SILICON BASED DIELECTRICS: GROWTH,
CHARACTERIZATION, AND
APPLICATIONS IN INTEGRATED OPTICS

A DISSERTATION SUBMITTED TO
THE DEPARTMENT OF PHYSICS
AND THE INSTITUTE OF ENGINEERING AND SCIENCE
OF BILKENT UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

By
Feridun Ay
August, 2005



I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Prof. Dr. Atilla Aydinh (Supervisor)

I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Prof. Dr. Rasit Turan

I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Assoc. Prof. Dr. Recai Ellialtioglu

1



I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Assist. Prof. Dr. Hilmi Volkan Demir

I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Assist. Prof. Dr. Doniis Tuncel

Approved for the Institute of Engineering and Science:

Prof. Dr. Mehmet B. Baray
Director of the Institute

11



ABSTRACT

SILICON BASED DIELECTRICS: GROWTH,
CHARACTERIZATION, AND APPLICATIONS IN
INTEGRATED OPTICS

Feridun Ay
PhD in Physics
Supervisor: Prof. Dr. Atilla Aydinh
August, 2005

In recent years, growing attention has been paid to silicon based dielectrics, such
as silicon oxynitrides, silicon nitrides, and semiconductor doped silicon oxides, all
combined under the name silica on silicon technology. This attention has been
motivated mainly due to their excellent optical properties such as well controlled
refractive index and high transparency over a wide range of wavelength.

In accordance with the main goal of this study that relied on the utilization of
silicon based dielectrics and their optimization for applications in integrated op-
tics, an emphasis was given to optimize the compositional and optical properties
of these materials. A detailed quantitative compositional analysis using Fourier
transform infrared spectroscopy resulted in identification of the germanosilicate
dielectrics as the most promising candidates for use in integrated optics. The
first reported systematic study of propagation losses for different-index planar
waveguides by using prism coupling method was correlated with the composi-
tional analysis. This study had an important outcome for planar waveguides
fabricated with germanosilicate core layers resulting in the lowest propagation
loss values reported so far for as deposited CVD-grown films at A=1.55 pm, elim-
inating the need for costly and cumbersome annealing process.

An improvement of the prism coupling technique led to a new approach for
elasto-optic characterization of thin polymer films. This completely new method
allows one to determine the optical anisotropy and out-of-plane mechanical prop-
erties and to correlate both in order to obtain the elasto-optical properties of thin

polymer films, for the first time.

Of interest as potential electro-optic material, we have concentrated on ther-
mally poled germanosilicate films deposited on fused-silica substrates by PECVD.
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As a result of an optimization study, we demonstrated a record peak nonlinear
coefficient of ~1.6 pm/V, approximately twice as strong as the highest reliable
value reported in a thermally poled fused silica glass.

Finally, we have demonstrated several applications of this technology in the
field of integrated optics. Since optical waveguides constitute the building blocks
of many integrated optical devices, we had first concentrated on design and opti-
mization of waveguides employing germanosilicates as the core layers. The final
step of our work concentrated on design and implementation of microring res-

onator devices based on germanosilicate layers.

Keywords: Integrated optics, Silicon dielectrics, Silicon oxide, Silicon oxynitride,
Germanium, Germanosilicate, PECVD, FTIR, Waveguide, Optical absorption,
Prism coupling, Elastic modulus, Elasto-optic coefficient, Birefringence, Nonlin-
earity, Electro-optic coefficient, Thermal poling, Ring resonator.



OZET

SILISYUM TABANLI DIELEKTRIKLER TUMLESIK

OPTIKTE KULLANIMA YONELIK BUYUTME VE
INCELEME

Feridun Ay
Fizik, Doktora
Tez Yoneticisi: Prof. Dr. Atilla Aydinh
Agustos, 2005

Silisyum tabanl dielektriklerin iistiin optik 6zellikleri ve kirilma indislerinin genis
aralikta ayarlanabilirligi bu malzemelerin tiimlesik optikte kullanilmasina yonelik
caligmalarda biiyiik ilgi cekmesine neden olmaktadir.

Bu calismada silisyum tabanl dielektriklerin tumlegik optik aygitlarda kul-
lanimlar1 amaglanarak optik ozellikleri ve kompozisyonlar: incelenip optimize
edildi.  Fourier doniigiimlii spektroskopi kullanilarak yapilan ayrintili kom-
pozisyon analazi sonucunda germanosilikat dielektrikleri tiimlegik optik uygula-
malar1 i¢in en uygun malzemeler olarak tespit edildi. Prizma c¢iftlemesi yontemi
ile germanosilikat diizlemsel dalga kilavuzlarinda ilk defa farkhi kirilma indisli
malzemeler i¢in karsilagtirmali optik kayip olciimleri yapildi. Bu g¢alisma net-
icesinde literatiirde 1s1l olarak tavlanmamig A = 1.55 um dalga boyunda en diigiik

kayipli duzlemsel dalga kilavuzlar: elde edildi.

Prizma c¢iftlemesi tekniginin geligtirilmesi ile polimerler gibi yumusak
malzemelerin elesto-optik ozelliklerinin oOlgiilebilmesi saglanmigtir.  Bu yeni
yontem ile eszamanli olarak yapilan farkli yonlii optik indis ol¢iimleri ve dikey
yonlii mekanik sabit olgtimleri kullanilarak, ince polimer tabakalarin elasto-optik

katsayilar1 bulunabilmistir.

Germanosilikat dielektriklerinin electro-optik ozelliklerini arttirmak hedefi ile
PECVD yontemi ile yapilan biiytitme kogullari ile 1s1l kutuplama sartlar: optimize
edildi. Bunun sonucunda su ana kadar silika cam tabanli malzemelerde edilmig
dogrusal olmayan en biiyiik katsayimin iki kat1 elde edildi.

Son olarak, germanosilikatlara dayali tiimlegik optik aygitlar iiretildi. Bunlar
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arasinda ilk olarak tek kipli dalga kilavuzlar: iiretilip incelendi. Caligmanin so-
nunda germanosilikatlara dayali halka ¢innag aygitlari tasarlandi, optimizasyon

caligmasini miiteakip ozellikleri ol¢uldii.

Anahtar sozcikler: Tiumlegik optik, Silisyum dielektrikler, Silisyum oksit, Sil-
isyum oksinitrat, Germanium, Germanosilikat, PECVD, FTIR, Dalga Kilavuzu,
Optik sogurma, Prizma ciftlemesi, Elastik katsayi, Elasto-optik katsay1, Dogrusal
olmayan katsayi, Electro-optik katsayi, Isil tavlama, Halka ¢inlag.
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Chapter 1

Introduction

Since the discovery of fire, light and optics have0 been employed in communicating
information. It has been used to exchange information both on the sea and on
the ground. Today, information affects every aspect of our lives because of the
enormous improvements in the computer and communication technologies [1].
Everyone would agree that our lives would be totally different without computers,
cell-phones, internet, satellites, and many other information processing tools.
Today, the increasing importance of information access and manipulation, forces
us to process it faster, with fewer inaccuracies, at a lower cost, and with a system

which consumes less space.

1.1 Milestones in the Field of Photonics

Close connection between physics and communications started after 1876 with the
invention of telephone by A.G. Bell. The field of electromagnetism became an
important topic at those times. It is an interesting fact that only five years after
the invention of the phone, it underwent a rapid commercialization [1]. A similar
breakthrough had become possible only after 1960’s when T. Maiman demon-
strated the first pulsed ruby laser. Providing the coherent light source was one of

the major impacts of physics. It stimulated the research in fiber optics resulting
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in first low loss (20 dB/km) optical fibers developed in 1970’s by F. P. Kapron
et al. These fibers were designed to operate at 850 nm, the GaAs/Al,Ga;_,As
laser wavelength. The development of lasers on InP/InGaAsP materials system
operating at wavelengths of 1300 and 1550 nm made it possible to shift the com-
munications wavelengths to this low-loss region. Silica fibers, as a result, were
developed to reach losses as low as 0.15 dB/km by 1985, making it possible to
establish the first long haul transatlantic optical fiber system that was installed
in 1988 [1]. Since then, the capacity of the commercial fibers has increased in
accordance with the Moore’s law [2] for integrated circuits, i.e. doubling each

year.

The next stage in the field of communications and photonics can be identified
as the trend of evolving towards planar waveguides instead of relying completely
on optical fibers. Although optical fiber components can perform many of the
passive optical functions, the notion of planar integration is becoming more and
more important. It offers potential technological and economic advantages. The
compactness it provides makes reduction of many critical devices down to single
chip dimensions possible. Moreover, integrating complex functions into chips,
that are made processing a single wafer, reduces the cost abruptly [3]. Above all,
the available integrated circuit processing technologies facilitate the use of silicon

based materials in the area of integrated optics.

1.2 Why Silicon Based Dielectrics?

Silicon technology was and remains as the most dominant force in electronic
integrated circuits and it seems that this will continue in the near future [2,4].
Si-based technologies offer crucial advantages in terms of both performance and
cost, which makes it more attractive over all other competing technologies. The
major drawback of this technology has been lack of a light source (Si being an
indirect bandgap material), however, recently researchers have demonstrated a
continuous-wave Raman silicon laser [5], which has made the technology even

more promising.
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The work towards implementation of silicon technology in the integrated op-
tics area started ever since the notion of integrated optics was introduced. There
are several key factors for this application to be successful. First of all, any candi-
date technology must provide waveguide structures with low propagation losses.
Moreover, it should be compatible with microelectronics device processing and
provide high reproducibility with reasonably low cost. The coupling between the
optical integrated circuit devices and other elements such as optical fibers, light
sources, and photodetectors is another important issue of consideration. Most
of the materials used in integrated optics so far are classified as either low in-
dex contrast (e.g. silica, LiNbO3, polymers) or high index contrast (e.g. InP,
SOI) [6]. The satisfaction of all of the above mentioned requirements simultane-
ously for both of these systems is a challenging issue. In the low contrast systems
the fiber-to-chip coupling efficiency is excellent due to the large size of the single
mode waveguides, but they have low integration density since large bend radii
(10-30 mm) are required for low loss operation. On the other hand, high contrast
systems allow very small bending radii (below 0.5 mm) with low losses, how-
ever efficient fiber-to-chip coupling is difficult to obtain due to small waveguide

dimensions [7,8].

In recent years, growing attention has been paid to silicon based dielectrics,
such as silicon oxynitrides, silicon nitrides, and semiconductor doped silicon ox-
ides, all combined with the name silica on silicon technology (SOS) [9-11]. This
attention has been motivated mainly by their excellent optical properties such as
well controlled refractive index and high transparency over a wide range (see Fig.
1.1) [3]. Silicon based dielectrics combine the properties of SiOy together with
good chemical inertness and low permeability of high-refractive-index materials,
e.g. SizNy, germania, etc. Furthermore, the index of refraction of these layers can
be easily adjusted continuously over a wide range between 1.45 (SiOy) — ~2.0.
This is a very attractive property as it allows for fabrication of waveguides with
desired characteristics of fiber match and compactness [10, 11]. Moreover, the
growth of silicon based layers is done by well established standard silicon inte-
grated circuit processing technology, which is also a key point towards low cost

mass production.
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Figure 1.1: Attenuation characteristics of a typical silica fiber guide. (Adapted
from [12]).

The major drawback of this technology originates from the relatively high
propagation losses introduced by the impurities during the growth of the material
[13]. In particular, loss at A=1.55 pm is known to be caused mainly by N—H and
O—H bonds incorporated into the film matrix (see Fig 1.1). The reported values
for propagation losses are larger than 2 dB/cm at A=1.55 um, although this has
not been analyzed systematically [14]. To reduce these loss values, it is common
practice to anneal the as-grown layers at temperatures as high as 1100 °C for
prolonged times [13,15,16]. It would be of great interest to obtain silicon based
dielectric layers with reasonably low propagation losses in as-deposited form,

avoiding the need for the annealing process.

The silicon based dielectrics are deposited using various techniques. The most
commonly used growth technologies are plasma enhanced chemical vapor de-
position (PECVD) and low pressure chemical vapor deposition (LPCVD). The
PECVD process is found to be more efficient in controlled deposition of films
with refractive indices below 1.7 [6]. The deposited layers have good uniformity
of the refractive index and layer thickness with run-to-run reproducibility. The
waveguides fabricated by this technology have the following structure: silicon is
used as a substrate and SiO, buffer layer is thermally grown on it to act as a lower

cladding layer for the silicon based dielectric core film on top of which SiO, is
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deposited to provide symmetric structure [17]. The reported propagation losses
of the waveguides vary between 1.5-10 dB/cm (A = 1.55 pm) for as deposited
films and are reduced to 0.2-0.36 dB/cm for thermally annealed films [6,7,18-20].

The application area of any material system includes variety of integrated
optical devices. Among these, microring resonators attract special interest. Re-
cently a lot of research has been carried out for use of microring resonators in
integrated optics as all-optical switches, add-drop filters, electro-optic modula-
tors, etc [21-23]. Optical Ring Resonators (RRs) offer useful components for
wavelength filtering, multiplexing, switching, and modulation. The key perfor-
mance characteristics of the RRs includes Free-Spectral Range (FSR), finesse,
quality factor, resonance transmission, and extinction ratio. These quantities de-
pend not only on the device design but also on the fabrication tolerance. Current
challenges in the field are to produce dielectric microring resonators with low-loss,
large free-spectral range and of desired characteristics of resonant wavelength ad-
justment and filter linewidth [24]. Application of silicon based dielectrics on such
devices has recently been studied in detail [25,26] motivated by the fact that these
materials are relatively inexpensive and their index contrast is easily adjustable.
Moreover, their dimensions are two or three times larger than their semiconduc-
tor counterparts, which allows efficient usage of optical lithography without the
need for e-beam lithography. Silicon based dielectrics, therefore, offer a promising

platform for applications of ring resonator devices [27].

1.3 Contribution of This Work and Organiza-

tion of the Dissertation

In accordance with the main goal of this work, that relies on the utilization
of silicon based dielectrics and their optimization for applications in integrated
optics, an emphasis was given to the compositional and optical properties of these

materials.

As discussed in Chapter 2, in the first stage of our work we have mutually
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investigated the compositional properties of silicon oxide, silicon nitride, silicon
oxynitride, germania, and germanosilicate glasses and identified the germanosili-

cate dielectrics as the most promising candidates for use in integrated optics.

In Chapter 3 we focused on detailed quantitative compositional analysis of
the germanosilicate films using Fourier transform infrared spectroscopy. Compo-
sitional analysis using FTIR spectroscopy showed that the amount of N—H and

O—H related bonds exhibited a drastic decrease with increasing GeH, flow rate.

In Chapter 4 we report on a first systematic study of propagation losses for
different-index planar waveguides. This study had striking results in which pla-
nar waveguides fabricated with germanosilicate core layers showed the lowest
propagation loss values reported so far both for as deposited and annealed ger-
manosilicate films at A=1.55 um, eliminating the need for costly and cumbersome
annealing process. With a further step of improvement of the prism coupling
technique, a new approach is proposed for elasto-optic characterization of thin
polymer films. This completely new method allows us to determine and to cor-
relate the optical anisotropy and out-of-plane mechanical properties in order to

obtain the elasto-optical properties of thin polymer films, for the first time.

The investigations of optical properties of germanosilicate films continued with
a focus on their nonlinear properties as described in Chapter 5. Of interest as
potential electro-optic devices, we have concentrated on thermally poled low-loss
germanosilicate films deposited on fused-silica substrates by PECVD. After opti-
mizing the germane flow rate during deposition, the film thickness, and the poling
time for maximum peak nonlinearity, we demonstrated a record peak nonlinear
coefficient of ~1.6 pm/V, approximately twice as large as the highest reliable

value reported in a thermally poled fused silica glass.

Having optimized the compositional and nonlinear properties of germanosil-
icate dielectrics, in Chapter 6 we have demonstrated several applications of this
technology in the field of integrated optics. Since optical waveguides constitute
the building blocks of many integrated optical devices, we had first concentrated

on design and optimization of waveguides employing germanosilicates as the core
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layers. The final step of our work was to design and implement microring res-
onator devices based on germanosilicate layers with optimized finesse and quality

factors.

Finally, in Chapter 7 we conclude with a summary and discussion of the key

results of this PhD work.



Chapter 2

Silicon Based Dielectrics —

General Overview

In this chapter, the results on compositional and refractive index characterization
obtained on silicon based dielectrics grown by Plasma Enhanced Chemical Vapor
Deposition (PECVD) technique are summarized. After a brief description of
the PECVD method, results for silicon oxide and silicon oxynitride films are
presented, and then an analysis of the effects of adding germanium to these layers

are reported.

2.1 Plasma Enhanced Chemical Vapor Deposi-

tion

The field of microelectronics has been using chemical vapor deposition (CVD)
techniques for several decades for deposition of various dielectrics primarily aim-
ing applications such as insulation, masking, optical guiding, etc. This technique
can be defined as a process where thin solid films are grown as a result of chem-

ical reactions of the precursor gases. The PECVD technique in particular, has
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Figure 2.1: PECVD reactor structure.

received wide application in the area of integrated optics. The major advan-
tage of plasma enhanced (or plasma-assisted) CVD comes from its capability of
growing films at relatively low temperatures (150-350 °C) [28]. In conventional
CVD processes, the standard temperature of operation is in the range of 700-900
°C, which limits its applicability to device fabrication in which metallization and
other temperature sensitive preocesses are involved. The operation at such low
temperatures for PECVD technique is possible due to the addition of electrical

energy to the environment in the form of RF power, resulting in glow discharges.

The system used in our studies is a parallel-plate type Plasmalab 8510C reac-
tor (see Figure 2.1). The radio frequency (RF) generated glow discharge (plasma)
takes place between two electrodes which are separated by 2 cm. The plates are
24 cm in diameter and the RF power that establishes the plasma is applied to the
upper electrode while the samples are placed on the bottom grounded electrode
that can be heated up to 400 °C. The system can be operated at a pressure range
of 0.1-10 Torr. Applied RF frequency is 13.56 MHz with a maximum power of
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300 Watts. The available gases that can be used as precursors for film growth
are silane (2% SiH,/Ns), ammonia (N Hs), and nitrous oxide (N2O). A germane
(2% GeH,/He) gas line has later been introduced in order to be able to dope
the grown films with Ge. The structure of the films grown by this technique is
amorphous in nature and their compositional characteristics are to be discussed

extensively in the following chapters.

2.2 Silicon Oxide and Oxynitride Layers

The major problem for integrated optics applications in the PECVD grown silicon
based layers has been reported to be the incorporation of hydrogen and nitrogen
in the form of N-H bonds into the film matrix [7,29]. Although there have been
a considerable number of both compositional and device related studies on these
films separately, there has been a lack of systematic analysis comprising all three
silicon based layers [30,31], i.e. silicon oxides, nitrides, and oxynitrides. Namely,
the dependence of the optical properties on film composition and growth para-
meters needs to be established for the whole range of compositions starting from
silicon oxide and ending with silicon nitride films. During our M.Sc. study, an
attempt was made to establish such a relation, to identify possible drawbacks of
the films in the above mentioned range and to possibly eliminate them in a sys-
tematic way, for the first time [13]. Their deposition, material characterization,
and treatment towards loss minimization, and finally the fabrication and char-
acterization of single-mode waveguides were analyzed. A brief summary of the

results of our M.Sc. study is included in this section for the sake of completeness.

The stoichiometry of the PECVD grown layers typically deviates from their
“ideal” counterparts. Namely, instead of SiOs one obtains Si0, due to small
amounts of hydrogen and nitrogen incorporated into the film, resulting in a re-
fractive index larger than 1.46. For convenience, they will be denoted as SilN,

and SiON, respectively.

In the growth process of the samples, the flow rate of silane was kept constant
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Table 2.1: Growth parameters for silicon oxide, nitride, and oxynitride layers.

Silane (2% SiH,/N,) Flow Rate 180 scem

N>0O Flow Rate 25-450 scem
N H; Flow Rate 0, 15, 30 scem
Process Pressure 1000 mT orr
RF Power 10 W
Temperature 250 °C, 350 °C

at 180 sccm, while that of ammonia was either 0, 15 or 30 sccm, and the flow rate
of nitrous oxide was varied between 0 and 300 sccm (see Table 2.1 for details).
The index of refraction and thickness of the grown films were measured by an
automated Rudolph Research/AutoEl 11T ellipsometer at a wavelength of 632.8
nm. Typical accuracy values of the measurements were + 0.01 and + 20 A for
the index of refraction and thickness of the films, respectively. In addition, the
thickness values of some of the layers were measured by Sloan Dektak 3030ST

stylus profilometer.

As seen from Fig. 2.2, the values of the refractive index of both silicon oxide
films grown at 250 and 350 °C, decrease from a value of about 1.56 down to 1.47
with increasing N,O flow rate. At N,O flow rates higher than 150 scem the
decrease in the refractive index saturates. The high index region in Fig. 2.2 is
due to silicon rich films. As the N,O flow increases, a large amount of oxygen and
some nitrogen is incorporated into the films, resulting in refractive index closer to
that of stoichiometric SiOs. The silicon oxide characterizations were performed
at two different growth temperatures of 250 and 350 °C in order to compare
the qualities of the films grown. It was observed that the growth rate decreases
slowly as the substrate temperature is increased. For NoO flow of 25 sccm, the
growth rate at 250 °C is 340 A /min, whereas at 350 °C it decreases down to 290
A/min. This can be regarded as an indication that the films grown at higher
temperatures are denser and contain less microvoids, which was also verified by
monitoring the wet chemical etch rates of these layers. It is well known that
etch rates obtained with wet chemical etch (e.g. HF) are smaller for denser SiO,
films. Therefore, the temperature of 350 °C was chosen for the growth of silicon

nitride and silicon oxynitride films in order to obtain films suitable for optical
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Figure 2.2: Variation of index of refraction of Si0, and SiON films with N,O
and N Hj precursor gases flow rates and growth temperature.

applications. Moreover, the hydrogen incorporation into the layers is reported to
be less at higher deposition temperatures [28], thus resulting in potentially low

propagation loss waveguide materials.

A general trend of decreasing refractive index with increasing N,O ratio was
observed in all cases (see Fig. 2.2) (for both silicon oxide and oxynitride layers),
which comes about because of oxygen’s greater chemical reactivity compared to
nitrogen. In addition, as the flow rate of ammonia was increased, the film index
increased due to their higher nitrogen content, thus gaining more resemblance
with the silicon nitride layers. It was found that increasing the nitrous oxide flow
rate results in an increase of film growth rate as well. Moreover, the deposition
rate was observed to be decreasing with increasing ammonia flow rate. The

decrease of the growth rate with increase in nitrogen concentration in the film
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can be explained by increasing probability of the nitrogen related bonding so that
the nitrogen concentration in the film increases [32]. Thus, the layers become
more silicon nitride-like, the growth rate of which is smaller than that of silicon
oxides [13]. In fact, if we consider the growth rates for these films, they increase
in the following order: silicon nitride, silicon oxynitride, silicon oxide, exhibiting
a smooth transition of the physical properties of silicon oxynitride from those of

silicon oxide to silicon nitride [13,33].

The compositional properties of these three types of films were investigated via
Fourier transform infrared transmission spectroscopy (FTIR). Special attention
was given to the absorption band of N—H bond stretching vibration, since its
first overtone is known to be the main cause of the optical absorption at 1.55 pm
wavelength (the technique is to be discussed in detail in the following chapters) [7,
29]. For silicon oxide films the N—H bond concentration was found to vary
between 7.4 x 10! cm™3 and 0.4 x 10?' cm™3, while the same bond variation
for silicon nitride layers was between 9.6 x 10** cm™ and 7.9 x 10*2 cm™3.
For the silicon oxynitride films, the corresponding variation of the N—H bond
concentration was observed to be 0.6-1.7 x 10?2 ecm™3. It was found that the
observed N—H bonds resulted in propagation losses larger than 4 dB/cm. Low-
loss waveguides (<1 dB/cm), therefore, were only possible to obtain after an

annealing treatment at temperatures higher than 1100 °C [13].

2.3 Germanium Doped Layers

During the first stage of this Ph.D work, there were three different precursor gases
available for film growth, namely silane, nitrous oxide, and ammonia. Tuning the
refractive index of the “optical-grade” layers was possible only through variation
of the N,O gas flow rate at fixed flow of SiH, and N Hs. However, during the
M.Sc. study [33], it was verified that this gas acts as a primary source for the
N—H bonding in the layers, which needs to be eliminated in order to decrease
the propagation losses in the waveguides [13]. In order to be able to vary the

refractive index of the PECVD grown material without possibly including extra
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Table 2.2: Refractive index values for some of the silicon based dielectrics.

Film PECVD Gas Flow Rates (scem) Refractive Index
Type SZH4 G6H4 NQO NH3 ()\ = 632.8 nm)
Si0, 180 - 225 - 1.46

SiON 180 - 100 15 1.54

SiON 180 - 225 15 1.50
SiION:Ge 180 50 225 15 1.76
Si0,:Ge 180 20 225 - 1.49
Si0,:Ge 180 50 225 - 1.53
Si0,:Ge 180 90 225 - 1.66
Si0,:Ge 180 120 225 - 1.94

N—H bonds into the films, we have introduced germane (2% GeH,/He) gas into
the PECVD system. This gas has given us an opportunity to dope the films with
Ge.

As far as integrated optical applications are concerned, using germane as the
core dopant and silica as the cladding, ensures nearly identical characteristics for
planar waveguides with the existing fiber technology [15]. Moreover, promising
phenomena such as significant UV photosensitivity [34] and second-harmonic
generation [35] have already been shown in germanosilicate waveguides, providing

great potential for optical applications [36].

As a result, in addition to silicon oxide, silicon nitride and oxynitride films, we
gained a capability of growing the following types of dielectric films: germanosil-
icate (570,:Ge:N:H), germane doped silicon oxynitride (StON:H:Ge), and ger-
manate (GeO,:N:H) glasses. Table 2.2 gives examples for some of the refractive
index values obtained by combination of different flow rates of the available gases

(as measured by ellipsometry at A = 632.8 nm).

In addition to the index of refraction, we focus on the compositional prop-
erties of the grown layers and mainly aim for low N—H bond concentration in
the films with possibly high refractive index. In light of these criteria, various di-
electrics (germanosilicates, germanium doped oxynitrides, and germanate glasses)
were investigated. An important initial finding was that the germanate and high—

germanium—content glasses are easily oxidized shortly after the deposition. FTIR
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Figure 2.3: Comparison of the O—H and N—H stretching bands as obtained
with FTIR absorbance spectroscopy for germanosilicate and germanate films as
a function of GeH, flow rate at fixed SiH; and N;O flows.

analysis shows large amounts of O—H bonds indicating the possible absorption
of water vapor. This property ruled out the possibility of their usage as a dielec-
tric material for integrated optical devices. FTIR spectroscopy also shows that
the most suitable material, compared to the previously mentioned ones due to
their minimum N—H bond content (comparing materials with the same index
of refraction) turned out to be the germanium—doped silica (or germanosilicate
Si0,:Ge) films. Germanate (GeO,) glasses contained the largest amount of the
N—H and O—H (see Fig. 2.3), which decreased in silicon oxynitride layers and
were minimum in germanosilicate glasses. Figure 2.3 shows the variation of the
O—H and N—H stretching bands with the GeH, flow rate for germanosilicate
films. The quantitative analysis of these bonds in germanosilicate films will be a
subject of another chapter. At this point, the most important finding was that
the films suitable for integrated optics are germanosilicates, rather than silicon

oxynitride and Ge doped oxynitride films, due to their low N—H bond content
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Figure 2.4: Variation of index of refraction for germanosilicate layers with GeH,
flow rate.

and hence low propagation losses.

The effect of adding Ge into SiO, layers on refractive index of the material is
of great interest. Therefore, the variation of index of refraction with GeH, flow
rate was characterized (see Fig. 2.4). The samples analyzed were grown at 350
°C, with 10 W RF power, under 1 Torr pressure, and using constant 180 sccm
SiH, and 225 sccm NoO flow rates. The GeH, flow was varied between 0 and
120 scem resulting in a steady refractive index increase from 1.46 up to 1.94, as
measured by an ellipsometer (A = 632.8 nm). The index of refraction was lower
at low GeH, flow rates and increased with increasing Ge incorporation into the
film. The observed growth rates, however, did not show a significant change with
the change of germane flow. A small decrease from about ~340 A/ min down to
~290 A /min was identified.

Thus, as an outcome of these preliminary results, we decided to concentrate
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on germanosilicate glasses. These dielectric layers will further be investigated in
terms of suitability for integrated optical applications. One of the methods to be
used for the characterization of these layers will be the prism coupling technique.

This method is to be discussed in detail In Chapter 4.



Chapter 3

Germanosilicate Dielectrics I:

Compositional Analysis Using
FTIR

Based on analysis of Section 2.3, germanosilicate is selected to be the material
system on which further investigations are to be carried out. Considering the goals
of our work, in addition to characterizing the optical properties of germanosilicate
films, we would benefit much from learning about the composition of grown layers.
Thereby, an attempt is made towards relating the material composition to film
characteristics such as index of refraction and optical loss. For this purpose,
widely-used Fourier Transform Infrared (FTIR) spectroscopy together with prism
coupling methods (PCM) will be employed. Below, some general remarks on
infrared spectroscopy are given, followed by the description of the experimental
setup. Subsequently, the results obtained from a thorough compositional analysis

are presented.

18
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3.1 General Remarks on FTIR Spectroscopy

Infrared (IR) absorption makes use of the vibration of atoms in molecules. The
spectrum is obtained by having IR radiation pass through a sample and analyzing
the absorption features at particular energies, which in turn correspond to the

frequency of vibration of a part of a molecule in the structure [37].

A polyatomic molecule consisting of N atoms has 3N —6 (3N —5 if it is linear)
normal modes of vibration [38]. Actually, the total vibrational motion of the
molecule is resolved into components which consist of mixture of angle-bending
and bond-stretching vibrations called as the normal modes (see Figure 3.1). In a
normal mode of vibration, all the nuclei move in phase, have the same frequency
of vibration, and in general move with different amplitudes. In this motion,
the center of mass of the molecule does not move and the molecule as a whole
does not rotate. Moreover, any vibrational motion of this polyatomic molecule is
expressible in terms of linear combination of its normal modes. Here it should be
mentioned that, in addition to the basic stretching and bending vibrations, there
are other termed kinds such as rock, twist, scissors, wag, and breathing, which

are frequently used to describe the group vibrations of molecules [33].

As an illustrating example one can look at the possible transitions in a vi-
brational spectrum that are possible for diatomic molecules. In the framework of

quantum mechanics, this is determined by the interaction of the dipole moment

séy bf/e\\@, &\
@ (5) ©

Figure 3.1: [lustration of (a) bending, (b) symmetric stretching, and (c) anti-
symmetric stretching vibrations for a polyatomic molecule.
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of the molecule with the electric field component of the incident radiation [38].
Explicitly, the transition probability is given by the square of the transition dipole

moment ﬁnm, given by
Rom = / kW, dr, (3.1)

where ji is the electric dipole moment operator and
f=>_ar, (3:2)

where the sum is carried over all nuclei and electrons of the molecule, ¢; is the
charge and 7; is their position vector. The transition dipole moment Rom can be

thought as the oscillating electric dipole moment due to the transition.

For a diatomic molecule of two different species the electric dipole moment p
is non—zero and varies with distance, x. This variation is expressed as a Taylor
series expansion about equilibrium point x., referring to equilibrium internuclear

distance, as

L. dp 1 (d*p 5
n = Me+ (%)xe (l’—fL’e) + 5 (@)xe ($ —l’e) + ... (33)

Now, for a molecule in a given electronic state, the transition dipole moment

takes the form of

—

" d
Rv/v// frg ﬁe / \1/:,, \I/v/daj‘ + (d—M) /\I/z// ([E — l’e)\:[lvldl' + (34)
T x

e

The first term of this equation is zero because the vibrational wave functions for

different v (states) are orthogonal. The second term is non—zero if
Av = £1, (3.5)

which imposes a vibrational selection rule. Another condition for the non-—
vanishing of this term is that the dipole moment should be a function of the
internuclear distance x. This means that homonuclear diatomic molecules, e.g.
N, and H,, have zero dipole moments for all bond lengths and, therefore, show
no vibrational spectra. For the higher terms of Eq. (3.4) we would expect that
their contribution is small and can thus be neglected. If they are neglected, the

harmonic oscillator model would give us only single vibrational absorption at a
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specific frequency; otherwise, the higher terms do give rise to overtone transi-
tions of Av = +2, 43, ... (i.e. vg — v9,v9 — v3, etc.) with rapidly decreasing

intensities.

The final remark is about the selection rules for infrared active vibrations.
The main rule is that any normal mode will have a vibrational spectrum only if
its displacements cause a change in the dipole moment. The process of this deter-
mination of the vibrational modes that are infrared active is performed by making
use of group theory, i.e., identifying the symmetry properties of the molecule and

possible vibrations that result in dipole moment change.

3.2 Experimental Setup

Throughout our experiments a Bomem HE/B Series FTIR spectrometer has been
used (see Fig. 3.2). Its basic operation relies on a Michelson interferometer,
which is built into the spectrometer. The advantages of this technique over the
other spectroscopic methods derive from using a large aperture at the signal
input and having the entire spectrum at once at the output. Namely, using a
large aperture results in a large energy throughput and is called the Jacquinot
advantage. Moreover, the ability to simultaneously process the entire spectral

range in a single scan gives an advantage known as the Fellget advantage [33].

As a source in the spectrometer, a Nerst solid glower is used, which radi-
ates continuous light in the mid-infrared region in accordance with blackbody
radiation. The light is then directed to the beam splitter of the Michelson inter-
ferometer, after which it is reflected from two perpendicular plane mirrors one of
which is movable. The radiation reaching the detector (pyroelectric deuterium
tryglycine sulfate: DTGS) consists of two components that have a path difference
of § with its magnitude changed by displacing the movable mirror. The intensity
of light measured at the detector, which represents the interference between the

two beams, is of the form of

1(6) = /000 B(w) cos (2mwd) dw, (3.6)
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Figure 3.2: The FTIR experimental setup used for infrared absorbance measure-
ments.

where w is the wavenumber and B(w) is the source intensity at that wavenumber.
This expression is also called as interferogram and its Fourier transform gives the
desired spectrogram of the transmitted intensity as a function of the wavenumber,
i.e. B(w) given by .
Blw) =2 / 1 (5) cos(2rwd)ds. (3.7)
0

The process of this transformation is performed by a computer.

In order to understand the significance of the spectrum, it is necessary to
closely look into what it represents. When we pass radiation of intensity I
through a sample, the transmitted intensity is I. The ratio I/l is called the
transmittance of the sample. If we have a sample of thickness ¢ and concentra-
tion ¢ of bonds that absorb light, we can define absorbance A, which is directly

proportional to above quantities as
A = ate, (3.8)

where « is a constant of proportionality called as molar absorptivity having dimen-

sions of inverse concentration x length. The absorbance (A) and transmittance
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(T') are related by

I 1
A = logy (70> = logyg (T> J (3.9)

which is known as Beer’s law. In the obtained IR spectrum the total intensity of a
specific absorption band is measured by the integrated intensity, which is carried
out over the band of interest. The integrated absorption coefficient is defined by
(see e.g. [39])

/b a(w)ds. (3.10)

The results of Egs. (3.6)—(3.10) are to be used in the following sections for

determination of the relevant bond concentrations.

3.3 IR Analysis of Germanosilicate Layers

A series of germanosilicate films was grown by using parallel-plate type Plasmalab
8510C PECVD reactor. The layers were grown on high resistivity silicon wafers
with polished sides at 350 °C, under a pressure of 1 torr, and with an RF power
of 10 W at a frequency of 13.56 MHz, applied to the plates with a diameter of 24
cm (see Table 3.1 for summary). Silane (2% SiH4/Ns) and nitrous oxide (N2O)
gas flow rates were kept constant at 180 and 225 scem, respectively, while that

of germane (2% GeH,/He) was varied between 0 and 70 scem.

The compositional analysis of the germanosilicate films were performed by

making use of Bomem H&B Series FTIR spectrometer. The spectra were obtained

Table 3.1: Growth parameters for germanosilicate films used in FTIR measure-
ments.

Silane (2% SiH,/N-) Flow Rate 180 scem
N>O Flow Rate 225 scem
Germane (2% GeHy/He) Flow Rate 0-70 sccm
Process Pressure 1000 mTorr
RF Power 10 W

Temperature 350 °C
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Figure 3.3: Infrared absorption spectra of germanosilicate samples at 250-1550
cm~! range with the the following GeH, flow rates; s0: 0, sl: 5, s2: 10, s3: 20,
s4: 30, s5: 50, s6: 60 and s7: 70 scem.

in the 5500-250 cm™! range with 8 cm™! resolution. The thicknesses of the
S10,:Ge layers deposited for FTIR characterization were between 1.5 and 2.5
pm. Eight samples, s0—s7, with corresponding GeH, flow rates of 0 (i.e. Si0,),
5, 10, 20, 30, 50, 60, and 70 scecm were used for compositional characterization.
Thickness normalized absorbance spectra of the samples in 250-1500 cm~! range

are shown in Fig. 3.3.

All the samples show a dominant absorption feature around 1050 ¢m ! which
can be resolved into Si—O symmetric and asymmetric stretching and Ge—O
stretching vibrations [40,41] at frequencies of about 1065, 1150 and 980 cm™!,
respectively. Si—O rocking and bending vibrations were identified at ~450 and
~820 cm™!, while Ge—O and Ge—H bending vibrations were observed at ~420

and ~650 cm ™!, respectively.
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Figure 3.4: Variation of normalized absorption band area for Si—O and Ge—O
related bonds with increasing GeH, flow rate.

Analysis of the oxygen bond concentration was performed by integrating over
the relevant bands. The bands were decomposed using nonlinear curve fitting,
assuming that the peaks are in the form of symmetric Gaussians. The results
of this analysis are plotted in Fig. 3.4. The normalized integrated absorption
[ Joum doz(w)dw] of the Si—O bonds exhibited a gradual decrease, while that of
Ge—O0 bonds showed a steady increase as a function of germane flow rate. Both
reached saturation at a GeH, flow rate of about 50 sccm. Assuming that the
infrared absorption cross section for the bonds of interest are similar, it can
be stated that St and Ge are incorporated into the film matrix at nearly equal

concentrations for GeH, flow rate of 50 sccm and larger, in the range investigated.

The most striking result of the FTIR analysis was that the observed amount
of both N—H and O—H bonds decreased with increasing Ge H, flow rate (see Fig.
3.5) [42]. The N—H stretching vibrations were observed at ~3380 cm™!, GeO—H
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Figure 3.5: FTIR absorption coefficient, @ vs incident wavenumber for the ger-
manosilicate samples in the N—H and O—H absorption band region.

stretching vibrations at ~3470 and ~3515 cm™!, and finally SiO—H stretching
vibrations at ~3600 and ~3665 cm™! [43]. As the GeH, flow rate in the grown
samples increased, the N—H stretching vibrational frequency shifted about 30
cm~! towards lower frequencies, while that of GeO—H and SiO—H remained

constant.

The vibration band of N—H bond stretching is of special interest for us, since
it is the main cause of the optical absorption at 1.55 um wavelength for the
optical waveguides that we aim to fabricate. Thereby, special attention was paid
to its properties and evolution for the studied samples. The N—H and O—H bond
concentrations were calculated for all the grown layers by using the method of

Lanford and Rand [39], by the expression

1
X—H=—— d 3.11
[ ] 2303 O-X7H X /l;anda(w) CL), ( )

where o x_ is the absorption cross section for the N—H or O—H bonds, [ a(w)dw
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is the normalized absorption area of the band, and o = <@> A is the absorption
coefficient, A being the absorbance and ¢ the film thickness [32]. The integration
is carried over the band of consideration, which was decomposed using nonlinear
curve fitting and assuming that the peaks are in the form of symmetric Gaus-

2 used in our

sians. The absorption cross section value oy_g = 5.3 x 107 em
calculations was obtained by Lanford & Rand [39] through a resonant nuclear
reaction and the uncertainty of the calibration technique that they had proposed
is reported to be about +£15% [44]. The corresponding value for O—H bonds was
oo_n = 1.5 x 1072! ¢m?, obtained by Rostaing et al. [45]. In spite of the rela-
tively large uncertainty for the O—H bond absorption cross section, we believe
that the results obtained can be safely used in the relative comparison of O—H
bond concentrations of the samples. For other quantities such as peak wavenum-
ber (w), full width at half maximum (FWHM ), and normalized absorption band
area ([ adw) of each absorption band we estimate typical uncertainty values of
+5 em™, &5 em™!, and +4 %, respectively [13]. The results of the calcula-
tions of concentrations are plotted in Fig. 3.6 and those for the N—H bonds are

summarized in Table 3.2.

As seen from the figure, the N—H bond concentration has decreased from
0.43x10%2 e¢m~3 down below our detection limit of 0.06x10%? ecm =3, by a factor
of seven as the GeH, flow rate increased from 0 (silicon oxide) to 70 sccm. As for
the O—H bonds, their concentration showed a sharp decrease, as well from about
2.27x10%2 em =3 down to 0.23x10% e¢m ™3, by a factor of ten in the same germane
flow range. The observed decrease of these bonds has an important impact on
propagation losses at A = 1.55 um of the waveguides grown using germanosilicate
films. This issue is going to be further investigated by prism coupling technique

and is to be discussed in the next chapter.
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Figure 3.6: Variation of calculated N—H (a) and O—H (b) bond concentrations
for germanosilicate samples with increasing GeH, flow rate.

Table 3.2: N—H bond str. concentration calculation details for germanosilicate
films by using FTIR transmittance spectroscopy.

GeH, Flow  Central Sum of Norm. N—H bond
Rate Frequency FWHM  ay,4z Band Area Concentration
(sccm) (em™1) (em™)  (em™!)  (x 10* cm™?) (x 10%2 cm—3)

0 (oxide) 3433 229 93 5.23 0.43
5 3416 176 80 3.44 0.28
10 3395 132 92 3.00 0.25
20 3392 145 78 2.79 0.23
30 3380 126 69 2.13 0.17
50 3370 139 61 2.07 0.16
60 3357 101 29 0.71 0.06
70 3353 124 25 0.75 0.06




Chapter 4

Germanosilicate Dielectrics 11:
Index of Refraction and

Propagation Loss Measurements
Using PCM

Optical characterization techniques are crucial for investigation of thin film prop-
erties. Among various methods, prism coupling technique has received much
interest due to several advantages it offers. Development of optical waveguide
techniques has provided a convenient method for measuring the refractive indices
and thicknesses of thin dielectric films. Due to the ease of operation and high
measurement accuracy, the prism waveguide coupler has been used to determine
the refractive index and birefringence of thin films as well [48-50,52], making
this method superior to standard ellipsometry. The prism waveguide coupler is
particularly suitable for isotropic and anisotropic thin film studies because of the

quantitative character of the information obtained.

29
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In this chapter, the prism coupling method will be described in detail. After
the prism coupling basics the description of the method for optical propagation
loss measurements is presented. Next, the propagation loss characteristics of the
germanosilicate films are investigated prior to a report on the effects of annealing
of germanosilicate dielectrics. Finally, a study on the refractive index of the
materials upon application of external stress is presented. This study resulted in
development of a new technique for evaluation of the elasto-optical properties of

thin films and results obtained for several polymer waveguides are presented.

4.1 Basic Principles of the Prism Coupling
Method

Since the introduction of the prism coupling method (PCM) by Tien and Ulrich
in 1970’s, it has become a widely used tool for refractive index, film thickness
and optical loss measurements in thin film structures [48-51]. In this method,
the film of interest has to be in the form of a planar waveguide and support at
least two modes at the measured wavelength. As depicted in Fig. 4.1, a beam of
incoming light is coupled into the waveguide (i.e. waveguide modes) via a prism
and is monitored at the other edge of the waveguide as the angle of incidence («)

is changed.

The refractive index of the prism used (n,) has to be larger than that of the
guiding film (n) and a load has to be applied onto the prism in order to achieve
the optical coupling. The maximum power transfer (~80 %) to the mode is
achievable when the gap between the prism and guiding film is about A\/4 [49].
Each mode of the waveguide is excited individually at a specific angle of incidence.
The excited modes can be traced visually as streaks along the waveguide. Hence,
the observation of the modes can either be done by detecting the light at the
waveguide output, or the reflecting light from the base of the prism, and/or using
a screen on which m-lines are formed [49]. In either method, one obtains the
coupling angle data at which each of the waveguide modes is excited. Based on

these data, one can evaluate the index of refraction and thickness of the film.
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Figure 4.1: Schematic representation of a prism coupler.

The optical coupling of an incident beam is possible when the angle of in-
cidence exceeds the critical angle and the evanescent waves that extend beyond
the prism base penetrate into the waveguide. The condition for total internal
reflection is satisfied when [50]

¢ > arcsin (@) . (4.1)

np

This gives rise to standing wave formation inside the prism, the k vector of which

is given by

kon, = np (ks &+ k. 2) (4.2)

= n,(kosin® £+ kycosf 2).

Outside the prism the field decays exponentially, but the z component of the
wavevector remains the same. As evident from Eq. (4.2) and Fig. 4.1, the
wavevector k£ depends on the angle of incidence «, which enables one to adjust
and possibly match the velocity of propagation of the wave in the prism with that
in the guide.

The parameters effecting the coupling condition such as prism angle (€) and re-
fractive index (n,) are critical. They define the range of the propagation constant
that are possible to excite in a waveguide. The expression relating the propaga-

tion constant (5 = n,sinf) along the prism base with the angle of incidence o
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and the prism angle € is given by

B =sina cose+/(n2 —sin’a) sine. (4.3)

Evaluation of the film index and thickness relies on the measurement of the
coupling angles of waveguide modes. Here, we assume two successive modes! (1
and v), for which the observed propagation constants (3, and 3, are related to
the unknown index (n) and thickness (W) by the dispersion equation for planar

dielectric waveguides in the form of [49]
kW y/n? — 672n = qjm(”aﬁm>’ (44)

where

\Pm(n7 ﬂm) =mn + ¢0(n> ﬁm) + ¢2(n7 Bm) (45)

2 2 2\ /2
n\”" Bm — N
() (5] 40

with n being the refractive index of the film, W the film thickness, (3,, the propa-

and

¢;(n, Bn) = arctan

gation constant of the m*® mode, p polarization (0 = TE, 1 = TM), and j defining
the boundary (0 = upper, 2 = lower).

Inserting 3, and 3, into Eqgs. (4.4)—(4.6) enables kW to be eliminated, yielding

a single equation for n that can be written in the following form
n® =F (n?), (4.7)
where

B, — 3v;)
(¥5 - v3)

F(nQ) = (

(4.8)

The Eq. (4.8) cannot be solved explicitly, however the solution can be found by
iterative techniques. Namely, the series n[zq} for ¢ = 1,2,3,...1is calculated by the
recursion formula [49]

n[Qq] =F (n[Qq—I]) : (4.9)

!The treatment of a case with a larger number of modes requires a different approach [49],
it was implemented in the numerical code developed for this study but will not be discussed
here.
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This series converges to the solution of interest

n? = lim nt; (4.10)
provided that
OF
'm <1. (4.11)

Numerically, it can be shown that the statement is true in case that the first term

of the series (ny))? satisfies the following conditions
n[zo] > ﬁi and n[go] > (2. (4.12)

These conditions are physically reasonable and can always be satisfied by a suit-
able choice of the initial term as a guess value. The solution of the series has an
alternating behavior and, after ten to twenty steps of iteration, an error of less
than 1079 is reached. Solving for the unknown refractive index n by this method
and inserting it into Eq. (4.4) one obtains the thickness value W of the film. The
implementation of all of the above routine has been realized with a Mathcad™
code which uses directly the measured data as input giving the desired values as

an output.
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4.2 Propagation Loss Measurements and PCM

As a guided wave travels through a waveguide it experiences an attenuation or

loss (oc L), Tt is common to describe optical loss in terms of dB/cm and is

defined as the logarithm of the power (intensity) ratio [53, 54]

1 b
Loss (dB/em) = ZlOlog (P ) , (4.13)
out

where L (e¢m), Py, and Py, are the waveguide length, output and input power,

respectively (see Fig. 4.2).

The measured total loss is the sum of the individual losses due to differ-
ent mechanisms. These mechanisms include scattering losses credited to surface
roughness or scattering centers, radiation losses due to the leakage of the mode
into the substrate or bends, and material losses such as vibrational absorption,

being particularly relevant in our material system.

There are a number of different methods for the measurement of the propa-
gation losses via PCM. Among these, the most common one is the measurement
of the optical power at the output (FP,,) for several lengths of propagation (L)

at fixed detector distance, the so called “moving prism” method (Fig. 4.2, case

V4 TP,
|||||||||||||||||||||||-.i I@

Figure 4.2: Schematic representation of the commonly used propagation loss
measurement techniques based on prism coupling.
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D2). The challenging issue in this technique is the difficulty in achieving identical
coupling at each L. This issue was overcome by using a load cell (see Fig. 4.17),

guaranteeing identical coupling condition [55].

Another method is to monitor the scattering loss on the surface of the
waveguide by capturing an image of the formed streak and making an image
analysis of it [56]. This technique was tested for our configuration as well, how-
ever it was found to be useful only for propagation losses larger than ~5 dB/cm.
A slight modification of this method results in two new techniques. Namely, one
can observe the scattered light streak either with a fiber or free space optics and
a detector (Fig. 4.2, case D3) at different L and thereby obtain propagation loss
values. Yet, it was difficult for these methods to be implemented and obtain
reliable results. Additional technique that was investigated was to analyze the
intensity of the mode captured at the output of the waveguide by a CCD camera,
again with limited success. Consequently, at a wavelength of 1.55 pm the method
to be used for slab waveguide propagation loss measurement was determined to

be the “moving prism” technique.

For propagation loss measurements at A = 632.8 nm an additional method
of Ramponi et al. [57] was tested. It was not applicable at A = 1.55 pm due to
the geometry and the small area of the Ge-photodetector. A large area (1 cm?)
S1 photodetector was included in the setup for this purpose. In this method the
reflected light intensity at one edge of the prism is measured together with the
intensity of the propagated light (Fig. 4.2, cases D1 & D2). The propagation loss

(dB/cm) value is evaluated with the following relation

(PTQ - PTm) % Twa
Pout Tpa ’

Loss = — x 10log (4.14)

SIE

where L is the length of propagation of the light, Py and P,,, are the maximum
and minimum power of the reflected light, while P,,; is the power of the prop-

agated light (Fig. 4.2). T,, and T,, are the Fresnel transmission coefficients at
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the waveguide—air and prism—air interfaces given for our case by [58]

T,

pa

61) — cos (62)]
- {npcos 1) — cos 2} for TE polarization, (4.15)

0,) - 62)]
[cos( 1) — 1y COS (07 } for TM polarization, (4.16)

and

n—1\2
Twe=1-— 1) (4.17)

Here, 6 is the angle of maximum reflected light (usually around 0°) and 6, is

given by

#; = arcsin [

sin(GQ)] |

Tp

(4.18)

Having briefly discussed the propagation loss measurement methods for slab
waveguides based on PCM in general and the ones used in this study, the mea-
surement results for germanosilicate slab waveguides are reported in the next

sections.
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4.3 Experimental Setup

A schematic representation of the prism coupling measurement setup built in
our laboratory is given in Fig. 4.3. Alignment optics includes a polarization
rotator and an analyzer in addition to a chopper. A beam splitter was also
included to calibrate the relative orientation of the laser beam with respect to the
coupling prism and was used to establish the origin of the angular displacement.
The coupling pressure was adjusted by a micrometer holder in contact with a
calibrated spring system that allowed us to monitor the applied force onto the

prism.

The operational procedure of the PCM is simple. The linearly polarized mono-
chromatic light, of 632.8 nm wavelength from a He—Ne laser (or at 1.55 pym from
a DFB laser), with either transverse electric (TE) or transverse magnetic (TM)
polarization, was incident onto the prism. The waveguide and the coupling prism
were rotated on a high precision motorized rotary stage on which they were
mounted under computer—control. All the measurements were performed by us-

ing a single prism to determine the coupling angles of each mode.

S

data
chopper & acquisition
alignment system
optics
control
He-Ne laser system

A S 4
rotary stage

Figure 4.3: Experimental setup for measuring the coupling angles. The laser
beam is incident on the coupling prism. The prism coupler setup is mounted
onto a high precision rotary stage with stepper motor having a precision of better
than + 0.01°.
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Initially, both symmetric trapezoid shape and right angle prisms made of SF—
14 with base angles (¢) of 60° and refractive index (n,) of 1.7561 (A = 632.8 nm)
were tried. Guided intensity was measured on the opposite side of the waveguide
by a Si photodetector as a function of the incident angle («). In order to minimize
the noise, we used a lock—in amplifier which was connected to a computer that also
controlled the rotary motor. From the angles, at which local intensity maxima
are observed, the refractive index and thickness of the measured film can be
obtained by solving the waveguide mode equations for TE and TM polarizations
(see Section 4.1) [59-61].

Attention must be paid towards properly aligning the coupling prism. The
repeatability of the measured coupling angle has been checked and found to be
less than +0.01°. Typical error in the refractive index and thickness values is
found to be less than +0.0002 and +0.3 %, respectively. All the experiments

were carried out at a constant temperature of 21.0 £+ 1.0 °C.
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4.4 Propagation Loss and Refractive Index

Analysis of Germanosilicate Layers

Planar germanosilicate layers are conventionally grown by RF sputtering [35],
sol-gel methods [15], powder melting [43,46] or plasma enhanced chemical vapor
deposition (PECVD) techniques [36]. As—deposited SiO,:Ge optical waveguides
grown with these methods all share the shortcomings of having relatively large
propagation losses at wavelengths of 632.8 nm and 1.55 pm. In particular, loss
at A = 1.55 um is known to be caused mainly by N—H and O—H bonds in-
corporated into the film matrix [13,33] while loss at 632.8 nm is mainly due to
scattering mechanisms [29]. Although there was previously no systematic study of
propagation loss in germanosilicate planar waveguides, the reported values range
between 3.5—10 dB/cm [15,34] at A = 632.8 nm and are larger than 2 dB/cm
at A = 1.55 um [14]. To reduce the loss, it is common practice to anneal the as—
grown layers at temperatures as high as 1100 °C for prolonged times [15,16]. Re-
cently, Zhang et al. [16] reported CVD grown germanosilicate planar waveguides
with propagation losses of about 2 and 1 dB/cm at wavelengths of 632.8 and
1550 nm, respectively. However, due to low index contrast, almost half of the
mode power in those waveguides propagate in the cladding material, the effect of

which is not taken into account in the previously reported loss values.

In this section, we report on systematic characterization of as—grown ger-
manosilicate waveguides. The layers were grown by standard PECVD technique
by using silane, germane and nitrous oxide as precursor gases. It was shown in
the previous section (Section 3.3) that increasing the germane flow rate leads to
reduction of the hydrogen related bonds and thus decrease in the propagation

loss is to be expected [13].

The samples to be used for this study were grown with identical parameters
with those used for FTIR analysis. The refractive index of the films were mea-
sured by prism coupling technique [48] at A = 632.8 nm and 1550 nm (see Section
4.1) and the film thicknesses were determined by the same method and by the
stylus profilometry (see Fig. 4.4 and Table 4.1).
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Figure 4.4: Variation of the index of refraction for germanosilicate layers with
GeH,4 flow rate at A = 632.8 and 1550 nm for both TE and TM polarizations.

Table 4.1: Summary of the measurements of index of refraction for germanosil-
icate layers for TE & TM polarization at A = 633 and 1550 nm, with varying

GeH, flow rate.

GeH, 633 nm 1550 nm
(scem) TE ™ TE ™
5 1.4683 1.4681 - -
10 1.4673 1.4672 1.4533 1.4530
20 1.4830 1.4841 1.4604 1.4609
30 1.5016 1.5029 1.4723 1.4706
33 1.5032 1.5032 - -
50 1.5189 1.5191 1.5033 1.5037
50* 1.522 40.005 1.511 £0.005
90* 1.570 40.005 1.546 +0.005

*— as measured by ellipsometry.
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Figure 4.5: Photographs of the experimental configuration for prism coupling
technique used for index of refraction and propagation loss measurements at (a)
A= 632.8 nm and (b) 1.55 um.

At XA = 1550 nm the corresponding refractive indices were measured to vary
between 1.4530-1.5033 and 1.4527-1.5032 for TE and TM polarizations, respec-
tively. Variation of the refractive index for investigated germanosilicate films as
measured by prism coupling method is shown in Fig. 4.4 and summarized in
Table 4.1. For these films the growth rates were observed to increase gradually
from 370 to 440 A /min with increasing GeH, flow rate.

The propagation losses of the waveguides were measured by using prism cou-
pling technique. The waveguides were grown on oxidized silicon wafers with a
S104 thickness of 9.8 um. The core layer thicknesses were varied between 4—6
wm, by using the same parameters as the samples used in FTIR characterization.
At X\ = 1.55 um the moving prism method was used, in which light was coupled
into the waveguide at different lengths and the output power was monitored at
the end of the slab waveguide. At A\ = 632.8 nm the method of Ramponi et
al. [57] was employed, in which a single prism and measurement of reflected and
transmitted light are used to determine the propagation losses (see Section 4.2).
The pictures of experimental configuration for the both types of measurements

are shown in Fig. 4.5.
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Figure 4.6: A schematic picture of the mode profile of (a) the slab waveguides
used for propagation loss measurements using prism coupling method along with
(b) a simulated mode profile.

In order to compare the propagation losses of our films, care was taken to take
the confinement factor of each waveguide into account. Depending on the index
contrast and thicknesses of the layers, some fraction of the total time averaged
power travels in the core layer of the waveguide and the remaining power prop-
agates in the cladding layer a schematic representation of which is given in Fig.
4.6 (b). In Fig. 4.6 (a) the prism coupler and waveguide structure is sketched.
This issue can be overcome by normalizing the measured loss to identical prede-
termined fraction of the total power propagating in the core layer (P..e), given
by [53]:

tCO”‘e
. / E, () () da

Fiotar / E,(o)H: () dx

—00

(4.19)

With this approach, loss values of germanosilicate planar waveguides with
different index contrast and thicknesses can be compared to each other. In this
work, the fraction of power travelling in the guiding layer was chosen to be same
as in the waveguides studied by Zhang et al. [16]. The results of the loss analysis
for three representative waveguides grown with different germane flow rates are
summarized in Table 4.2. For purpose of completeness, raw values of the measured
loss rates for TE polarization at A = 1.55 pum are 0.55 £0.06, 0.37 +0.10 and
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Table 4.2: Propagation loss variation with GeH, flow rate for three representative
germanosilicate planar waveguides at A = 1.55 um.

Sample GeH, flow  N—H bond Propagation loss
no. rate concentration (dB/cm)
(scem) (x 10%2 cm™3) TE ™
S1 5 0.28 0.32 £0.03 0.22 £0.04
S2 10 0.25 0.20 £0.05 0.18 +0.02
S5 50 0.16 0.14 £0.06  0.18 £0.07

0.27 £0.11 dB/cm for the samples s1, s2 and s5, respectively. The measured
propagation loss values at A = 632.8 nm for the same samples at TE polarization
are 0.20 £0.02, 0.34 +0.17, and 6.46 £0.04 dB/cm, respectively. The observed
trend of propagation loss increase at A\ = 632.8 nm is similar with the results
available in the literature. Specifically, as the Ge content of the layers increase
the propagation loss increases as well due mainly to scattering mechanisms [34,47].
As for the propagation loss values at A\ = 1.55 um, they are in agreement with
our expectations based on FTIR analysis. The normalized propagation loss rates
showed a decrease by a factor of two, while approaching our measurement limit,

and following the decreasing N—H bond concentration [27].

In summary, we have grown germanosilicate layers using the PECVD tech-
nique. Compositional analysis using FTIR spectroscopy showed that the amount
of N—H and O—H related bonds exhibited a drastic decrease with increasing
GeH, flow rate. Planar waveguides fabricated with germanosilicate core layers
showed the lowest propagation loss values reported so far both for as deposited
and annealed layers at A = 1.55 um [16], eliminating the need for costly and

cumbersome annealing process [27].
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4.5 Effects of Thermal Annealing on Ger-

manosilicate Layers

Although in the previous section we have demonstrated the lowest propagation
loss values for as—deposited germanosilicate layers [27], it would be interesting to
see the effects of thermal annealing, that is usually used for these type of layers.
While we do not need to further reduce the propagation losses by annealing, it is

important to investigate its effects on the properties of these dielectric films.

For this purpose, several germanosilicate films were grown by PECVD tech-
nique with identical parameters with the films investigated in the previous sec-
tions. The GeH, flow rate of the samples was varied between 0 and 120 scem
resulting in thicknesses between ~0.5 and ~0.7 um, as measured by the stylus
profilometer (see Table 4.3). The samples were annealed in a Ny environment at
1000 °C for one hour, ramping up from room temperature and back for a total

annealing time of 10 hours.

In order to observe the distribution of the atoms in the dielectric layer upon an-
nealing, secondary ion mass spectroscopy (SIMS) data of the films were obtained
(see Fig. 4.7). According to the results, for the as—deposited germanosilicate

layers (Fig. 4.7 (a)) the concentration was uniform for O, Ge, and Si throughout

Table 4.3: List of the germanosilicate samples investigated by secondary ion mass
spectroscopy.

Sample  Growth Parameters Film Annealing
no GeH; SiH; NyO Thickness Temperature
(scem)  (scem)  (scem) (pm) (°C)
simsio 0 180 225 ~0.70 1000
simsl 20 180 225 ~0.63 1000
sims2 50 180 225 ~0.60 1000
sims3 90 180 225 ~0.48 1000
sims4 90 180 225 ~0.48 as—deposited

simsd 120 180 225 ~0.46 1000
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Figure 4.7: SIMS profiles for the (a) as deposited GeH,;= 90 sccm , (b) GeH,=
90 sccm and annealed at 1000 °C, and (¢) GeH,;= 120 sccm and annealed at
1000 °C samples.

the film. As had been estimated by FTIR analysis (Fig 3.6), the atomic con-
centrations of Ge and Si were equal (~20 %) and that of O atoms was about
~60 % (GeHy= 90 sccm). Upon annealing (Fig. 4.7 (b)), Ge and Si seem to
diffuse inside the germanosilicate film in order to compensate for the initial im-
balance of the stoichiometry (due to minor impurities such as H and N). Being
a fast diffuser in oxide, the excess Ge in the film precipitated towards the sili-
con substrate, some of it slightly diffusing into Si. It was evidenced that, upon
availability of excess Ge in the matrix, precipitation results in formation of a
Ge-rich layer at the interface (Figs. 4.7 (b) and (c)). The thickness of this layer
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Figure 4.8: (a) Scanning electron and (b) transmission electron microscopy images
of the Ge precipitate formed at the silicon/dielectric interface for the sample
51ms3.

was found to be determined by the excess amount of Ge and varied from few
to 100 nm. This issue was further confirmed by microscopic techniques. In the
first case, the sample sims3 was etched in dilute hydrofluoric acid (HF'). Since
the germanosilicate film dissolves in HF' we expected the Ge-rich precipitate to

remain in the interface, as was confirmed by electron microscopy (Fig. 4.8 (a,)).

Further analysis of this precipitate was done by transmission electron mi-
croscopy (TEM). This technique further proved the above arguments. That is,

segregation of Ge at the interface was validated and image of the interface is
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given in Fig. 4.8 (b). An important outcome of this analysis was the formation
of Ge nanocrystals within the dielectric layer, size of which depend on the initial
Ge concentration and annealing conditions. Analysis of these layers became a

subject of another project and is out of the scope of this study.

As for the part relevant to integrated optical devices, attention should be paid
when thermal treatments are to be applied to germanosilicate films since the seg-
regation of Ge can cause extra unwanted propagation losses in the waveguides. In
fact, minor precipitation of Ge on the interface was noticed even for as—deposited

layers that had been grown for long durations (> 2 hrs.) at 350 °C.
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4.6 Improvement of the Prism Coupling Method

In the course of our study the prism coupling technique has been used exten-
sively. Prism coupling measurements are often complicated by the softness of
the films under investigation when stress is applied to the prism to couple light
into the waveguides (see Section 4.1). Although this technique has been used for
more than 30 years, the dependence of the refractive index, film thickness, and
birefringence on the applied stress was not examined. The applied pressure is not
an issue if the waveguides investigated have hardness comparable with that of
the prisms (glass) used, e.g. germanosilicates. However, the effect of the applied
stress is expected to become pronounced when “softer” layers are to be analyzed
by prism coupling method (PCM). We have faced such problems during our study
and due to lack of necessary investigation in the literature we have focused on
the problem. An attempt was made in order to investigate the effects of the ap-
plied stress onto the prism and film, and possibly to develop a procedure for the
elimination of complications arising from pressure application to the prism and
to measure optical properties of some polymer films, for the first time. As a con-
cluding remark we report on a newly developed approach for the determination

of elasto—optical constants.

4.6.1 Stress Effects in Prism Coupling Measurements of

Thin Polymer Films

A growing number of investigations are currently being carried out on polymeric
amorphous materials, because of their potential properties for photonic applica-
tions [61-64]. While many kinds of polymers are used in integrated optical devices
and in the microelectronics industry, polystyrene (PS), polymethyl-methacrylate
(PMMA), and benzocyclobutane (BCB) are among the most promising [65,66].
Polymers are typically spin-coated onto substrates where the spin-coating and
curing processes may introduce in-plane orientation of polymeric chains. It has

been proposed that this is due to a biaxial tensile stress caused by substrate
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confinement when the solvent evaporates [67]. This leads to a molecular order-
ing resulting in in-plane and out-of-plane optical anisotropy for the thin polymer
films, as was confirmed by several investigations analyzing optical anisotropy, for
films with thicknesses in the range of a few micrometers [68,69]. To study optical
and mechanical properties of polymeric systems, birefringence measurements have
been used for a long time [70,71]. The most important origin of birefringence in
polymeric thin films is the chain orientation of molecules comprising the polymer
which depends on the method of preparation of the thin film. As discussed above,
intrinsic stress during sample preparation is also related to the chain orientation.
Finally, extrinsic stress applied during the measurement process may influence

the observed stress considerably.

To prepare optical waveguide structures for PCM measurements, fabricating
thin films is an important first step. PMMA, BCB and PS are all well suited
for fabricating excellent polymer waveguide layers by means of spin coating [61].
In this work, PMMA and PS were obtained from Sigma—Aldrich. The molecular
weight (Mw) of PMMA and PS were 15 000, and 150 000, respectively. The
PMMA and PS polymers were dissolved in chloroform at 15 wt% and 6 wt%,
respectively. The polymer solution obtained in this manner was prepared by spin
coating from the solution at 3000 and 2000 rpm for 40 seconds on a SiO, coated
Si wafer. The films were then cured at a temperature of 110 °C for 30 minutes.
BCB thin films were spin—coated at spin speeds of 5000 rpm for 40 seconds. Fine
control of the film thickness was best obtained by adjusting the spin speed. The
BCB polymer is supplied as a metasilyene solution of the pre—polymer. The
pre—polymer Cyclotone 3022-46 was obtained from Dow Chemical Company for
this purpose. These samples were cured in an oven under nitrogen atmosphere
at 250 °C for 60 minutes. The substrates were silicon slices of 3 cm x 1.5 cm
with CVD grown SiO, layers. The thickness of the SiO, layers was 7.2 ym and
the refractive index was 1.4568 at 632.8 nm. PMMA, PS, and BCB layers had
thicknesses of 2.30, 2.37, and 2.38 pum , as measured by stylus profilometer (Sloan
Dektak 3030ST), respectively.
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4.6.2 Measurement Results and Discussion

The planar polymer waveguides were characterized for their refractive index, film
thickness and birefringence. In the experiments, two types of prisms were used:
A symmetric trapezoid prism and a right angle prism. An example of the coupled

intensity as a function of rotation angle for both prisms is shown in Fig. 4.9.

As is clearly observed in Fig. 4.9 (a), the right angle prism gives broad peaks
that are shifted with respect to those obtained by the symmetric trapezoid prism.
The broadening of the peaks results in lower precision in the exact determination
of the mode coupling angle leading to larger errors in the refractive index and
film thickness. The shift of the mode coupling angle results in loss of accuracy
in determination of the mode coupling angle and hence in the refractive index
and film thickness. The application of loading force on the right angle prism

results in the rotation of the prism about an axis through the coupling edge

Intensity (a.u.)

Incidence Angle (°)

Figure 4.9: Coupled light spectrum for both (a) triangle and (b) trapezoid shaped
prisms for PS films.
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during the measurement, due to the softness of the underlying polymer film.
Coupled with a local reduction of thickness under the prism in the coupling
region, this leads to both broadening and shift of the observed peaks. Repeated
measurements show that the coupling spectrum with narrower coupling peaks is
obtained using a symmetric trapezoid prism (Fig. 4.9 (b)). Symmetric trapezoid
prism was used throughout the rest of these experiments. The results showed that
symmetric trapezoid prisms are more suitable for measurement of refractive index

and thickness using prism coupling methods in thin film polymer waveguides.

With the introduction of the prism coupling method by Tien and Ulrich the
possibility of the coupling strength causing a shift and broadening of the modes
due to presence of the prism in the vicinity of the film has been argued [49, 50].
Decrease of the air gap that originates from the dust particles and is located
between prism and the film due to the applied pressure has been seen as the source
of this artifact. Recent theoretical analysis made to estimate the angular shift
observed in m-lines prism coupling method by Monneret et al. [72] shows that
for SrTiO3 prisms and a film with refractive index of 2.27, the shift results in an
index change of 5 x 107, which is well below our precision. In our experiments,
the prism used is of lower refractive index and the index contrast between the
film and the prism is low, which should result in even smaller changes in the
refractive index [49]. Additionally, the decrease of the air gap and thus the
coupling efficiency is a function of the mechanical properties of the film under
investigation. Our thin film polymers are softer than the ordinary glassy dielectric
materials [73]. Therefore, it is reasonable to assume that decreasing of the air gap
thickness with applied pressure is small in the range of the thickness variations
of the polymer films used in this work [74]. Figure 4.10 shows coupling intensity

dependence on applied force.

It can be seen from the figure that the pressure is critical in getting optimum
coupling efficiency. When the air gap between prism and polymer film is about
a fraction of A, maximum energy is transferred into the polymer waveguide [75].
However, it should be noted that as long as there is sufficient signal to noise
ratio, accurate measurements of the coupling angles can be made under a variety

of applied stresses.
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Figure 4.10: Light coupling efficiency vs. loaded force for both TE and TM
polarizations as observed for PS films.

Considering that the polymer films form a slab waveguide with SiOs as the
lower cladding and air acting as the upper cladding, the number of modes for
both TE and TM polarizations were calculated, by solving the Maxwell’s equa-
tions with the corresponding boundary conditions [53]. Finally, the number of
modes was also confirmed with the calculations of the mode spectrum using beam
propagation simulations. The number of modes calculated in this manner was
in agreement with the number of modes observed in the measurements. In Fig.
4.11, the vertical line represents the out—coupled mode spectrum excited for m =
0, 1 and 2 modes for TE polarization and m = 0 and 1 modes for TM polariza-
tions. T'wo guided modes have been excited with TM polarization at o = —2.475°
& —3.825° angles, while three modes have been obtained in TE spectrum at a =
-2.490°, —3.885° and —5.230°.

Starting from the angles of TE and TM (Fig. 4.11) guided modes, both the

refractive index and thickness of our waveguide polymer films were computed.
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Figure 4.11: Typical spectrum of guided modes with TM (or TE) polarized light
for PMMA.

Due to the softness of the polymer films, a reduction in polymer film thickness may
be expected as the applied stress is increased, as indeed observed experimentally.
A change in refractive index is also observed which is shown in Fig. 4.12 as a
function of the reduction in thickness of the polymer film for PMMA samples.
Applied stress causes a steady decrease of film thickness resulting in a reduction
displacement of up to 0.06 um. The value of the refractive index extrapolated to
zero applied stress is found to be 1.4869. As the refractive index of bulk PMMA
is given to be between 1.48 and 1.49 [76], the value we obtained is in very good
agreement with the literature. At higher stress values represented with the film
thickness displacement in Fig. 4.12, refractive index increases at a rate of 0.0133

pm~! in the elastic region for both TE and TM polarizations.

A nonzero value of An = nrg - nyy, indicates that the material is birefringent

and hence anisotropic. Birefringence gives the level of optical anisotropy in the
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Figure 4.12: Calculated refractive index values vs. thickness change of PMMA
films. A small but steady increase of the refractive index is clearly observed for
both polarizations.

film that is the difference in refractive index between orthogonal planes of polar-

ization. Thus, birefringence may be an indication of the molecular orientation.
The data in Fig. 4.13 reflect the birefringence of PMMA.

Birefringence of PMMA slab waveguides was found to be zero. This result is
supported in the literature [76]. Additionally, negative birefringence was observed
for PS and positive birefringence for BCB slab waveguides with values of An = —
0.0008 and An = + 0.0022 at unstressed condition (Ay = 0 um), respectively. The
birefringence results indicate that for BCB and PS films the polymer molecules
are preferentially oriented in and out of the film plane, respectively [66]. An
increase of the applied pressure on the prism, accompanied by the film thickness
reduction (Ay), results in enhancement of the negative birefringence of PS and
decrease of the positive birefringence of BCB films. Both can be attributed to
the greater increase of nyj; compared to nyp as the stress is increased in the

out—of-plane direction for both PS and BCB layers. Table 4.4 summarizes the
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Figure 4.13: Birefringence vs. thickness change of PMMA polymer films.

results of optical properties of PMMA, PS and BCB polymer thin films.

As a result, we have measured the effective index and thickness of spin—coated
polymers on silicon substrate by using well known prism coupling technique. It
has become clear during our measurements that symmetric trapezoid prisms are
better suited to couple light into the polymer thin film instead of right angle
prisms. Applied stress results in the elastic reduction of the polymer thin film

thickness as well as an increase in the refractive index. Measurements of the

Table 4.4: Summary of all refractive index and thickness measurements for poly-
mer films in this study.

Ay =0 ym Ay = A¥imaz
nore  Norm  to(pm) NorpNorm nrg nry t(pm) npp-nry
PMMA 1.4869 1.4869 2.30 0 1.4876 1.4876 2.24 0
PS 1.5844 1.5852 2.37 —0.0008 1.5857 1.5874 2.21 -0.0017

BCB 1.5575 1.5553 2.38 -+0.0022 1.5586 1.5570 2.31 +0.0016
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refractive index for both TE and TM polarizations for PMMA, BCB and PS thin
films all show that refractive index increases with applied stress. We have shown
for the first time that, in contrast with PMMA thin films which showed no bire-
fringence at any applied stress levels used in this study, PS and BCB both showed
increasing birefringence as a function of applied stress, the former of negative sign
and the latter of positive sign. We have shown that prism coupling method is
a useful technique to measure opto—mechanical properties of thin polymer films,

with proper choice of the coupling prism [74].

4.7 A New Approach: Elasto—Optical Proper-
ties of Small Young—Moduli Films By Prism
Coupling Method

Based on the results and findings reported in Section 4.6.2, a new approach is
proposed here for elasto—optic characterization of thin polymer films, making
use of the well known prism coupling technique [48]. This method allows us, to
determine the optical anisotropy and out—of-plane mechanical properties and to
correlate both in order to obtain the elasto-optical properties of thin polymer
films, for the first time [77].

4.7.1 Current State of the Problem - Literature Review

For optical waveguide devices, deposited onto substrates, the mechanical proper-
ties of thin polymer films may differ by several orders of magnitude from those
of bulk materials [60]. Furthermore, it is known that the stresses generated in
the films cause the polymer chains to orient in the plane of the film resulting in
anisotropic optical properties. Therefore, it is important to be able to measure

mechanical and optical properties of thin polymer films simultaneously.
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There are a number of recent studies that have analyzed polymeric films show-
ing in—plane and out—of—plane optical anisotropy (birefringence) [66,78]. In addi-
tion, there are also studies investigating the mechanical properties of thin polymer
films, most of which are limited only to the in—plane direction. This is due to
the difficulty of measuring small thickness changes of thin films in the out—of-
plane direction [79]. The refractive index measurements of thin films (t < 10
pum) are usually done by making use of ellipsometry or prism coupling methods,
the latter is preferred due to the higher accuracy and capability to measure bire-
fringence. For the out—of-plane mechanical properties, on the other hand, there
are several methods that have been reported recently. Kumer et al. measured
the out-of-plane modulus by Brillouin scattering technique, but the method is
limited to minimum film thickness of 100 pgm [80]. Another method is the parallel
plate capacitor method, where metal layers are deposited onto polymer surfaces,
which could modify the mechanical properties of the film [81]. Other approaches
include use of nanoindentor [82], atomic force microscopy [83], and precision ca-
pacitance dilatometry [67]. While all of these methods measure the out—of-plane
mechanical properties of the polymer films, they do not measure optical prop-
erties simultaneously. Therefore, the relation between the stress and the optical
properties can only be established indirectly for thin polymer films. While much
of the above mentioned shortcomings may be overcome with the use of prism
coupling technique, the effect of applied stress on the measured quantity during
the use of prisms to couple light into the film have not, so far, been taken into

account.

As discussed in the previous section, the decrease of the air layer thickness
and thus of the coupling efficiency is a function of the mechanical properties of
the film under investigation. In our case, the Young’s moduli of the polymers
are few orders of magnitude smaller than that of the ordinary glassy dielectric
materials, which makes them softer [84]. Therefore, it is reasonable to assume
that the reduction of the air gap thickness with applied pressure is small in the

range of the thickness variations of the polymer films used in this study.

The out—of-plane elastic moduli of the thin polymer films were deduced by

using the same prism coupling setup. The thickness change was used together
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with the applied stress information in order to obtain the corresponding stress—
strain curves. Use of finite element calculations was made to establish connection
between measured values and elasto—mechanic properties, such as the Young’s
modulus. Since the polymers under investigation are viscoelastic, both plastic
and elastic deformations may be expected to occur during the loading process.
Therefore, all measurements of out—of-plane modulus and refractive index were

performed during the unloading process [67].

4.7.2 Index of Refraction and Birefringence

In order to be able to mutually compare the stress effects on the guiding films,
the polymer layer thicknesses were adjusted to be nearly identical. Film thick-
nesses had values of 2.37 ym for PS, 2.38 pum for BCB, and 2.30 pym for PMMA
layers, as verified by both stylus profilometer and prism coupling methods, being
in good agreement. These thicknesses were chosen so that there are at least two
guided modes in the waveguides. The mode calculations were done by solving the
Maxwell’s equations with the corresponding boundary conditions [53]. The num-
ber of modes calculated in this manner was further confirmed by calculating the
mode spectrum of the same slab waveguides using beam propagation techniques
employing finite difference methods. The calculations predicted four modes (both
TE and TM) for the BCB, four modes for PS and three modes for PMMA slab
waveguides. The predictions were in agreement with the observed number of

modes.

The results of refractive index variation versus the thickness change with
the applied pressure for PS films are given in Fig. 4.14. A steady increase of
the refractive index is clearly observed for both polarizations. The out—of-plane
refractive index (nry/) increased from a value of 1.5852 up to a value of 1.5874 as
the film thickness decreased by 0.15 pm with the applied pressure. Similarly, the
in—plane refractive index (nrg) increased from 1.5844 to 1.5856 in the same range.
At higher applied stresses, there is a flat region, where the in—plane refractive
index does not increase with the applied stress. This may be attributed to the

saturation of the alignment of molecules contributing to refractive index as well
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Figure 4.14: Change of the TE and TM refractive index for PS films with change
in the film thickness.

as the saturation of the density variation of dipoles contributing to index of the
polymer in the in—plane direction. On the other hand, the density of the polymer
continues to increase with the applied pressure leading to an increase in the
refractive index for the out—of-plane direction. The flat region was not taken
into account in the calculations of the elasto—optical constants, to be discussed

below.

Similar trends for refractive index increase were observed for both BCB and
PMMA layers. Fig. 4.15 shows the results obtained for BCB films. An increase
for both polarizations is observed with the decrease of the film thickness as pres-
sure is applied on the polymer layer. The value of nyg increased from 1.5575 up
to a value of 1.5586 as the thickness of the guiding film was reduced by about 0.07
pm with the applied pressure, while ny,, has increased from 1.5553 to 1.5566 in
the same range. As for the PMMA layers, the refractive index was measured to
increase from about 1.4869 to 1.4876 for the both polarizations.
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Figure 4.15: Change of the TE and TM refractive index for BCB films with
change in the film thickness.

Another interesting outcome of the refractive index measurements is the evo-
lution of birefringence (An = nrg — npy) with the applied pressure. The birefrin-
gence for the PS films was measured to be negative (see Fig. 4.16) with an initial
value of about —0.0007 which increased slightly in the negative direction up to a
value of about —0.0011, as the film thickness decreased by 0.12 um, with applied
pressure. BCB layers have also been measured to be birefringent, however with a
positive sign. For these layers, the value of the birefringence was initially about
0.0022, which decreased slightly down to 0.0017 with the film thickness decrease
of 0.07 um, as a result of the applied pressure [77]. On the other hand, the PMMA
films have been found to be optically isotropic. Zero birefringence was observed
in the unstressed condition and there was no change in the birefringence as the
pressure was increased (see Fig. 4.13), although both nrg and nry, showed small

increases with applied pressure.
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Figure 4.16: Change of birefringence for PS films with change in the film thick-
ness.

The refractive index values determined from these measurements are in agree-
ment with those reported in the literature. The refractive indices of npg = 1.587
+ 0.002 and nyp; = 1.582 4+ 0.002 were previously reported for the atactic PS films
having negative birefringence that are in good agreement with our results [85].
For the BCB films, to the best of our knowledge, the number of polarization
dependent refractive index values reported is very limited. For BCB type similar
to ours the only measurement was reported by Tanikella et al., where it was re-
ported that nrgp = 1.55 with a positive birefringence of An = 0.002 [86]. These
values are also in a very good agreement with ours. As for the PMMA layers,
they are known to be optically isotropic, and White et al. reported a refractive
index of 1.488, identical with our measurements [87]. However, in all of these
reports no mention of stress induced changes in the quantities measured were
made. Finally, the measurements that we report for PS, BCB, and PMMA [77]

have higher precision from those reported in literature.
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4.7.3 Out—of—Plane Mechanical Properties by Prism Cou-
pling Method

The out—of—plane elastic moduli for the polymer films were calculated by using
the applied stress and film thickness measurements. In calculation of the applied
stress the area considered was the coupling area having size of 8 mm x ~1 mm
at the base of the coupling prism. The size of the coupling area was measured by
inspecting the dark region formed at the base of the prism. For this purpose the
prism coupling setup has been modified so as to incorporate a load cell (see Fig.
4.17). The load cell was Sensotec Model 13 (AL322BN) subminiature compression
only load cell allowing measurement of loads of up to 50 lbs. The value of the
force was measured by a means of the load cell and ranged approximately between
0 and 150 N. The coupling pressure was adjusted by a micrometer in contact with

a calibrated spring system.

The values obtained for out—of-plane elastic moduli were 0.3 + 0.1 x 10°
N/m?, 0.3 £ 0.1 x 10° N/m?, and 0.9 + 0.1 x 10° N/m? for PS, BCB and
PMMA thin films, respectively. The elastic moduli obtained for the investigated
three polymer layers are approximately one order of magnitude smaller than

those reported in the literature for their bulk counterparts. For PS films, the

Micrometer and
spring system

Prism holder
and load cell

Coupling area

Figure 4.17: Detailed representation of the system used for pressure application
and readout in the modified prism coupler setup.
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corresponding value is reported to be about 2-3 x 10° N/m? [71,88]. Most of the
films studied in the literature were bulk PS specimens with typical dimensions
of the order of millimeters. The moduli were measured under tensile stress in
stretching condition corresponding to an in plane modulus. Thus, we can expect
these values to differ from our thin film results in the out—of-plane direction.
For PMMA layers, the reported Young’s moduli are approximately 3.2 x 10°
N/m? [61, 88], again measured for bulk material under the in-plane stretching
condition. As for the BCB films, there are several studies reporting on the out—
of-plane modulus of thin BOB films (~15 ym) with value of 3 x 10 N/m? [81,89).
In these reports the authors made use of parallel plate capacitor method, where
metal layers are deposited onto polymer surfaces, which may result in modification

of the mechanical properties of the film itself.

Although there are studies that report moduli of thin films close to their bulk
counterparts, a number of studies were also done analyzing the thickness depen-
dence of the out—of-plane mechanical properties of thin polymer films. They
report clear differences between thin film and bulk polymers. For example, Liou
et al. measured out—of—plane elastic properties for thin polyimide films as a func-
tion of thickness using precision capacitance dilatometer [67,90]. They have found
that the out—of—plane elastic moduli of the thin polymer films decrease with de-
creasing film thickness. For polyimide films, Liou et al. obtained one order of
magnitude decrease from about 2.8 x 10° N/m? down to 0.3 x 10? N/m? in the
out—of-plane modulus as the film thickness decreased from ~15 pum to ~4 pm

and verified that the in—plane modulus has a larger value.

A similar behavior of modulus anisotropy and decrease of the out—of—plane
modulus with decreasing thickness can be expected for the polymer films studied
in this work. This possibility was tested by performing out—of-plane modulus
measurements for PMMA films of various thicknesses. In this series PMMA
was dissolved in chlorobenzol and was spincoated at 2000-5000 rpm in order to
obtain varying thickness films, which were not obtainable by using chloroform as
solvent. Five PMMA films with thicknesses of 3.10, 3.22, 4.30, 4.75 and 6.10 um
were obtained. The values of out—of-plane moduli for these films were obtained

as described above.
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Figure 4.18: Experimental data for variation of Ay/yo with the applied force F
for PMMA films with thicknesses of 3.10, 3.22, 4.30, 4.75, and 6.10 um. Note
that the coupling is completed for F > 15 N.

Figure 4.18 shows the experimental data for variation of Ay/yo with the ap-
plied force (F'). As is observed, the slopes of the graph increase with increasing
film thickness. For all the polymer films a minimum force of about 15 N is re-
quired to obtain strain larger than zero, i.e. to obtain coupling between the prism
and polymer film. Thus the variation of Ay/yo with the applied force can only
be observed for applied force of about 15 N or greater. As the value of strain
increases the variation becomes linear due to the stabilization of the coupling
area between the prism and the film and this is the region which was used to

determine the out—of-plane elastic moduli of the layers.

The slopes are directly proportional to the out—of-plane moduli of the films
and therefore our expected trend has been verified. The calculated out—of-plane
moduli variation with film thickness for PMMA layers are depicted in Fig. 4.19.

The geometry and coordinate axis convention is illustrated in the inset of the
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Figure 4.19: Variation of the out—of-plane elastic modulus with films thickness
for PMMA films.

figure. It is evident form the figure that the out—of—plane moduli of the layers
show a steady increase with increasing film thickness. Namely, the modulus
showed an increase from 0.18 £ 0.03 x 10° N/m? up to 0.5 + 0.1 x 10° N/m?
with increase in thickness from 3.10 pm to 6.10 ym. Therefore, the analysis of the
change of the out—of-plane elastic modulus with change in film thickness has two
important results. First, as was expected, the moduli increase with increasing
film thickness. If the increase is assumed to be linear, the moduli are expected
to reach their bulk value at a thickness of about 27 ym. The second finding
that should be mentioned is the effect of the solvent used in preparation of the
films. It was found that the PMMA films produced using chloroform as solvent
resulted in larger out—of-plane elastic moduli compared to the ones prepared

using chlorobenzol.
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4.7.4 Elasto—Optical Properties

The stress dependence of the refractive index is expressed in terms of the Fresnel’s
index ellipsoid and the Cauchy’s stress ellipsoid. In the elastic range of the
material and when the ellipsoids are coaxial, the principal refractive indices are

related to the principle stresses by the Neumann—Maxwell stress equations:
n; = n0+C'10i —|—CQ (Uj —I—Uk) s (420)

where n; are the principal refractive indices, o; are principal stresses and Cf,
Cy are the elasto—optic coefficients [70,91]. The difference (C; — Cy) = C' is
the usually reported and widely used value for the stress—optic coefficient of a
material when a measurement of the birefringence is made under uniaxial stress
conditions [71,92].

The bulk counterpart of the polymer films investigated in this study are known
to be isotropic. In the thin film form, on the other hand, these polymers were
found to be slightly anisotropic. The observed anisotropy is mainly due to effects
such as in-plane orientation of the polymeric chains during the spinning process
and solvent evaporation and may depend on the specific type of polymer itself [67,
74]. Due to the spinning process, the expected anisotropy of the layers is of
uniaxial type and one of the principal axis of symmetry is parallel to the incident
polarization. The measured birefringence in this case is less than 0.002 and in
this regime the isotropic assumption for mode equations remains as a reasonable
approximation [93,94]. The variation of birefringence under stress, on the other
hand (i.e. stress induced birefringence), is governed by Neumann—-Maxwell stress
equations. Therefore, in our case, we assume that the polymer films are isotropic
in the in—plane direction and with the described coordinate system convention

the following stress equations can be written as [70,91]
Ny = Nog + Cro, + Co(0y + 02), (4.21)
Ny = Noy + ClO'y + 02(0'35 + O'Z) (422)

In order to be able to obtain the elasto-optic coefficients, the variation of the
refractive index and film stress should be expressed in terms of identical quanti-

ties. For this reason 3D finite element method (FEM) analysis was used so as to
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obtain the principal stresses for each polymer system. The material properties
were defined by their elastic moduli (F), Poisson’s ratio (v), and initial thickness
(yo). The out—of-plane elastic moduli and film thicknesses were determined ex-
perimentally as described above, while the values of Poisson’s ratio for each film
were used as reported in the literature. In particular, the following values of were
employed: 0.33, 034, and 0.35 for PS, BCB, and PMMA, respectively [81,84,95].
The change of the film thickness (Ay) with applied stress was simulated and

equations of the following form were obtained for each direction and polymer
film:

o; = constant X Ay = K; x Ay (4.23)

Moreover, the refractive index variations with the applied pressure can also be
expressed in terms of Ay. As seen from Figs. 4.12, 4.14, and 4.15 the following

linear relations can be written:

Ny = Nog + My Ay, (4.24)
Py = oy + My Ay, (1.25)

where m, and m, are the slopes obtained from the linear fits to the refractive
index measurements. Substituting Eqs. (4.23)-(4.25) into Eqs. (4.21) and (4.22)
and taking their difference the equations for the elasto—optic coefficients C; and
(5 take on the form

(my +my) (Ky — Ky) — (my —my) (K + Ky + 2K3)
(K1 + K») (K — Ky) — (K — Ko) (K + Ky + 2K35)

4 (4.26)

(mm — my) - Cl (Kl - KQ)
Ky — Ky

Cs (4.27)

Here, the elasto—optic coefficients C'; and Cy are expressed in terms of quanti-
ties determined from refractive index measurements (i.e. m, and m,) and the

parameters found from FEM calculations (i.e. Ky, K», and Kj).

The results of FEM analysis and elasto—optic coefficient calculations are given
in Table 4.5. The table contains the initial thickness of the guiding polymer films
(yo), maximum films thickness change with the applied pressure (Y42 ), calculated

elastic moduli of the layers (E), constants (K, K», and K3) determined by FEM
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simulations as explained above, the slope values (m, and m,) given in Eqs. (4.24)
and (4.24), and the calculated elasto—optic constants C;, Cy and C.

For PS thin films, the elasto—optical coefficients C; and Cy were calculated to
be —48 + 3 Br and —29 + 3 Br (1Br = 107'2 m?/N), respectively. To the best

of our knowledge, there are no reported values of C; and Cs for the any of the

polymers studied here. Instead, there are strain elasto—optical coefficients (pi;,

p12) reported only for PS films [96]. These coefficients can be translated into the

stress—optical coefficients by using the following relations [54]:

Ch

Co

n3

—ﬁ(pn - 2Vp12)7 (4-28)

3
n
_ﬁ(pu — Vpi1 — Vpi2) (4.29)
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Using the reported pi1, p12, £ and v values for bulk PS films in the above
equations, we obtain '} = —61.4 Br and Cy = —69.7 Br. First, we see that the
values for the bulk material and those we obtained for thin PS films are of the same
order. The difference of (C; — Cy) can be used to compare our results with the
widely reported stress—optic coefficient, C', for bulk polymers where measurement
of birefringence is made under uniaxial stress conditions [71,92]. For bulk PS, C
is positive with a value of 8.3 Br, whereas the calculated C' for PS thin films is
negative with a value of —19 Br. The bulk material value is in agreement with
the value of 8 — 10 Br in other reports in the literature [70,71,88]. The process of
determination of the stress—optic constant (C') is the key factor in the apparent
sign mismatch of the mentioned parameter. Namely, the reported stress—optical
coefficients (C) for bulk PS materials are calculated from the birefringence and
stress measurements when the material is under tensile stress. The extent of
motion of the polymer chains is limited upon such deformation. It is known that
the birefringence of PS is mainly determined by the orientation of the phenyl
groups. As discussed by Rudd and Gurnee [88], upon the application of tensile
stress, the phenyl groups tend to align in the direction of the applied stress, i.e. in
the in—plane direction. This results in positive birefringence and positive stress—
optic coefficient. However, in our case the stress is applied in the out—of-plane
direction of the polymer film. We suggest that this should lead to at least partial
alignment of the polymer chains in the out—of-plane direction and consequently to
perpendicular alignment of the plane of the phenyl groups [68]. This, accordingly,
should result in negative birefringence and negative stress—optic coefficient, as was

observed for the PS films in this study.

The elasto-optic coefficients for the BCB layers were found to be as € =
—10748 Br, Cy = —3048 Br, and C' = —77 Br. To our knowledge, these are the
first reported elasto—optic coefficient values for the BCB polymer films. As for the
PMMA thin film layers, the obtained stress optic coefficients are C; = —10+3 Br,
Cy = —10+£ 3 Br, and C' = 0 Br. The results for PMMA are reasonable since
for optically isotropic films equal elasto—optical coefficients and thus zero C' are

to be expected.
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While the reported method for measuring the mechanical and optical prop-
erties simultaneously by making use of prism coupling technique is novel and
interesting, we note that the measured values of the material properties such as
out—of-plane elastic modulus and elasto—optical constants should be considered
as preliminary. The technique still involves difficulties and assumptions that can
possibly be improved. Namely, we have assumed that the applied stress is uniform
across the coupling area and the Poisson’s ratio (v) was assumed to be identical
with the bulk value.

In conclusion, results of 3D FEM analysis together with the refractive index
measurements were applied to the Neumann—Maxwell stress equations in order
to obtain the elasto-optic coefficients for the PS, PMMA, and BCB thin films. To
the best of our knowledge, these values are the first reported results for thin film
polymers. In contrast with the measurements of elasto—optic coefficients made
under tensile stress conditions for bulk polymers, it was found that the applied
stress in the out—of—plane direction of the thin films investigated leads to negative

elasto—optic coefficients, as observed for all of the three thin polymer films.



Chapter 5

Germanosilicate Dielectrics 111:

Nonlinear Properties

This part of the thesis is devoted to non-linear properties of germanosilicate
glasses. After a brief introduction to basic principles of nonlinear optics relevant
to our study, the results obtained in literature for poled silica based dielectrics
are summarized. We conclude with a study on the optimization of the second
order nonlinearity (X(Q)) in germanosilicates, upon which the largest nonlinearity

coefficient was reported [97].

5.1 Nonlinear Optics in Brief

In general, when we discuss optics a linear behavior is presumed, i.e. we assume
that the propagation of an electromagnetic wave through a medium is governed
by a linear wave equation [98]. This in turn implies several assumptions such
as: a light beam in a medium can be described sufficiently by its wavelength and
velocity (n), the principle of superposition holds, light can not interact with light,
the frequency of the light is not affected by the medium, etc. After the invention
of laser in 1960, the notion of nonlinear optics has been introduced. Linear optics

was not sufficient to describe the observed effects. As a result, it was extended so

72
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as to account for observations such as: the intensity of lights affects the speed of
light in a medium, i.e. refractive index, violation of the principle of superposition,

control of light with light, etc.

Both linear and nonlinear phenomena are properties of the medium itself and
are not exhibited in free space. Therefore, this opens a route for us to possibly

enhance the nonlinearity in materials, e.g. germanosilicate glasses.

In general, an electric field (E(t)) applied to a medium induces a dipole
moment within it. The dipole moment per unit volume, polarization (P(t)), can
be expressed as a function of the electric field as follows [99]:

P(t) = ¢ [ (1+xW) E@) +xPE* (1) + xPE () + - + x"E"(t) ] . (5.1)

Ve hd

linear nonlinear

where in the frequency domain the polarization is related to the electric field
by x™, being a (n + 1)th rank susceptibility tensor. For more insight, another
notation could be [100]

Pi=e[(1+Y XE) + DY XiAEEi+ (5.2)
j 7k

ZZZXSI)QIEJ'EkEl + - }
i k1

That is, the tensor product in Eq. (5.1) of the interacting electric fields at
th

Wi, Wa, . .., wy and x™(—w;wy,ws, ..., w,) gives the n™ order nonlinear polar-

ization response at frequency w of the medium, P (¢), in other words

P (1) = x"(—w;wi,wa, . . ., wn) | By, (1) - - - By, () (5.3)

The typical order of magnitudes of the susceptibilities are as follows: Y1) ~
L, x? ~ 1072 m/V,and x® ~ 102! m?/V?2. The higher order susceptibili-
ties are even smaller and the most studied ones are the second and third order

nonlinearities Y and y*.

5.1.1 Second Order Nonlinearities

Among the most studied y® phenomena are the linear electro-optic effect and

second harmonic generation (SHG). Note that the second-order term in Eq. (5.1)
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makes no contribution to polarization in an isotropic material having a center of
symmetry (centrosymmetric) [58]. In such a material, a change in radial coor-
dinates, e.g. r to —r, leaves the crystal’s atomic arrangement unchanged which

responds in the same way to a physical influence. That is, if we have
PY = ¢xP(+E)? and — P® = ¢y (—E)? (5.4)

the equality P®® = —P® is only possible if P?) = 0.

5.1.1.1 Second Harmonic Generation

Qualitatively, the second harmonic generation can be described as follows. The
polarization effects of a material are mainly due to the outer valence electrons of
the atoms of the medium since the inner ones are tightly bound. The intra-atomic
field is at the order of 10 V/nm or 10'° V/m [101]. When the driving electrical
field is weaker than that, the response of the material is linear. The response
becomes increasingly nonlinear when comparable field is in play, so as to drive
the electrons beyond the quadratic minimum of the interatomic potential. At
this point, the polarized dipoles radiate at frequency 2w, which in turn generates
an electric field Eo,. Informally, one can understand this with the following
mathematical arguments [58]: If one of the Fourier components of the applied
electric field is of the form

E = Ejcos(wt), (5.5)

then the polarization response would be
1
P = ¢x@ E2 cos?(wt) = egx P E? x {5(1 + cos th)} (5.6)

thus
1 1

where the first component represents a constant DC rectification and the second

one is a field at frequency 2w.

Returning to the formal discussion and assuming that in a bulk nonlinear

material the fundamental (w) and second harmonic (2w) fields are infinite plane
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waves, a monochromatic electric field E(t) can be written as

Et) = = (E,e+E_,e ) and (5.8)

ol =

E, = B¢ (5.9)

where E,, is a complex field amplitude and k,, is the propagation vector whose
magnitude is given by k, = wn, /¢, n, being the refractive index of the medium

at frequency w. Similarly, the related nonlinear polarization can be expressed as:
1 , S
ORS (P&%Jwt + P(_UZe’J“t) . (5.10)

The electric field behavior in this case is governed by the nonlinear wave equation

that includes P® as the source term [99]:

O’E,, *P?
o~ Mo

€
VE, — = (5.11)

where ¢ = 1/,/f€o is the speed of light, e is the dielectric permittivity and pq is
the permeability.

In the case of SHG it is useful to define a second harmonic nonlinear coefficient
tensor [102]

1
d= §X(2)(—2w;w,w) (5.12)

and for a given symmetry of the material and electric field polarization, the
electric field and nonlinear polarization are characterized by a scalar quantity,
the effective nonlinear coefficient dss. In the case of a nonlinear slab of thickness
L, for example, with a step profile of nonlinearity with d.ss from z=0 to L the
solution of Eq. (5.11) can be written as [99]

. Ak
Bau(z) = L E2(0)d.sp2 sinc ( . Z) , (5.13)

where when the phase-matching term Ak is non-zero a periodic conversion be-
tween the fundamental and second harmonic field occurs as a function of distance
L, with a quadratic dependence on the fundamental field amplitude E,,. The sec-
ond harmonic intensity is given by:

2

~

B, (5.14)

Iy, = 5 N2w€0C
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Among the most common techniques to measure the nonlinear susceptibilities
is the Maker fringe method [103,104]. In this technique, the nonlinear suscepti-
bility is determined by relative measurement of the peak amplitudes of the signal
generated by the nonlinear material and a previously measured standard. The
incidence angle between the surface normal and beam direction is measured (6,,).
As the slab is rotated, the variation of the effective path length varies and the sinc?
argument in Egs. (5.13) and (5.14) results in several maxima and minima [99].

The sinc? argument takes the form:

Ak z(0,) 4w (ny, —now)L
2 T )N 2cosf, (5.15)

where Ak = A(n, — na,). Thus, the measurement of Maker fringes results in

determination of d.ss for the investigated material.

5.1.1.2 Electro-Optic Effect

The electro-optic effect can be described as the change in the refractive index of
the material under an applied electric field. It comprises the linear Pockel’s effect
and the quadratic Kerr effect. For an electro-optic refractive index change to
occur, a presence of a large electric field at lower frequency than the optical field
(e.g. DC) is necessary. Therefore, there is no need for a high-intensity optical
field for observation of this second order phenomenon. Based on this fact, its
theory was developed much earlier [105] than the invention of laser and therefore
it is usually described by an electro-optic tensor r, rather than the nonlinear

susceptibility x® (—w;w,0).

In general, the dielectric tensor € and the refractive indices n;; are related by

2 1)
n; = €5 =1+ Xx;;

(—w;w) (5.16)

and for example for a non-centrosymmetric uniaxial crystal the dielectric tensor

becomes

2
o

S

o O

0
n? , (5.17)
0

o o
S
o N
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where n, and n, are the ordinary and extraordinary refractive indices. Tradition-

ally, the electro-optic coefficient r;;;, is defined as:

1
and for An < n
1
An;j = §n?j7"ijkEk : (5.19)

In the formalism of nonlinear optical theory [102] the general expression for

nonlinear polarization is given by:

PZ(, = GOK(_WUQ Wiy vwn) Z X&@l...an(_wa; Wiy .- awn)(Em)m T (Ewn)ana

(5.20)

where summation is carried over the repeated indices and the numerical factor K
is defined to be:

K(~we;wi, ... wp) =2 Hm™p, (5.21)

Here, n is the order of nonlinearity, m is the number of present DC fields, [ = 1 for
wy 7 0, otherwise [ = 0, and p is the number of distinct frequency permutations
[99]. For example, for SHG K=1/2, for DC Kerr effect K=3, and for linear
electro-optic effect K=2. For the linear electro-optic (Pockel’s) effect the second

order nonlinear polarization is given by:
P? = 2¢ox? (w;w, 0)E,Epe. (5.22)

The displacement field D becomes

D, = ¢E, + Z PSJ") = € [e + 2X(2)(—w;w, O)EDC] E,.. (5.23)

n=1

If a small perturbation in € then we have:

(nij + Ani)? = e+ 2x5 (—w;w, 0) Epe,, (5.24)

where summation over indices ijk is assumed and the DC field is applied alon k
direction. Expanding the left hand side to the first order in An we obtain [99]

XEJZI)c (_W; W O)EDCk
nij '
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The relationship between the electro-optic coefficient (75;) and the second order
susceptibility is found by comparing the Egs. (5.19) and (5.25) to be:
2Xg?,1(—w;w, 0)

Tijk = nt : (5.26)

For an example, if we consider a crystal of uniaxial symmetry C, or symmetry
classes of 6, 6mm, 4, 4mm that have identical symmetry properties for 7, [106]
(poled glass posses the same symmetry and will be used in the following sections)
and making use of contracted notation! for indices, the electro-optic coefficient is

expressed as:

[ 0 713 ]
0 0 73
ry = 8 . TSP’ (5.27)
ri3 0
0 0

Finally, as an electromagnetic wave of wavelength \ passes through an electro-

optic material of length L the phase retardation is given by:

Ap=""AnL = "n¥EL="pn3"L. (5.28)

5.1.2 Third Order Nonlinearity: Kerr Effect

Since we are interested in nonlinear properties of poled germanosilicate dielectrics
in this section we will limit ourselves with discussion of the Kerr effect. The x©®)
susceptibility gives rise to third order nonlinearity even in centrosymmetric mate-
rials. Among these nonlinearities we are especially interested in the electric field
induced second harmonic generation (EFISH) and the DC Kerr effect (quadratic
electro-optic effect), that are assumed to be the driving source of second harmonic

generation and electro-optic modulation in nonlinear silica [107].

'Here Tijk is symmetric in the last two indices. The assumption is valid for Kleinman’s
symmetry [106], i.e. 75 — 7y, ljk = 1=11,2=22,3=33,4=23,5=13,6 = 12.
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Similar to the derivation of Eq. (5.25) the refractive index change due to the

third order nonlinearity can be shown to be

3)
3X EDCEm
Anj = —H——=, (5.29)
3X o2 Epc B
An, = Xi122DCTm (5.30)
Mo

where Anj and An, are the refractive index change experienced by the optical
filed in parallel and perpendicular polarization to the applied DC electric field
(Epc), respectively? [99,106].

5.2 Nonlinearity in Thermally Poled Ger-

manosilicate Thin Films

In this section we report the poling process and measurements of the nonlinearity
profile of thermally poled low-loss germanosilicate films deposited on fused-silica
substrates by PECVD, of interest as potential electro-optic devices. The study
was done in a close collaboration with A. Ozcan, M.J.F. Digonnet and G.S.
Kino, a group in Stanford University, working on poling and measurement of
the nonlinearity profile in silica dielectrics [108]. Most of the poling process of
the samples and the nonlinearity profile determination were done at Stanford

University.

Poled glasses have been studied actively over the last few years because of the
prospect of using these nonlinear materials for integrated electro-optic phase and
amplitude modulators or parametric oscillators [112]. Poled silica-based glasses
are particularly interesting in these applications because they exhibit low loss,
broad transmission bands, and high optical damage threshold, and they are com-
patible with the current fiber technology. One of the main limitations of this
material, however, is that its nonlinear coefficient is low, with a peak second-
order optical nonlinear coefficient ds3 of only ~0.8 pm/V [113] (compared to ~30
pm/V for LiNbOj). Therefore, all poled-glass devices reported to date require

2The applied DC electric field is of the form Eg = (Epc + E,, cos wnt)z.
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high voltages and/or long lengths [114-116]. Increasing the nonlinearity of poled
glasses, for example by improving the material composition or the poling con-
ditions, is therefore an important step towards achieving practical poled-glass

devices.

In the following sections, we report a poling study of germanosilicate films
that makes significant progress in this direction. This choice of material has been
made primarily for two reasons. First, since their propagation loss has been dra-
matically reduced in our previous study [27], germanosilicate films grown onto
fused silica substrates are excellent waveguides with a refractive index close to
that of silica, which makes them compatible with fiber-optic technology. Second,
the addition of Ge to silica increases the refractive index of the glass, and thus
its third-order optical susceptibility x®, and since the nonlinear coefficient dss
of poled glass is proportional to x® it is expected that dss will also be increased.
Poled germanosilicate glass [116-118] is therefore a promising candidate for low-
loss as-deposited integrated planar electro-optic devices. In this work, we have
used thermal poling instead of UV poling because the later produces short-lived
nonlinear regions [118]. We confirm these expectations with experimental investi-
gations showing that the peak nonlinear coefficient of germanosilicate films with

optimal Ge concentration, thickness, and poling time take a record value of ~1.6

pm/V [97].

5.2.1 Second Order Nonlinearity in Poled Glasses

Since glasses are known to posses macroscopic inversion symmetry they do not
normally exhibit second order nonlinearity. However, in 1991 Myers et al. [107]
reported that thermal poling can be a simple and reproducible way to induce
second order nonlinearity in glass. In this method, the sample is heated upto
~300 °C and a high voltage (~5 kV) is applied across the sample, generating a
large electrostatic field inside the glass (~ 10* V/um). According to the charge
separation model [107,109], a permanent built-in electric field is frozen near the
anode surface with a thickness of few micrometers, which occur due to migration
of charges within the material [110]. This built-in field interacting with the third
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order nonlinearity (x®) induces an effective second order non-linearity, expressed

as:
x® ~ x¥ Eq, (5.31)

where Fy. in this case is the built-in electric field. More specifically, for the two
processes of interest the relations are as follows: for the electric field induced

second harmonic generation
X?(—2w; w,w) = 3x¥(—2w;w, w, 0) By, (5.32)
and for the electro-optic effect:
X?(—w;w,0) = 3x¥ (—w;w,0,0)E2, (5.33)

known as DC Kerr effect. At this point it is useful to give the form of the nonlinear
coefficient tensor d, (see Eq. (5.12)) for poled glass materials that have uniaxial
symmetry Cy,, or symmetry classes of 6, 6mm, 4, 4mm. The nonlinearity in this

case is given by [106,111]:

EY

E3
0 0 0 0 dy 0

PP=1 0 0 0 dy 0 O B3 : (5.34)
2F5Fs
d3i d3i dz 0 0 O 2B, E,
2FE1Fs
where
Ayt = & dys. (5.35)
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5.2.2 Germanosilicate Growth Process

The germanosilicate films were deposited on square substrates of synthetic silica
(Infrasil) 25 mm on the side and 150 pm thick using plasma-enhanced chemical
vapor deposition (PECVD) in a parallel-plate reactor (Plasmalab 8510C). The
films were grown at 350 °C and at a pressure of 1 Torr, with an RF power of 10
W at 13.56 MHz. The diameter of the plates was 24 cm. The precursor gases
were silane (2% SiH4/Nj), germane (2% GeHy/He), and nitrous oxide (N5O). The
flow rates of silane and nitrous oxide were kept constant at 180 and 225 sccm,
respectively, while that of germane was set at a constant value between 0 and
90 scem that was varied from run to run. The growth rate of the films was ~40
nm/min. A major problem in the application of CVD-grown silicon-based layers
in integrated optics is the incorporation of hydrogen in the form of N—H bonds
into the film matrix [13]. Annealing is usually required to reduce the propagation
loss of the optical waveguides that utilize these layers as the core. Instead, the
samples were manufactured using a new recipe that has produced the lowest

propagation loss of as-grown germanosilicate films reported to date [27].

In order to study the effects of film composition, film thickness, and poling
time on the nonlinearity profile and strength of poled germanosilicate films, seven
germanosilicate films at four different germane flow rates (0, 33, 50, and 90 sccm)
were grown. The characteristics of these films and the poling times are listed

in Table 5.1. Mole fraction of GeOs of the grown films is estimated from the

Table 5.1: Characteristics and poling time of germanosilicate films poled in air
at ~5 kV and ~280 °C.

Sample Germane Mole fraction Refractive index Film Poling  Peak ds3
# flow rate  of GeOsy (%) @ 1550 nm thickness time (pm/V)
1 0 sccm 0 1.45 4 pm 10 min  0.54
2 33 scem ~20 1.475 4 pm 5 min 0.80
3 33 scem ~20 1.475 4 pm 10 min  1.59
4 33 scem ~20 1.475 4 pm 15 min 1.00
) 33 sccm ~20 1.475 2 pm 10 min 1.02
6 50 scem ~30 1.504 4 pm 10 min  0.78
7 90 scem ~56 1.546 4 pm 10 min  0.81
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measured dispersion curves of the films [119], as listed in Table 5.1. Based on
previous measurements on similar samples [27], the propagation loss of the as-

grown waveguides was estimated to be less than 0.5 dB/cm at 1550 nm.

5.2.3 Thermal Poling and Characterization of the Poled

Germanosilicate Films

As-grown germanosilicate/Infrasil structures were thermally poled [107] using
polished n-type silicon electrodes in air at ~5 kV and 280 °C, with the positive
electrode facing the film. The experimental apparatus used for poling is depicted
in Figure 5.1. After the sample is heated up to the desired temperature the
voltage is applied across the sample. The poling process in general lasts for
5 to 15 minutes. Next, the heater is turned off and the setup cools down do
room temperature in approximately half an hour. During the cooling process the
voltage is still applied to the sample. After the process is over, the sample is

removed for testing.

The nonlinearity spatial profile of each poled sample was measured using the

—— ceramic

ﬁ$ // sample
—
uim g§ electrodes

( Hot Plate )

(a) (b)

4

Figure 5.1: Thermal poling apparatus consisting of a hot plate and a pyrex
beaker oven. The contact between the substrate and electrodes is maintained by
a ceramic clamp.
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Maker fringe-Fienup technique [120]. A fundamental laser beam at 1064 nm is
launched onto the sample and the power in the second-harmonic (SH) signal (at
532 nm) generated within the nonlinear region is measured as a function of the
angle of incidence of the fundamental laser beam, using the cylinder-assisted set-
up described in Ref. [121]. The resulting curve is known as the Maker fringe
(MF) curve [122]. Because of the refractive index mismatch between the Infrasil
substrate and the germanosilicate film, angle-dependent spurious reflections occur
at the film-cylinder and the film-substrate interfaces. Correction factors were
thus applied to the measured MF curves to correct them for multiple reflections
[123] and Fresnel reflection at both the fundamental and SH signal wavelengths.
Furthermore, the sample grown at a 90 sccm germane flow rate, which physically
looked brown, had higher loss, especially in the visible spectrum. The film’s
measured loss coefficients were thus used to correct the measured MF curve for
this poled sample. Each of these corrected MF curves was finally processed using
the iterative Fienup algorithm [124] to uniquely recover the second-order optical

nonlinearity profile of each poled sample, as described in Ref. [120].

To identify the optimum poling time for these samples, we first poled samples
#2, #3, and #4, all of which were grown at 33 sccm germane flow rate to a
thickness of 4 pum, for 5, 10 and 15 minutes, respectively (see Table 5.1). The
calibrated MF curves of these poled samples are shown in Figs. 5.2 (a)—(c). The
nonlinearity depth profile of each sample recovered from these curves using the
Fienup algorithm is shown in Fig. 5.3. All three profiles exhibit similar features,
namely a sharp peak centered about 0.5 um below the anode, followed by a
weak pedestal that is approximately constant to a depth of ~9—12 ym and that
gradually decreases to zero at a depth of 13—16 pum. This sequence of profiles
reveals that the optimum poling time for these germanosilicate/Infrasil structures
at an applied E-field of ~32.5 MV /m is 10 min. The peak d33 coefficient obtained
under these poling conditions is as high as ~1.6 pm/V. To our knowledge, this
is the highest directly measured second-order nonlinear coefficient reported in
thermally poled germanosilicate glass. This is about twice as high as the highest
reliable peak ds3 value reported for thermally poled fused silica, i.e., 0.8 pm/V

[113]. The other measured peak ds3 coefficients for poling times of 5 and 15 min
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Figure 5.2: Calibrated MF curves measured for (a) sample #2, (b) sample #3,
and (c) sample #4.
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Figure 5.3: The recovered optical nonlinearity depth profiles of sample #2 (blue),
#3 (red) and #4 (black).

are ~0.8 pm/V and ~1.0 pm/V, respectively. Note that the entire nonlinearity
peak is contained in the germanosilicate film, while most of the pedestal is in
the silica substrate. Furthermore, as physically expected, due to the diffusion of
positive ions, the depth of the pedestal gradually increases from ~9 pm to ~12

pum as the poling time is increased from 5 min to 15 min (see Fig. 5.3).

It has been shown that most of the nonlinear coefficient of thermally poled
silica arises from rectification of the third-order susceptibility x® of the material
(see Section 5.2.1) by a DC electric field E that builds up in the material near
the anode [117,125,126], i.e.:

dss == % E . (5.36)

We postulate that same main mechanism is responsible for the nonlinearity of
the present materials, and we attribute the observed increase in the peak ds3
coefficient to the higher x® values in germanosilicate. To validate this point,

we used an empirical relationship [127] to predict the nonlinear refractive index
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Figure 5.4: Left axis (blue curve): the ratio of the x® of the PECVD grown
germanosilicate layer to the x®) of fused silica; right axis (green curve): maximum
built-in E-field measured in poled germanosilicate films.

of the germanosilicate films from their dispersion curves. The ratio of the third-
order susceptibility of the PECVD grown layer, X,(Si)Oz:Ge , to the susceptibility
of fused silica, X;‘f’ised sitica » computed using the measured dispersion curves of
the films grown at 0, 33, 50, and 90 sccm germane flow rates is plotted in Fig.
5.4 as a function of the germane flow rate. From the figure it is evident that
as expected the x® of the 0-sccm germane flow rate film is very close to the
X
the germanosilicate film increases almost quadratically. Specifically, for sample

) of fused silica. Second, as the germane flow rate is increased, the x® of

#3 (flow rate of 33 sccm) sti)C)z:Ge ~ 1.54 x X(S:’;)Oz. This enhancement factor
contributes to ~ 1.54/2 ~ 80% of the two-fold increase observed in the peak ds3
coefficient of sample #3. This suggests that the remaining contribution to the
two-fold increase in peak dsz should be due to a 30% increase in the built-in field

in sample #3 compared to the built-in field of poled fused silica [113].

The total depth of the induced nonlinear region (~13—16 um) in Fig. 5.3 is



CHAPTER 5. GERMANOSILICATE DIELECTRICS III: ... 88

significantly narrower than for bulk Infrasil samples thermally poled under similar
conditions, for which the depth is typically ~40 pm [113,121]. Furthermore,
unlike in poled Infrasil samples, the d33(z) profile of the poled germanosilicate-
Infrasil structures does not change sign. We believe that the reason for these
differences is that the germanosilicate film limits the diffusion of positive ions such
as H3;O™ from the anode surface into the sample, which results in the formation
of a narrower depletion region within the film itself. A similar blocking behavior
in germanosilicate films, which also resulted in narrower nonlinear widths, has

been previously reported [117].

Assuming that DC rectification of the third-order optical susceptibility of the
glass is the main mechanism responsible for the observed nonlinearity, as is the
case in silica [125,126,128], then the total voltage drop across the nonlinear region
should be equal to the poling voltage [129]. To verify this point, we computed
the integral along the depth z of each recovered nonlinearity profile of Fig. 5.3.
The calculated voltages come out to be 4.77 kV, 4.77 kV and 5.21 kV for sample
#2, #3 and #4, respectively. As expected, these values are close to the poling
voltage (~5 kV), which lends further credence to the inferred profiles. We note
that the true sign of all profiles in Fig. 5.3 cannot be inferred by using the Fienup
algorithm alone. However, for almost all of the applications, this sign ambiguity,
i.e., +ds3(z) , is not consequential. The fact that the integrated voltage drop
across the recovered profiles has the same sign as the poling voltage (+5 kV)
suggests that the inferred profiles as shown in Fig. 5.3 do have the correct sign

(positive).

To provide further physical insight into the poling process for the
germanosilicate-Infrasil structures, we calculated the charge density distribution
frozen within the glass from the recovered nonlinearity profiles. Since the profile
is proportional to the built-in E-field distribution, and since the distribution of
space charge density in the glass is proportional to the derivative of the built-in
E-field, the charge density can be obtained simply by taking the derivative of the
measured profile. As an example, the charge density distribution of sample #4

(see Fig. 5.3) recovered by this process is shown in Fig. 5.5. This distribution
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Figure 5.5: Charge density of poled sample #4, inferred by differentiating the
recovered dz3(z) profile.

exhibits a dipolar structure within the first micron below the anode surface, fol-
lowed by a neutral region from ~1 um to ~12 pum, which itself is followed by a
weaker negatively charged region extending to a depth of ~16 pum. The charge
distributions recovered for the other samples show very similar features, the main
difference being minor variations in the locations of these regions. The integral
of the recovered charge distribution shown in Fig. 5.5 yields a total charge of
—8.53 x 1073 C/m?%. We believe that the neutrality of the sample is preserved by
an equal amount of positive alkali ions (e.g. Nat or KT) charge that is spread
throughout the remaining bulk of the Infrasil substrate. Because it is spread over
roughly 150 pm of glass, this charge density is much lower and thus contributes to
a bulk second-order nonlinearity that is too weak to be measured. Furthermore,
we anticipate that the depth of the neutral region shown in Fig. 5.5 reflects the
total diffusion depth of the positive ions injected from the anode surface, which

cancel out the negative sites left behind by the alkali ions such as Na* and K+
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Figure 5.6: The recovered nonlinearity profiles of sample #1 (blue), #3 (red),
#6 (black) and #7 (green).

that have migrated towards the cathode.

After optimizing the poling time, we investigated the effect of the germane
flow rate on the induced nonlinearity profile. For this purpose, we poled samples
#1, #3, #6, and #7, which all have 4-um thick germanosilicate films but were
grown with different flow rates, namely 0, 33, 50 and 90 sccm, respectively. The
poling conditions for all four samples were identical, i.e., in air at ~5 kV and 280

°C, for 10 min. The recovered nonlinearity profiles are shown in Fig. 5.6.

The profiles exhibit the same characteristics as the previous samples (see Fig.
5.3), i.e., a dominant peak buried ~0.5 pm beneath the anode surface, followed
by an almost constant nonlinear region of same sign that gradually decreases to
zero at a width of 13-16 ym. The peak d33 coefficients of samples #1, #6 and
#7 are found to be 0.54, 0.78 and 0.81 pm/V, respectively. This investigation
shows that the highest peak ds3 coefficient (1.6 pm/V) is achieved for a germane

flow of 33 sccm (sample #3). Even though a higher germane flow rate produces



CHAPTER 5. GERMANOSILICATE DIELECTRICS III: ... 91

a higher Ge concentration and thus a higher y¥, as confirmed in Fig. 5.4, the
fact that the peak d33 coefficient is maximum in the 33-sccm sample suggests
that the built-in field drops at higher Ge flow rates. To illustrate this point,
the maximum built-in E-field in poled germanosilicate films, calculated from Eq.
(5.36) using the measured peak ds3 value and the calculated x® value for each
sample, is also plotted as a function of germane flow rate in Fig. 5.4. The results
reveal that the highest built-in field is achieved for the 33-sccm sample (#3) and
that for higher germane flow rates the built-in field steadily drops. We mostly
relate these observations to an increase in the film electrical conductivity as the
Ge concentration in the film is increased, which has been previously confirmed
[130]. On the other hand, the built-in field of the 33-sccm sample is higher than
that of the O-sccm sample (pure SiOs), although the latter has a lower electrical
conductivity. This points out that there exists an optimum electrical conductivity
range for a given set of poling conditions. This hypothesis is supported by the fact
that under similar poling conditions, Suprasil, which contains much less impurity
than Infrasil and thus has a lower conductivity, develops a built-in field nearly

one order of magnitude lower than Infrasil [112,131].

Finally, we investigated the effect of the film thickness on the induced non-
linearity profile. For this purpose, we poled sample #5, grown with a 33—-sccm
germane flow rate to a final thickness of 2 ym, in air at ~5 kV and 280 °C, for 10
min. Fig. 5.7 shows the nonlinearity profile for sample #5. For comparison pur-
poses, the nonlinearity profile of sample #3, which was grown at the same flow
rate and poled under identical conditions but is thicker (4 pm), is also shown
in Fig. 5.7. Note again that the nonlinearity peak is entirely contained in the
film and the pedestal in the substrate. The two samples (#3 and #b5) have very
similar profiles, which was expected since they have the same material composi-
tion and were poled under the same conditions. However, the total depth of the
nonlinearity is larger for sample #5 (~17 pum) than for sample #3 (~13 um). We
attribute this difference mostly to the fact that the 2-pm thick germanosilicate
film in sample #5 acts as a weaker barrier for ion diffusion process than the 4-pm
film in sample #3. Furthermore, we believe that this charge spreading is at the

origin of the weaker peak ds3 coefficient in sample #5 (1.02 pm/V, vs. 1.6 pm/V



CHAPTER 5. GERMANOSILICATE DIELECTRICS III: ... 92

N
»
>
1

Sample # 3

14 1

1.2

N
B s e e s d e e e e .

02 F b @ e imac Sample # 5

0 2 4 6 8 10 12 14 16 18
Depth from the anode surface (um)

Figure 5.7: The recovered optical nonlinearity depth profile of samples #3 (red)
and #5 (blue).

in sample #3).

In conclusion, we have reported measurements of the nonlinearity spatial pro-
file of thermally poled germanosilicate films deposited on fused-silica substrates
by PECVD. These films are interesting because they exhibit a low propagation
loss and because they were expected to have a stronger nonlinearity than poled
undoped silica due to the presence of Ge, which increases the third-order suscep-
tibility of the glass. Inferred profiles all exhibit a sharp peak ~0.5 ym beneath
the anode surface, followed by a weaker pedestal of roughly constant amplitude
and same sign down to a depth of 13—16 um. These profiles are shallower and
do not exhibit the sign reversal typical of poled undoped silica. These results
suggest that during poling, the germanosilicate film significantly slows down the
injection of positive ions from the anode surface into the structure. After opti-
mizing the germane flow rate during deposition, the film thickness, and the poling
time for maximum peak nonlinearity, we demonstrated a record peak nonlinear

coefficient of ~1.6 pm/V, approximately twice as strong as the highest reliable
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value reported in a thermally poled fused silica glass. These findings are signifi-
cant for the design of electro-optic devices using thermally poled germanosilicate
thin films, especially for optimization of the overlap between the optical mode of

the device and the nonlinear region.



Chapter 6

Application of Germanosilicate

Layers to Ring Resonator Devices

Having optimized the compositional and nonlinear properties of germanosilicate
dielectrics, we have demonstrated several applications of this technology in the
field of integrated optics. Since optical waveguides constitute the building blocks
of many integrated optical devices, we had first concentrated on design and opti-
mization of waveguides employing germanosilicates as the core layers, as discussed
in the first part of this chapter. The second part of the chapter deals with design
and implementation of microring resonator devices based on germanosilicate lay-
ers. A systematic study carried out to determine the device geometry the best
suitable for our purposes is reported. Finally, the obtained measurement results

of various germanosilicate microring resonators are discussed.

94
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6.1 Single Mode Germanosilicate Waveguides

Optical waveguides constitute the building blocks of many integrated optical de-
vices. Consequently, their properties have to be optimized and analyzed in detail.
For our purposes, in particular, we aim to use them in ring resonator based de-
vices and all of the investigations to follow are carried out in the light of this goal.
The core material to be made use of is germanosilicate, which has been optimized
in terms of propagation loss (Chapters 3 and 4) and nonlinearity (Chapter 5) and

a waveguide is to be tailored using optimized parameters.

6.1.1 Waveguide Structure

In the previous chapters the as-grown germanosilicate layers were shown to have
promising characteristics such as adjustable index of refraction and low propaga-
tion losses for high refractive index (>1.50) materials. These properties make the
mentioned material system a very attractive base for the realization of integrated

optical devices, such as ring resonators.

For applications in ring resonators the waveguide structure is to be deter-
mined in accordance with the desired outcome. For example, in order to realize
ring resonators with practical radii, the index of refraction of the material has to
be relatively high, for strong mode confinement. On the other hand, for a device
to be modulated electro-optically, the nonlinearity of the structure has to be high
as well. Furthermore, the finesse (or @-value) of the resonators should be as high
as possible, i.e., the propagation losses are to be minimum. All these competing
parameters are to be optimized for realization of a functional device relying on
poled as-deposited germanosilicate layers. Based on the above mentioned restric-

tions the structure and geometry of the ridge waveguide was optimized.

Many applications in optical integrated devices require two dimensional opti-
cal confinement that is achieved by making use of, for example, ridge waveguides.
The approximate modal characteristics of this structure can be calculated by

using the well known effective index method [33,53]. This method converts a
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two-dimensional problem into several one-dimensional problems. The equations
are solved for TE and TM modes in order to find the allowed values for the prop-
agation constant at a particular wavelength. The method was implemented in a
Mathcad code and the details of the calculation can be found elsewhere [33,53,54].
The mode spectrum and geometry of the waveguide were also tested by using a
commercial BPM simulator (BeamProp). It employs numerical method known as
Beam Propagation Method (BPM), by which the scalar or vector wave equation
for any structure defined by n = n(z,y, z) is solved. The germanosilicate based
waveguides were simulated by this method as well, yielding a single mode opera-
tion, in accordance with the effective index method. The mode shapes of the TE
and TM fundamental modes as obtained by BPM are depicted in Fig. 6.1. The
parameters used in simulations were those determined to be the optimum ones.

Namely the structure of the waveguide was as follows:

1/e height ~3.3 um 1/e height ~3.3 um
1/e width ~4.0 um n.~=1.4803 1/e width ~3.9 um n..~1.4800

Vertical Direction (um)

& 4 =2 0o 32 4 B B 4 =2 0 2 4 g 0O

Horizontal Direction (um) Horizontal Direction (um)

(@) (b)

Figure 6.1: Fundamental mode profiles for (a) TE and (b) TM polarization of
germanosilicate ridge waveguide as calculated by BPM.



CHAPTER 6. APPLICATION OF GERMANOSILICATE LAYERS ... 97

Wavelength of operation — A = 1.55 ym

Upper and lower cladding: PECVD SiO, — n = 1.465

Core layer: SiO,:Ge — n = 1.505 (GeH, flow rate= 50 sccm)
Core thickness — 2.0 pum

Etch Depth — 1.75 pum

Waveguide width — 3.0 um

The parameters were optimized after a systematic simulation process. The width
of the waveguide was chosen to be 3 pum in order to maximize the interaction
of the nonlinear region with the optical field. The height of the guiding film
was chosen to be 2 pum in the first instance, and could be changed during the
deposition process. The reason behind choosing this thickness was to minimize
the distance between the planned top and bottom electrodes (for use in an electro-
optical device). A GeH, flow rate of 50 sccm was chosen to have a higher index
material in order to achieve better confinement and therefore smaller ring radii

for the planned final device, though its nonlinearity coefficient was smaller than
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Figure 6.2: Index of refraction for the germanosilicate sample grown with GeH,
flow rate of 50 sccm as a function of wavelength as measured by ellipsometry.
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that of 33-sccm material (see Chapter 5). The wavelength dependent refractive
index for the germanosilicate sample grown with GeH, flow rate of 50 sccm as
measured by ellipsometry [132] is given in Fig. 6.2. The etch thickness could also
be varied but the value of 1.75 um was chosen considering the coupling factor
and bending losses in ring resonator devices, to be discussed in detail in the next

section.

Lastly, the structure of the waveguide aimed to serve as the building block
for electro-optic ring resonator device was determined to be as follows: SiOy /
electrode / PECVD SiO, / PECVD SiO, : Ge / PECVD SiO,. / electrode. The
vertical electrode structure here is preferred in order to take advantage of the fact
that ds3 = 3 X d3; (see Chapter 5). For the material of electrodes to be used we
decided to concentrate on Indium Tin Oxide (ITO: 90% In03:10% SnOs). The
reason of preference of this material is its better performance in optical applica-
tions. Namely, it has been known for being transparent in optical wavelengths
and introducing lower losses in the infrared region compared to metals such as
gold, silver, nickel, etc. [133-135]. Having in mind these factors, the propaga-
tion loss of the waveguides should be measured and minimized, if possible. The
following sections deal with the fabrication and optimization of the propagation

loss for the above structure.

6.1.2 Fabrication Process

6.1.2.1 Growth of the Layers

The fabrication process of germanosilicate waveguides was performed in class 100
clean room environment. The process starts with an oxidized silicon wafer with
Si0 thickness of ~8 um (see Fig. 6.3). The next step is to deposit a 150 nm
thick ITO layer by reactive sputtering. For this purpose ultra high vacuum LE590
box coater, using radio frequency (RF) sputtering technique was employed. Prior
to the sputtering process the pressure of the process chamber is lowered down
to 5x107% mBar. The deposition rate and the total thickness of the film are

monitored in-situ during the process. The sputtering is done in Ar atmosphere



CHAPTER 6. APPLICATION OF GERMANOSILICATE LAYERS ... 99

ITO ) 150 nm
sputtering ITO
r
PECVD
SiO, Deposition /
PECVD o
SiO,:Ge growth glwdlng

ayer

\

4

Figure 6.3: Schematic representation of the growth process of the layered struc-
ture for germanosilicate optical waveguides.

with a flow rate of 400 sccm and an RF power of 45 W. The resulting growth

rate is about 2 A /min.

Having grown an ITO layer of thickness of about 150 nm, the next step is
to grow the SiO, lower cladding layer by PECVD (see Fig. 6.3). This layer is
deposited using the standard parameters of SiO, growth (see Table 3.1). The
growth of ITO onto silicon oxide and vice versa is highly favorable and was
found not to cause any sticking problems due to the fact that both layers are
oxides in nature thus easing the mutual atomic and molecular bond formation.
After the lower silicon oxide cladding layer of thickness 3—5 pum has been grown,
the germanosilicate layer aimed to serve as the core layer is grown by standard
PECVD parameters and GeH, flow rate of 50 sccm. Thus, the initial layered

structure for the optical waveguide is obtained.
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6.1.2.2 Waveguide Ridge Definition

In order to transfer the waveguide strip pattern of the mask onto grown ger-
manosilicate layer, a standard photolithographic process is used. The flowchart

representation of the process is illustrated in Fig. 6.4.

The cleaned sample with previously grown layered structure is coated first
with HMDS monolayer to improve the adhesion of the photoresist onto the surface
of the film, spinning it at 5000 rpm for 40 seconds. The whole sample is then
coated with AZ5214E negative photoresist (PR) material with thickness of ~1.0-
1.4 pm by spinning at 7000-5000 rpm (Fig. 6.4 (a)).

Following the application of PR, the sample is pre-baked for 50 s. at 110 °C
to harden the photoresist and remove any residual solvents. The sample is then
placed for alignment of the mask on a Karl Suss MJS33 mask aligner, that is
used for UV exposure with a 365 nm Hg lamp in hard contact mode. In the
image reversal pattern generation process the first exposure is done for 10 s. at
5.0 mW of optical power. Next, the reversal bake is done on a hot plate at 120 °C
for 2 minutes. The sample is then placed in the aligner and a flood exposure is
applied without the mask for 30 s. at 5.0 mW. Finally, the exposed photoresist is
developed using 1:4 AZ400K:H,O mixture in 30-50 s. (Fig. 6.4 (b)), depending

on the exposure time and PR thickness.

The next step in the fabrication is to define the metal layer which is to serve
as the hard mask during the reactive ion etching process (Fig. 6.4 (c)) To-
wards optimization of this step an extensive optimization of the PR thickness,
development and metallic mask material was carried out. The first tested metal
was Chromium (Cr). Several problems were identified and by varying the PR
thickness, PR bake and development durations it was possible to partly over-
come them. Namely, when the PR is spun at 4000 rpm, the resulting thickness
of ~1.4 pm is not sufficient for liftoff without ultrasound treatment. However,
when the PR thickness was increased so as to obtain thickness of ~1.65 pum, the

liftoff was achieved.
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Figure 6.4: Schematic representation of the process of waveguide strip definition
on the layered structure for germanosilicate optical waveguides.
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Figure 6.5: Formation of irregularities at the edges of the metal stripes after the
liftoff process, as viewed with optical microscope. These wriggles are potential
scattering sources increasing the propagation losses in optical waveguides.

An important problem worth mentioning was the formation of side defects
(wriggles) at the edges of the metal layers after the liftoff process (see Fig. 6.5).
In order to understand the origin of the problem the parameters such as pre- and
post-bake, first and flood exposure durations had been varied. As a result, it was
identified that the PR is being either under or over developed, thus resulting in
poor liftoff, or liftoff with complications. For instance, in Fig. 6.6 the scanning
electron microscope (SEM) image shows (a) the over developed PR structure and
(b) the formed edge defects . Therefore, the problem could be avoided by either
decreasing the exposure or the development time. However, the solution came
with using Ni as a masking metal layer. Using this metal and optimized image
reversal lithography proved to result in excellent waveguide strips defined without

any wriggling and thus any extra propagation losses were avoided.

The next step in the fabrication is to etch the germanosilicate layer and define
the strip of the ridge waveguide (Fig. 6.4 (d)) For this purpose a reactive ion
etching (RIE) system reactor has been used, by which germanosilicate surface was
etched using CHF3 and O gases. In the process of dry plasma etching, an RF glow

discharge is excited in a high vacuum chamber between two electrodes, resulting
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(a) (b)

Figure 6.6: SEM images of the formed edge defects of Cr stripes in the overde-
veloped samples after liftoff process. The over developed PR structure (a) and
the formed edge defects (b) are clearly identified.

in chemically reactive species. These species react with the germanosilicate layer
and form volatile products, which are pumped out from the chamber. In brief, the
basic steps of the process are: 1) generation of reactive species from CHF3 and O,
by the plasma; 2) transportation of these species to the surface of germanosilicate
layer; 3) adsorption of them on the surface; 4) formation of volatile products as
a result of chemical reactions; 5) desorption of the by-products from the surface
and pump-out. The overall process is a competition between physical sputtering

and plasma etching, which favor anisotropic and isotropic etch, respectively.

The RIE process may have some side effects such as damage on the film
surface, rough sidewalls of the defined rib, etc. A control over these parameters
was established by careful optimization of the process conditions for a successful
waveguide fabrication [33]. A study towards achieving this goal was performed by
manipulating the variable parameters as indicated in Table 6.1. A delicate point is

that production of waveguide strips having some degree of inclination was aimed.
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Table 6.1: Optimized process parameters used in reactive ion etching of ger-
manosilicate layers.

CHF5 flow rate 150 sccm

O, flow rate 10 sccm
Process pressure 50 pbarr
RF power 150 W
Process time 30 min.

The driving reason behind this was to eliminate the problem of step coverage,
during the final step of PECVD deposition of the upper cladding SiO, layer. As
a result, we were successful in fabricating strip side walls of ~70° inclination,
with good uniformity. The final steps towards fabrication of the germanosilicate
waveguides is the growth of the upper cladding layers (Fig. 6.4 (e) & (f)) Upon
the defined rib waveguide structure of germanosilicate, a SiO, film is grown as
an upper cladding. The growth parameters are identical with those of the lower

cladding. The final step in the fabrication of waveguide devices is the sputtering
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Figure 6.7: Index of refraction for the PECVD as-grown 570, film as a function
of wavelength.
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Figure 6.8: The final structure of the waveguide as viewed through an optical
microscope. The Si, SiO,, SiO,, and ITO layers are clearly identified, while it is
difficult to distinguish the SiO,:Ge layer sue to the similar material nature.

of upper electrode ITO layer, which is done with the identical parameters as the

lower one, discussed previously.

At this point it is useful to refer to the index of refraction of PECVD grown
Si0, as a function of wavelength. As it is evident from Fig. 6.7, the refractive
index of the as-grown PECVD oxide is higher than that of thermally grown or
annealed PECVD oxide [33]. For instance, at A = 1.55 ym one would expect
a refractive index of ~1.45, while for our layer this value is n = 1.465 4+ 0.005
[132]. This slightly higher value has been taken into account in our calculations.
Another important characteristic of the as-grown PECVD grown SiO, films is
that this film includes N—H bonds, thus introducing extra propagation losses to
the waveguide [13]. This fact makes the measurement of the propagation loss
for germanosilicate waveguides a very critical step. It is important to estimate
precisely these loss values since performance of the final devise based on ring
resonators is critically affected by it. For this purpose, a detailed measurement
and optimization study for the loss values of germanosilicate waveguides was
performed and is to be discussed in the next section. The final structure of the

waveguide is depicted in Fig. 6.8 as viewed with an optical microscope.
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6.1.3 Propagation Loss Measurement and Optimization

of the Germanosilicate Waveguides

Having optimized the propagation losses of germanosilicate slab waveguides (Sec-
tion 4.4), the propagation loss characteristics of a ridge waveguide device is to
be investigated. The structure of this device was determined so as to serve as
the building block for potential germanosilicate electro-optic ring resonators as

discussed in the previous section.

6.1.3.1 Experimental Setup

After fabrication of the single mode ridge waveguides and the optical cleavage of
their ends, their loss characteristics were analyzed by making use of the so called
“butt coupling” method. The distinguishing feature of this technique is that the
light is coupled into the waveguide by a single mode fiber, an out coupled by
a lens which in turn directs the collected light to a Ge photodetector or an IR
camera (see Figure 6.9). As a light source operating at 1.55 um, a distributed
feedback laser was used under 27 mA current and 25 °C temperature. It was
attached to a fiber having polarization control module that allowed to select TE

or TM polarized light. In some experiments the fiber used was lensed.

In addition, the sample was placed on an xyz translational stage enabling
efficient coupling of the light into the guides. Additional pieozoresistive stages
were also used to enable submicron alignment. As for the parameters measured,
we could monitor the optical power transmitted using the Ge photodetector or

the mode profile by an IR camera working in coordination with a video capture

PC card.

6.1.3.2 Measurement Results

The single mode condition for the germanosilicate ridge waveguides with a ridge

height of 1.75 um and a total thickness of the core layer of 2.0 um was verified
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Figure 6.9: Optical waveguide devices measurement setup.

, as had been simulated by BPM (see Fig. 6.1). Experimentally, the well known
method of directing the laser light in all possible off-axis positions in order to ex-
cite any possible higher order modes was employed. As expected, all the attempts

resulted only in single mode operation profile.

Following the single mode verification, an insertion loss measurement on the
germanosilicate ridge waveguides was performed. The insertion loss is measured
in dB and includes the propagation loss as well as the fiber to guide and guide
to objective coupling loss, in our case. Applying the cut-back method, identical
waveguides at different lengths were characterized. At each length the measured
insertion loss values are that of 15 to 30 different waveguides, allowing one to

make a statistical analysis.

The measured values for the waveguides with a structure discussed in the
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Figure 6.10: Insertion loss results for the TE and TM input polarized light for
identical waveguides of different length. The waveguide geometry is depicted in
the inset.

previous section are plotted in Fig. 6.10. Applying a linear fit to the loss data
in the figure, from the slope we get the value of propagation loss of the ridge

waveguides for TE and TM polarizations as:

TE: Propagation Loss = 3.7 £0.8 dB/cm
TM: Propagation Loss = 4.8 £0.9 dB/cm.

The y-axis intercept of the line fit to insertion loss data gives the coupling loss
values for the waveguide structure. Analysis of the results leads to a conclusion
that the fiber coupling loss together with WG to microscope objective loss is
about 4.6 dB in total, which points out to a slight mode profile mismatch and
reflection losses in the interface of the guide and fiber. The higher loss values
for TM polarization indicate that some part of the mode still interacts with the
conductive ITO layers. The propagation loss values for ITO itself are reported
to be in the order of or larger than 400 dB/cm [135] at A = 1.55 um. This
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Figure 6.11: Insertion loss results for the TE and TM input polarized light for
identical waveguides of different length and lower and upper cladding thicknesses
increased to ~4 pum. The waveguide geometry is depicted in the inset of the
figure.

suggests that the propagation loss can possibly be further reduced by increasing
the thickness of the SiO, lower and upper cladding layers. Thereby, the next step
was to fabricate and test optical waveguides with SiO, cladding layer thicknesses
of ~4 um, i.e. with thicknesses increased by about 1 um. The insertion loss
results of the waveguides with increased cladding layer thicknesses are shown in
Fig. 6.11. Performing a similar analysis for propagation loss of the waveguides

one obtains the following results:

TE: Propagation Loss = 2.0 0.1 dB/cm
TM: Propagation Loss = 3.4 +1.2 dB/cm.

The propagation loss values are summarized in the Table 6.2. From the results
it is apparent that the increase of the thickness of the upper and lower cladding

layers has significantly reduced the propagation losses for both polarizations. This
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Table 6.2: Summary of the propagation loss values for germanosilicate waveguides
with different thicknesses of the cladding layers.

SiO, Propagation Loss
cladding thickness TE ™

3.0 pm 3.7 £0.8 4.8 £0.9

4.0 pm 2.04+0.1 34 +1.2

reduction of loss is in the order of 2 dB/cm and is quite significant, although the
uncertainty in the loss value for TM mode in the second measurement is high.
On the other hand, there is an apparent increase in the insertion loss values
of the waveguide devices. This increase is due to the poor facet quality of the
waveguides, which depends on the cleavage process. It should be noted that
the none of the devices was polished, which can decrease the insertion losses

significantly.

Normally, one would expect that the propagation losses for germanosili-
cate ridge waveguides are only slightly larger than that of the identical planar
waveguides. That is the propagation losses are to be expected to be at most
around 0.5 dB/cm. The material losses were minimized and the excess losses
are expected to originate from the as-deposited SiO, layers, rough surface of
the waveguide rib, and finally from the upper and lower ITO electrode layers.
It is possible to estimate the contribution of each. The maximal material loss
contribution of the germanosilicate layer is about 0.3 dB/cm (see Section 4.4).
As for the contribution from the cladding layers and the etch irregularities the
expected value is about ~0.4 dB/cm. This estimate is based on our previous
work [13] on annealed silicon oxynitride (SiION) ridge waveguides that were fab-
ricated identically with similar geometry and had as-deposited SiO, layers as
cladding between the core. Consequently, the remaining loss value of about 1.5-
2.5 dB/cm is thought to originate from the interaction of the modal field with
the top and bottom ITO electrode layers.
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6.2 (Germanosilicate Ring Resonator Devices

The integrated ring resonators were first proposed for use as a band-pass filter
in 1969 by E. A. Marcatili [136]. The first ring resonators were demonstrated in
optical fibers by Stokes et. al [137] and realization of the first ring resonators
based on planar waveguides had to wait until 1996 [138,139].

Recently a lot of research has been carried out for use of microring resonators
(see Fig. 6.12) in integrated optics as all-optical switches, add-drop filters, electro-
optic modulators, etc [21-23]. Current challenges in the field are to produce di-
electric microring resonators with low-loss, large free-spectral range and desired
characteristics of resonant wavelength adjustment and filter linewidth [24]. Res-
onator filter circuits based on dielectric layers offer several advantages. These
materials are relatively inexpensive and their index contrast is easily adjustable.
Moreover, their refractive index is suitable for matching with optical fibers and
finally their dimensions are two or three times larger than their semiconductor
counterparts, which allows efficient usage of optical without need for e-beam
lithography [25]. Germanosilicates, therefore, offer a promising platform for ap-
plications of ring resonator devices [26,27,97]. The following sections introduce
the basic notions of ring resonators and is followed by a report on fabrication and

measurements of germanosilicate microring devices.

Iin l1-x Iout

Q exp(—a X TR —j x 2nn /A X 2nR)

Figure 6.12: A schematic picture of a single bus microring resonator channel
dropping filter.
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6.2.1 Ring Resonator Devices Basics

The intensity relation for a single bus ring resonator (see Fig. 6.12) can be derived
using a simple approach of directional couplers [21,54,140,141]. If we denote the
propagation constant as k,, the radius of the ring as R, its circumference as L,
the coupling factor as x and the attenuation coefficient of the ring as «, the

transmitted and inserted electric field relations (depicted in Fig. 6.12) can be

written as:
E, = (1= [EV1— &+ jEok] (6.1)
En = (1-9)'"[ENVE+ ExVT—k (6.2)
E = Enxexp <—%L . jknL> , (6.3)
where 7 is the coupling loss coefficient of the directional coupler and k,, = MTEH,

with n.rs being the effective refractive index. Using these equations, the ratio

E,/E; can be written as:

§:(1_7)1/2 VI—k—(1-7)"*xexp (—%L — jk,L) (6.4)

E; 1—(1—"V/1—k xexp(—%L — jk,L) '

Furthermore, using the following new parameters for simplification:
D = (1-y)"? (6.5)
x = Dexp (—%L) (6.6)
= V91—« (6.7)
21N,

¢ = 7”; Iy, (6.8)

with

n.sr : effective index

7 : intensity insertion loss coefficient (0-1)
L =27 R : circumference of the ring

« @ attenuation coefficient of the ring

k : coupling factor.
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The intensity relation at the output port of the ring resonator is obtained as:

(1—a?) x (1—y?)
1 — zy)? + 4oy sin® (%) '

Iout . Et

6.9

2:D2>< 1—
-

Microring resonators have several parameters for evaluation of the system
at resonance. These are the on-off ratio, free spectral range (FSR), i.e. the
wavelength spacing between the adjacent resonances, full width at half maximum
(FWHM) power of the resonance peak , and finesse (F) (see Fig. 6.13). The Q
factor of the resonator is the ratio of the resonance wavelength to the FWHM, in

other words:

FSR

= wwmr (6.10)
Am

© = Fvma (6.11)

High Q factors are important for optical signal processing applications,

out/Iin

<€ >
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Figure 6.13: Calculated transmission characteristics of a sample single bus mi-
croring resonator.



CHAPTER 6. APPLICATION OF GERMANOSILICATE LAYERS ... 114

whereas low finesse values (F=2) are used for interleavers [140]. Therefore, the
quality and finesse of the resonators are to be chosen according to the desired
applications, however it is safe to say that all the resonators require large on-off
ratios and small FWHM.

The resonances of minimum transmission occur when
¢ = 2m, (6.12)

with m being an integer number. The minimum transmission, i.e. the highest

on-off ratio, occurs at the so-called critical coupling condition when:

1 11—k

It is evident that an estimation of the propagation loss value (i.e. «) for the ring
resonator devices is critical. It is possible to design a resonator to operate at the
critical coupling condition (Eq. (6.13)) by adjusting the coupling factor (k). This
would result in the maximum on-off ratio possible for a given propagation loss
in the ring resonator. In our case, however, the primary aim is to optimize the
device parameters for possible electro-optical operation of the poled germanosili-
cate ring resonators. Therefore, the main focus is to obtain as high Q-values (or
F) as possible for the resonators that would enable detection of small changes in
the effective index of ring resonators upon application of voltage. This can be
achieved by designing the ring resonator so as to operate in an under coupled
condition for a given propagation loss value. Namely, as Niehusmann et al. [142]
report, the maximum achievable Q-factor at a given loss is calculated by:

27Tn€ff 1

Qlimit = A o (614)

and at the critical coupling condition the Q-factor of the device is only half of
the maximum achievable. Therefore, we are to aim fabrication of microrings in
an under coupled condition. By this way it is possible to approach the maximum

possible Q-value for the ring resonator devices.
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6.2.2 Bending Loss and Coupling Coefficient Calculations
6.2.2.1 Bending Loss Calculations

In order to design the ring resonator devices with desired characteristics one
has to be able to successfully estimate the expected losses. In the previous sec-
tions a study for estimation of the propagation losses for linear germanosilicate
waveguides with the desired structure has already been presented. However,
for the ring resonators one has to take into account the bending nature of the
waveguides in the ring section as well. The losses of these structures are called as
bending losses and are as a result of continuous radiation of the waveguide mode

power tangentially out of the curved waveguide, also called as leaky mode.

Estimation of the bending losses is possible with two different techniques.
One of them is an analytical method while the other is an estimation using
a commercial beam propagation method (BPM) program. We have made use
of both techniques and will first concentrate on the analytical method. The
analytical approach is based on the method of Marcuse [143]. It makes use of
the effective index approximation by which the two dimensional index profile is
reduced to a one-dimensional planar waveguide (see Fig. 6.14). In this method
after a rigorous analysis of the the wave equation in cylindrical coordinates and
using the effective index approach an analytical expression of the exponential
power attenuation coefficient for the bending loss of a bent slab waveguide in
rectangular coordinates is obtained [144]. The bending loss LoSSpenq (in dB) for

a ring of radius R and angular section of Af radians is given by:
Losspeng = —101og (exp (Qbena X Af X R) ), (6.15)

where the attenuation coefficient apenqg 1s:

a? k2 —2a3
Qbend = 73 L~ exp(ayw) X exp (2—y2 ) . (6.16)
koneff (1 + Oéyg) (n32 - nel) 3neffk:0
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Figure 6.14: Schematic representation of the effective index model used to reduce
the 3D structure to 2D.

The variables of which are further defined as:

a, = koy/nZs —n? (6.17)
ky, = koy/nZ —n’ (6.18)
ko = 2m/Xo (6.19)

with w being the width of the waveguide (see Fig. 6.14), neg the effective refractive
index of the waveguide, n.; and n.s the effective indices of the slab structures

and )y being the wavelength of light.

As for the estimation of bending losses numerically, we have made use of
a commercial beam propagation method program, BeamPROP™ [145]. A 3D-
BPM method with wide angle approximation was employed for a 20° bent section
of the waveguide as depicted in Fig. 6.15. A computed mode profile of the
straight waveguide was launched into the curved structure as described in [144].
The bending loss values, in dB/degree of arc length, were obtained directly by
monitoring the decay of the mode power. The values were then scaled up to the

desired arc length.

The waveguide parameters used in both methods were identical and were

those of the devices used in the previous sections. Namely, the germanosilicate
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Figure 6.15: Waveguide layout model used for BPM simulation of bending losses
in curved structures.

core layer with 2.0 pum thickness (feten = 1.75 pm) and n=1.505 was used. The
lower and upper cladding layers refractive indices were both 1.465 at A= 1.55
pm. The results obtained for this structure with both analytical and 3D-BPM
methods are depicted in Fig. 6.16.

As it is evident from the figure, the bending losses decrease drastically for
radii larger than 1000 pm for the both simulation methods. The first note to be
made is that the bending losses were identical for TE and TM polarizations in the
both methods. The next remark is that there is a small systematic discrepancy
for the bending loss values between the analytical and 3D-BPM methods for radii
between ~750 and ~1500 pum. According to the analytical model (Eqs. (6.15)—
(6.19)) the bending losses are tolerable for radii larger than ~750 ym and cease
to negligible values for R 2 1000 pum. As for the 3D-BPM simulation results, on
the other hand, the bending losses become tolerable only at about ~1000 ym and

decrease slowly with increasing ring radius (see Fig. 6.16).

The apparent discrepancy between the bending loss results for the two meth-
ods can be understood if we take into account the limitations of the effective
index approximations itself. It is well known that the results of the effective in-

dex method become unreliable when it is implemented in cases of strong optical
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Figure 6.16: Bending loss results as extrapolated to 90° as a function of arc radius
as calculated both analytically and by 3D-BPM.

confinement. This situation occurs either when using high index materials or
when the waveguide is deeply etched [53]. The latter condition applies to our
structure since the 2 pm germanosilicate layer is etched by about 1.75 pm and
therefore the results obtained using this technique are to be treated with caution.
In conclusion, the results show that the ring radii of the final devices should be
larger than about ~750 pm with optimum R of about ~1100 gm in order to have

tolerable losses.

6.2.2.2 Coupling Coefficient Calculations

Upon making an estimate for the losses of ring resonators that include prop-
agation and bending losses, the next step is to determine the power coupling
coefficient (or factor), k, of the ring resonator. The coupling coefficients were de-
termined by making use of 3D-BPM simulations. The geometrical configuration

layout used in simulations is depicted in Fig. 6.17 (a). The power is launched into
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Figure 6.17: (a) Waveguide layout model used for 3D-BPM calculation of coupling
coefficients, k. (b) A sample simulation output for a device with a gap of 1 pm
and R=1000 pm.

the straight bus waveguide and a fraction of it is coupled into the bent section,
similar to the one used for bending loss simulations (see Fig. 6.17 (b) for a sample
simulation). The optical power is monitored at the both ends of the straight and
bent sections, being a direct measure for k. The amount of the optical power
coupled to the ring is critically dependent on the radius of the ring and the gap

distance between the bus waveguide and ring section.

The simulation results of the power coupling factor for various ring radii as a
function of gap length between the bus waveguide and ring section are summa-
rized in Fig. 6.18. The lower limit for the gap length was chosen to be 0.8 pm,
dictated by the lower limit of optical lithography tool available. The negligible
birefringence of the germanosilicate waveguides with the described geometry re-
flects itself in the results such that the coupling coefficients are identical for both
polarizations. The results show that the coupling coefficients are large enough
for our parameters and there is no need to incorporate any straight waveguide

sections in the coupling region (i.e. racetrack geometry).
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Figure 6.18: Coupling factors as calculated by 3D-BPM simulations as a function
of gap length for various radii.

In conclusion, the outcomes of the calculations are to be used for the device
design so as to adjust the gap between the ring and the bus waveguide in order

to achieve the desired coupling coefficients.
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6.2.3 Lithographic Mask Design Issues

Having made estimations for the propagation and bending losses together with
the power coupling factors for germanosilicate microring resonators of different
gap lengths and radii, the next step is to design a photolithography mask for
fabrication of the devices. The choice of the radii of the rings was done according
to bending loss calculations and were chosen to range between 750 and 1750
pm. The gap lengths between the bus waveguide and rings, on the other hand,
were chosen so as to achieve a coupling coefficient, , below the critical coupling
condition (Eq. (6.13)), i.e. under coupled. This was done with an aim as to have

the highest possible Q-values for the ring resonator devices (see Sec. 6.2.1).

The next restriction was the limited area of the mask which should include
the two step mask features. The first class of the patterns would be the ones to
be used for definition of the ring and waveguide structures and the second one
would include the upper-electrode patterns to be used for E-field application on
potential electro-optic devices. Considering all the above limitations the mask
design was made so as to include 16 devices in total. The geometrical structures
of the devices included in the mask are listed in Table 6.3. The layout of the
final mask is depicted in Fig. 6.19. The size of the final chip was intended to be
17 x 17, dictated by the size of Infrasil glass to be used as substrate for poled
devices. The usable area of the mask in the aligner device was of approximately
4 cm X 4 cm size. For optimum usage of the area, therefore, the mask was
divided into four parts with an area of about 2 cm x 2 cm each. The upper left
and upper right corners in Fig. 6.19 depict the mask designs for ring resonator
devices of two different chips. Five different radii with several gap lengths for
each were included, resulting in a total of 16 different devices. The distribution

of the ring resonator devices was done in order to maximize the area usage in

Table 6.3: The geometrical structures of the devices included in the photolitho-
graphic mask. Five different radii with several gap lengths for each were included,
resulting in a total of 16 devices to be placed on two separate chips.

R (um) | 750 | 1000 | 1250 | 1500 | 1750

gap (um) | 0.8,1.0,1.2 | 1.0,1.1,1.3,1.5 [ 1.0, 1.1,1.3,1.5 | 1.0, 1.2, 1.4 | 1.0, 1.3



CHAPTER 6. APPLICATION OF GERMANOSILICATE LAYERS ... 122

Figure 6.19: A two-step and two-chip photolithographic mask layout as designed
with MEMS L-Edit and used for fabrication of germanosilicate ring resonator
devices.

the most effective way. The separation between the ring and bus waveguide of
the adjacent devices had been varied between 75-100 pym in order to ensure no

optical power coupling among them (see Fig. 6.18), even for the slab modes.

The lower left and right corners in Fig. 6.19 show the mask design of the top
electrode structures for the two ring resonator device chips. The lower electrode
for the devices was aimed to be a full layer of ITO deposited below the lower
SiO, cladding and that of the upper electrodes was designed to have a geometry
as in Fig. 6.19. The ITO layer of the top electrode structure was aimed to lie
directly onto the waveguide of the ring structure and the pad was placed at the
center. In the region of coupling the electrodes were removed so as not to affect

the coupling coefficients. Additional alignment marks were included in the design
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of each chip in order to facilitate the right placement of the top ITO electrodes.

All the mentioned mask features were realized by a commercial integrated
circuit mask layout design program MEMS L-Edit™ [146]. The photolithographic
mask had afterwards been fabricated by Photronics UK LTD [147]. The mask
was fabricated on 4”7 x 4”7 quartz 1x master plate of 0.090” thickness. The
address unit during mask production was set to 25 nm and the minimum critical
dimension was 0.8 ym with a tolerance of +0.10 ym. The desired cleanliness of
the mask was maximum 1 defect/inch? over 1.0 ym. The mask was fabricated so
as to bear the mirror image of the final design transferred to a Cr layer on the
quartz mask and it had a 5-mm of clear window around the design in order to

ease the alignment process.

6.2.4 Fabrication of Germanosilicate Microring Resonator

Devices

The process of fabrication of the germanosilicate microring resonator devices is
identical to that of linear waveguides (see Fig. 6.4). As a first step, the ITO layer
of about 150 nm thickness is grown either on thermally oxidized SiO, layer or
directly onto Infrasil substrate. The next step is to grow the ~4 pm thick Si0,
lower cladding layer by PECVD (see Fig. 6.3). This layer is deposited using the
standard parameters of SiO, growth (Table 3.1). The germanosilicate core layer
is then grown by standard PECVD parameters and with a GeH, flow rate of 50

SCCII.

The lithographic process used to transfer the mask pattern to germanosilicate
layer was identical to that discussed in detail in Sec. 6.1.2.2. The etch depth of the
germanosilicate layer was about 1.75 yum. Fig. 6.20 shows the optical microscope
image of a 750 pum radius ring resonator with a gap width of 0.8 pum fabricated
as described above. A note should be made here on the fact that the photoresist
(PR) treatment process was slightly modified. With the standard spin rates of
5000 rpm for PR the best resolution obtained for the gap length was about ~1.2

pm. The negative photolithography steps were therefore modified so as to obtain
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R=750 um

gap=0.8 m

Figure 6.20: An optical microscope image of a 750 pm radius ring resonator. The
inset shows in detail the coupling region and the 0.8 ym gap between the bus and
ring waveguides, the widths of the waveguides are 3.0 pum.

the best possible resolution. The photoresist spin rates were increased up to 7000
rpm resulting in a thickness of about 1 ym. The edge beads of the chips were
removed prior to exposure which proved to be one of the critical steps towards

improvement of lithographic resolution.

After the definition of the waveguide and ring structures onto germanosilicate
layer, the upper S10, cladding of about ~4 pm in thickness was grown by PECVD
with standard growth parameters identical to the lower cladding layer. As for
the definition of the upper ITO electrode layer image reversal photolithography
was used. After patterning the photoresist, the ITO film was sputtered with
a thickness of about ~150 nm. The liftoff process was performed in acetone
for about 15 min. The resulting top ITO electrodes were of geometry the view
of which is given in Fig. 6.21. It represents a schematic picture of the ring
resonator device with the top ITO electrode structure. The insets show the
optical micrographs of the top ITO electrode layers placed onto the waveguide
ridge structures. The width of the waveguides is 3.0 pm, while the width of the

ITO layer residing on them is about 15 pum. These electrode are connected to
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Figure 6.21: A schematic picture of the ring resonator device with the top I'TO
electrode structure. The insets show the optical micrographs of the top ITO
electrode layers placed onto the waveguide ridge structures.

the pad with four smaller pads so as to enable uniform electric field application.
The diameter of the pads varies between 800 and 2000 pm. The size of the
final chips is about 2.5 cm x 2.5 cm. The optical cleavage of the facets was
done manually for the devices fabricated on oxidized silicon wafer substrates.
The devices fabricated onto Infrasil silica substrates were, on the other hand,

optically polished in Stanford University.

6.2.5 Measurement Results for Germanosilicate Ring

Resonators

The first step to be taken in the route of fabricating electro-optical ring resonator
devices based on germanosilicate dielectric was to determine the optimum struc-
ture operating in passive configuration. For that purpose, the ring resonator de-

vices were fabricated on oxidized silicon substrates with the geometry described in
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the previous section. After the manual cleavage of the chips they were mounted
on an integrated optics measurement setup, described in Fig. 6.9. As a light
source, unlike the measurements performed for straight waveguides, an external
cavity Santec TSL-320 tunable LD light source was used. The wavelength resolu-
tion used was 1 pm. The incoming light was coupled to the bus waveguides by a
lensed and tapered single mode fiber. The polarization of the light was adjusted
using a fiber polarization controller before being coupled to the device. The light
was out coupled by a microscope objective and then directed to a Ge photode-
tector or an IR camera (see Fig. 6.9). In addition, a polarization analyzer with

high extinction ratio was placed between the objective and the detector.

The measurement results of optical power as a function of wavelength for

some of the ring resonator devices are depicted in Fig. 6.22. The measured
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Figure 6.22: Transmission spectra results for some of the ring resonator devices
with different radii as a function of wavelength at TE polarization.
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Table 6.4: Summary of the measured characteristics of some of the germanosili-

cate microring resonators.

R gap Polarization FSR FWHM Finesse Quality Extinction
(um)  (pm) (pm)  (pm) Factor  Ratio (dB)
750 1.2 TE 345 78 4.44 2.0x10* 1.0
™ 345 63 548  2.5x10% 0.7
1000 1.3 TE 259 34 7.60 4.6x10% 2.2
™ 259 40 6.38 3.8x10% 1.8
1250 1.0 TE 207 o1 4.06 3.1x10% 2.5
™ 207 o1 4.05 3.0x10% 1.7
1500 1.0 TE 172 36 4.77  4.3x10* 3.3
™ 172 35 4.98 5.0x10% 2.2
1750 1.0 TE 147 40 3.69 3.9x10% 3.1
™ 147 46 3.23 3.4x10* 2.2

characteristics of some of the ring resonator devices are further summarized in
Table 6.4. The dots in the Fig. 6.22 correspond to the measured values, while the

lines are the fitted curves of the intensity relation for a single bus ring resonator

(see Sec. 6.2.1), i.e.:

2
Iout _ ‘Eout _ D2 « 11— (]. - IL‘2) X (1 — yj)
Lin E; (1 — 2y)? + 4zysin® (2)
where
D = (1-9)"
r = Dexp (—%L)
y = VI x
27rneff
= L
¢ A
with

ness o effective index

7 : intensity insertion loss coefficient (0-1)
L =27 R : circumference of the ring

« : attenuation coefficient of the ring

k : coupling factor.

|

(6.20)
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The fitting procedure was performed with a code realized in Mathcad providing

us with the critical parameters of the ring resonator devices.

As evident from the Fig. 6.22 and Table 6.4, the simulation and experimental
results are in a very good agreement. A steady decrease of the free spectral range
(FSR) from 345 pm to 147 pm was observed as the ring radii increased from 750
to 1750 pm. The best Finesse (F) and quality factors (Q) were obtained for rings
with radii of 1000 and 1250 pgm. The highest F' accompanied with high Q-value
was measured for the device with R=1000 pum and gap width (g) of 1.3 um (see
Fig. 6.23). Inspecting the figure, a good correlation between the measured spec-
trum and analytical function fit of Eq. (6.20) is evidenced. The extinction ratios
of the resonators were measured to be low, with the highest one being 3.3 dB.
This fact would point to two possibilities. Either the propagation losses of the
resonators are much larger than expected or the power coupling factors are lower

than calculated. In order to further clarify this point, we tabulate the measured
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Figure 6.23: Transmission spectra results and analytical function fit to a single
bus microring resonator with R=1000 pym and gap=1.3 pm at TE polarization.
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Table 6.5: List of some of the critical parameters for germanosilicate ring res-
onators. The simulated values correspond to the expected parameters based on
calculations and the experimental values are extracted from the fit of the an-
alytical function of Eq. (6.20) to the measured transmission spectrum of each
device.

Ring Radius (um) Parameter Simulation Experiment
750 (gap=1.2 pum) FSR 344 pm 345 pm
(Fex=0.76) K 0.20 0.08

Loss 13dB/ecm 15 dB/cm

Dot 1.4800 1.4800
1000 (gap=1.1 um) FSR 258 pm 259 pm
(Ker=0.58) K 0.34 0.09

Loss 6.0 dB/cm 7.1 dB/cm

Nef 1.4800 1.4801
1250 (gap=1.0 yum) FSR 207 pm 207 pm
(Ker=0.56) K 0.35 0.18

Loss 4.5 dB/em 7.6 dB/cm

Nef 1.4800 1.4800
1500 (gap=1.0 um)  FSR 172 pm 172 pm
(Ker=0.58) " 0.47 0.19

Loss 4.0 dB/cm 5.0 dB/cm

Neff 1.4800 1.4800
1750 (gap=1.0 um) FSR 148 pm 147 pm
(Kex=0.61) K 0.52 0.23

Loss 3.7dB/ecm 6.5 dB/cm

Nef 1.4800 1.4800

and simulated characteristics for the resonator devices in Table 6.5. In the table,
for each radius of the ring resonators with a given gap length, the parameters of
free spectral range (FSR), power coupling coefficient (k), propagation loss includ-
ing material and bending losses (Loss), and the effective index (neg) are tabulated.
The values of experimental column were found by performing an analytical fit of
the Eq. (6.20) to the measured transmission spectrum of each device. As for the
simulated parameters, they were obtained based on calculations described in Sec.
6.2.2 and the simulated loss values include both the calculated bending losses and
the propagation losses measured for germanosilicate waveguides (see Fig. 6.11).
In addition, for the calculated total propagation losses the values of critical power

coupling coefficients (k) are given in brackets, for each device.
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An excellent agreement between the foreseen and experimentally observed
values of the FSRs for each device is observed. The same excellent correspondence

is evidenced for the values of the effective indices of refraction, neg-.

As for the propagation loss values, the bending losses were estimated with two
different techniques, one using an analytical effective index approach and later
based on 3D-BPM simulations (see Sec. 6.2.2.1). The two techniques resulted
in quite different values of bending losses as a function of ring radius (see Fig.
6.16). Looking in the experimental propagation loss values listed in the table, we
conclude that the 3D-BPM results estimates were more accurate. In accordance
with the BPM estimations, the observed propagation losses decrease at the same
rate as calculated and are in reasonable agreement, with the measured losses

being a few dB/cm larger.

A considerable difference between the simulated and experimental results was
observed in the power coupling coefficient values, k. More than a two-fold dif-
ference was identified, with the experimental values being smaller. The method
of simulation used in this study was already proven to result in good estima-
tions and is not, therefore, considered to be the source of this apparent dis-
crepancy [144,148]. The decrease of the coupling factor dictated a more careful
analysis of the coupling region between the bus waveguide and the ring structure
in the resonator devices. A detailed optical microscope image of that region is

given in Fig. 6.24.

The figure depicts the coupling region between a 3 pm wide waveguides of
the bus and ring structures with a gap of 1.3 pm length in between. The left
inset of the figure shows the magnified portion of the coupling region. All the
fabrication steps for the device analyzed in the figure are completed. That is, the
upper silicon oxide and ITO electrode layers are present. During the PECVD
growth of the upper silicon oxide cladding layer a discontinuity region formation
was identified. This discontinuity region is highlighted in the right inset of Fig.
6.24 and is marked as @. The discontinuity region is formed because of the poor
step coverage of the upper silicon oxide layer during the PECVD growth. The

step coverage is expected to be even poorer especially in the coupling region,
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/@

Figure 6.24: Optical microscope image of the coupling region between the bus
waveguide and the ring structure in a resonator device with R=1000 pm and
gap=1.3 pm. The left inset of the figure shows the magnified portion of the
coupling region. The discontinuity region (trench) formed during the PECVD
growth of the upper silicon oxide cladding layer is highlighted in the insets and
is marked with @.

where the two waveguides are in close proximity and the discontinuity is proba-
bly enhanced. In the process of optical power coupling from the bus waveguide
to the ring waveguide and vice versa this discontinuity places a barrier and acts
as a scattering center for the electromagnetic radiation. This in turn, may result
in significant decrease in the optical power coupling factor and further increase in
the propagation loss. The decrease of the power coupling coefficient was slightly
effected also by the geometry of the waveguide, as well. Namely, during the fab-
rication the rib structure of the waveguide was over etched by about 0.1 pm.
According to the 3D-BPM simulations an over etching by this amount decreases
the coupling factor by less then 0.025, which is negligible compared to the ob-

served discrepancy.

As a result, all the above mentioned observations suggest that the main cause

for the discrepancy between the experimentally observed and the numerically
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simulated coupling factors, apparently comes about from the formation of a dis-
continuity region in the coupling part upon growing the upper oxide layer. This
discontinuity might further account for the slightly larger than expected propaga-
tion losses observed for all ring resonator devices. Although all the above referred
artifacts result in decrease of the extinction ratio for ring resonators, their quality
factors and finesse are appropriate and adequate in order to observe a possible

electro-optical operation.

In order to further investigate the effect of ITO electrode layers on the per-
formance of the microring resonator devices an additional study was performed.
Germanosilicate ring resonators were fabricated without the ITO layers and the
germanosilicate film was grown directly onto thermal SiO, layer. All the other
specifications of the devices were identical to the ones grown with ITO electrodes.
The main aim was to identify the contribution of ITO and SiO, layers on the
total propagation loss of the devices. The results obtained strongly confirmed the
decrease of the propagation losses, as expected. A sample measurement spectrum

is depicted in Fig. 6.25. The figure shows the transmission spectra results and
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Figure 6.25: Transmission spectra result for a microring resonator with R=1000
pm and gap=1.3 um at both TE and TM polarizations fabricated without the
upper and lower ITO layers.
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analytical function fit to a single bus microring resonator with R=1000 ym and
gap=1.3 pm at both TE and TM polarizations. As evident from the figure, the
slight shift of the drop wavelengths for TE and TM polarization is caused by
an effective index mismatch of about 4x 1075, proving the high sensitivity of the
device on effective index changes. This device featured decreased total propaga-
tion loss and high finesse and Q-factor. Namely, the total propagation loss was
determined to be about 2 dB/cm with Q=1.26x10° and Finesse of 20.4. These
values suggest a substantial increase of the device performance characteristics.
A comparison of the critical ring resonator parameters was done for the devices
fabricated with and without ITO layers and the results are plotted in Fig. 6.26.
The figure depicts the measured (a) Q-factors, (b) Finesse values, and (c) the cal-
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Figure 6.26: The measured (a) Q-factors, (b) Finesse values, and (c) the calcu-
lated propagation loss values determined from the function fitting for the ring
resonator devices fabricated with and without ITO layers. The lines are drawn
to guide the eye.
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culated propagation loss values for the ring resonator devices fabricated with and
without ITO layers. The loss values were determined by fitting Eq. (6.20) to the
measured data. The fitting procedure was performed with a code implemented in
Mathcad providing us with the critical parameters of the ring resonator devices.
The propagation loss values were also calculated by using the method of Adar et
al. [149,150]. In this method the total propagation loss including material and
bending losses is given by:

4.34
Loss = 6.25
T FxRx(1+y) (6:25)

where R is the ring radius, F' is the measured finesse, y is the coupling loss to
ring ratio calculated from the transmission minimum at resonance, 7),;, and the

loss is given in dB per unit length. Here, y is calculated from

1 E VT
and the smaller of the two solutions for y is used, corresponding to the larger
calculated loss [149].

(6.26)

The losses determined with the fitting procedure and by using Eq. 6.25 were
in a very good agreement. The results are depicted in Fig. 6.26 (c). As evident
from the figure, the highest propagation losses are that for the 750 ym ring radii

devices and show a steady decrease with increasing radius.

As expected, the devices fabricated without I'TO layers exhibit a drastic de-
crease in the propagation losses. This decrease in loss, on the other hand, ex-
presses itself in abrupt increase of both Q-factors and finesses of the devices, as
shown in Fig. 6.26 (a) & (b). Both of these values peak at R=1000 pym with
Q = 1.26 x 10° and F = 20.4. The same radius has maximum Q and F values
for the devices with I'TO, however being less profound. The observed peak can
be understood if we analyze, for example, the finesse of the devices. In order
to have large F (F=FSR/FWHM), the device has to both be low-loss (resulting
in small FWHM) and should have large FSR, i.e. small radius. The smallest
radius with relatively low loss, in our case, happens to be met for R=1000 pm,
in both the devices with and without ITO layers. Therefore, at this radius both

the finesse and quality factors of ring resonators show a peak. With increasing
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radius the rate of decrease of the propagation loss is less than the decrease in the
FSR of the device, thus resulting in reduction of the finesse and Q-factor of the

ring resonator devices.



Chapter 7

Conclusions

In accordance with the main goal of this work, that relies on the utilization
of silicon based dielectrics and their optimization for applications in integrated
optics, an emphasis was given to the compositional and optical properties of these

materials.

In the growth of silicon based dielectric films a standard PECVD technique
was employed. Using silane (2% SiH,/Ns), ammonia (N Hj), nitrous oxide
(N20), and germane (2% GeH,/He) as precursor gases it was possible to ob-
tain various films ranging from silicon oxide (Si0,), silicon oxynitride (SiON),
silicon nitride (SiN,), germanosilicate (Si0, : Ge) to germanate (GeO,), in-
cluding various combinations of them. Prior to this work the PECVD grown
silicon based dielectrics were known to exhibit relatively large propagation losses
in the communication wavelength (around 1.55 pym) and required an annealing
treatment. Because the annealing step in any potential technology would limit
its applicability and would increase the cost, one would be greatly interested in

fabricating the devices on low-cost as-deposited layers instead.

The compositional properties of the films in our study were investigated via
Fourier transform infrared (FTIR) transmission spectroscopy. Special attention
was given to the absorption band of N—H bond stretching vibration, since its first

overtone is known to be the main cause of the optical absorption at A=1.55 pm.

136
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In the first stage of our work we have investigated the compositional properties
of silicon oxide, silicon nitride, silicon oxynitride, germania, and germanosilicate
glasses and identified the germanosilicate dielectrics as the most promising can-
didates for use in integrated optics. Next, we focused on detailed quantitative
compositional analysis of the germanosilicate films. Compositional analysis us-
ing FTIR spectroscopy showed that the amount of N—H and O—H related bonds
exhibited a drastic decrease with increasing GeHy flow rate. N—H bond con-
centration of the films decreased from 0.43x10?2 cm =2 down to below 0.06x 1022
ecm ™2, by a factor of seven as the GeHy flow rate increased from 0 to 70 scem.
A simultaneous decrease of O—H related bonds was also observed by a factor
of 10 in the same germane flow range. This, therefore, pointed out to the fact
that careful optimization of the germanosilicate layers could result in low-loss

as-deposited dielectrics with potential applications in integrated optical devices.

Prism coupling technique has been used for characterization of the polariza-
tion dependent refractive indices and propagation losses at both A\ = 1.55 pum
and 632.8 nm. Our study was the first reported systematic study of propagation
losses for different-index planar waveguides. This study had striking results in
which planar waveguides fabricated with germanosilicate core layers showed the
lowest propagation loss values reported so far for as deposited films at A\=1.55
pm, eliminating the need for costly and cumbersome annealing process. Specifi-
cally, the propagation loss values for TE polarization at A=1550 nm were found
to decrease from 0.32 +0.03 down to 0.14 +0.06 dB/cm, as the germane flow
rate increased from 5 to 50 sccm, respectively. Furthermore, the decrease in the
propagation loss of germanosilicates has been correlated with the decrease of the

N—H bond concentration incorporated within the layers.

In the course of our study the prism coupling technique has been used ex-
tensively. Prism coupling measurements are often complicated by the softness of
the films under investigation when stress is applied to the prism to couple light
into the waveguides. Although this technique has been used for more than 30
years, the dependence of the refractive index, film thickness, and birefringence on
the applied stress was not examined. The applied pressure was found not to be

important if the waveguides investigated have hardness comparable with that of



CHAPTER 7. CONCLUSIONS 138

the prisms (glass) used, e.g. germanosilicates. However, the effect of the applied
stress is expected to become pronounced when ”softer” layers are to be analyzed
by prism coupling method (PCM). We have faced such problems during our study
and due to lack of necessary investigation in the literature we have focused on
the problem. A new approach was proposed for elasto-optic characterization
of thin polymer films, making use of the well known prism coupling technique.
This completely new method allows us to determine the optical anisotropy and
out-of-plane mechanical properties and to correlate both in order to obtain the
elasto-optical properties of thin polymer films, for the first time. Results of 3D
FEM analysis together with the refractive index measurements were applied to
the Neumann-Maxwell stress equations in order to obtain the elasto-optic coef-
ficients for the PS, PMMA, and BCB thin films. To the best of our knowledge,
these values are the first reported results for thin film polymers. In contrast with
the measurements of elasto-optic coefficients made under tensile stress conditions
for bulk polymers, it was found that the applied stress in the out-of-plane direc-
tion of the thin films investigated leads to negative elasto-optic coefficients, as

observed for all of the three thin polymer films.

The investigations of optical properties of germanosilicate films continued with
a focus on their nonlinear properties. Of interest as potential electro-optic de-
vices, we have concentrated on thermally poled low-loss germanosilicate films
deposited on fused-silica substrates by PECVD. In close collaboration with a
group at Stanford University we have shown that nonlinearity profiles all exhibit
a sharp peak ~0.5 um beneath the anode surface, followed by a weaker pedestal
of roughly constant amplitude and same sign down to a depth of 13—16 um.
After optimizing the germane flow rate during deposition, the film thickness, and
the poling time for maximum peak nonlinearity, we demonstrated a record peak
nonlinear coefficient of ~1.6 pm/V, approximately twice as strong as the high-
est reliable value reported in a thermally poled fused silica glass. These results
were important as they open a route for design of electro-optic devices based on

thermally poled germanosilicate thin films.

Having optimized the compositional and nonlinear properties of germanosili-

cate dielectrics, we have demonstrated several applications of this technology in
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the field of integrated optics. Since optical waveguides constitute the building
blocks of many integrated optical devices, we had first concentrated on design
and optimization of waveguides employing germanosilicates as the core layers.
The waveguide structure was designed to have bottom and lower ITO electrode
layers so as to allow their application in potential electro-optic devices. The effect
of ITO layer and lower and upper cladding SiO, thicknesses on the propagation
losses was investigated. The results suggested that the increase of the thickness
of the upper and lower cladding layers had significantly reduced the propaga-
tion losses for both polarizations due to the decreasing overlap of optical mode
with the absorbing ITO layers. This reduction of loss was quite significant (of
the order of 2 dB/cm). The germanosilicate waveguide devices containing ITO
electrodes and as-grown SiO, cladding layers were tailored an optimized with
propagation losses of about 2 dB/cm, which although not being small, is suitable

for demonstration of possible electro-optic application.

The final step of our work was to design and implement microring resonator
devices based on germanosilicate layers having high finesse and quality factors. A
systematic design study was carried out in order to determine the device geom-
etry best suitable for our purposes. The ring resonator devices were fabricated
on oxidized silicon substrates with the geometry identical to optimized linear
germanosilicate ridge waveguides. The variation of critical parameters such as
Q-factor, finesse and propagation loss with ring radii was analyzed. All the de-
vices were designed to operate in an under coupled condition so as to obtain the
maximum possible Q-factor for the ring resonator devices. In this respect, the
effect of the bottom and lower I'TO electrodes was also investigated by analyzing
and comparing with the microring devices fabricated without them. As a result
we have obtained maximum Q-factors of about 5x10* and finesse of about 7.6
for microring resonators fabricated with ITO electrode layers. As for the devices
fabricated without the electrodes, the corresponding values showed an abrupt
increase reaching a Q-factor of 1.26x10° and a finesse of 20.4. As a result of
this study, in both types of the devices, the rings with radii of 1000 pum were
identified to be the most suitable ones for a possible electro-optic microring res-

onator. Finally, an attempt to implement the observed electro-optic activity in a
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ring resonator was made. However, difficulties in the final stages of fabrication,
in particular facet preparation, did not allow for testing of the active device. As
a concluding remark, we have performed a thorough optimization study of ger-
manosilicate microring resonators resulting in determination of the optimum ring
structure and geometry suitable for utilization of these devices in electro-optic
modulators. As a future direction, implementation of the results of this work
should lead to fabrication of the first silica based electro-optic modulators. In
this regard, this work can be considered as an important contribution to the in-
tegrated optics community. The realization of an electro-optic modulator based
on silica dielectrics would have a very high impact on the current state of the

information technology.

Finally, my PhD work has resulted in six journal and ten conference publi-
cations (see Appendix A), all of which are peer reviewed, with one additional

accepted article and one patent application.
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