C, PECVD: 200-400 °C) and the fact
that the deposition rate in LPCVD processes (~ 5 nm/min) is lower than in PECVD processes (> 40
nm/min). Both elements could give hydrogen a better opportunity to desorb from the material during
deposition.

The incorporation of hydrogen, or more specific N-H bonds, is a negative effect for optical waveguide
applications because these bonds have an absorption peak near 1550 nm. This issue is further discussed
in section 5.3.
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5 Analysis of silicon rich nitride film and waveguide properties

o The recipe that has been used as a starting point for the project was an existing recipe that is normally
used for etch masks. The availability of this recipe can be considered as a practical reason for the choice
of silicon rich nitride. The parameters of the recipe are displayed in table 5.1. Varying the ratio of the
precursors dichlorosilane (SiCl,H,) and ammonia (NH;) enables to tune the refractive index in a range
from about 2.06 to 2.16 at a wavelength of 1550 nm, while keeping uniformity and reproducibility at
the same level [40].

The used LPCVD furnace, which deposits a boat of 30 wafers in one run, is a commercially available
furnace system from Tempress [62]. The silicon wafers have a diameter of 10.0 cm.

Pressure <200 mTorr
Temperature > 800 °C
SiCl;H, (DCS) / NHj; flow ratio 3.2:1
Deposition time 4 hr
Deposition rate 5.1 nm/min
Film thickness 1.22 ym
Refractive index at 632.8 nm 2.09'
Refractive index at 1550 nm 2.06

Table 5.1. Parameters and basic characteristics of the silicon rich
nitride LPCVD process. More detailed information about the
parameters cannot be given.

5.1.2 Motivation for the performance of the described experiments

At the start of the current master project some data concerning the silicon rich nitride deposition process was
already available. Some information was related to the uniformity of the refractive index and thickness of SRN
films. Because a few conclusions of that analysis relied on ellipsometry instead of prism coupling, and prism
coupling is believed to be more accurate [22], [35], these measurements have been repeated partially. This
experiment is presented in section 5.2.

Initially, not much information about the propagation loss in SRN waveguides was available. The only data
about this issue was the outcome of a few cutback experiments (see section 5.4) which suggested that the
propagation loss was about 1.6 dB/cm. However, the accuracy of these measurements was not very high.
Therefore, attention has been paid to the measurement of propagation loss and the identification of loss
mechanisms. The experiments that are related to this subject are presented in sections 5.3 and 5.4. The principle
and additional results of the above-mentioned cutback method are described in section 5.4 as well.

The films used for these experiments were all deposited with the recipe that has been described in subsection
5.1.1. To get an impression of the influence of the deposition parameters, which could provide useful ideas for
process improvements, it would be nice to vary gas flows, temperature and pressure. However, because of three
practical limitations this has not been done during this project:

e The refractive index of the recipe that is described in subsection 5.1.1 is on the border of the range of
what the prism coupler can measure. Refractive indices that are a little bit higher cannot be measured
due to the type of prism used. The simple solution to overcome this problem would be to use a different
type of prism. However, such a type was not available during the project.

e  The resolution of some measurement methods, such as Fourier transform infrared spectroscopy, was not
good enough to detect any difference between distinct SRN films within the refractive index range
mentioned in subsection 5.1.1 (see section 5.3).

e For the dual prism coupling measurement it was not possible to produce particle-free films due to
technological problems (see section 5.5). Only old films were available for these experiments. All these
films had been deposited with the recipe described in subsection 5.1.1.

! See section 5.2 for more accurate information about the refractive index.
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5.2 Refractive index and thickness uniformity of silicon rich nitride films

5.2.1 Introduction

In chapters 2 and 3 it has been illustrated that the cross-sectional dimensions and the refractive index of the core
are important parameters for the optical properties of a waveguide. One of the consequences of this fact is that
SRN films need to be deposited with a good uniformity to enable the design and the fabrication of devices.
Especially the performance of components such as couplers (e.g., directional couplers or MMI couplers [11]) are
sensitive for variations in the mentioned parameters.

To investigate whether the uniformity of the deposited SRN films is good enough, both the refractive index
uniformity and the thickness uniformity have been analyzed by prism coupling using the attenuated total
reflection (ATR) method.

5.2.2 Measurement principle

The basic principle of prism coupling is that light is coupled into a dielectric film by means of a prism. Only for
certain angles @ of the incident beam, optical modes are excited and light is coupled into the dielectric film. The
angle selectivity is a result of the phase matching condition between the light in the prism and the mode of the
dielectric film that needs to be fulfilled to establish a significant energy transfer [11]. The refractive index and
the thickness of the film are related to these particular angles.

The ATR method implies that light reflected by the waveguide is measured to determine whether an optical
mode is excited, as has been illustrated in figure 5.1. An advantage of the attenuated reflection method is that
substrate leakage is not relevant, which means that it is not necessary to have a buffer layer underneath the
dielectric film. Further advantages of the prism coupling technique are the simplicity of both the setup and the
calculation method [63], and the accuracy that is associated with this technique (see subsection 5.2.3). More
information on prism coupling and the ATR method can be found in reference 82 as well as on the website of
Metricon [64], which is a supplier of prism couplers.

detector

«

Intensity (a.u.)

1 Il 1 L 1 L 1

Angle of incidence 6 (a.u.)
(b) (c)

Figure 5.1: lllustration of the principle of prism coupling. (a) For angle 6, light is reflected from the
surface. (b) For angle 6, light is coupled into a guiding mode of the dielectric film. (c) Typical detected
intensity versus angle of incidence plot. The positions of the peaks are related to both the refractive
index and the thickness of the film.

5.2.3 Experimental setup

The type of prism coupler that was used for the experiment is the commercial available Model 2010 from
Metricon [64] which is based on the above-described ATR method. The wavelengths that can be used are 632.8
nm (He-Ne laser) and 1550 nm (diode-laser). In this project, the measurements have been performed at a
wavelength of 632.8 nm because the prism coupler is more accurate at this wavelength [65]. The refractive index
is slightly different at 1550 nm as is shown in table 5.1. However, accuracy is the most important quantity for
uniformity measurements, and the uniformity is not expected to be different at 1550 nm compared to 632.8 nm.
The accuracy of the refractive index measurements is ‘a few times 10’ [63] and the accuracy of the thickness
measurements is specified as 0.5 % + 50 A. Due to limitations of the setup, only TE polarized light could be
used to perform the measurements.
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5 Analysis of silicon rich nitride film and waveguide properties

5.2.4 Experiment
The performed experiment comprehends of three parts:

Both refractive index and thickness were measured at 5 positions on 5 wafers. Because it is hard to
position the prism in an accurate way on a specific spot due to the design of the setup, the
measurements have been performed at the positions that have been indicated in figure 5.2a. The reason
for choosing these positions is the easy identification and the fact that these positions are not close to
the edge. The wafers that were used for this analysis are wafers 11 to 15 inclusive. See figure 5.2b for
the positions of these wafers during deposition.

Refractive index and the thickness were measured in the center of all 25 SRN films that had been
deposited in the LPCVD process.

All measurements were repeated after an 1100 °C annealing process of 4 hours that was performed in a
nitrogen atmosphere which is the standard anneal recipe.
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Figure 5.2: (a) lllustration of the five measurement positions (dots) that were used for the investigation
of the uniformity of the refractive index and the uniformity of the thickness of SRN films. (b) Schematic
overview of the positions of the 25 wafers on the boat during deposition.

5.2.5 Results

For all measurements, 4 or 5 intensity dips were observed in the angular intensity plot. This is enough for an
accurate determination of both refractive index and thickness. The main results are presented in the following
overview:
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For all 5 wafers examined, the measured refractive indices at 5 positions on a single wafer were within
a spread of 7-10™ which corresponds to 0.03 % of the refractive index value. No spatial tendencies
could be observed.

The film thickness in center of the wafer was measured to be smaller than at the outer 4 points. This
tendency was observable for all 5 examined wafers, but the difference was very small (~10 nm, 0.8 %
of the total thickness).

For the measurements in the center of all 25 wafers of the LPCVD process, a systematic variation could
be observed. Both refractive index and film thickness increase as function of position of the wafer on
the boat. The results are shown in table 5.2, where the term spread refers to the interval between the
lowest and highest value measured on the indicated wafers. So, the above-mentioned systematic
variation is included in this number.
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11-16 0.0014 0.07 44 4
6-20 0.0023 0.11 120 10
1-25 0.0054 0.26 210 17

Table 5.2. Spread in refractive index and film thickness in the center of a number of wafers from the
boat of a LPCVD process. The wafer numbers indicate the positions of the wafers on the boat (see
figure 5.2b). See the text above the table for an explanation of the displayed quantities.

e The anneal process appears to have a detectable influence on the refractive index and the thickness of
the SRN films. The refractive index increases with 0.004 which corresponds with 0.2 %, while the film
thickness decreases with 12 nm or 1 %. No change in uniformity could be detected after the anneal
process.

5.2.6 Discussion ;

A few remarks can be made related to the results that have been presented in subsection 5.2.5. First of all, since
the spreading in thickness and refractive index per wafer is close to the resolution of the prism coupler, the actual
spread might be smaller than the spread in the detected values due to the limited accuracy of the measurements.
Therefore, it is hard to get more detailed information than what is presented in subsection 5.2.5 on the basis of
the Metricon prim coupler.

Second, it is important to apply a criterion to find whether the uniformity is good enough or whether it should be
improved. In principle, the best way to analyze this is to investigate how variations in the refractive index and
height of the core affect the optical properties of waveguides that are based on this LPCVD process. This could
be done either theoretically or experimentally. A waveguide-theoretical investigation of fabrication tolerances is
a difficult and time-consuming process, which was beyond the scope of this project. An experimental
investigation could be to fabricate some simple components such as directional couplers, based on a number of
SRN films of a single deposition process, and measure the difference in performance as function of the position
of the wafers in the LPCVD furnace. This experimental analysis could not be performed because components
such as directional couplers are still under development in the high-index project.

As an alternative, the characteristics have been compared with a publication of IBM’s SiON technology [35],
because this is a well-developed relatively high-contrast technology on the basis of which several working
devices have been demonstrated (see subsections 3.2.2 and 4.1.3). Table 5.3 displays a comparison between both
technologies. The specifications about the uniformity per wafer of both technologies are comparable because
they were obtained by the same method on a similar wafer area. The table shows that the uniformity per wafer is
better for SRN. However, especially the thickness uniformity over a number of wafers is not particularly good.

SiON (IBM) 0.07 0.07 0.07 1 1 1

SRN (COM) 0.03 0.10 0.14 0.8 5 11

Table 5.3: Comparison between the characteristics of deposited films of IBM’s SiON technology [35] and the
SRN technology that is under development in the high-index project. Because no information was available
about the reproducibility of IBM’s single-wafer PECVD process, a reproducibility of 100 % has been assumed.

A third remark is related to the influence of annealing. The determination of this influence showed that there is
no detectable change in uniformity, but that a densification of the films is observable. In the case of PECVD-
grown SiON it is known that this densification is accompanied by the removal of hydrogen [35]. Because it is
expected to be very disadvantageous for optical waveguide applications to have hydrogen in the SRN films, the
influence of annealing needs a further investigation. Important questions are: is hydrogen present in as-deposited
SRN films? And if that is the case, to what extent does annealing reduce the hydrogen concentration? These
questions are addressed in sections 5.3 and 5.4.
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5 Analysis of silicon rich nitride film and waveguide properties

Finally, in addition to these conclusions about the SRN films, it has been demonstrated that prism coupling is
indeed more accurate than ellipsometry for the determination of the refractive index and the thickness of the
SRN films under investigation. This can be deduced from the fact that it was impossible to detect any difference
between the SRN films before and after annealing by ellipsometry [43], but that a clear densification of all 25
deposited films could be observed by prism coupling. Based on this experiment it is expected that the accuracy
in refractive index measurements of the ellipsometer at COM is > 0.002.

5.2.7 Conclusions
In summary, the investigation of the refractive index and thickness uniformity of SRN films by prism coupling
resulted in four conclusions:

e The uniformity per wafer of both refractive index and thickness of the LPCVD-grown SRN films is
good enough (0.03 %) for device applications, as has been deduced based on a comparison with IBM’s
SiON technology. This comparison was the best thinkable criterion when taking the arguments
described in subsection 5.2.5 under consideration.

e It seems that the uniformity over a boat of 25 wafers needs to be improved before all wafers can be used
to fabricate components with the same specifications, although it should be noticed that this conclusion
is not based on a quantitative analysis (see section 5.2.6). Because the uniformity over 25 wafers is only
important for a production process and not for the high-index project in its current state, it has no
priority to improve it.

o The observed densification of the films by annealing, which could be accompanied by the removal
hydrogen, poses questions related to the hydrogen concentration in SRN films. These questions ask for
a further investigation.

e It has been demonstrated that the at COM available prism coupler is a more accurate instrument for the
measurement of the refractive index and thickness of SRN films than the available ellipsometer
(refractive index accuracy: a few times 10* vs. >2-10°, see subsections 5.2.3 and 5.2.7).

5.3 N-H related absorption in silicon rich nitride films

5.3.1 Introduction

Films that are deposited by means of precursors that incorporate both hydrogen and nitrogen may contain
significant amounts of N-H bonds. This has been reported for plasma-enhanced as well as for low-pressure
chemical vapor deposition [27]. N-H bonds have their intrinsic infrared absorption around a wavenumber of
3300 cm™ which corresponds to a wavelength of 3000 nm'. The first overtone of this frequency can be found
around a wavelength of 1500 nm, and its low-energy tail leads to unwanted absorption losses in the wavelength
region of interest. The exact positions of the resonance peak and its overtones depend on the material structure.
Particularly the electronegativity of the groups that surround the N-H bonds is expected to be important [66].

In principle, N-H bonds can be largely removed by annealing, but there are a few additional effects, which are
discussed in section 5.6, that imply that the removal of hydrogen by annealing is not straightforward. These
complications give reasons for investigating the incorporation of N-H bonds in SRN films and the influence of
annealing on their concentration. The method that was used to perform this analysis is Fourier transformed
infrared (FTIR) spectroscopy [67].

5.3.2 Measurement principle

Infrared spectroscopy is a characterization method that records the interaction of infrared radiation with samples,
measuring the frequencies at which the sample absorbs the radiation. Determining these frequencies allows the
identification of the sample's chemical composition, since chemical functional groups are known to absorb light
at specific frequencies [67].

The frequencies of light that are absorbed are associated with transitions in the rotational and vibrational states of
a compound. In order for a particular rotational or vibrational mode to directly absorb infrared radiation, the
motion associated with that mode must produce a change in the dipole moment of the compound. This
requirement implies that bonds such as N-N and Si-Si bonds cannot be detected by infrared spectroscopy, and
that the influence of electronegativity on the position of the resonance peak, which has been mentioned in 5.3.1,
sounds reasonable. For solids, internal rotations are often limited, so the major type of interaction is vibrational.
Fourier transform infrared (FTIR) spectroscopy is an implementation of infrared spectroscopy in which the
spectrum is obtained on the basis of a Fourier analysis. The essential difference between FTIR spectroscopy and
conventional, so-called dispersive infrared spectroscopy is that FTIR spectroscopy uses all wavelengths at the

' In FTIR spectroscopy, the entity that is commonly used to quantify the wave character of light is the wavenumber £,
expressed in cm™. The relation between wavenumber k and wavelength A is: k = 1/4.
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5.3 N-H related absorption in silicon rich nitride films

same time, while dispersive infrared spectroscopy makes a spectral scan. The consequence of this bandwidth
difference is that FTIR spectroscopy benefits from a signal-to-noise ratio enhancement, described by Fellgett’s
advantage [67], also known as the multiplex advantage. Another advantage of FTIR is the fact that the radiative
throughput is larger. This beneficial effect is known as Jacquinot’s advantage [67].

More information about the differences between FTIR spectroscopy and dispersive infrared spectroscopy as well
as about the realization of an FTIR spectrometer, which is based on a Michelson interferometer, can be found
elsewhere [67].

5.3.3 Experimental setup

The FTIR spectrometer that was used for the performance of the experiment is the MIR 8000 of Oriel
Instruments [68] with a deuterated tri-glycine sulfate (DTGS) pyroelectric detector. This type is the most
common detector used in FTIR instruments. It is chosen for its ease of use, good sensitivity, and excellent
linearity. The spectral range of this detector is 6000-300 cm™ (1.7-28 um), which implies that fundamental N-H
related absorption around 3300 cm™ can be detected, but not the first overtone around 6600 cm™.

The MIR 8000 is a fully automatic setup which is equipped with Matlab-based software that performs the FTIR
analysis. The software provides absorbance graphs as are shown in subsection 5.3.5. More information about the
experimental setup can be found elsewhere [69].

5.3.4 Experiment

The actual experiment comprehends the measurement of the absorption spectra of a number of SRN films as
well as some PECVD-grown silicon oxynitride (SiON) films. The motivation to measure the absorption spectra
of PECVD-grown SiON films was that they could serve as a reference (see section 5.3.6).

The SRN films were deposited with the recipe described in section 5.1.1 (thickness: 1.2 um). The PECVD-
grown SiON films, which had a thickness of 2 um, were deposited with a recipe that was extracted from the
literature [35]. All films were deposited on double-polished wafers because it has been reported that this
improves the signal-to-noise ratio [35]. To investigate the influence of annealing, both as-deposited and annealed
films have been measured. The anneal process was a 4 hours process at a temperature of 1100 °C in a nitrogen
atmosphere. Other anneal temperatures (900 °C, 1000 °C, 1050 °C) have been used as well, but these
experiments don’t provide extra information.

5.3.5 Results

The results of the experiment are shown in figures 5.3 and 5.4. Figure 5.3 shows the measured spectral
absorbance of the as-deposited and annealed SiON films. In both graphs, the two lines are shifted vertically for
clarity. Both spectra were obtained by averaging 250 individual spectra which were all measured with a
resolution of 4 cm™/div. A measurement of a bare silicon wafer has been subtracted to eliminate background
absorption.

It can be seen that the as-deposited material exhibits a peak at a wavenumber of 3370 cm™ which can be
attributed to N-H bonds. The peak has disappeared after annealing at 1100 °C. The origin of the other peaks has
been obtained from the literature and is displayed in the graph. The fluctuations that can be attributed to H,O and
CO; could be avoided by performing the experiment in a chamber that is purged with nitrogen. Because of
practical reasons, this was not possible during this project. The periodic variation that is visible from 6000 to
1500 cm™ is probably due to etalon effects in the measurement setup. It appeared to be impossible to reduce the
influence of these effects further then is shown in the graph.

Figure 5.4 shows the measured spectral absorbance of the as-deposited SRN and annealed SRN films. It can be
seen that no absorption peak is visible near a wavenumber of 3300 cm™. For the rest, the same remarks are
applicable as for figure 5.3.
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Figure 5.3: Spectral absorbance of as-deposited and annealed SiON. One line (a) has been shifted
upward for clarity. N-H absorption is visible for as-deposited SiON.
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Figure 5.4: Spectral absorbance of as-deposited and annealed SRN. One line (a) has been shifted
upward for clarity. No N-H absorption is visible for both as-deposited and annealed SRN.
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5.3.6 Discussion

The measurements of the SiON films are in agreement with the results presented in reference 35. This confirms
that the used FTIR setup is capable of detecting sufficiently strong N-H related absorption peaks. However, it is
known that an anneal temperature of 1100 °C is not high enough to remove all hydrogen out of SiON films [22],
[35], which implies that relatively small concentrations of N-H bonds are beyond the detecting limit of the
equipment used. Small concentrations of N-H bonds could still pose a limit to the optical properties of a material
as is shown in section 5.4.

The FTIR measurements of the SRN films show that the concentration of N-H bonds in both the as-deposited
and the annealed SRN films is lower than what can be detected by the FTIR setup. This implies that the
concentration of N-H bonds in LPCVD-grown silicon rich nitride is significantly lower than in as-deposited
PECVD-grown SiON. This is not surprising due to the different process characteristics, as has been described in
subsection 5.1.1. Based on the absence of N-H peaks in the FTIR spectrum of SRN films it was estimated, by a
comparison with annealed PECVD-grown SiON data [22], that the N-H related propagation loss around 1550
nm is below 2 dB/cm.

The detection limit of Fourier transform infrared spectroscopy was found to be too low to investigate the
influence of the anneal temperature on the concentration of N-H bonds. Therefore, other characterization
methods need to be considered.

Finally, a difference between the SiON and the SRN spectra (figures 5.3 and 5.4) is the fact that the Si-O
absorption peak for SiON is sharper than Si-N absorption peak for SRN. Besides, there is more noise visible on
the Si-N peak than on the Si-O peak. It might be that this spectral broadening in SRN indicates that the
investigated SiON is more homogeneous than the investigated SRN. However, the bad quality of the SRN films
(see section 5.5) could also be responsible for the difference. More research is required to give an explanation.

5.3.7 Conclusions

The main conclusion of this experiment is that the N-H related propagation loss in SRN films around 1550 nm is
below 2 dB/cm (see subsection 5.3.6). The detection limit of Fourier transform infrared spectroscopy is too low
to give a better estimation. This implies that the application of another measurement method is required to
perform a more thorough analysis.

5.4 Propagation loss of silicon rich nitride slab waveguides

5.4.1 Introduction

To continue the investigation of the loss mechanisms in SRN waveguides that had been started with Fourier
transform infrared spectroscopy, the propagation loss in SRN slab waveguides was measured by dual prism
coupling. The objective of these measurements was to obtain more detailed information about possible N-H
related absorption and to determine an absolute value for the propagation loss in slab waveguides.

Since dual prism coupling is a characterization method that is not commercially available, the measurements
described in this section were performed with a home-built setup of the Lightwave Devices Group of the
University of Twente in Enschede, The Netherlands.

5.4.2 Measurement principle

In a dual prism coupling setup, light is coupled into and out of a slab waveguide by means of two prisms. The
intensity of the outcoupled light is measured by a photo detector. The separation between the prisms dpyism is
flexible so the intensity can be measured as function of the prism separation. The propagation loss is
proportional to the decay rate of the detected intensity as function of prism separation. The principle is illustrated
in figure 5.5. More information about dual prism coupling can be found elsewhere [70].

‘/detector

Figure 5.5: lllustration of the principle of dual prism coupling.
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Compared to the prism coupling method for the determination of the refractive index and thickness of a
dielectric film, which has been described in section 5.2, there are a few principal differences. First, since
substrate leakage influences the propagation loss measurements, a buffer layer is required. Second, because it is
required to measure the absolute intensity, it is necessary to take the responsivity of the photo detector into
account.

5.4.3 Experimental setup

The home-built dual prism coupling setup of the University of Twente that was used for the performance of the
experiment is illustrated in figure 5.6. The setup can be used to perform refractive index and thickness
measurements as well as propagation loss measurements.

The central part of the setup is a stepper-motor-driven rotation table that provides the possibility to adjust the
angle of incidence of an incoming laser beam. The setup has multiple inputs so several lasers can be connected
simultaneously. Moveable mirrors serve as switches. In this experiment two inputs were used: one for a He-Ne
laser (4 = 632.8 nm) and one for a tunable infrared laser (4 = 1480—1580 nm). Both inputs are equipped with
polarizers.

Both prisms are attached to the sample by spring-loaded fixtures that provide the possibility to apply an
adjustable downward pressure. The fixtures have not been indicated in figure 5.6. The downward pressure is an
important parameter for obtaining an optimal coupling efficiency. The photo detector that measures the light
coupled out of the slab waveguide by the second prism is attached to the fixture of this particular prism. The
fixture, including prism and detector, can be moved parallel to laser beam propagating in the waveguide. In that
way, the transmission can be measured as function of the prism separation without fluctuations originating from
variations in the prism-to-detector transmission. Because the incoupling prism is fixed as well, the only
parameter that has to be adjusted between individual transmission measurements is the waveguide-to-
outcoupling-prism coupling efficiency, which can be done by regulating the downward pressure. The
dependence on only one parameter is a major advantage of the dual prism coupling method as implemented in
this setup (see subsection 5.4.6 for more information about this issue).

The displayed trans-impedance amplifiers convert the detected light intensity in a linear way to voltage, which is
crucial for an accurate determination of the propagation loss. To improve the signal-to-noise ratio the setup is
equipped with a chopper and a lockin amplifier. Furthermore, a normal angle calibrator has been integrated to
enable the determination of the angle for which the beam is perpendicular to the prism surface.

A complication related to the measurement of SRN waveguides is the fact that the alignment of the laser beam,
the prisms and the detector and the adjustment of the downward pressure on the prisms are based on the
application of red light. Because silicon rich nitride absorbs red light [72], these operations have to be done with
invisible infrared light, which complicates the procedure considerably.

laser input
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detector impedance
trans- amplifier
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driver
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Figure 5.6: Schematic overview of the dual prism coupling setup of the University of Twente.

38



5.4 Propagation loss of silicon rich nitride slab waveguides

5.4.4 Experiment

The dual prism coupling setup was used for propagation loss measurements of three samples: an as-deposited
and an annealed SRN waveguide, and an as-deposited PECVD-grown SiON waveguide. The recipes are exactly
the same as the recipes described in the section about the FTIR spectroscopy (see 5.3.4). The only difference is
that all films were deposited on thermally oxidized wafers. The SiON waveguides have been analyzed to
continue the comparison that has been initiated in section 5.2.

Prisms made from the material LaSF N31 with a refractive index of 1.85 around a wavelength of 1550 nm were
used for SiON and prisms made from the material rutile (TiO,) with a refractive index 2.7 around a wavelength
of 1550 nm were used for SRN. Oil with a refractive index of 1.64 was used to facilitate the outcoupling for the
SRN samples.

The propagation loss as function of wavelength (1480-1580 nm) was determined by making wavelength scans
for various prism separations. For every wavelength, the transmission (in dB) was plotted versus prism
separation. Subsequently, a straight line was fitted using the least square method. The slope of the line is the
negative propagation loss. Finally, the propagation loss was plotted as function of wavelength.

Only TE polarized light was used because of the alignment and pressure adjustment complications related to
SRN films (see subsection 5.4.3). These complications were made worse by the fact that the exact refractive
indices (nz and npy) of the rutile prism, which is highly birefringent, were unknown. This implies that the angles
of incidence could not be calculated, but had to be found experimentally. The limited amount of time available
for the performance of the measurements made it impossible to perform measurements with TM polarized light.

5.4.5 Results

The results of the dual prism coupling experiment are illustrated in figures 5.7 - 5.9. Figure 5.7 shows the
transmission vs. prism separation of an as-deposited SRN film for five different wavelengths on a dB-scale. It
can be seen that there is a clear linear tendency (on a dB-scale) for every wavelength with a difference in slopes
for the various wavelengths, which implies that the propagation is not constant as function of wavelength.

The propagation loss versus wavelength is shown in figure 5.8 for both an as-deposited and an annealed SRN
waveguide. It can be seen that there is a background loss of 0.5-0.6 dB/cm with on top of it an absorption peak
centered around 1525 nm. For the as-deposited sample the absorption peak has a height of 0.8 dB/cm, while the
peak has reduced to 0.5 dB/cm for the annealed sample. Based on the error in the linear fit of the data in figure
5.7, the accuracy of the dual prism measurements is estimated to be 0.05 dB/cm.

Figure 5.9 shows the propagation loss versus wavelength for as-deposited SiON and as-deposited SRN
waveguides. The graph shows that the absorption peak in SiON is much stronger than in SRN. Besides, it is
shown that the peak in SiON is centered around a smaller wavelength than in SRN.
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Figure 5.7: Transmission versus prism separation for an SRN waveguide that had
been annealed at 1100 °C for 5 different wavelengths.
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5.4.6 Discussion

The results of the dual prism coupling experiment allow a number of conclusions about the abilities of the dual
prism coupling method as well as about the optical quality of the silicon rich nitride under investigation.

First of all, the dual prism coupling method proved to be a very useful tool for the accurate determination of
propagation loss in slab waveguides. This is expressed by the clearness of the linear relationship between
transmission (on a dB-scale) and prism separation (see figure 5.7). The small error (0.05 dB/cm) can be
attributed to the fact that only one parameter, the downward pressure of the outcoupling prism, needs to be
adjusted between individual transmission measurements. In comparison, the material losses in a waveguide can
also be measured by a cutback experiment of a wide waveguide because sidewall roughness can be neglected for
this type of waveguides [38]. However, because a cutback experiment is based on a stepwise reduction of the
length of a waveguide, both the in- and outcoupling fibers have to be adjusted between every transmission
measurement. Particularly for high-contrast waveguides with a small mode-size, this is a laborious activity.
Variations in the in- and outcoupling efficiency are a source of errors in the cutback experiments. As a
consequence, the dual prism coupling measurements have provided more accurate data on propagation loss than
has been obtained cutback experiments. To illustrate this, figure 5.10 shows a graph of a cutback experiment that
was performed in the high-index project'. The graph shows that the scattering in the measurements is much
worse than for the dual prism coupling measurements shown in figure 5.7 (0.2-0.3 dB/cm vs. 0.05 dB/cm). The
propagation loss was determined to be 0.7 £ 0.3 dB/cm at a wavelength of 1543 nm (see figure 5.10).
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Figure 5.10: Insertion loss versus waveguide length of a cutback
experiment of an SRN waveguide (reprinted from reference 40).

Regarding the SRN films it can be concluded that N-H related absorption is observable in both the as-deposited
and annealed films. The anneal temperature of 1100 °C is too low to remove all hydrogen. This suggests that a
reduction of N-H related absorption is possible by annealing at higher temperatures. This possibility, including
some considerations, is discussed in section 5.6. The measured propagation loss of 0.6-1.3 dB/cm can be
regarded as a promising value for a material with a refractive index as high as 2 (see chapter 3 for a comparison
with alternative materials), especially because no optimization procedure has been started yet.

Furthermore, from figure 5.9 it can be concluded that the absorption peak in as-deposited SiON is very strong,
which confirms the conclusion of section 5.3 that FTIR is a characterization technique with a very low detection
limit for characterization purposes related to optical waveguide applications. Therefore, the investigation of
N-H related absorption by FTIR could only be useful in the start of a development process.

! Cutback experiments haven’t been part of this master project.
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5.4.7 Conclusions
The main conclusions of the dual prism coupling setup are:

e  The dual prism coupling method is a characterization method capable of measuring the propagation loss
in material films in a more accurate way than what has been demonstrated with the cutback method
(accuracies: 0.05 dB/cm vs. 0.2-0.3 dB/cm). This offers the possibility to obtain unique information
with this characterization method (for example figure 5.8).

e The propagation loss of SRN films is within a range from 0.6 to 1.3 dB/cm around a wavelength of
1550 nm, which is promising for a material with a refractive index as high as 2 (see subsection 5.4.6).

e The propagation loss can partly be attributed to N-H related absorption (see subsection 5.4.6). This
implies that it could be improved by avoiding the formation of N-H bonds or by removing them.
Possibilities to realize this are discussed in section 5.6.

5.5 Particles in silicon rich nitride films

Before the analysis of SRN film and waveguide properties is completed with a discussion of ideas for future
work in section 5.6, this section pays attention to an important technological problem that has limited the
progression in the high-index project considerably the last half year and which was still a bottleneck during the
writing of this thesis.

The problem is the incorporation of large amounts of particles in the SRN films during the LPCVD deposition
process, which is illustrated in figure 5.11. The problem was detected in February 2002, but further
investigations made clear that it has been present since October/November 2001. In July 2002, the problem has
not been solved, despite a number of attempts to trace the problem. Since particle-free SRN films have been
deposited in the past, it is expected that the cause of the problem is a technological issue (related to the LPCVD
furnace or gas supply). However, there is no clear evidence for this. Cutback experiments, which weren’t done
within the framework of this master project, show that the propagation loss in waveguides fabricated from
contaminated SRN films is on the order 8 dB/cm [83].

The implication of this problem is that SRN films as described in this chapter cannot be reproduced at the
moment. Consequently, further research to realize improvements is practically impossible. Therefore, solving the
particle problem has a very high priority.
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Figure 5.11: Particles in SRN films seen through an optical microscope (magnification: 10 x).

5.6 Future research

5.6.1 Opportunity

Provided that the problems described in section 5.5 will be resolved, the research presented in this chapter
provides several ideas for process improvements. These improvements are mainly related to the spectral
propagation loss of SRN waveguides shown in figure 5.8. The clear visibility of the absorption peak around a
wavelength of 1525 nm confirms that a substantial part of the propagation loss is caused by N-H related
absorption as was discussed in section 5.4 (for information about the origin of the remainder of the propagation
loss see subsection 5.6.4). For PECVD-grown SiON, it has been reported that annealing at 1140 °C is an
effective method to remove N-H bonds [35]. However, annealing SRN films at this temperature with the
standard recipe (=standard temperature ramps) results in the creation of a sort of clustered structure which is
observable by optical microscopy [43]. It is under investigation by X-ray spectroscopy whether this is a
crystallization effect.
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An opportunity to avoid this cracking or crystallization effect is to change the temperature ramps of the standard
anneal recipe. This is motivated by the fact that it is known that avoiding thermal stresses can be accomplished
by cooling the wafers at a sufficiently slow rate [42]. To illustrate how the anneal process could be improved,
figure 5.12 compares the current anneal process in the high-index project with the anneal process developed by
IBM to get rid of the very strong N-H related absorption in PECVD-grown SiON. It is shown that the ramps are
less steep and the (un)load temperature is lower for the IBM recipe.
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Figure 5.12: Temperature profiles of the current anneal process for SRN films in the high-
index project and IBM’s anneal process for PECVD-grown SiON.

5.6.2 Recommendations

Based on the above-described opportunity, the main recommendation of this analysis is to examine the influence
of both the height of the maximum temperature and the steepness of the ramps on N-H related absorption loss as
well as mechanical stress. The difficulty of such an investigation is the lack of sufficiently accurate measurement
methods available at COM. Considerations presented in section 5.4 show that the cutback method is not accurate
enough (0.02-0.03 dB/cm) at the moment to measure spectral tendencies in the propagation loss in detail. Unless
the accuracy can be improved, an investigation as proposed above could only rely on the dual prism coupling
method, which is unfortunately not available at COM. In addition, the stress measurements are complicated by
the fact that the LPCVD process deposits silicon rich nitride on both sides of the wafer, which implies that the
mechanical stress cannot be deduced from the wafer bending, as can be done for PECVD processes. Stripping
the backside by reactive ion etching or using bonded wafers during deposition could solve this problem.
Experiments have to show whether this is realistic. During this master project, there was not enough time to
perform these measurements.

So, the main objective is to investigate whether anneal treatments can be as effective for LPCVD-grown SRN
films as they are for PECVD-grown SiON films. There are two considerations that question the effectiveness of
this approach:

o It has been observed that a 1-hour anneal treatment of stoichiometric silicon nitride at 1200 °C doesn’t
remove the absorption peak completely [60]. However, this could be explained by the short duration of
the anneal treatment.

e Hydrogen could be inevitable in (non-stoichiometric) silicon rich nitride to passivate bonds that are not
part of the silicon-nitrogen material matrix. Removing this hydrogen could induce destructive localized
charge effects, which would imply that it is impossible to eliminate N-H related absorption in SRN
films completely by annealing, without increasing the background loss (loss that cannot be attributed to
N-H related absorption).

If the above-mentioned hypothesis of the importance of hydrogen for the stability of silicon rich nitride is
correct, then an alternative method is required to get rid of N-H related absorption. An in principle very simple
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solution would be to replace hydrogen by deuterium (D), which moves the first overtone from a wavelength of
~1500 nm to ~2000 nm far from the wavelength region of interest because the rare isotope deuterium is heavier
than hydrogen H.

Because deuterated precursors SiCl,D, and ND; with a high purity are probably too expensive to use them in an
LPCVD process, the recommendation is to load SRN samples deposited with SiCl,H, and NH; in a chamber
with deuterium to replace the hydrogen largely with deuterium by means of diffusion. The influence of the
duration of the deuterium treatment on the spectral propagation loss could be investigated to get an impression of
how far the propagation loss can be reduced by the removal of N-H related absorption.

5.6.3 Remaining questions
If anneal or deuterium treatments are to be effective, then figure 5.8 suggests the propagation loss can at least be
reduced to ~ 0.6 dB/cm. This leads to questions about the cause of the remainder of the loss. Possibilities are:

e The homogeneity of the silicon rich nitride could be relatively bad, which might induce scattering
losses. The difference in sharpness of the Si-N and Si-O absorption peaks in SRN and SiON in the
FTIR spectra could be an indication of the lack of homogeneity in SRN. Further research is necessary
to establish whether this is true. Maybe the investigation with X-ray spectroscopy, which is in progress
(see subsection 5.6.1), will provide information about this subject.

e For polycrystalline silicon waveguides it has been reported that dangling bond defect sites present at
the grain boundaries cause absorption loss and scatter light [71]. The dangling bonds can be largely
removed by hydrogen passivation. It is not clear whether dangling bonds have similar effects in silicon
rich nitride. Literature research could provide information about this issue. There was not enough time
available to pay attention to this issue during this master project.

e Silicon rich nitride has a complex refractive index for small wavelengths, which is probably due to
electron-transition absorption loss. The imaginary part decreases as function of wavelength and gets
below 0.05 around a wavelength of 600 nm [72]. However, because the relationship between
propagation loss « and the imaginary part of the refractive index #; is given by:

Qi=1550 nm (dB/cm) = 3.521-10° m;, (5.1)

as is derived in appendix B, the imaginary part of the refractive index has to be below 3-107 to
establish a propagation loss below 0.01 dB/cm. It is not clear whether the imaginary part of the
refractive is so low around 1550 nm.

e The presence of large amounts of particles in deposited films has been proven to be very
disadvantageous for the optical quality of SRN waveguides. A limited amount of particles could be
responsible for a propagation loss of ~ 0.6 dB/cm.

In this project, there was not enough time available to address the above-mentioned issues, but they could be
relevant for a continuation. Next to literature research, an interesting experiment could be to obtain a spectral
plot of the real and imaginary part of the refractive index. Such a measurement could be done with a
spectroscopic ellipsometer over a broad wavelength range (e.g., 300-1700 nm, depending on the available
equipment). If accurate enough, such a plot could give information on the influence of the tails of absorption
peaks on the propagation loss around 1550 nm.

5.6.4 Conclusions

The main conclusion of the brief analysis of opportunities to improve the propagations loss is that a reduction of
the propagation loss could be possible by the removal of N-H bonds through improved anneal treatments.
Therefore, the main recommendation is to perform experiments to find out whether this is true. In addition, the
influence of deuterium treatments on the strength of N-H related absorption loss could be investigated to
establish an accurate distinction between N-H related propagation loss and propagation loss due to other sources,
while avoiding possible complications with annealing (see subsection 5.6.2).

Besides, a number of other loss mechanisms could contribute to the propagation loss. Both literature research
and experiments (for example spectroscopic ellipsometer measurements) are required to draw conclusions on
their importance (subsection 5.6.3).

5.7 Summary

In this chapter, an analysis of a number of silicon rich nitride (SRN) film and waveguide properties has been
presented. The objective of the analysis was to investigate the suitability of silicon rich nitride for optical
waveguide applications and to investigate whether process improvements could be implemented.

The investigation of the refractive index and thickness uniformity of SRN films by prism coupling resulted in the
conclusion that the spread in both refractive index (< 0.03 %) and thickness (0.8 %) of the LPCVD-grown SRN
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films per wafer is good enough for device applications. This conclusion is based on a comparison with IBM’s
SiON technology, which was the best thinkable criterion in the current situation. The uniformity over a boat of
25 wafers needs to be improved before all wafers can be used to fabricate components with the same
specifications, but because the uniformity over a boat of 25 wafers is only important for a production process and
not for the high-index project in its current state, this has no priority at the moment (see section 5.2).

The conclusion of the investigation of N-H related absorption by Fourier transform infrared spectroscopy is that
the N-H related absorption loss in the SRN films is below 2 dB/cm and that the detection limit of this
characterization method is too low to obtain more accurate information (see section 5.3).

The measurement of propagation loss in SRN slab waveguides by dual prism coupling shows that the
propagation loss of SRN films is within a range from 0.6 to 1.2 dB/cm in the wavelength region around 1550
nm, which is promising for a material with a refractive index as high as 2. Besides, the measurement shows that
the propagation loss can partly be attributed to N-H related absorption (see subsection 5.4.6) . This implies that
the propagation loss could be improved by avoiding the formation of N-H bonds or by removing them. A
method that is proposed to realize this reduction in propagation loss is the application of an anneal treatment
with a higher temperature to remove more hydrogen and with less steep temperature slopes to avoid thermal
stresses. This modification is the main recommendation of the performed analysis. Another recommendation is
to investigate the influence of deuterium treatments on the propagation of SRN waveguides (see subsection
5.6.3). The outcome of such experiments could be investigated when the LPCVD particle problems have been
solved (see section 5.5).
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7 Conclusions and recommendations

This chapter summarizes the conclusions and recommendations presented in the preceding chapters.

7.1 Concept of the high-index project

An extensive explanation of the concept of the high-index project has been presented in chapters 2, 3 and 4.
Apart from the fact that this part of the thesis serves as background information for the experimental work
described in chapters 5 and 6, it is a detailed analysis of opportunities and challenges related to the high-index
project, and therefore it forms a substantial part of the master project.

The comparison of material systems (section 3.1) shows that there are several candidates (e.g., silicon-related
material systems, III-V semiconductors and polymers) for becoming the dominant enabling technology for
integrated optics. An important conclusion of the comparison is that two features of silicon-related material
systems are very advantageous:

e Silicon-related material systems are compatible with mainstream semiconductor processing industry,
which is an advantage because of the scalability and the associated low-cost perspective (section 3.1).

e Integrated optics based on silicon-related material systems could be combined with mainstream
microelectronics in a monolithic way. This would combine the computation and data storage capacity of
electronics and the transmission capacity of optics (section 4.4).

Within the category of silicon-related material systems, a distinction can be drawn between material systems that
rely on low-contrast waveguides and material systems that rely on high-contrast waveguides. Optical
components based on low-contrast waveguides are characterized by high fiber-to-chip coupling efficiency and
low integration density. The opposite is true for optical components based on high-contrast waveguides. The
conclusion of the analysis of this issue (section 3.2) is that it limits the possibility of fabricating low-loss high-
density integrated optical devices based on either low- or high-contrast waveguides. The concept that is under
investigation in the high-index project avoids this problem, as both low- and high-contrast waveguides are
integrated on the same substrate. This enables to realize devices with both high fiber-to-chip coupling efficiency
and high integration density. The conclusion of the analysis presented in section 3.3 is that this concept enhances
the design freedom to improve the coupling efficiency between fibers and high-density integrated optical devices
considerably, but that it is required to develop components that enable a sufficiently large light transfer between
low- and high-contrast waveguides on chip. It depends on the application how large this coupling efficiency
between low- and high-contrast waveguides on chip needs to be (see for example subsection 6.4.2).

An analysis of potential applications of high-contrast silicon-related material systems (chapter 4) shows that
these material systems don’t only provide the possibility of increasing the integration density, but that they
enable to increase the functionality and to realize performance improvements as well. Examples that illustrate
this are:

e Particular filter components can be fabricated with broader useable bandwidths when they are based on
high-contrast material systems (section 4.1.3).

e High-quality optical resonators can be made suitable for higher modulation frequencies when they are
based on high-contrast material systems (section 4.2.1).

e The photonic bandgap effect is stronger in high-contrast material systems (section 4.3).

These opportunities could increase the functionality of components based on silicon-related material systems.
This is a relevant aspect of increasing the index contrast because the limited functionality of optical devices
based on silicon-related material systems (especially compared to III-V semiconductors, see section 3.1) is a
major drawback of this category of material systems.

7.2 Analysis of SRN film and waveguide properties

The main conclusions of the analysis of silicon rich nitride thin film and waveguide properties are listed below.
Recommendations are listed after these. The conclusions are explained in more detail in the specified
subsections.
e The index and thickness uniformity per wafer of the LPCVD-grown SRN films is good enough for device
applications as has been derived based on a comparison with IBM’s SiON technology (subsection 5.2.7).
e The Fourier transform infrared (FTIR) spectroscopy equipment applied to investigate N-H related
absorption is not capable of detecting N-H concentrations that are as low as in the as-deposited and
annealed SRN films (subsection 5.3.7). Based on a comparison with reported results, it was concluded
that this implies that N-H related absorption loss in the wavelength region around 1550 nm is below 2
dB/cm for SRN waveguides (subsection 5.3.6). More accurate information about N-H related absorption
loss could not be obtained by FTIR spectroscopy.
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The dual prism coupling measurements show that N-H related absorption loss is present in SRN
waveguides (0.8 dB/cm at a wavelength of 1525 nm) and that this contribution can be reduced by
annealing (subsection 5.4.7). Annealing at 1100 °C reduces the N-H related absorption peak at a
wavelength of 1525 nm to 0.5 dB/cm.

The dual prism coupling measurements show that in addition to the N-H related absorption loss, a
background loss of ~0.5 dB/cm exists. The origin of this loss is not clear from the performed experiments.
Possibilities are the tail of an electron-transition absorption peak in the UV or visible region, Rayleigh
scattering or scattering due to defects in the SRN films (section 5.6).

The progress in the optimization of the SRN films (as well as in the fabrication of waveguides) is being
delayed by the LPCVD particle problem (section 5.5).

Based on the above-mentioned conclusions, the following recommendations have been formulated:
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N-H related absorption loss could be reduced by annealing at higher temperatures combined with the
application of less steep temperature slopes to avoid thermal stresses (section 5.6). If the
clustering/crystallization effect in SRN films after annealing at 1150 °C as observed by Karin Nordstr6m
Andersen and Peter Carge Nielsen (section 5.6) is a stress-induced effect then it can probably be avoided
by reducing the steepness of the temperature slopes. On the other hand, if the clustering/crystallization
effect is a result of the fact that SRN becomes unstable when too much hydrogen is removed, then this is
not a solution. This latter explanation could be true as well, because SRN is a non-stoichiometric
compound. Hydrogen could be inevitable in this material to passivate bonds that are not part of the
silicon-nitrogen material matrix. Removing this hydrogen could induce destructive localized charge
effects, which would imply that it is impossible to eliminate N-H related absorption in SRN films
completely by annealing without negative consequences.

The recommendation related to the influence of annealing is to investigate the effect of the height of the
anneal temperature and the steepness of the associated slopes on both the N-H related absorption peak
and the background loss in the propagation loss spectrum of SRN waveguides around a wavelength of
1550 nm.

N-H related absorption loss could be reduced by the application of deuterium instead of hydrogen. This
avoids the annealing problems discussed above. Because the deuterated gasses SiCl,D, and ND; are
probably too expensive to perform LPCVD processes with, an alternative experiment would be to load
the samples after cleanroom processing in a deuterium chamber. This might eliminate the N-H related
absorption loss without that the background loss is increased. Therefore, a recommendation is to
investigate the influence of deuterium treatments on the propagation loss in SRN waveguides.

A measurement of the imaginary part of the refractive index as function of wavelength by spectroscopic
ellipsometry could be performed to get an impression about the origin of the background loss. Such a
measurement could provide enough information to draw conclusions about the influence of Rayleigh
scattering and electron-transition absorption losses in the 1550-nm wavelength region. A concern
regarding this experiment is the accuracy of spectroscopic ellipsometry. Therefore, the recommendation
is to try to perform the described experiment and to draw conclusions about the capability of
spectroscopic ellipsometry to provide useful information (section 5.6).
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A Mathematical analogy between waveguide theory and
quantum mechanics

Characteristics of optical mode profiles can be derived in a way similar to what is done in quantum mechanics as
both electromagnetism and quantum mechanics deal with wave propagation'. In this appendix, the mathematical
analogy between waveguide theory and quantum mechanics is used to improve the understanding of optical
waveguiding. First, a general comparison is made to explain the confinement of light in another way than by
total internal reflection. Subsequently, the comparison is focused on a specific refractive index profile to derive a
qualitative relation between relative index difference and single-mode criteria of waveguides.

A.1 Light confinement according to the variational theorem

Table A.1 lists and compares a number of properties of quantum mechanics and electromagnetism. The
comparison is focused on the variational theorem for both these branches of physics. The variational theorem can
be used to solve the master equations. The heuristic or rule of thumb that is associated with it helps to understand
the shape of the resulting functions. The heuristic learns that eigenstates tend to concentrate in certain regions to
minimize their energy, while remaining orthogonal to lower-order modes. For quantum mechanical wave
functions these regions correspond to a low potential, while for the electric displacement D in electromagnetism,
these regions correspond to a high refractive index.

Main functions Scalar wave function ¥ Vector fields Eand H

Master equations Schrédinger equation Maxwell equations
_(¥|H]¥)
(YY)
1 "
= =i | [ HY
(¥[¥)

Variational theorem

Evar is minimized when ¥is an Evar is minimized when H is an

eigenstate of the Hamiltonian H which | eigenstate of @. The exact form of
is under certain conditions [14] given operator @ is specified elsewhere
n - ) [15].
by: H=—V +V.
2m
The wave function concentrates in
Heuristic related to | regions of low potential, while
variational theorem | remaining orthogonal to lower-order
states.
Table A.1: Comparison between quantum mechanics and electromagnetism that shows that the localization of
light in the core of a waveguide can be understood on the basis of a variational method that is similar to the
method that is used to understand the localization of a wave function in a quantum welP. The comparison is
based on a more extensive account that can be found elsewhere [15].

The D field concentrates in high-¢
regions, while remaining orthogonal
to lower-order modes.

In short, the electromagnetic variational theorem provides an alternative way to understand the confinement of
light in waveguides. In contrast to total internal reflection, the variational theorem is also able to explain optical
leakage (see sections 2.4 and 2.5).

! Although significant similarities exist between quantum mechanics and electromagnetism, the interpretation of a quantum
mechanical wave function is fundamentally different from the interpretation of an electromagnetic wave, which clarifies that
the resemblance is merely an analogy.

2 Due to typographic limitations the vectors in the formulas are indicated with an arrow above the character, instead of with a
bold character, as is done in the rest of the text.
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A.2 Single-mode criteria

The comparison is now focused on the similarity between the confinement of a wavelike particle in a one-
dimensional quantum well and the confinement of a lightwave in a slab waveguide. These specific
configurations have been chosen because of their striking resemblance and their relative simplicity. An analogy
that would be more illustrative from an applications point of view is the description of an electromagnetic wave
in a step-index fiber, which is from a mathematical point of view nearly equivalent to the electron wave function
in the famous corral of 48 iron atoms observed by scanning tunneling microscopy [16]. However, because of the
mathematical complexity that would be involved, it is more appropriate to stick to a one-dimensional example.
The definitions of the quantum well and the slab waveguide are depicted in figure A.1.

V(x) n(x) z
V=Veqge 1 N=Nco 1

V=Vyel N=Ne

v
x

T > x T
-a a -a a
(a) (b)

Figure A.1: (a) Potential of a one-dimensional quantum well. (b) Refractive index profile of a slab waveguide
with the corresponding waveguide geometry (c).

The z direction (see figure A.lc) is chosen as the propagation direction of the electromagnetic wave. For
simplicity, only the electric field of the TE mode E7z, which is the mode with the electric field parallel to the y
direction, is considered. Because of symmetry reasons Erz is independent of y. Besides, it is known that the
mode is a traveling wave along the z direction, which means that the z dependence of Ezz can be split off. This
implies that the Maxwell equations can be reduced to the following scalar wave equation for Ez:

d ZETE (x) 22 2

T+[k0n - JE, (x) =0, A1)
where £ is the propagation coefficient in the z direction, n(x) is the refractive index profile and k, is the wave
vector in vacuum.

This equation is analog to the equation that describes the wave function in a one-dimensional quantum well:

o) 2mr, _
PRIy [E-7@)lp(x) =0, (A2)

where ¢fx) is the spatial wave function, m is the mass of the confined particle, 7 is the Planck constant divided
by 27, E is the energy of the particle and V(x) is the potential.

Both equations A.1 and A.2 are eigenvalue equations of exactly the same form. Also the boundary conditions are
equivalent: requirement of continuity of the eigenfunctions and their first-order derivatives to x. This proves the
resemblance between both cases. The relation between the depth of the quantum well and the height of the index
profile for the specific configurations that have been indicated in figure A.1 is given by:

-V, =I;°—n}z(n2 —n). (A3)

well

V.

edge

In reference 14 can be seen how the eigenvalue equations for the profiles of figure A.1 can be solved based on a
graphical determination of the eigenvalues. A typical result for the electromagnetic case is displayed in figure
A.2. It is shown that a substantial part of the mode is located in the cladding, which is an example of a
phenomenon that cannot be explained by ray optics. Figure A.2b shows that an increase in relative index
difference leads to an increase in the number of modes. A way to enlarge the relative index difference without
increasing the number of modes is illustrated in figure A.2c and comprehends the reduction of the size of the
core. This behavior is similar to the influence of the depth and the width of a quantum well on the number of
allowed modes.
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Figure A.2: (a) Mode profile of the TE mode of a single-mode slab waveguide. (b) Equivalent diagram for a
slab waveguide of the same dimensions but with a larger relative index difference. (c) Diagram of a slab
waveguide with a large relative index difference but with a reduced core width.

In integrated optics, increasing the relative index difference enables the reduction of bending radii of
waveguides, as has been shown in sections 2.1 and section 2.5. However, because single-mode operation of
waveguides is required to create useful devices due to the difference in propagation constant between different
modes', a consequence is that the core size needs to be reduced.

Chapter 3 gives an overview of the required core dimensions to ensure single-mode operation for various

material systems.

! The difference in propagation constant is problematic due to the interference-based working principle of many components.
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B Numerical analysis of buffer thickness requirements

This appendix presents a numerical analysis of substrate leakage as function of buffer thickness for waveguides
with various relative index differences.

A delay in the supply of oxidized wafers due to particle problems, which has been resolved by now, was the
motivation for the performance of this analysis. The objective was to find out to what extent the oxidation time
could be reduced for wafers that will be used for the realization of optical components based on silicon rich
nitride compared to doped silica.

B.1 Introduction

COM’s fabrication process of silica buffer layers is based on a so-called wet oxidation process [76]. The
chemical reaction of this process is:

Si+2H,0 — SiO, +2H,. , B.1)

The reaction takes place around a temperature of 1100 °C and at atmospheric pressure (in case of the process at
COM). For every micrometer of SiO,, about 0.46 micrometer of Si is consumed [77]. Wet oxidation is a
catalytic process that is ten times faster than dry oxidation (with O, instead of H,O) , which clarifies the choice
of wet oxidation for the growth of buffer layers. Oxidized wafers are commonly referred to as APOX
(atmospheric pressure oxidized) wafers.

The oxidation process is diffusion-limited, which implies that the buffer thickness dj,z, increases with the
square root of time ¢ [77]:

Apuger 1 . (B2)

Consequently, a reduction of the required buffer thickness, which is possible if the size of an optical mode
decreases, is very advantageous for a reduction of process time. The practical relevance is shown in table B.1
which displays the typical process times for a number of buffer thicknesses. More information about the
oxidation of silicon can be found elsewhere [76].

4 1.5
8 5
12 12
16 22

Table B.1. Typical thermal oxidation process times for a number
of buffer thicknesses. Exact data about the process used at COM
was not available.

B.2 Calculation method

The requirements of the buffer thickness were analyzed by calculating the propagation loss due to substrate
leakage for waveguides with different relative index differences. The calculations were performed with the 2D
mode solver Selene. Selene is a commercial software package that has the capability to calculate the optical
modes (field distributions and propagation constants) of channel waveguides based on their refractive index
profiles.

Selene can be used to calculate losses in waveguides due to geometrical effects (bending loss or substrate
leakage) because of the fact that the program is capable of dealing with a complex refractive index, by means of
the Bend-2D solver, and the imaginary part of the refractive index is (under certain conditions, see below)
proportional to the propagation loss, as is derived below.

A refractive index profile that forms the input for a calculation is illustrated in figure B.1. The figure shows the
core, the cladding and the substrate of a waveguide. The buffer thickness has been indicated with dj,... Besides,
the border of the calculation window is shown. The calculation window is the area in which the optical modes
are evaluated. As can be seen, the lower boundary of the calculation window has been positioned just below the
top surface of the substrate. This has been done to simulate that the part of the optical mode that overlaps the
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substrate radiates away. Selene takes this radiation effect into account by expressing the refractive index as a
complex number. More detailed information about Selene can be found elsewhere [78].

Border of the
calculation

' 4— window )
(dash-dotted.

line)

Cladding

Substrate

[22540 mu T1.045mu

Figure B.1: lllustration of the waveguide structure and the calculation window as used by
Selene to calculate losses related to substrate leakage.

As was mentioned above, the propagation loss in waveguides is proportional to the imaginary part of the
effective refractive index. This can be understood on the basis of the description of a propagating wave E in one
dimension representing the electric component of an electromagnetic wave:

nx n, +in, )x t]

[t J(
E=EA-e2 [1 TLEA-eZ [ A (B.3)

where E is the amplitude, # is the time, T is the period, x is the traveled distance, A is the wavelength in vacuum
and n is the refractive index that consists of a real and an imaginary part (n, and »,). E can be written with an
exponentially decaying factor:

E= EA-ezm-[%x—;] e * (B.4)
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B.3 Experiment

The power density P of an electromagnetic wave is given by the time-averaged Poynting vector. In the weak-
guidance approximation P is proportional to the integral of |E|’ over an adequately large cross-section 4 [11].
Because the integral of an exponential function is proportional to the function itself, P can be written as:

2 —ﬁx
PocJ|E| dAdoce * . (B.5)
The exponentially decaying factor can be rewritten as a power of 10:

1

Pocl0 0 (B.6)

where « is the propagation loss in dB per unit length. From formulas B.5 and B.6 it can be deduced that the
relationship between propagation loss a and imaginary part of the refractive index »; is given by:

o= 47-10-log,(e) n
A (B.7)
@ ;_15s0mm (AB/ cm) =3.521-10° -,

Formula B.7 implies that imaginary refractive index values on the order of 10® correspond to propagation loss
values on the order of 0.01 dB/cm. Consequently, the imaginary part of the refractive index needs to be
calculated very accurately to simulate substrate leakage. Because formula B.5 is only valid in the weak-guidance
approximation according to reference 11, the numerical factor in formula B.7 might not be an accurate value for
high-contrast waveguides. However, the essence that small values of the refractive index could imply substantial
losses due to substrate leakage remains. In the analysis presented below, it is assumed that the factor of 3.521-10°
is correct. This is also done by Selene, as can be deduced from the values that are displayed in the numeric
window after a calculation has been performed.

B.3 Experiment

For the waveguide structures that are described in table B.2, the propagation loss due to substrate leakage has
been calculated based on the method presented in section B.2. In figure B.2, the mode profiles are shown to
illustrate the difference in confinement. This difference is expected to lead to a significant difference in substrate
leakage.

Doped silica 0.007 1.455 1.445 55x55

Doped silica 0.014 1.465 1.445 4x4
SiON 0.033 1.50 1.445 ridge [35]
SRN 0.25 2.06 1.445 0.6x0.6

Table B.2. Waveguide structures for which the propagation loss due to substrate leakage
has been analyzed.

All calculations were performed with the Bend-2D solver with the Complex and FullVec options selected based
on a grid of 256 x 256 points. The target refractive index values were calculated by the finite difference method.
For every waveguide structure the substrate leakage was calculated for a number of buffer thicknesses for both
polarizations.
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Lowrindex Ge-doped =ilica High-index Ge-doped silica

IBM SiON Silicon rich nitride

Figure B.2: lllustration of the mode profiles (|E|°) of the four types of waveguides that are
subject of the analysis of substrate leakage. The mode profiles were calculated with Selene.



B.4 Results

B.4 Results

The results of the calculations of substrate leakage are shown in figure B.3. The graph displays the propagation
loss due to substrate leakage as function of buffer thickness for the waveguide structures mentioned in section
B.3. Figure B.3 only shows the calculations for one polarization, but the tendency and the order of magnitude of
the values are the same for both polarizations.

10000 | : : : : : : i . _
1000
) —0— A=0.007 (doped silica)
100 —=— A=0.014 (doped silica)
10 —&— A=0.033 (SiON)
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Figure B.3: Calculated propagation loss due to substrate leakage as function of buffer
thickness for a number of relative index differences.

B.5 Discussion

Figure B.3 shows that there is a clear difference between the buffer thickness dependence of the propagation loss
for the various types of waveguides. It is shown that in order to keep substrate leakage below a certain level (for
example 0.01 dB/cm), a thicker buffer layer is required for waveguides with a lower relative index difference.
This tendency was expected because of the difference in mode size.

Also the linear dependence of the logarithm of the substrate leakage (in dB/cm) as function of the buffer
thickness was expected since the tail of an optical mode in the cladding has an exponentially decaying shape. So
the overlap is increasing exponentially as function of decreasing buffer thickness. An analytical model of
substrate leakage in the weak-guidance approximation, which can be found elsewhere [11], predicts this linear
behavior as well.

Although the tendencies are as expected, it is impossible to conclude that the calculated values are reliable. An
experimental investigation seems to be required to draw conclusions about this issue. However, because the
importance of this experiment is relatively low, it was decided to use a comparison with IBM’s SiON technology
to draw conclusions about the required buffer thickness for SRN waveguides.

The buffer thickness of the SiON waveguides is 8.5 pm [35]. According to figure B.3, this corresponds to a
substrate leakage of 10° dB/cm, which suggests that either the chosen thickness is relatively large or that the
performed simulations are too optimistic. Applying the same criterion (10° dB/cm) on the SRN waveguides
results in a required buffer thickness on the order of 4 um. This implies that an oxidation time of about 1.5 days
is enough, which is considerably less than the standard process of about 4 weeks which is used for doped silica
waveguides [32]. When SRN waveguides are combined with doped silica waveguides it is obviously impossible
to reduce the oxidation time.

Besides the conclusion about the required buffer thickness for SRN waveguides, the analysis shows that the
performance of a numerical analysis is insufficient to draw conclusions about quantitative effects, which
demonstrates that performing simulations is useful to investigate tendencies and to evaluate opportunities, but
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that experiments are inevitable. This is believed to be a general characteristic concerning the performance of
simulations for optical waveguide applications.

B.6 Conclusions

The main conclusion of the numerical analysis combined with a comparison with IBM’s SiON technology is that
an oxidation time of 1.5 days, leading to a buffer thickness of 3.5-4 um, is sufficient for wafers that are used for
the fabrication of optical devices based on SRN waveguides.
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C COM’s waveguide fabrication process

This appendix presents a brief overview of the waveguide fabrication process used at COM. The overview
provides background information related to the work presented in this thesis. More detailed information on
COM’s waveguide fabrication process can be found elsewhere [32], [79].

The fabrication process starts with a substrate which is a circular slice of crystalline silicon with a diameter of
10.0 cm and a thickness of about 0.5 mm (figure C.1a). The supplied substrates have usually been polished on
one side. The first step of the fabrication process is the creation of a silica buffer layer (figure C.1b) based on
thermal oxidation of a part of the silicon wafer. Section B.1 presents a short overview of the characteristics of
this process which creates silica layers on both sides of the wafer. Normally, about 200 wafers can be oxidized
simultaneously, which is an important feature of this process because of the long oxidation time (see appendix
B).

core layer

photo resist

d (e) ®
top cladding

(9) ()

Figure C.1: Schematic representation of COM’s waveguide fabrication process. The individual steps are
clarified in the text.

Secondly, the core layer is deposited on top of the buffer layer (figure C.1c). The deposition methods that are
available for this step are plasma-enhanced chemical vapor deposition (PECVD) and low-pressure chemical
vapor deposition (LPCVD). Most types of core layers that have been developed at COM rely on PECVD
because this method is more suitable to introduce dopants [32]. Examples of applied dopants, which have
various applications, are boron, phosphorus, germanium, erbium, ytterbium and aluminium.

Subsequently, a layer of photo resist is spin-coated and baked on the wafer (figure C.1d). A pattern is transferred
from a pre-fabricated proximity mask to the layer of photo resist by UV exposure (figure C.1e). The wavelength
of the mercury UV lamp is 365 nm. The exposed photo resist is removed by developing (figure B.1f). After the
photolithography has been finished by hard-baking the photo resist, the waveguide pattern is transferred from the
photo resist to the core layer by reactive ion etching (figure C.1g). The remaining photo resist is removed by a
plasma process (figure C.1h). Finally, a cladding layer of borophosphosilicate glass (BPSG) is deposited on top
of the waveguides by PECVD (figure C.1i). By heat treatments the viscosity of the BPSG is made smaller, so
voids between closely spaced waveguides are filled up and a uniform cladding is realized. After the cleanroom
processing, the wafer can be diced or cleaved into chips.

Variations of the described process could include the realization of multiple levels of waveguides [80], the
combination of different types of waveguides in one plane [80] or the addition of heaters to introduce the
possibility of tuning components thermo-optically [35].

67



C COM’s waveguide fabrication process

68



D Ring resonator modeling software

During the master project, a computer program has been created to model the transmission characteristics of an
optical ring resonator. The main objective was to visualize the spectral response of a ring resonator in an orderly
way. As a result, the program provides insight in how parameters as coupling coefficient and propagation loss
affect the response. The second objective, which clarifies why Labview was chosen as a platform for the
implementation of the software, was to combine the model with control software for an optical setup to enable
the fitting of experimental spectra to determine the parameters of fabricated ring resonators. This objective has
not been realized because of reasons discussed in section C.2. The model has been used to analyze the spectrum
of the SRN ring coupled to a UV-written waveguide as is described in section 6.3.

D.1 Mathematical model

The computer program is based on a simple analytical model that is originating from signal processing theory.
The model doesn’t rely on waveguide theory, which means that is can only be used to evaluate transmission
characteristics as function of an assumed coupling coefficient between straight waveguide and ring. So, the
coupling ratio cannot be calculated from the coupler geometry. The model, which is based on a model that is
described elsewhere [12], is only valid for continuous waves because steady-state behavior is assumed (see
below).

Figure D.1 shows a ring resonator including the definitions of some symbols. The symbols E,, E,, E; and E,
refer to field amplitudes (|E|* is equal to light intensity), x is the amplitude transmission per round trip, y is the
amplitude reflection coefficient between ring and straight waveguide, and ¢ is the phase shift per round trip'.
Both x, y and gare dimensionless parameters.

E, y E,

¢

Figure D.1: lllustration of a ring resonator including the symbols that are used to describe the
transmission characteristics.

Output E; is determined by an infinite sum of contributions because the ring acts as an infinite loop. The infinite
sum can be reduced to a short expression by using the geometric series, which results in the following expression
for the steady-state transfer function #:

E —xe™"*
t="1= y——_—¢— (D.1)
E 1-xye
The ratio E;5/E;, which is referred to as transfer function m, is given by:
E 1-y?
E,  1-xpe

Transfer functions ¢ and m describe all relevant aspects of the optical behavior of the system in a rather abstract
way. To obtain insight in the physical meaning of this behavior the intensity transmission and the phase response

! Due to practical reasons the coefficients used in the analysis of the properties of the fabricated ring resonator described in
section 6.3.3 are optical power loss per round trip  and power coupling ratio K instead of the coefficients x and y. The
relationship between both sets of parameters is: K=1—-y* and y=1 - x°.
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of both transfer functions can be calculated. The most relevant expressions are the intensity transmission 7,
internal intensity magnification M, which is the ratio of circulating intensity to incident intensity, and the phase
response @ of transfer function ¢:

2 2 2 2
Tef.p= 1x+:2y2—_f;xy005(¢) —1-— (I;x )d —‘yz) ’ D.3)
y* —2xycos(@) (I-xy)” +4xysin”(4/2)
2
M=m -m*= 5 21—y , (D.4)
1+x°y° —2xycos(@)
2 .
@ = tan~| T2 | _ 4o x2(1 —Y )Sm(f) . D.5)
Re(?) yd+x7)=x(1+ y°)cos(@)

The group delay 7, of signals that pass the system in terms of unit delays is determined by phase response @:

4D x(1= yH)y(1 +x*) cos@) - x(1+ y1)]

dp~ [p+x)-x+y)cos@f +[x-y))sin@f

7, (D.6)

where a unit delay is defined as the time that it takes a signal to pass the ring once.

Although the total behavior of the system is relevant for every application one could say that that intensity
transmission T is especially relevant for bandpass filter applications, like in wavelength division multiplexing,
internal intensity magnification M is especially relevant in laser and switching applications, which need high
internal power densities and group delay 7, is especially relevant for dispersion compensation.

The computer program that is described in section D.2 uses formulas D.3, D.4, D.5 and D.6 to plot spectra of
these four quantities for any specified combination of x and y.

Next to the spectra, the computer program calculates and displays a number of ring resonator characteristics
based on the quantities x, y, the wavelength of light A, the length of the racetrack L, which is equal to 2n times
the radius if the racetrack is a ring, and the effective group index of the racetrack waveguide N, [11].

The quantities that are calculated are the free spectral range (FSR) in terms of wavelength A4 and frequency 4f,
the spectral width (FWHM of intensity transmission) in terms of both free spectral range JFSR, wavelength 51
and frequency &, the finesse F, the quality factor Q, the propagation loss « in terms of dB/cm and the intensity
transmission into the ring K in terms of dB. The following formulas are used:

2
M= D.7)
N,L
C
A =5, D3
\f NI (D.8)
SFSR = =% (D.9)
Al xy
s=lw A (D.10)
idoy NI |
l-xy ¢
5 = — D.11)

70



D.2 Computer program

1 _A_A_mw

=— == , (D.12)
SFSR A & 1-=xy
Q=i=i, (D.13)
T8
__M, (D.14)
L
K =10log(1 - »?), (D.15)

where ¢ is the velocity of light in vacuum. Formulas D.9, D.10, D.11 and D.12 are only valid if Af>> &f.
The quantity ¢ which is used to plot the spectra, can specified as function of the introduced parameters as well:
_N,L

=3

(D.16)

D.2 Computer program

Figure D.2 shows the main window of the computer program. In the upper left corner parameters x and y can be
specified. Below that, the values for A, L and N, can be defined. The section with the name Computed resonator
characteristics displays the characteristics that are calculated with formulas D.7-D.15. The four graphs show the
spectral responses according to formulas D.3-D.7. The section Display options provides the possibility to
specify the number of free spectral ranges that are displayed in the graphs as well as the quantities that are put on
the axes. For example the horizontal axes can be specified as normalized frequency f/FSR, frequency f (THz) or
wavelength A (nm). Furthermore it is possible to export the data of a graph to file c:\exptable.txt which
could be imported in a spreadsheet program. The main advantage of the layout is that the influence of parameter
variations on nearly all relevant characteristics can be watched simultaneously.

The program has been implemented in Labview 6 [81]. Labview is a graphical software system for developing
scientific and engineering applications and provides the possibility of controlling a tunable laser and acquiring
data from a power meter. COM’s optical characterization setup is equipped with an EXFO [75] unit with both
such a tunable laser and a power meter. To keep open the possibility of implementing the model in a
characterization routine that can determine both the propagation loss in the ring and the coupling coefficient
from the transmission spectrum, it was chosen to use Labview as a platform for the above-described computer
program.

It is expected that ring resonators will become important components in the high-index project, which justifies to
put some effort in realizing an efficient characterization routine. However, because of two reasons the model has
not been integrated with software to control the optical characterization equipment:

e Ring resonators cannot be fabricated on a routine basis at the moment. This implies that developing an
automatic characterization routine doesn’t pay off at present.

e The spectral resolution of the EXFO unit is 0.01 nm. This is relatively low for the measurement of
transmission spectra of optical resonators because of the sharpness of the peaks. A thorough analysis is
necessary to investigate whether the EXFO unit is suitable for the characterization purposes in the
high-index project. Such an analysis was beyond the scope of the master project because it concerns a
long-term issue.

The computer program, including the graphical source code, is available from the Highlndex folder on the COM
intranet.
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1> Ring Resonator Model - Yersion 0.2

: Amplitude transmission per round trip (x):
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Figure D.2: lllustration of the computer program that calculates and displays the spectral responses
and the values of a number of transmission characteristics of a ring resonator.
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This appendix shows the poster that has been presented at the annual meeting of the Danish Physical Society
(DFS) in Nyborg, Denmark on May 30-31, 2002. The size of the full-color poster was 91 x 106 cm?® (width x
height). Besides, on the next pages the conference papers that were submitted to the 28" European Conference
on Optical Communication (ECOC) 2002 are shown. The paper Optical loss analysis of silicon rich nitride
waveguides has been accepted as a poster presentation, while the paper High-index ring resonator coupled to
UV-written waveguide has been accepted as an oral presentation. ECOC 2002 takes place in Copenhagen,
Denmark on September 8-12, 2002.

Optical loss analysis of silicon rich nitride (SRN)
waveguides and their applications
H. Mertens (1), W.E. 8 d: (2), K. A. And (3), H. T. Philipp (4)

COM*, Technical University of Denmark (DTU), Building 345 West, DK-2800 Kgs. Lyngby
1: hm@com.dtu.dk, 2: ws@com.dtu.dk, 3: kaicom.dtu.dk, 4: hph@icom.dtu.dk
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Optical Loss Analysis of Silicon Rich Nitride Waveguides
H. Mertens (1), K. N. Andersen (2), W. E. Svendsen (3)
COM, Technical University of Denmark, Building 345 west, DK-2800 Kgs. Lyngby, Denmark
1: hm@com.dtu.dk, 2: ka@com.dtu.dk, 3: ws@com.dtu.dk

Abstract An analysis of the propagation loss in high-index LPCVD-grown silicon rich nitride (SRN) slab
waveguides and channel waveguides is presented. A propagation loss as low as 0.6 dB/cm has been achieved.

Introduction

For applications of optical waveguides, it is essential
to minimize propagation loss. The low propagation
loss is one of the reasons for the success of
integrated optics based on doped silica [1]. Other
advantages of this technology include polarization-
independent operation and the fact that device
fabrication relies on scalable technologies that have
been developed in semiconductor industry. However,
a significant drawback is the low integration density of
components. This drawback is caused by the
inevitably low index contrast between core and
cladding of doped silica waveguides, which does not
permit reduction of bending radii of waveguides below
~10 mm.

Alternative material systems have been proposed to
overcome the mentioned drawback, while maintaining
the positive features of the doped silica technology.
An example is the silicon oxynitride (SiON)
technology [2], which permits bending radii of ~1 mm.
A further increase in integration density is to be
expected in the near future. In this context, the use of
silicon rich nitride (SRN) as core waveguiding
material opens up possibilities beyond the reach of
silicon oxynitride.

This paper presents an analysis of the propagation
loss in SRN slab waveguides and channel
waveguides on the basis of different characterization
methods.

Silicon rich nitride properties

Silicon rich nitride is deposited by low-pressure
chemical vapor deposition (LPCVD), using SiClH:
and NHs as precursors. The material is characterized
by a high refractive index and low mechanical stress.
The high refractive index of SRN, compared to silica,
enables the realization of small bending radii. The
index contrast of our waveguides (An=0.6) permits
bending radii of ~40 um without radiation losses [3]. A
consequence of the high-index contrast is the fact
that the cross-sectional dimensions of single-mode
waveguides are submicron (~ 0.6 x 0.6 um).

Low mechanical stress is important to omit material
birefringence and to facilitate device fabrication.
Ultralow stress values (<10 MPa) have been reported
[4). This is significantly less than the very high stress
value (1.2 GPa [5]) of stoichiometric silicon nitride
(SiaN4), which grounds the interest in SRN for optical
waveguide applications. The mechanical stress in our
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layers is below 100 MPa.
Details on our fabrication process have been
published elsewhere [6].

FTIR analysis

Material layers that are deposited using precursors
that incorporate both hydrogen and nitrogen may
contain significant amounts of N-H bonds. This is the
case for both plasma-enhanced and low-pressure
chemical vapor deposition [7]. N-H bonds have their
intrinsic infrared absorption at a wavenumber of 3350
cm™. The first overtone of this frequency is found at a
wavelength of 1510 nm. The tail of this peak leads to
absorption losses in the wavelength region of interest.
Annealing of the layers at high temperatures can be
used to largely remove the N-H bonds [7, 8].

Fourier transform infrared spectroscopy (FTIR) was
applied to investigate whether our as-deposited SRN
layers incorporate N-H bonds and to see what the
influence of annealing is. An FTIR spectrum of an as-
deposited SRN layer is shown in figure 1.

Si-N

o o
[o)] ~
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o
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Wavenumber (cm™)

Figure 1: FTIR spectrum of a 1.2-um-thick as-
deposited SRN layer. Note that there is no N-H
related absorption at 3350 cm™. The sinusoidal shape
is due to etalon effects in the measurement setup.

The FTIR analysis shows that the amount of N-H
bonds in our as-deposited SRN layers is lower than
the detection limit of FTIR. This observation is in
agreement with published results [4].

Dual prism coupling analysis

Optical loss spectra around the wavelength region of
interest of slab SRN waveguides have been
measured using dual prism coupling [9]. This
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characterization method provides detailed information
about N-H related absorption and gives an absolute
number for the propagation loss in slab waveguides.
This information is useful since losses due to sidewall
roughness are excluded, which helps to identify loss
mechanisms.

1.2-um-thick SRN layers deposited onto thermally
oxidized silicon wafers were used for this analysis. 2-
um-thick as-deposited PECVD-grown SiON layers
with a refractive index of 1.52 on similar wafers were
used as a reference.

Figure 2 shows a wavelength spectrum of the
propagation loss of both an as-deposited SRN layer
and an as-deposited SiON layer. The vertical scale is
obtained by varying the prism separation [9].
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Figure 2: Propagation loss spectrum of an as-
deposited SRN slab waveguide and an as-deposited
SiON slab waveguide.

Figure 2 confirms that the N-H related absorption in
SRN is negligible compared to as-deposited PECVD-
grown SiON. The propagation loss in SRN is shown
on an expanded scale in figure 3. A small absorption
peak can be seen. The height of the peak decreases
by annealing at 1100 °C, although it doesn’t
disappear completely.
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Figure 3: Propagation loss spectrum of an as-
deposited SRN slab waveguide and an SRN slab
waveguide that has been annealed at 1100 C.

The propagation loss at a wavelength of 1580 nm is
0.60 + 0.05 dB/cm.

Propagation loss in channel waveguides

The cutback method was used to determine the
propagation loss in mult-mode SRN channel
waveguides (1.3 x 8 um) [6]. The obtained value is
0.7 £ 0.3 dB/cm. The fact that this value is close to
the propagation loss in slab waveguides can be
understood by the fact that sidewall roughness
doesn't play an important role for multi-mode
waveguides of these dimensions.

We expect to be able to determine the propagation
loss in single-mode waveguides in the near future.

Conclusions

The analysis of the propagation loss in SRN slab
waveguides points out that as-deposited SRN exhibits
a small degree of N-H related absorption, which can
be reduced by annealing at 1100 °C.

We achieved a propagation loss in high-index SRN
slab waveguides as low as 0.60 + 0.05 dB/cm at a
wavelength of 1580 nm, which is a value that is in
agreement with loss measurements of multi-mode
waveguides. It leads us to conclude that SRN is a
promising candidate for applications in high-density
integrated optics
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