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Abstract

The development of information and telecommunication technology
rests upon an ever-increasing speed of information processing and transfer.
Nonlinear organic materials have been shown to be appealing candidates for the
mentioned technologies for the development of optoelectronic and photonic
devices. Currently a considerable effort is devoted towards research and
characterization of new organic materials for electro-optical applications as
well as to development of new types of active waveguide device designs.

In this contribution the author of this thesis presents the results obtained
during the implementation of methods for characterization of linear and non-
linear optical properties of waveguides, the waveguide poling investigations
and the development of a waveguide modulator design.

Keywords:  nonlinear  optics, organic  materials,  material
characterization, waveguides
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List of abbreviations

A — absorption coefficient

AC — alternating current

ATR — attenuated total reflection

BPM — beam propagation method

C — concentration

CAMFR — CAvity Modelling Framework
CMOS - complementary metal-oxide—semiconductor
diik — NLO coefficient

DC — direct current

DMABI - dimethylaminobenzylidene-1,3-indandione
DWDM - dense wavelength division multiplexing
E; — electric field intensity

EME — eigenmode expansion

EMF — electromagnetic field

EO — electro-optic

FDTD - Finite-Diference Time-Domain
f — frequency

FEM — finite element method

IT — information technology

ITO — indium tin oxyde

k — extinction coefficient

kg — Boltzmann constant

K-K — Kramers-Kronig

| — waveguide thickness

L — Langevin function

LI — lock-in amplifier

LNB — lithium niobate

MR — multiple internal reflection

MZI — Mach-Zehnder interferometric

n — refractive index

N — complex refractive index

nes — effective refractive index

NLO - nonlinear-optical

P; — induced polarization in a material
PMMA — polymethyl methacrylate

PS — polystyrol

PSU — polysulphone

riik — EO coefficient

SEM — scanning electron microscope
SHG — second harmonic generation

SG — Savitzky-Golay filter

SOI - silicon-on-insulator



SP — Silicon photonics

t—time

T, — glass transition temperature

TC — thickness change

TDM - time division multiplexing

TM — Teng-Man

TPL — two-photon excitation luminescence
WDM - wavelength division multiplexing

W, . — chromophore-chromophore electrostatic interaction energy
O - light incidence or propagation angle

a;; — first order molecular polarizability

Bii — second order molecular polarizability

y — propagation constant

K, — Wavevector

A —wavelength

Mo — dipole moment of a molecule

ui — induced dipole moment of a molecule

o — Fresnel coefficient

xi™ — first order susceptibility

2iic® or y? — second order susceptibility

¢ - splitting angle of the Y-coupler in the MZI modulator
w — angular frequency

<cos®9> — noncentrosymmetric order parameter



1. Introduction
1.1. Motivation

Over the last couple of decades photonics-related research and industry
have been growing rapidly. According to Photonics21 (the European
Technology Platform for photonics) Multiannual Strategic Roadmap 2014 —
2020 [1], in the nearest future, photonics will have the main role in the growth
of measurement technology and informatics. It ought to overcome limitations
of electronics in computers through optical computing as well as to provide
cheap and effective solutions for optical communications, sensing etc. The field
of information technology (IT) has been benefiting greatly from the
development of optical communication technology since the first demonstration
of the low loss (20 dB/km at 546 nm) optical fiber 1979 by Kapron, Keck and
Maurer [2]. The field of optical communications has been developing
exponentially ever since. According to the report provided by Cisco, in 2013
the optical communication networks ensured data transmission rates at
approximately 1.6 exabytes per month mainly due to the upload and download
of visual content such as videos and images [3]. The same report states that the
actual demand for data transmission rate is anticipated to exceed 120 exabytes
per month in the year 2017. To meet these requirements, new dedicated data
transmission solutions will be necessary. In the device level, the growth in data
transmission rate may be obtained either:

e through sharing the bandwidth of a single transmission channel

among several users via Wavelength Division Multiplexing
(WDM), Time Division Multiplexing (TDM) and other
techniques [4]; or

e through increasing the speed and efficiency of the individual

electro-optically (EO) active elements of the network.

In the field of multiplexing one of the most perspective techniques for
high data rate transmission is the Dense Wavelength Division Multiplexing
(DWDM). In the DWDM, each signal in one channel is assigned to a different
wavelength. The reason why it is called ,,dense” is due to the fact that the
wavelength of each signal that carries information is located very close to each
other. Most common standards now include channel spacing of 100 GHz or 50
GHz, while, a sophisticated 25 GHz DWDM was demonstrated more than a
decade ago [5]. Lower channel spacing will require accurate tuning and locking
the carrier frequencies [6], which is not a simple task to solve and involves
development of new type of devices and materials.

A breakthrough will also have to be achieved in performance of the
individual elements of the network. One of the critical elements that determines
the data transmission rate in the network is the EO modulator. It uses electrical
signal to modulate the light intensity or phase. Such modulation can carry



information over optical fibers in both the long-haul and the short-haul
communication networks.

The further illustration of the current trends, achievements and issues in
the development of EO modulators will be given on the example of Mach-
Zehnder interferometric (MZI) type — modulator. The MZI modulator type
devices are widely applied in the field of photonics and are currently employed
in the commercially available data transmission devices. A schematic
illustration of an MZI modulator is shown in Fig. 1.1. The basic principle of an
MZI waveguide modulator is the following. The light is coupled into a
waveguide and then split into two arms of the MZI using a Y-shaped splitter.
The light travels through both of the arms of MZI and then is coupled in a
single waveguide using a Y-shaped coupler. In the waveguide the light
interference takes place. The light intensity at the output of the MZI depends on
the difference between phases of the light that has travelled through both MZI
arms. The light phase variation in one of the arms of waveguide MZI would
result in a light intensity change at the output of the MZI waveguide modulator.
Such phase variation can be obtained through refractive index alteration. This
can be achieved by an EO effect in which the refractive index of a nonlinear-
optical (NLO) material varies in response to the applied external electrical
field. For EO modulation of light phase, an optically intrinsic material is
necessary.

Waveguide
Light Light
input output

Electric field

EO active waveguide

\ Electrode

Fig. 1.1. A schematic illustration of an MZI modulator (top view).

For the mentioned application the current standard is to use lithium
niobate — LiNbO3z (LNB), which is a nonlinear crystalline material [7]. The
light waveguiding structures in the LNB crystal are traditionally formed by a Ti
(see Fig. 1.2.A), Zn or MgO ion indifussion or an annealed proton exchange
process [8,9]. Such processing allows increasing the refractive index along the
desirable light path and thus the waveguide formation. Since the refractive
index contrast between the processed and unprocessed parts of LNB is small,
the waveguides should be formed at the size of around 10 um in diameter in
order to be able to guide the light [9]. Moreover, the lower the contrast of the
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waveguide core (e.g., Ti doped LNB) and cladding (LNB) refractive indices,
the higher is light the propagation loss at the waveguide bends [10]. This factor
also determines the size of the LNB device.
There are several properties of a LNB waveguide modulator that have
made it a long-lasting technology. The LNB modulators are extremely reliable
over long periods of time, have stable operation over a wide temperature range,
enable the light coupling and propagation loss to be low for visible and infra-
red communication wavelengths [11]. However, there are multiple downsides
to this material and the associated technology. Firstly, the EO coefficients of
the LNB are rather low, but the dielectric constants are high. Due to the low EO
coefficients of the LNB, the waveguide device must be made longer — typically
up to 10 cm — in order to obtain considerable EO modulation at low
voltages [9]. At this modulator size due to the capacitive nature of the
modulator it operates as a frequency filter lowering the amplitude of the
modulating electric field at high frequencies. Therefore, in order to reach the
GHz modulation, the modulator has to be operated in a travelling-wave regime.
In this regime the modulating electrical wave travels along with the optical
wave in the waveguide causing EO modulation where the waves overlap.
Unfortunately, at the GHz frequency range i) the high dielectric constants of the
LNB lead to a mismatch between the optical wave and modulating wave to
appear and ii) an increasing dielectric and electrode loss begin to dominate the
drop in the optical response [7]. Due to the mentioned effects, the LNB based
devices have a potential to operate only up to around 100 GHz range [12].
Secondly, the cost of manufacturing and implementation of LNB optical
elements in photonics integrated circuits is high mainly due to the difficulty to
integrate them with other semiconductor materials.
Nevertheless, LNB modulators are still discussed in the literature. In the
last two decades most of the LNB modulator concerned scientific work is
aimed towards:
e optimizing the LNB design — finding location of electrodes with
respect to the waveguide core, waveguide sizes, etc. for the best
device performance [8,13-16];

¢ finding modulation formats for highest bitrate [17];

e demonstrating new ion-implantation techniques which increase the
device efficiency [18]

However, only little increase of the overall LNB modulator performance
has been achieved lately. The requirements towards higher speeds and a smaller
footprint have made scientists and engineers to look for alternatives to the LNB
modulator technology. It is important to note that several good theoretical LNB
modulator simulation and bandwidth estimation models have been
developed [19-21]. These models are now being successfully applied for EO
modulator designs that employ different materials such as barium titanate [22],
silicon [23] and polymers [24,25].



Alternative trends in the field of EO waveguide photonics have been
emerging lately. One of such is the Silicon Photonics (SP) which is considered
to be started by Richard Soref in the late 1980s [26]. The SP was firstly defined
to use crystalline silicon for building optical waveguide elements, however,
almost all of the group I, IV and V elements and their alloys are being
implemented nowadays.

The fundamental element in SP is the silicon waveguide (see Fig. 1.2.B)
which is made on a silicon-on-insulator (SOI) wafer by a complementary
metal-oxide—semiconductor (CMOS) fabrication process. The SP has many
good qualities that suggest that it could become a standard for building devices
for optical communications: it is spectrally compatible with the Silica optical
fiber used in the optical communication networks, the high refractive index of
silicon allows formation of submicron waveguides with small-radius bends thus
enabling to build very dense structures on a single chip [27]. Importantly, SP
can be processed using the well-established CMQOS fabrication process which is
the cheapest in terms of price-per-chip manufacturing and allows photonic and
electronic integration on a single chip.

However, one of the early problems with the crystalline silicon was its
centrosymmetricity (silicon has a cubic lattice structure). This means that
originally it does not inherit the EO activity. A solution was again provided by
Soref in his work in 1987 where he suggested using the free-charge-carrier-
induced electro-absorption and electro-refraction [28]. The index change speed
is fast — within the picosecond range [29]. However, high absorption values of
doped Silicon as well as high temperature sensitivity have made scientists and
engineers to look for alternative EO modulation and switching effects
compatible with SP, such as the Franz — Keldysh effect [30], quantum confined
Stark effect [31] or EO effect in NLO polymers [32]. From the waveguide
preparation cost and integration point of view, the SP is the most mature
technology. A single chip along with modulators may also include germanium
and silicon photodetectors, multiplexers, light couplers etc. [29].

Another significant drawback to the silicon waveguide is its very high
absorption coefficient for wavelengths below 1100 nm, thus the silicon
waveguides cannot be used for the visible range. The waveguide operation in
the visible range would be relevant for various applications such as inter-
connects [33] and photonic spectrometers [34]. One of the currently most
popular suggested solutions that would enable the operation of the SP
waveguide devices in the visible range would be to use silicon nitride for
guiding light (see Fig. 1.2.C.) on the chip [35]. It has the advantage of being
transparent in the visible range, being compatible with the CMOS processes,
having a high refractive index and being NLO active [36]. However, there are
also drawbacks to silicon nitride as a waveguide material. Silicon nitride-based
waveguides can reach only limited thickness. Due to intrinsically high film
stress of silicon nitride, cracks appear for waveguides that are thicker than 400
nm [37]. Only very recently an improved silicon nitride crack-free waveguide
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preparation method has been proposed [38]. Unfortunately, the prepared
waveguides still suffer from high light propagation loss due to light scattering.

Possibly one of the cheapest and most effective solutions for creating
EO active waveguide devices would be to use NLO organic materials along
with silicon. Modulator designs that implement various types of materials, e.g.,
silicon and polymer, glass and polymer, in the literature are referred to as
hybrid designs. The NLO organic materials are particularly interesting for
application in the hybrid designs due to their multiple advantageous properties
such as low cost, low dielectric constants, high nonlinearity (up to 300 pm/V)
and fast response [39,40]. The most straight-forward implementation of a
polymer in the SP would be to use the NLO active polymer as a cladding on the
silicon waveguides (see Fig. 1.2.D) [41,42]. However, due to the high refractive
index of silicon only small part of the guided light will penetrate the EO
polymer and “feel” the refractive index change due to the EO effect. To
increase the overlap between the guided light and the EO polymer, a design that
comprises a silicon slot waveguide filled with the EO polymer has been
recently suggested [12,32,43-49]. The high overlap between the light and the
EO polymer results in very effective switching — the ON/OFF switching
voltage is below 10 V per 1 mm of modulator length and switching is possible
at least up to 60 GHz for a modulator with length of a couple of mm [32]. It is
worth mentioning that these operation parameters are obtained with a polymer
with rather low EO coefficients of 20 pm/V. Clearly the efficiency of the
modulator could be increased several times if a highly nonlinear polymer was
implemented in the design. There are several drawbacks to the slotted EO
active waveguide design that is displayed in Fig 1.2.E. The slot is only a couple
of hundred nm wide [46] and, even though it is not emphasized in the literature,
filling it with a polymer could be rather tricky due to limited adhesion between
the polymer and silicon. Also, the slot should be prepared with high precision
in order to have low light propagation loss. Moreover, due to geometry of the
waveguide only horizontally polarized light can be guided [49]. This means
that if the waveguide application requires coupling of randomly polarized light,
additional light coupling loss will take place.

A different approach of preparing hybrid EO active waveguides has
been introduced and demonstrated by a group led by Robert A. Norwood [50—
54]. The suggested designs employ organically modified sol-gel and polymer
waveguides (see Fig. 1.2.F.) that could operate in the visible and infra-red
ranges. The light is firstly coupled in a waveguide that is made of a sol-gel
material, from which it is afterwards coupled in a NLO active polymer
waveguide using a highly efficient adiabatic taper. According to results in the
literature at the moment such waveguide designs have the smallest coupling
and propagation losses. Waveguide with the principal setup such as
demonstrated in Fig. 1.2.F. has been made employing only polymer
materials [55-64]. The proposed waveguides could operate a wide optical range
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and be very effective. However, the downside of a such design is the cost of
preparation which involves multiple lithography and coating steps.

Si SiN,

Ti:LiNbOa\ Sioi\. |_4/ Sioi\ |_4/

4 / 4
LiNbO, Si Si
A. B. C
EO polymer EO polymer Glass/Polymer
sio, poly! o sio, poly! o y! E(/Z) polymer

\\\\ ‘
A

2 2 2

/

Si Si Substrate

D. E. F
Fig. 1.2. Cross-section of various suggested and employed waveguide designs
for application in waveguide modulators. A. A Ti:LiNbO; waveguide in
LiNbO3. B. A silicon waveguide made on a silicon-on-insulator (SOI) wafer. C.
An EO silicon nitride waveguide built on a SOl wafer. D. A hybrid EO
waveguide design comprising silicon and an EO polymer as cladding. E.
Currently the most effective hybrid silicon and EO polymer design comprising
a silicon slot filled with an EO polymer. F. Designs that employ EO polymer
on glass waveguides or EO polymer on polymer waveguides.

The recent trends clearly outline the fact that EO polymers are
considered more and more for application in EO waveguide modulators mainly
due to the low cost and high efficiency. Even though one of the first sub-volt
EO modulator designs that employed an EO polymer was already presented
almost two decades ago [65], the organic EO material has not yet become a
standard element in the commercially available EO modulators. There are two
main reasons why this has not happened.

Firstly, a major issue with organic EO materials is their thermal and
photo-stability [66]. The organic material is thermally stable well below its
glass-transition temperature which usually does not exceed 200°C. A
commercially available standard EO modulator that comprises an EO organic
material would have to comply with the Telcordia standards [67]. The
Telcordia standards include the general requirements, such as efficiency,
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thermal and mechanical stability, for passive and active waveguide components
in EO modulators that are used in conventional communication systems. At the
moment the available EO active organic materials do not pass the Telcordia
tests. Secondly, the EO organic material based designs that have been proposed
and demonstrated up to now are either too expensive or have insufficient
efficiency.

Due to the reasons mentioned above, a considerable effort is devoted
towards research and characterization of new NLO organic materials as well as
towards the development of new type of EO modulator designs. The mentioned
tasks are complicated and involve multidisciplinary research in the field of
electronics, photonics and chemistry.

The principal and logical levels or steps for the development of an
organic material based EO modulator could be the following.

e Molecular engineering — in this step the NLO molecules and their
organizations are identified. The recognition of NLO molecules is
based on the knowledge of specific molecular features, such as
electron donor and acceptor strength, length of the conjugated
bridge etc., as well as on the results of Quantum Chemical
calculations [68].

e Material synthesis — in this step the NLO material is synthesized.

e Preparation of the material — the synthesized organic NLO material
usually (except for some class of crystallic or self-assembling
organic materials) requires poling [39]. Poling is a process in which
the macroscopic nonlinearity in the material is obtained.

e Investigation of the material — in this step the linear properties
(refractive index, absorption) and NLO optical properties
(microscopic and macroscopic nonlinearity) of the prepared
material are determined.

e Development of the EO device preparation technology — the EO
modulator design is identified on grounds of available material
preparation technology, material properties and results of numeric
simulations.

e Demonstration of the operation — after the EO modulator is
prepared, it is tested for stability, switching speeds and voltages.

The results obtained in each of the mentioned steps have crucial effect
on the further advancement of the EO polymer modulator technology. Major
research groups actively participate and contribute to each of the listed levels.

1.2. Main objective and tasks

The main objective of this PhD thesis was to perform theoretical and
experimental investigations of NLO active organic glass waveguides. The
following tasks were put forward:

13



- implement and develop optical methods for characterization of linear
properties of EO active organic glass waveguides;

- perform investigations of organic EO active waveguide poling with
corona triode;

- implement and develop methods for characterization of non-linear
properties of EO polymer waveguides;

- develop a EO waveguide modulator design and preparation
technology that comprises organic glass waveguides.

1.3. Scientific novelty

For the first time it is demonstrated that the Abelés matrix formalism
can be used for the retrieval of the EO coefficient values from the experimental
data obtained by Mach-Zehnder interferometric and Teng-Man methods.

A novel type of hybrid SOI/polymer modulator design and preparation
technology is presented. The design and preparation technology is currently
pending an EU patent ,Electro-optic modulator and method of fabricating
same” (EP13196563).
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1.7. Author’s contribution

The main results of this PhD thesis are described in 8 scientific papers
[P1-P8] and presented in international and local conferences [C1-C13]. The
author was the corresponding author of published and submitted articles as well
as for the conference presentations.

A major part of the considered results were obtained by the author. The
author:

o implemented and tested the optical setups used for characterization of
linear optical properties;

e implemented and tested the Mach-Zehnder interferometric and Teng-
Man method for correct measurement of EO coefficients of organic
thin films and developed a numerical solution based on the Abelés
matrix formalism for the retrieval of the EO coefficient values from
the experimental data obtained by Mach-Zehnder interferometric and
Teng-Man methods;

e took considerable part in the implementation of the attenuated total
reflection technique used for the measurement of thin organic film
EO coefficients — developed the optical and electrical setups as well
as the methodology for correct interpretation of the EO
measurements;

e took considerable part in the thin organic film poling investigations —
performed the optical and second harmonic imaging measurements,
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performed corona triode device optimization, took part in the analysis
and interpretation of the experimental results;

e took considerable part in the development of a hybrid SOIl/polymer
EO modulator, solely performed the numerical simulations and
experimental characterization.

1.8. Preface to further chapters

The further chapters are prepared and arranged according to the logical
steps that should be taken in the EO organic material research and the
development of an organic material based EO modulator.

The author begins the presentation with the theoretical background
necessary for the comprehension of the field of optical waveguiding and
nonlinear optics. Only the very essence and key terms of the fields are
presented.

Afterwards the author presents the results of linear optical, material
poling and nonlinear optical investigations of EO waveguides which are the key
elements in the waveguide EO devices. These chapters hold information that is
required for correct characterization of used materials as well as for obtaining
high quality NLO active organic thin films.

Finally, the author presents a new type of hybrid SOIl/polymer EO
waveguide modulator. The basic concepts, preparation steps, results of
numerical simulations and experimental measurements are presented.
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2. Theoretical background

The aim of this chapter is to provide the reader with the information on
the basic wave-guiding principles and waveguide parameters that are used for
their characterization as well as to give some insight in the origin of optical
nonlinearity in organic materials.

2.1. Principles of light waveguiding

An optical waveguide is a structure that is used for confining light and
directing its propagation. There are multiple reasons why optical waveguides
are used for transferring light signals [69]. Some of the most significant
advantageous properties are the following:

e light in the optical waveguides can propagate at long distances

without losing energy;

e depending on the optical properties of materials, the cross-section of
the optical waveguides can be very small (<1x1 pum), meaning that
the waveguide based devices can have a very small footprint;

¢ the high light confinement in the waveguide provides the possibility
to observe enhanced NLO properties of the material.

The total internal reflection effect is used for light confinement in the
waveguide. The light refraction and the reflection at the boundary of two
different media obey the Snells law which states that the ratio of the sines of the
light incidence and refraction angles is reciprocal to the ratio of light refractive
index in the two media. The Snell’s law can be written in a form

nysin(6,) = n,sin(6,), (2.1)

where 6, and 6, are the angles of incident and refracted beams,
respectively, n; and n, are the refractive indices of the respective media (see
Fig. 2.1). We will assume that the light propagates from a medium with a
refractive index n; into a medium with a refractive index n, and that the
condition n;>n, is satisfied. In such case there exists a specific angle called the
critical incidence angle 8,=6. at which the sine of 6, is equal to one. Then from
(2.1) the critical incidence angle can be estimated by

6, = arcsin (Z—i) (2.2)

Then, depending on the light incidence angle 6, three specific light
refraction cases can be outlined: 8,<8., 6,=0., 6:>0.. These cases are illustrated
in Fig. 2.1. In the first case #,<6, light is simply refracted from the medium 1
into the medium 2. In the second case when 6,=6, the refracted beam travels
along the interface of the media. If the #,>0., the total internal reflection effect
takes place. The characteristic property of this effect is that the efficiency of the
reflection is very close to one, thus the optical loss during the reflection is close
to zero.
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A. B. C.
Fig. 2.1. Refraction of light at the boundary of two media with refractive
indices ny and n, so that n;>n,. A. When the incidence angle @, is smaller than
the critical incidence angle . the beam is refracted at 6,<90°. B. When 6,=6,
the beam is refracted along the material boundary. C. In a case when 6,>6,, the
beam is internally reflected.

The total internal reflection effect is used for trapping the light in the
waveguide. Usually, to illustrate the basic idea the most simple of waveguide
structures, which is a planar waveguide, is described. A planar waveguide
guides the light only in one dimension and is illustrated in Fig. 2.2. The
waveguide core has a refractive index n; which must be higher than that of
claddings n, and ns in order for the structure to guide light. We will also
assume that n, < ns. An optical structure can operate as a light waveguide if
there is a sufficient refractive index contrast between the core and the lowest
refractive index cladding material and the core is sufficiently thick [69].

From the geometrical optics point of view we expect the light to be
guided if the incidence angle 6, is greater than the critical angle 6. or ;>0 (see
Fig. 2.2.A). However, as will be shown later, the light is actually guided in the
waveguide only at specific resonance 6;. These guiding conditions are
attributed to waveguide modes and can be obtained by solving electromagnetic
equations of a guided wave. The electromagnetic wave equations are obtained
from Maxwell’s equation and can be found in any devoted textbook [69,70].
Only some of the characteristic features and the solution will be outlined in the
following paragraphs.

In the waveguide for the propagating light two possible light
polarizations have to be considered. In case the propagating light wave has an
electric field component in the xz plane, the waveguide mode is called the
transverse magnetic mode. The mode is called the transverse electric mode if
the electric field is polarized along the y axis (into the page). Both cases are
illustrated in Fig. 2.2.A. For the transverse electric case the electromagnetic
wave equation becomes

V2E, + kZnfE, =0, (2.3)
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where electric field intensity E, indicates that the light is polarized in the
y direction, «, is the wavevector in vacuum and is equal to 2z/, n; is the
refractive index n;, n, or n; depending on the location. For the transverse
magnetic case the equation (2.3) should be rewritten for the magnetic field
value H,(x). Due to the translation invariance of the problem along z, we expect
to look for the solution (2.3) in the form

E,(x,2) = E,(x)e™7, (2.4)

where y is the propagation constant along the z direction and is the
eigenvalue of solution of equation (2.3).

.
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Fig. 2.2. A planar waveguide consisting of a core with a refractive index n; and
thickness | and claddings with refractive indices n, and n; so that n, < ns;. A.
Geometrical optics representation of light guiding. B. Wave optics
representation of light guiding — the light intensity also referred to as mode
pattern plotted against the z axis, the mode propagates along the z axis.

The solution to (2.3) will give the light electric field E, distribution over
the waveguide. The light intensity distribution in the waveguide (see Fig. 2.2.B)
can be obtained by calculating the square of E,. For the identification of
waveguide modes, it is also valuable to use the effective refractive phase index
Net.p instead of the propagation constant p. The effective refractive index nNeg.p is
more intuitive to operate with. It can be calculated by equation (2.5):

Nep_p = :—o = n,cos(0,). (2.5)

The reason one would want to operate with ng., is related to the
characteristics of the guided mode condition. The guided mode solution exists
only to such effective refractive phase index ne., (2.5) which is lower than the
refractive index n; of the waveguide core and higher than the refractive index
of the cladding:

max(ny;n3) < Nep_py < Nyq. (2.6)

Thus only discrete values of ng., in the range defined by (2.6) are
allowed.
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During the waveguide simulations it should also be taken into account
that the light that is coupled into the waveguide has a certain bandwidth.
Consequently, to characterize the waveguide modes, the effective refractive
group index nerq has to be used instead of the effective refractive phase index
Net-p [71]. The Nnetq is a function of ner, and can be calculated by equation (2.7):

Ongr_
nef_g = nef_f -1 ;; f. (27)

The ngt.4 takes into account the dispersion of the waveguide. It should be
noted that ne.,~ne., for the first modes (modes with the highest ng,) of a
multimode waveguide if the refractive index of the waveguide core material
n(4)=const. However, for very small single mode waveguides the difference
between group and phase indices can become significant [72]. To facilitate the
reading the effective refractive group index net.q of the guiding mode is referred
to as the effective refractive index nes.

The solution to waveguiding problem (2.3) for a simple slab waveguide
can be found by solving transcendental equations graphically or numerically.
Analytic solutions for two-dimensional waveguides are based on rough
approximations, thus are usually solved numerically by finite element
methods [69].

2.2. Rectangular waveguides

In previous paragraphs some of the most important parameters used for
characterization of the waveguiding condition were shown. The actual
integrated optics devices (see Fig. 1.2.) employ waveguides such as buried
waveguides, rib waveguides, ridge waveguides and others that confine light in
two dimensions [73]. Usually, before developing an integrated optical
waveguide device, analytical and numerical simulations are performed in order
to solve packaging issues, find optimal parameters for maximal device
efficiency etc [72]. Such nontrivial tasks involve calculating the effective
refractive index, mode shape and light propagation characteristics such as
propagation loss. In the following paragraphs the main tools for performing
waveguide and waveguide device simulations that have been used in this work
will be briefly described.

2.2.1. Mode solvers

For finding the effective group indices and the shapes of the guiding
modes in rectangular waveguides, devoted mode solving tools or mode solvers
are used. The mode solving approaches are of different complexity and
capabilities, but essentially can be divided into two principal groups.

In the first approach analytic solutions of the modes are used. The first
analytic solutions to the rectangular waveguide problem were introduced by
Marcatilli [74], however, the method provides precise results only for the first
modes of a multimode waveguide (a waveguide that supports multiple modes).
Currently the effective index method (EIM) is used as the main analytic tool for
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waveguide mode calculations. The EIM was developed by Hocker and Burns in
the late 70°s [75]. This method allows splitting a two dimensional rectangular
waveguide problem into several one dimensional slab waveguide problems
which can be easily solved analytically. The EIM works very well for simple
geometries, but can introduce errors at the order of couple percent for the
effective index and the mode shape of the lowest effective index modes of rib
or ridge waveguides [71].

The second principal approach for finding waveguide mode parameters
is to use numerical finite element or finite difference eigenvalue solvers that
solve Maxwell’s equations in a waveguide that is mapped with a cross-sectional
mesh [76]. Devoted numerical eigenvalue solvers have shown to provide very
low errors and can be used for arbitrary shaped waveguides [77].
Unfortunately, the development and implementation of such numeric
eigenvalue solvers can be quite complex and time consuming and, therefore, a
common praxis is to use commercial software such as MODE Solutions from
Lumerical [78] or Comsol Multiphysics from Comsol [79]. In this thesis for
mode solutions of two dimensional waveguide problems the author has used the
Electromagnetic Field Module (EFM) which is a part of Comsol Multiphysics.
It not only allows one to estimate the mode shapes and effective refractive
indices ng, but also to calculate impedances and static electric field
distributions if relevant. These additional possibilities are particularly important
if numerical EO device optimization is performed.

2.2.2. Propagation solvers

Light propagation simulations are performed within the design flow of
waveguide photonics devices. It is important that the device operation and
efficiency is estimated theoretically before it is built. For the waveguide
devices parameters such as waveguide mode propagations loss, cross-talk and
coupling efficiency are calculated by propagation solvers which are mainly
numerical. Wide variety of solvers e.g. beam propagation method (BPM),
Finite-Diference Time-Domain (FDTD) method, eigenmode expansion (EME)
method and others have been implemented, compared and described in
literature [80,81]. In this thesis the author has used two different tools for light
propagation calculations.

The first tool is the CAvity Modelling Framework (CAMFR) developed
by Bienstmann and coworkers [82]. The CAMFR employs EME method
which is profoundly described elsewhere [81]. The very basic principle of
EME is to use the superposition of a finite number forward and backward
eigenmodes (complete basis set) of the waveguide to simulate the light
propagation. Such set is defined for each of the invariant elements and the loss
is then calculated from the scattering matrices of each element. The CAMFR is
run via Python scripts and can be downloaded free of charge at CAMFR
homepage [83].
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The other tool that was employed for propagation simulations was the
EFM of Comsol Multiphysics. The EFM employs a vectorial FEM for
calculating meshed optical structures. Depending on the optical element,
whether it is a waveguide splitter, Bragg grating or other, either CAMFR of
Comsol Multiphysics will be used. CAMFR is better for long invariant and
repeating optical structures. On the other hand, the EFM of Comsol
Multiphysics allows simple implementation of simulations of irregular and
variant structures. Unfortunately, such simulations are more time consuming
since usually fine calculation mesh is required.

2.3. Microscopic and macroscopic nonlinearity

As mentioned in the introduction part of this thesis, the waveguides
should also be NLO active. In the following paragraphs the origin of optical
nonlinearity in materials as well as NLO effects will be shortly discussed.

For the characterization of response of the material to the incident light
usually the electric dipole and light interaction model is used. Within this
model the light polarizes the molecule. At the microscopic (molecular) level the
induced dipole moment ui(w) which is a function of the frequency @ of the
incident light with an amplitude Ej(w) can be described as:

pi(w) = Zj aij(w)Ej(w)v (2.8)

where a;(w) is the linear molecular polarizability tensor and indices
i,j=1, 2, 3 denote the vector and tensor components of the electric field and
linear molecular polarizability tensor, respectively. The values of tensor
components depend on the symmetry of the molecule. For example, in case the
molecule is isotropic, then the off-axis components (i#j) are zero [84].

For high intensity light, such as laser light, the response of the molecule
is no longer linear. Therefore the equation (2.8) should be supplemented with
higher order nonlinear terms. This is usually done in the following form:

pi(w) = Xjai(0)Ej(w) + Xij Biji (0, 0y, 02) Ej(w) B (w3),  (2.9)

where B is the second order molecular polarizability and is a third rank
tensor, m; and w, are the applied field frequencies and w=m,+®,. As a result of
nonlinear polarization, it is possible to observe various interesting NLO effects
such as second harmonic generation (SHG) — the molecule emits a photon with
twice the frequency of incident photons, Pockels effect — change of the
refractive index of the material in electric field — and others. Most of the NLO
effects start to appear at the electric field intensities in the range of 103-10*
V/cm [85]. The frequencies in the brackets of g in (2.9) are employed to
emphasize the energy conservation in the process. The same frequencies in the
brackets can also be used to denote the physical process taking place. Some of
the characteristic second order processes and their designations can be found in
table 2.1.
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Table 2.1. Some characteristic second order processes and their
designation [86]
w W W Process
wi+w, w w, Up-Conversion

w-mw, o -, Down-Conversion

0 o -w Optical Rectification

2w 0 o Frequency Doubling / Second Harmonic Generation
0] 0 o Pockels effect

In NLO experiments, such as SHG, usually the macroscopic nonlinearity
of the material is observed. The macroscopic nonlinearity of the material can be
described using the same concept as for a single molecule. The macroscopic
NLO response is governed by the induced polarization P; in the material.
Taking into account the nonlinearity up to the second order, the P; can be
written as

Pi(w) = X2 (@)Ej (@) + Xy x50 (@, w1, 03) Ej (@) By (w3), (2.10)

where i and yi® are the first and second order susceptibilities.
Similarly as for a single molecule, the higher even order effects can be
observed only if the system is noncentrosymmetric. This condition is easily
understood if we look at the induced polarization by an electromagnetic wave.
Assuming we have a centrosymmetric system and leaving out the first order
susceptibility and losing the indices we can write that

P(t) = Y PE(b), (2.11)
where the electric field intensity varies harmonically
E(t)~cos(wt). (2.12)

In case the sign of the incident field amplitude is changed, then we
expect to have

—P(t) = Y2(-E®)" = xPE*(D). (2.13)

The (2.13) can only be true if the »¥=0. Thus a noncentrosymmetric
NLO material consists of molecules that possess the second order molecular
polarizability and that are not aligned randomly. To obtain a
noncentrosymmetric condition in an organic material, it is poled in a static
electric field at elevated temperatures. The exception is self-assembling organic
materials or organic crystals, which inherit material nonlinearity during
preparation [87,88]. We are particularly concerned with the quantities B, and
zii? and how they relate in a NLO active organic material. If the material is
composed of NLO active molecules, also referred to as chromophores, at a
concentration C, then it is correct to expect that the macroscopic nonlinearity
will be the sum of microscopic nonlinearities. For estimation of the second
order nonlinearity of the material, we can use the following approximation
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x® = CB,(cos>V), (2.14)

where <cos®$> is the noncentrosymmetric order parameter and g, is the
molecular second order polarizability projection on the dipole moment of the
NLO active molecule [89]. It is important to note that the noncentrosymmetric
order parameter depends also on the chromophore concentration C and dipole
moment u, of the chromophores. The order parameter, according to an analytic
approximation [90], can be expressed as

(cos39) =22 [1 _yy (%)] (2.15)

where E, is the poling field, T — poling temperature, kg — Boltzmann
constant, u, — dipole moment of the molecule, L — Langevin function, W, —
chromophore-chromophore electrostatic energy. The relation (2.15) may be
divided into two parts. The first part, u,E/S5KT describes the order parameter as
a function of poling (u,E) and thermal depolarization (kKT). As can be seen
from (2.15), it is desirable to have the poling energy (u.E) as high as possible
for maximal ordering. This obviously can be achieved by increasing the poling
field E, strength. The second part of (2.15) (1-L?%(W,/KT)) characterizes the
dipole-dipole interactions of the NLO molecules in the material, which tend to
reduce the order parameter due to repulsion of dipoles oriented in the same
direction. The dipole-dipole interaction is also responsible for the reduction of
the NLO efficiency by stimulating formation of centro-symmetric NLO
inactive aggregates, especially in guest-host systems where chromophores can
move within a matrix.

Some molecule related characteristics and their effect on the second

order response should be outlined:

o all higher even order polarizabilities are zero for a centrosymmetric
molecules [89]. Usually, the molecule that possesses the higher
order molecular polarizabilities consists of three parts — electron
donor group, electron acceptor group and a conjugated bridge that
separates donor and acceptor groups [39];

e the second order response depends on the resonance frequency w,
of the molecule and the frequency w of the incident light [89]. The
two-level model gives the following proportionality for the off-
resonance case [91]:

D ()e —— (2.16)

(@F-10?)(wf-w?)”
2.4. Second order NLO effects

The equation (2.10) can be used for characterizing second order
response of the material. For the sake of clarity some frequency arguments will
be suppressed in the further equations. As can be seen from (2.10), the non-
linear polarization in a simple form can be written as
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Due to Kleinman’s symmetry the y;® can be reduced from a 3x3x3
tensor to a 3x6 tensor which simplifies the usage of (2.17) [85]. The indices
“jk are replaced by “h” so that

1 k=11

2 j k=22
h_! 3 j,k=33 ¥
4 jk=23;32(

s jk=13;31]|
6 jk=1221)

If the material is characterized using SHG measurements, usually the
second order susceptibility zi® is substituted by di where the coefficients in
the tensor are called the NLO coefficients. For a poled organic material which
belongs to point group symmetry of mmoo, the nonlinear polarization can be

calculated from (2.19) [92]
Ef
[ 5

Py 0 0 0 0 dj; 0\] g2 |
<P1> = ( 0 0 0 dyy 0 0 2E23E2 . (2.19)
Py d3; d3; dzz 0 0 0 2™3

2EZE2

2EZE?

As can be seen from (2.19), for NLO active organic material
characterization only two independent tensor elements ds; and ds; have to be
used.

Similar notation is used to characterize the Pockels effect which is also
called the linear EO effect. The Pockels effect is responsible for the change of
the material refractive index with applied electric field. This is a second order
NLO effect which can be observed in noncentrosymmetric media. The change
of the refractive index can be written as
A (_2) = Zk T'ijkEk, (220)

t

n

(2.18)

where r;y is the EO coefficient tensor. Applying the same symmetry
rules and now substituting indices “ij” with “h” as in (2.18), we get that the
refractive index change for a material which belongs to the point group
symmetry of mmeoo can be expressed as:
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(2.21)

Similarly as for the SHG effect, there are only two independent tensor
elements ry3 and rs3 that should be determined for characterization of EO
properties of the material. The EO and SHG matrices appear to be very similar
for the same point group symmetry. Indeed, the magnitudes of the matrices are
also related and possess proportionality; however, the relationship does not
agree precisely because the measurement conditions are different. Usually, the
linear EO effect is observed at frequencies which are much lower than those of
SHG. The relevant relationship between the coefficient of EO and NLO tensors
is the following ratio

d3z _ T33
d3; T3’ (2.22)

A simple approximation of the order parameter in the poled polymer
materials suggest that for films poled at low electric fields the rss/ry3 ratio
should be in the range from 1 to 3 [93]. However, deviations from the isotropic
model have been registered experimentally, suggesting that this ratio could be
up to the value of 6 [94,95].

2.5. Theoretical background: Summary

The total internal reflection effect is used for trapping light in the
waveguide. The waveguide consists of a core and claddings where the core
material has a higher refractive index than those of cladding materials. The
light waveguiding is a resonance process — the light can be guided at certain
conditions which are characterized by optical modes. The resonance conditions
can be estimated by analytical and numerical methods. In order for the
waveguide to be used in the EO waveguide devices, it must not only be able to
guide light, but also to be optically nonlinear. The optical nonlinearity of the
materials is characterized by the second order susceptibility tensor which for
EO effect is denoted as EO coefficient r;, but for SHG effect — as NLO
coefficient d;; tensor. Poled NLO polymers belong to the point group symmetry
of mmoo which means that in the NLO organic materials there are only two
independent elements in a susceptibility tensor.
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3. Characterization of linear optical properties

In the waveguide device fabrication process it is important to know the
linear optical properties of the waveguides used in the design. The main linear
optical properties of the waveguides are the waveguide thickness, waveguide
material refractive index and the light optical propagation loss in the
waveguide. All of these parameters determine the operation of the waveguide
device and the validity for the intended application. For example, an incorrect
estimation of the thickness and the refractive index may lead to significant
errors of the estimated nonlinearity of the waveguide material and thus
incorrect evaluation of the NLO efficiency of the device [96].

Various methods for the characterization of linear optical properties of
waveguides have been suggested and described in the literature. Commonly
optical methods such as single wavelength or spectral ellipsometry [97-99],
spectral interferometry [100], and spectral reflectometry [101-103], are used
for the evaluation of waveguide refractive index and thickness. With most of
the mentioned methods it is possible to obtain the product of the refractive
index and thickness with a very high precision, even for samples with thickness
of a couple of tens of nanometers. However, most of them employ sophisticated
functions for transmission or reflection data approximation. Moreover, most of
the mentioned techniques cannot be used to estimate linear optical parameters
of bilayer waveguide, e.g., waveguide with a core layer and a cladding layer. In
the following paragraphs the author of this thesis demonstrates an implemented
simple spectral reflectometry technique that can be used for estimations of
thicknesses and refractive indices of a bilayer waveguide. The method is based
on interference fringe separation and can be used for optical parameters in the
low absorbance part of the waveguides.

Unfortunately, the previously described optical methods are usually
insufficiently powerful for the direct refractive index measurement near the
absorption band due to the fact that most of the light is absorbed in the material.
One of the solutions for the evaluation of the refractive index near and at the
absorption maxima of the material would be to apply the Kramers-Kronig (K-
K) relations [104-107]. The K-K relations can be used to calculate the real part
of a refractive index by integrating the imaginary part — extinction coefficient —
of the material. The great advantages of this method, besides the fact that it can
be used for the measurement of refractive index near the absorption band, is
that it is a noncontact method and it does not require sophisticated experimental
tools. The K-K transforms have also been implemented in the workflow of EO
material characterization.

In addition to the methods that can be applied for the determination of
refractive indices and thicknesses of waveguides, the author of this thesis has
also implemented a method for investigation of the light propagation loss in the
waveguide. As noted in the previous paragraphs, the light propagation loss is
one of the parameters used for the characterization of a waveguide device.
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In the succeeding paragraphs the following implemented methods will

be discussed:

e spectral reflectometry — a noncontact method for thickness and
refractive index measurements of a single or bilayer waveguide
[P3];

e the K-K relations used for determination of the waveguide
refractive index from the simple extinction coefficient
measurements of a waveguide [C11];

o the travelling fiber method — a method used to determine the light
propagation loss in the waveguide [P6].

3.1. Spectral reflectometry

The implemented spectral reflectometry method for measuring bilayer
system optical parameters in the low absorbance part of the sample
transmittance or reflectance spectrum has been described by the author in [P3].

Even though, similar spectral measurement based methods for single
layer optical parameters have been discussed earlier in the literature [108,109],
the author extends the approach for characterization of bilayer systems.

The reflection spectrometry is based on collecting reflected light from a
multi-interface system and can be used to determine the optical path length of
certain layers in the system. Let us assume that light I, is incident on the
sample — a simple waveguide on a glass substrate. The reflected and transmitted
light intensity I, and I, will depend on the refractive index of each medium and
the thickness of the thin layers in which multiple internal reflections can take
place. In such case fringes can be noticed in the reflected spectrum. The period
of these fringes is determined by the optical path length of the thin film which
is a product of the refractive index of the waveguide n; and thickness I. The
reflectivity R, which is the ratio of reflected light I, and incident light I,
intensities, of the non-absorbing thin film at zero light incidence angle can be
calculated by

Ir _ R = 012+0236Xp(—2i§) 2. (3.1)
Iy 14+012023exp(—2i6)
where
5 =", (32)

and o1, and a3 are the Fresnel coefficients [110] of the air — thin film
and thin film — substrate interfaces respectively, and 4 — the wavelength.

To demonstrate the characteristics of this light interference effect the
spectral reflectivity of a waveguide on a glass substrate will be discussed. The
reflectivity of a waveguide on a glass substrate according to (3.1) is plotted in
Fig. 3.1. Three particular cases are illustrated in this graph. In the first case a 1
pum thin waveguide is on a substrate with refractive index 1.45, in the second —
on a substrate with refractive index 1.5 and in the third case — on a substrate
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with refractive index 1.6. It is important to note that therein an approximation
for the refractive indices is used — the dispersion of the substrate and the thin
film is neglected, meaning that the refractive index of substrate and the thin
film is constant over the plotted wavelength range from 400 nm to 900 nm.
Nevertheless, the plot illustrates some important properties of the reflected light
spectra. Firstly, it can be noticed that fringes appear and that the extreme points
in the reflected light spectra are fixed and independent of substrate refractive
index. The location of extreme points is determined only by the thickness and
the refractive index of the waveguide. Secondly, the higher the refractive index
contrast of the substrate and the thin film, the higher is the amplitude of the
interference fringes. From these observations it can be concluded that the
dispersion of substrate material would cause the amplitude of the fringes to
vary across the reflected light spectra, but would not affect the location of the
interference extreme points.
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Fig. 3.1. The reflectivity of a thin waveguide with a refractive index of n;=1.54
on a glass substrate with a refractive index ns. The third medium is air with a
refractive index n,=1. Three particular cases are illustrated: in the first case a 1
pum thin film is on a substrate with refractive index 1.45 (dashed line), in the
second — on a substrate with a refractive index 1.5 (solid line) and in the third
case — on a substrate with a refractive index 1.6 (dotted line).

In the demonstrated technique the refractive index and the thickness of
the waveguide is determined from the location of extreme points in the
reflected spectra. In the paper [P3] a new penalty parameter for finding the
refractive indices and thicknesses of the layers is introduced. The penalty
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parameter is the standard deviation of calculated thicknesses at wavelengths
corresponding to the extreme points. For the thin film refractive index
approximation point-by-point and Sellmeier dispersion relation were used.

The experimental setup consisted of a light source, optical fiber probe, a
sample and a spectrometer. The light from a light source is transmitted through
a reflection probe to the sample. The light reflected from the sample is then
collected and transmitted to a spectrometer. As reported in [P3], the
implemented technique was tested on a single layer and bilayer waveguides
showing good results of thickness and refractive index estimates. Only results
on obtained for a bilayer system will be discussed in the following paragraphs.

The test samples were prepared following the steps depicted in Fig. 3.2.
An indium tin oxide (ITO) covered glass (see Fig. 3.2.A) was used as a
substrate. The thickness of the ITO layer is around 60 nm, but its refractive
index is around 2 in the visible range. As noted previously, it is suggested to
have refractive index contrast materials in the sample in order to have higher
amplitudes of interference fringes. A polymer thin film was spin-coated from a
chloroform solution onto the ITO covered glass slide (see Fig. 3.2.B and 3.2.C).
The polymer wused was a host-guest material consisting of a
dimethylaminobenzylidene-1,3-indandione (DMABI [111]) chromophores as
guests in polymethyl methacrylate (PMMA) (Sigma-Aldrich) doped at 10%wit.
Henceforth, such host-guest material will be referred to as DMABI+PMMA
10%wt. The thickness of the spin-coated samples is typically around 1 to 2 pm.
The refractive index of DMABI+PMMA 10%wt is 1.54 at 633 nm. Such thin
film (see Fig. 3.2.D) can be used as a waveguide. It usually supports multiple
modes in the visible wavelength range. A bilayer system was obtained by
covering a glass slide carrying a spin-coated polymer film with another ITO
covered glass slide. Afterwards both slides were squeezed together in the
sample holder creating a system as shown in Fig. 3.2.E. On the micron scale the
surface of the polymer sample, especially at slide edges, is rather rough causing
the formation of an air gap between the surface of the polymer and second ITO
layer thus a bilayer system in the micron scale is created. Such sample structure
can be used for polymer poling purposes. In order to estimate the voltage drop
on the NLO polymer film, it is very important to know the thickness of the air
gap.

The collected spectrum from the prepared bilayer sample is evident in
Fig. 3.3. Evidently, the experimentally obtained reflectivity curve is not as
smooth as the theoretical one shown in Fig. 3.1. It needs to be filtered to reduce
the noise and to be able to extract the wavelengths which correspond to the
extreme points in the reflectivity curve. For the collected raw data the Savitzky-
Golay smoothing (SG) filter was applied [112,113].
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Fig. 3.2. Preparation of a bilayer sample. A. An indium tin oxide (ITO)
covered glass substrate. B. A small amount of chloroform solution is applied
onto the ITO covered glass slide. C. During the spin-coating process the
substrate is rotated at appropriate angular velocity  and the solution is spread
over the substrate. D. As a result of spin-coating, a thin and smooth polymer
film on the ITO covered glass slide is obtained. E. A bilayer system in the
micron scale is created by covering the polymer carrying ITO covered substrate
with another ITO covered substrate.

From the spectrum shown in Fig. 3.3 it is clearly evident that the
spectral intensity is governed by interference effects in two layers with different
optical path lengths. In the reflected light spectrum the wavelength separation
of fringes caused by the thicker layer should be smaller and for the thinner ones
— larger. Thus it is assumed that the long period fringes are caused by
interference in the thin film, but the short period ones — by the interference in
the air gap. The optical parameters for each of the layers can be obtained by
separation of the interference fringes.

To extract the interference fringe corresponding multiple internal
reflections in the thin film, an SG filter with a 701 points wide window length
was applied and a smooth curve referred to as 1st SG filter was obtained. From
the filtered data three extreme points were found. The calculated thickness of
the thin film was 0.73+£0.01 um using the point by point and 0.91+0.01 pm
using the Sellmeier dispersion relation.

If the SG filtered values are subtracted from the raw data, the shorter
period interference fringes can be separated. The shorter period interference
fringes or the filtered raw data in the spectral range from 710 to 870 nm are
shown in the smaller graph in Fig. 3.3. After application of the SG filter of the
window length of 101 points (2nd SG filter), the wavelengths corresponding to
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the extreme points in the reflected spectra can be found. From these points the
optical parameters of the air gap can be calculated giving the gap width of
5.55+0.29 pm when using point by point method and 5.97+0.14 um when using
the Sellmeier dispersion relation in the 710 — 870 nm range.
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Fig. 3.3. The reflected light spectra from the bilayer sample, filtered data using
SG filters and the extreme points from which the thicknesses and refractive
indices of layers are obtained.

It is important to note that in order to have interference fringes that can
clearly be separated by SG filtering, the layers must have optical path lengths
that differ at least a couple of times. The method is limited to be used in the low
absorption region of the reflection or transmission spectra.

3.2. Kramers-Kronig relations

As mentioned previously for the evaluation of refractive index near and
at the absorption maxima of the material, one would apply the K-K relations.
The author of this thesis has implemented the K-K relations for determination
of refractive indices of absorbing thin films. The results were reported at an
international conference [C11].

In general the K-K relations bind the real and imaginary part of any
analytic function B in the form

B = Bl + iBz. (3.3)
Physically the B; and B, can be the real and imaginary parts of a
material response function of a time dependent property [114]. In optics the K-

K relations are applied for finding the complex refractive index N which is an
analytical function and can be written as
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N =n + ik. (3.4)
The K-K relations that bind the real and complex parts of the refractive
index are in the form

n(w) = KK (k(w)) + n(o0) = 2 [ 200)e

+ n(). (3.5)

There are only few functions k(e) for which the K-K transformations
can be performed analytically [115]. Usually the extinction coefficient function
k(w) has an arbitrary shape and thus numerical integration of the integral (3.5)
has to be performed. As obvious from (3.5), there are some limiting factors that
should be noticed. Firstly, the integral in (3.5) has a pole at w’=w at which
N(w)—oo. Thus integration at the pole frequency should be avoided. Secondly,
integration to infinity should be performed according to (3.5) even though the
k(w) is recorded in a specific range. Integration to infinity can be substituted by
an integration in a specific range only if k(w) outside the range is zero. Taking
into account the mentioned limitations, numeric methods for finding n(w) have
been implemented [116,117]. According to Ohta and Ishida [118], the
integration using Maclaurin’s formula might be one of the most efficient
methods in terms of obtained precision and the required computer calculation
time. The Maclaurin’s formula calculates the value of the integral (3.5) by a
very simple summation procedure. In the summation the extinction coefficient
at every other frequency point is used. Thus the refractive index at specific
frequency can be written as

0 wr2—w?

li ’ 4 lut1=Why) Wy k(wry
(') = An(w',) +n(e0) = 2 5, LW KO 4y (00 (3.6)

wiy—w'y,

The summation by u in (3.6) is performed at every other data point in
order to avoid situation where dominator of (3.6) is zero. The starting point of
the summation is chosen such that the situation when u=v is avoided: if v is
odd, then u=2, 4, 6, .., but if v is even, then u=1, 3, 5, ...

The implemented numeric K-K transformation was tested for finding the
refractive index n(2) of DMABI+PMMA 3%wt thin film. From the material
under investigation a thin film of thickness of around 1.5 um was prepared on a
glass substrate using the spin-coating method. Using the Metricon 2010 prism
coupler the refractive indices of DMABI+PMMA 3%wt at 1064 nm, 632.8 nm
and 532 nm were estimated to be n(d1064)=1.495, n(4s325)=1.504 and
n(4s3;)=1.528. The absorption spectra 4(4) of the thin film were recorded using
a simple transmission configuration comprising a light source, the sample under
investigation and a spectrometer. From the absorption spectra the extinction
coefficient spectra were calculated using a simple equation

_A)A
k(A = e (3.7)

The obtained extinction coefficient from the absorption spectra of
DMABI+PMMA 3%wt thin film is shown with a black line in Fig. 3.4.A. In

the spectra, a characteristic peak of DMABI+PMMA 3%wt with the resonance
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frequency at 490 nm is visible. Unfortunately, the recorded spectrum also holds
some contribution from the glass, which has a significant absorption below 400
nm. Some background noise and loss due to reflections is also evident after 500
nm. Even though in absolute units the noise and loss due to reflections is small,
it appears impressive due to the fact that the extinction coefficient is in
logarithmic units. In order to be able to use the numerical K-K transform for the
obtained extinction coefficient k(4), the absorption peak characteristic to the
material must be extracted. Therefore, a function which is a sum of two
Gaussian functions is used to for the approximation of the peak. A least-square
fit of k(2) in the range of 400 nm to 520 nm with two Gaussian functions was
performed. The sum of the two Gaussian functions gives a filtered k() for
which the numeric K-K transform is applied. It is important to note that,
according to (3.6), n(A4=0) must be added to An(2) obtained from the K-K
transform. This means that for correct estimation of n() from k@) it is
necessary to know the refractive index at least at one wavelength in order to fit
the n(A=0) value.
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Fig. 3.4. A. The measured extinction coefficient k(2) of DMABI+PMMA 3%wt
thin film sample (black line), Gaussian approximations G1 and G2 (red dashed
lines) used to characterize the absorption peak characteristic to the material and
the obtained sum of two Gaussian functions (G=G1+G2). B. The refractive
index n(4) obtained from the numeric K-K transformations (blue line) and the
refractive indices of DMABI+PMMA 3%wt at 1064 nm, 632.8 nm and 532 nm
obtained by the m-line method (red points) have good agreement.

There are some additional approximations used in this approach. The
implemented method does not take into account the loss and interference
effects that may appear due to reflections at the interfaces. The mentioned
effects may cause errors in the obtained dispersion function n(4) [107,119]. To
avoid the appearance of interference fringes in the k() spectra low refractive
index contrast layers should be used. In Fig. 3.4.B the refractive index n(2)
obtained from the numeric K-K transformations as well as refractive indices of
DMABI+PMMA 3%wt at 1064 nm, 632.8 nm and 532 nm obtained by the m-
line method (Metricon 2010 prism coupler) are plotted. Evidently, the
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dispersion function n(2) has a good agreement with the experimental data
points.

3.3. Travelling fiber method

For the development of waveguide devices the optical quality of the
waveguide is very important, because it is one of the parameters that determine
the overall efficiency of the device. It has been recognized that, in a waveguide
EO modulator the light propagation loss should be no more than 1 dB/cm, in
order to ensure wide commercial utilization of the device [120]. In other words,
only 20 % of power loss per cm is allowed. There are multiple effects that can
contribute to the light propagation loss [69]: loss at the waveguide bends;
scattering loss — light is scattered, usually at the waveguide core-cladding
boundary; absorption loss — light is absorbed in the waveguide core or cladding.
The absorption loss is usually governed by the optical properties of the
employed core and cladding materials, but the scattering loss occurring at the
waveguide boundaries mainly depends on the waveguide preparation
technology [121].

There are multiple methods for measuring optical propagation loss in
waveguides [122,123]. The most commonly applied is the cut-back
method [121,124,125]. In this method, the light is coupled in a waveguide,
which is afterwards clipped or cut, thus allowing the transmission of light for
waveguide with different lengths to be compared. This method is a destructive
measurement method and is usually applied for inorganic materials. The
inorganic materials such as LNB and silicon have crystallographic planes and
therefore are easy to cut, in contrast to soft organic waveguide.

One can also use nondestructive methods such as multiple prism
coupling [126]. In this method multiple prisms are used to simultaneously
couple light in and out of the waveguide. The light propagation loss is
estimated by moving one of the prisms and monitoring the intensity of the
output light. Even though the realization of the method sounds simple, the
actual implementation of simultaneous two prism light coupling may be
cumbersome.

Another nondestructive method for measuring light propagation loss in a
waveguide is the travelling fiber method [126-128]. In this method the light
that is scattered at the boundary of the waveguide is collected along the light
propagation path. The author has implemented the travelling fiber method for
measuring the light propagation loss in polymer waveguides. For detailed
description of the method and results, see paper [P6]. Before discussing the
advantages and drawbacks of the method, the principles of the implemented
method are shortly discussed.

The prism coupling technique was applied for coupling light into planar
optical waveguides [123,129]. The principal scheme of the setup is depicted in
the left bottom corner of the Fig. 3.5. Full scheme of the experimental setup can
be found in [P6]. The incident beam from a laser is coupled through a high
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refractive index prism into a planar waveguide. The light can be coupled at
incidence angles that correspond to mode resonance angles in the waveguide.
As optical mode propagates in the thin film, part of the intensity is scattered at
the waveguide boundary. This scattered light is collected using a multimode
optical fiber. If it is assumed that the surface roughness and the waveguide
inhomogeneity is maintained throughout the light propagation path and that the
scattered light intensity is proportional to the light intensity in the waveguide
core, then the propagation loss can be estimated.

As an example, the measured scattered light intensity for NLO guest-
host polymer DMABI+PMMA 12.5%wt waveguide as a function of light
propagation distance is shown in Fig. 3.5. It can be seen that the light intensity
decays exponentially as the light propagates through the waveguide. The
experimental data do not lie smoothly on the approximation curve and some
bumps can be noticed. These are caused by additional scattering elements in the
sample such as dust or crystalic phase. The scattering objects are formed during
the sample preparation, but should be avoided for a good optical propagation
loss measurement. The approximation of the experimental data is also evident
in Fig. 3.5 vyielding that the optical propagation loss for this particular
measurement is 9.6 dB/cm at 632.8 nm.

NI
14 o\ © ©  Measured intensity
N
12 ¢ A — — = Exponential fit
o o
. N — -0.22x
:- 1 0 o N \Q y—1 5e
©
(o]

= 8r 0.2 %o
7] Multimode fiber —~ ~
< Scan direction
7] 6 O
E Incident beal ” » s catter?d
= | /R \Hd light o 5%

YT e °Tos s -

2 | Substrate . oo 0"0

Peragation
0 mode
0 1 2 3 4 5 6 7 8

Distance X, mm
Fig. 3.5. The principal scheme of a light propagation loss measurement by the
travelling fiber method (bottom left corner) as well as the measured scattered
light intensity as a function of the light propagation length x.

This method possesses multiple commonly known disadvantages which
were confirmed by the author of this thesis during the implementation of the
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method: the waveguide surface must scatter the light which inevitably causes
additional optical loss, it does not work for buried waveguides and it requires
precise mechanical operation [130]. The main advantage of this method is the
simplicity of execution and, even though an indirect optical loss measurement
is performed, it can give good results.

The author used this method for measuring the light propagation loss
dependence on the NLO chromophore doping concentration in guest-host
polymer waveguides. According to the work conducted by Rutkis and
colleagues [111], for doping concentrations below 15%wt the nonlinearity of
the waveguide is expected to increase as the concentration is increased. The
light propagation loss measurements indicated that only low doping <1.5%wt is
allowed in order to have the light propagation loss below 1 dB/cm or 20% loss
per cm waveguide length [P6]. The travelling fiber method was also used to
estimate how the thickness of SiO2 cladding influences the light propagation
loss of planar DMABI+polysulphone (PSU) waveguides on an oxidized silicon
wafer [P7]. Based on these results, a new type of hybrid polymer-SOI
modulator design was suggested (see section 6).

3.4. Characterization of linear optical properties:
Summary

The author has implemented three methods for characterizing the
waveguide refractive index and thickness as well as the optical propagation loss
in optical waveguides. The approaches allow characterization of both
multilayer and absorbing waveguides and are used throughout the further
experimental investigations of EO materials described in further chapters.
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4. Waveguide poling investigations

In this chapter an overview of the organic thin film poling methods is
provided. Here also the author summarizes the results obtained during
investigations of organic waveguide poling with corona triode.

4.1. Overview of NLO material types and poling methods

As was shown in section 2.5, the second order effects, such as EO and
SHG effect, can only be observed in materials with intrinsic nonlinearity. Also,
as noted, the macroscopic nonlinearity of material originates from the sum of
microscopic or molecular nonlinearities.

The NLO organic materials can be classified into three major types
depending on how the NLO molecules or the microscopic nonlinearities are
incorporated in the material. The main NLO organic material types are
molecular glasses, functionalized polymers and doped polymers [66].

Molecular glasses are formed of molecules consisting of multiple NLO
chromophores in dendrimers, oligomers and other units. Theoretically, NLO
active molecular glasses with high thermal stability could be obtained through
structural modifications and thus are studied intensively. Appropriate structural
modifications could introduce noncovalent intermolecular interactions such as
hydrogen bonding or electrostatic interactions that would increase the glass
transition temperature. However, it is hard to obtain high nonlinearity in
molecular glasses mainly due to low orientational flexibility as well as
aggregation of the large NLO molecules [131].

Alternatively, functionalized polymers could be used in the EO
waveguide devices. In a functionalized polymer the NLO active molecule is
incorporated either in the backbone or the side chain of the polymer [132,133].
In these materials, high concentration of the dopant, the NLO molecules, is
allowed, as well as they demonstrate excellent thermal stability [134,135].

Historically, doped polymer materials were the first to be investigated.
Such materials are also referred to as guest-host polymers. The NLO material
consists of a polymer (host) which is doped by NLO chromophores (guest).
Such polymer doping is the most straight-forward way for preparation of an
NLO material. For some time the doped polymers lost their popularity, mainly
due to poor success in the early stages of investigation of these materials.
However, recently doped polymers have regained their popularity due to new
understanding of molecular interactions in guest-host materials. New research
results suggest that very high thermal stability and NLO efficiency could be
obtained in a guest-host polymer [133,136].

With a few exceptions, organic NLO materials are originally
centrosymmetric and require poling [133]. Poling is a process in which the
macroscopic nonlinearity in the material is obtained by aligning the NLO
molecules. The NLO molecules are aligned at temperatures above the material
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glass temperature T,. The alignment of the molecules is a result of dipolar
interaction between the NLO chromophore and the electric field. After poling
the molecule intrinsic alignment relaxation takes place [137]. This causes the
nonlinearity of the material to decrease. The speed of relaxation depends on the
glass transition temperature T, of the material and the temperature at which it is
used, as well as on the molecular interactions that may either sustain or reduce
the noncentrosymmetricity of the material. It is important to note that the
poling-induced order in the waveguide must be achieved without the
introduction of surface damage or of material inhomogeneity, which may
significantly increase the light propagation loss in the waveguide [138].

Material poling is one of the most important steps employed in the EO
material preparation and in its investigation. For NLO organic material poling
purposes multiple methods have been proposed in the literature.

The most straight-forward and simple waveguide poling approaches are
the contact poling methods such as parallel-plate or in-plane poling
methods [139]. In these methods the NLO material is placed between two
conducting plates as shown in Fig. 4.1.A and Fig. 4.1.B, respectively. In the
parallel-plate method, usually, the waveguide is prepared on a conducting
surface and the top electrode is sputtered on top of the waveguide. During
poling the polymer is heated up to the glass transition temperature T, and the
electric poling field E, is applied between the parallel electrodes. In the in-
plane method the electrodes are in one plane but separated by a gap. Both of
these techniques are highly sensitive to the quality of the waveguide. A
dielectric breakdown in the thin film may take place if the applied electric field
exceeds the breakdown field which is usually dominated by point defects, such
as dust particles in the material. In case of dielectric breakdown, the resistivity
of the thin film reduces significantly. This means that the poling voltage drop
over the poling area on the waveguide also decreases. Simply speaking, the
current flows through the breakdown channel and the waveguide is not poled.
To reduce the probability of dielectric breakdown in the NLO waveguide while
poling with parallel-plane and in-plane methods, usually, buffer layers between
the electrodes and the NLO material are introduced [140]. The influence of
electrical properties of the buffer layers on NLO waveguide poling efficiency
has been discussed in the article by Grote and colleagues [141].

NLO polymers can also be poled by the all-optical poling method. In
this method, the material is illuminated with high intensity laser beams with
light frequency @ and second-harmonic 2. The fundamental and second-
harmonic beams interact with the NLO molecules and align them such that the
material becomes noncentrosymmetric. This method has multiple advantages. It
can be carried out at room temperature, it does not require additional
electrodes, and micro-patterning can be introduced [142-144]. However, the
implementation of the method can be quite cumbersome due to the fact that a
phase-matching condition of the fundamental and second-harmonic beams in
the material is required for maximal poling efficiency. Even though, the poling
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efficiency is comparable to the materials poled in an electric field by parallel-
plate method, the technique requires for the material resonance to be in the 2w
range [145]. This can limit the choice of materials which can be poled using the
all-optical poling technique.

For material poling one can also use photo-assisted or photo-thermal
poling (see Fig. 4.1.C). In both methods a laser beam is used while an electric
field is applied. In photo-assisted poling the laser beam is used to excite the
molecules [146,147]. During the electronic excitation and relaxation of the
molecule, it changes its geometry or, in other words, geometric isomerization
takes place. Due to such geometry variations the NLO molecule can alter its
alignment and poling can be performed if an electric field is applied and the
molecule possesses a dipole moment. Unfortunately, there are a limited number
of material types that could be used for photo-assisted poling. In photo-thermal
poling the laser beam is used for local heating of the material [148]. The
molecules can move more freely where the temperature of the material is
higher. Both of these methods can be used for micro-patterning of the NLO
material.

Corona
discharge
Laser beam Light-matter 01 ./ "
Electrode interaction @ Positive
ions
NLO
polymer 00000 é/ee
Electric
field

Substrate

A. B. C. D.
Fig. 4.1. NLO polymer waveguide poling methods. A. Parallel-plate poling
method. B. In-plane poling method. C. Photo-assisted or photo-thermal poling.
D. Corona poling. Corona discharge takes place near the corona needle.

Large nonlinearity in polymers can be obtained by electric poling with
corona discharge [149-155]. The principles of this method are illustrated in
Fig. 4.1.D. In this method the electric field in the material is created by ions
which appear in the corona discharge process. This method is also referred to as
the corona poling method. In an early study by Hill and colleagues it was
shown that the corona poling is several times more effective than the contact
poling methods, since higher poling voltages can be obtained [156]. This is
mainly because even in case of local dielectric breakdown in the polymer
during the corona poling, the voltage drop in the rest of the poling area does not
occur due to low surface conductivity of the material. However, many research
groups have indicated that surface and volume changes take place during
poling [156-158]. Such changes cause the light propagation loss in the
waveguide to increase significantly. The related investigations are still aimed
toward finding the corona poling conditions at which the poling field would be
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as high as possible and the optical quality of the waveguide would not be
affected during poling.

4.2. Waveguide poling with corona triode

A simple corona poling can be performed by the two-electrode corona
discharge setup as shown in Fig. 4.1.D [159]. The poling efficiency and
controllability can be significantly increased if an additional electrode is
introduced between the corona needle [160]. For waveguide poling
investigations, the author of this thesis has used a computer controlled corona
triode device. The device allows monitoring as well as controlling of the poling
conditions. The particular corona triode setup as well as the influence of setup
parameters on corona poling efficiency can be found elsewhere [160].

The NLO waveguide typical corona triode poling steps are shown in
Fig. 4.2. During the corona poling, high voltage is applied to corona needle. By
varying grid voltage, it is possible to control the polymer poling voltage. The
voltage difference between the corona needle and the grid was kept constant of
9 kV to ensure invariable corona discharge conditions at different grid voltages.
The ambient air in corona chamber was replaced by nitrogen to keep the corona
generated ionic composition and conductivity independent of temperature and
moisture. During the poling procedure the sample was put on a heater with
precisely controlled temperature. Additional spacers between the grid and the
sample could be introduced and thus the grid to sample distance could be
varied.

The author of this thesis took part in the investigations devoted to
increasing the poling efficiency of the NLO waveguides using the corona
poling technique. These investigations are profoundly described in the article
[P5].

During the first corona poling experiments it was recognized that the
observable nonlinearity of the waveguide was low. The reduction of the
observable nonlinearity was caused by the surface and/or spatial irregularities,
which had appeared during poling. The optical microscope images of the
unpoled and poled regions of PMMA+DMABI 10%wt thin waveguide which
was poled by steps described above (caption of Fig. 4.2), are shown in Fig.
4.3.A and Fig. 4.3.B. Such inhomogeneity was observed in various NLO guest-
host materials.
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Fig. 4.2. The typical corona triode poling procedure. A. The polymer
waveguide is initially centrosymmetric. The sample is placed into the corona
triode device. B. Positive high voltage is applied to the corona needle and the
grid. Positive ions are created as a result of corona discharge, and accelerated

towards the surface of the waveguide. lons on the surface of the sample create
an electric field in the material. C. The sample is heated up to the poling
temperature which is usually around the glass transition temperature T, of the
material. The temperature and high voltage on the needle and grid is sustained
during the poling for a specific amount of time referred to as the poling time. D.
The sample is cooled down to the ambient temperature. E. The high voltage is
removed. The sample nonlinearity reduces slightly due to relaxation intrinsic
alignment.

A B.
Fig. 4.3. Optical images of A. unpoled and B. poled regions of a
PMMA+DMABI (10%wt) waveguide.
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The extent of the inhomogeneity was characterized by measuring the
scattered light intensity. It was found that the scattered light intensity depends
on the poling electric field strength and the poling temperature, or on the ratio
of poling and thermal energies, as well as on the distance between the sample
and the grid.

During the investigations two main objectives were set. Firstly, it was
necessary to understand and explain the reasons for the formation of
inhomogeneity in the guest-host films during poling. The second objective was
to find the optimal poling parameters at which the observable NLO efficiency
of the material would be the highest.

To reach the first objective, the poled waveguides were extensively
studied using optical, second harmonic (SH) and electron (SEM) microscopy.
The optical images of the poled and light scattering area of the waveguide gave
unclear understanding about the properties and the structure of individual
scattering elements. Inspired by the results of recent theoretical
calculations [161], a hypothesis suggesting formation of highly nonlinear
molecular chains during the poling was proposed. The formation of such
molecular chains in guest-host materials could enable the development of
thermally very stable and highly nonlinear materials.

The SEM images of the inhomogeneity revealed a “hilly” structure of
the waveguide surface, with the typical “hill” to “hollow” height differences of
about 0.4 um which is close to the half of the waveguide thickness. An SEM
image of the poled DMABI+PMMA 10%wt waveguide is shown in Fig. 4.4.

10%wt waveguide

The fact that the mass transport takes place in the waveguide during
poling was also confirmed by two-photon excitation luminescence (TPL)
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microscope measurements. The TPL and SH images of the hollow are shown in
Fig. 4.5. Since the SH intensity characterizes the amount of
noncentrosymmetric elements, the pattern in the SH image suggests that the
chromophores (dipoles) are oriented towards or away from the hollow centers.
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Fig. 4.5. TPL and SH intensities of the hollows scanned vertically after excited
by <> polarized (0°) and { polarized (90°) light.

Even though the used techniques for poled waveguide investigations
allowed comprehending the structure of the inhomogeneity, the main driving
force responsible for the mass transport in the waveguide during poling is still
not fully understood. However, multiple hypotheses were put forward. The
inhomogeneity in the form of hollows could be formed due to high energy ion
bombardment [162]. During the investigations it was shown that the density of
scattering elements or hollows grows if the kinetic energy of the ions is
increased. This can be done either by increasing the grid voltage or decreasing
the distance between the grid and the sample surface. However, in case
nonpolar chromophores were dissolved in the host no changes in the sample
morphology during the poling were observed. This result contradicts the
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hypothesis that the mass transfer is caused by ion energy bombardment which
should take place independently of the polarity of the molecules in the matrix.
This also suggests that polar molecules are required in the thin film in order to
observe formation of inhomogeneity. Thus possibly the changes in the sample
morphology are induced by the poling field and chromophore dipole moment
interaction which causes the mass transport to take place. The mentioned
hollows could also be formed by local electrical breakdown in the film. This
hypothesis is encouraged by the fact that a correlation could be observed
between the sample conductivity and the probability for the changes in sample
morphology to take place during the poling. Finally, a recent study suggests
that hollows in the thin film that is subjected to a high electric field could be
formed by bursting of solvent drops in the material [163]. This effect might
also explain the experimental observations in the poled waveguides — the
inhomogeneity is reduced if the sample is heated with no poling field applied.
During this heating the solvent could leave the waveguide thus reducing the
probability of bubble bursting.

The second objective — increasing of corona poling efficiency — was
reached by changing the corona poling procedure. As mentioned previously,
certain pre-poling steps helped to avoid formation of irregularities. This could
be achieved by introducing film heating up to temperatures higher than the
poling temperature for a short period of time with no poling field applied. Such
approach helped to suppress the formation of an inhomogeneity for guest-host
waveguide and increased the observable NLO efficiency.

4.3. Waveguide poling investigations: Summary

The corona poling method can be used for waveguide poling purposes.
It, hypothetically, would allow wide area high electric field poling without
being effected by local dielectric breakdown in the waveguide. However, as the
poling fields are increased, surface and volume changes take place in the
waveguide, causing the observable NLO efficiency to decrease and the optical
propagation loss in the waveguide to increase. During the corona poling
investigations, it was demonstrated that mass transport takes place in the
waveguide. The origin of the mass transport phenomena is still not fully
understood. Multiple hypotheses were put forward and discussed based on the
obtained experimental results. Along with the mentioned discussions, certain
poling parameters are suggested in [P5] for maximal poling efficiency with the
corona poling technique.
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5. Material nonlinearity investigations

After material poling, nonlinearity of the material has to be determined.
Material nonlinearity is usually characterized by NLO coefficients and EO
coefficients. The author of this thesis has implemented three techniques used
for determination of thin film EO coefficients and has reported the results in
four papers [P1,P2,P4,P8]. The paper [P8] holds the results of all of the
implemented methods: Mach-Zehnder interferometric (MZI) technique, the
Teng-Man ellipsometric (TM) technique and the attenuated total reflection
(ATR) technique. None of the available techniques has yet been established as
the standard for the determination of EQO coefficients. Moreover, the major
drawbacks of the techniques are not clearly outlined in the literature. As found
by the author, incorrect interpretation of the measured experimental can lead to
significant errors in the estimated material nonlinearity.

Before discussing the experimental results obtained during the
implementation of the mentioned methods, the relevant theory is briefly
presented. It should be complementary to the theoretical background provided
in section 2 as well as in papers [P1,P2,P4,P8].

5.1. Derivation of EO coefficients

As shown in section 2.6. the EO effect is responsible for the change of
the material refractive index with applied electric field. In order to comprehend
how the EO coefficients influence the change of the refractive index, it is first
valid to agree on the principal axis and the geometry. Usually, during the poling
and EO measurements the electric field is applied parallel to the z axis
according to the geometry evident in Fig. 5.1.

Fig. 5.1. The principal axes of the sample.

For retrieving the refractive index change as a function of the EO
coefficients and the applied electric field, an index ellipsoid is used [85]. The
index ellipsoid can be written as

()G @) e

n n2

The cross-section of the refractive index ellipsoid in the xy plane is also
shown in Fig. 5.1.
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The EO effect causes the ellipsoid surface to change, which can be
estimated using (2.21) and (5.1) such that
1 1 1
(ﬁ)l x? + (ﬁ)z y* + (ﬁ)3 2% + r3E,x? + ri3Eyy? 4+ 1r33E, 2% +
2T13Eyy22 + 2r33ExeZ = 1 (52)
Assuming that without the applied electric field we have zero
birefringence in the sample, which is usually observed in weakly poled thin

organic films [164], and that the electric field components E, and E, are zero, it
is possible to obtain that

2 2 2
(Hnn%ﬁ) 24 (M) 2+ (“"n#) 722 =1. (5.3)

n2

The equation (5.3) gives the following new refractive indices:

n2

n, = m, (543.)
n2

n, = /71%%&, (5.4b)
n2

n, = m, (540)

Usually the refractive index change is small thus it is valid to assume
that r33E,<<1, which gives the refractive indices:

N,=n-— %n2r13Ez, (5.5a)
n,=n-— %n2r13EZ, (5.5b)
n,=n-— §n2r33Ez, (5.5¢)

The equations (5.5a) through (5.5¢) directly relate the refractive index of
the material and the applied electric field intensity. If the refractive index
change and the electric field intensities are known then the EO coefficient
values can be calculated from the equations above.

It is important to note that the refractive index change is light
polarization dependent. Let us assume that the incident light has the incidence
plane parallel to the y axis. Then, in case the light is s polarized (perpendicular
to the plane of incidence), the effective refractive change will be described by
r’s, however, for the p polarized light (parallel to the plane of incidence) rPes
has to be used:

Topf = T13, (5.6a)
re’}f = 113¢0520+71335in%0, (5.6b)

where 6 is the light propagation angle or the angle of refraction in the
material.
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5.2. Principles of EO modulated signal measurement

Multiple techniques have been used for the determination of EO
coefficients [165-168]. Due to the fact that the refractive index change is very
small (usually ~10™), almost all of the techniques employ an optical effect that
is very sensitive to the refractive index change, such as interference or light
coupling in the waveguide, as well as sensitive electronics that enable low
electrical signal measurements.

The implemented MZI, TM and ATR techniques employ different
optical phenomena for capturing the EO coefficient. However, in all of them
the measurement of light intensity modulation depth is performed. The basic
idea of EO coefficient measurement is shown in Fig. 5.2. In the MZI, TM and
ATR optical setups a laser beam is used to probe the refractive index variations
after the sample is subjected to a harmonic AC signal with a frequency f. Due
to the EO effect in the sample, changes in the light output of the optical setup
can be observed. The output signal holds DC and AC components. The AC
component with frequency f will be referred to as modulated signal. The
amplitude of the modulated signal is very small and noisy. The lock-in (LI)
amplifier detection technique is used to determine the amplitude of the
modulated signal with a frequency f from the output signal [169]. In the LI
amplifier the noisy output signal is multiplied with the AC reference signal
giving the amplitude of the modulated signal. Any signal that is not of
frequency f is strongly attenuated. The modulation depth in the context of this
work is a parameter that characterizes the ratio of the amplitude of modulation
signal and the DC signal from the detector. A detailed explanation of the
measured parameters can be found in the papers by the author of this thesis [P4,
P8].

Optical setup
Laser Sample Detector
: . . DCAC | o
i Output —
signal
AVAVAV LI detected
Reference signal modulation signal amplitude

AC signal

Fig. 5.2. The basic principles of LI detector based measurements. The output
signal is electronically multiplied by the AC reference signal giving the
amplitude of the modulation signal.

5.3. The MZI technique

Historically the MZI technique was the first to be implemented by the
author. After reviewing the available literature on the subject of EO coefficient
determination, the MZI technique was found to be the most simple and
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sensitive of the techniques. Moreover, it allowed independent determination of
both EO coefficients ry3 and ra; if the modulation depth is measured at different
light incidence angles on the sample.

The MZI technique is a two-beam interferometric setup. The first thin
film EO coefficient measurements with the MZI technique were demonstrated
in the early 80’s [170,171]. In this technique the sample is put in one of the
arms of the MZI. After the sample is subjected to an electric field, the light
phase in the sample arm is changed causing the intensity at the output of the
MZI to vary.

In the early stage of implementation of the MZI technique it was
recognized that the technique is highly sensitive to mechanical vibrations. Also,
the detected amplitude of the modulation signal held a considerable amount of
cross-talk. This was an issue relevant also to other LI based measurements [P1].
Later it was demonstrated in papers [P2,P4,P8] that there are multiple other
drawbacks of the technique that had not been sufficiently discussed in the
literature. These drawbacks were related to the properties of the sample.

In the MZI technique transparent or semi-transparent electrodes in the
samples are required. The first experiments were performed on sandwich type
samples (see Fig. 3.2). The NLO organic material was placed between ITO
coated substrates. The modulation voltage was applied on ITO electrodes. As
noted in the Section 3 of this summary, an air gap forms between the surface of
the EO polymer and the top ITO electrode. Moreover, light interference in the
layers of the sample had a major influence on the modulated signal. When an
AC voltage was applied to the electrodes, the air gap thickness varied causing
the intensity modulations at the output of the MZI [P4]. The intensity
modulations caused by the air gap thickness variations were at least an order
higher than the EO modulations in the NLO thin film. The EO coefficients of
the thin film could not be determined for such a sample design. To avoid
formation of an air gap the electrodes were sputtered directly onto the thin EO
active film. Such approach had several drawbacks — it was very likely to
observe electrical breakdown in the samples, as well as the electrodes were
highly absorbing. Also in such samples the multiple internal reflection (MR)
effect could be observed. The MR effect significantly complicated the
equations that could be used for characterization of the MZI data [172]. To
account for the MR effects in the sample, an effective numeric approximation
of the data based on Abelés matrix formalism was developed. The Abeles
matrix formalism is a very powerful tool used for optical characterization of
multilayer films [173,174] and waveguides [175,176]. The Abelés matrix
formalism allows calculating the transmitted or reflected light intensity and
phase. After the first approximations of the experimental data obtained by the
MZI technique, it was found that the modulation amplitudes could not be
described only by the EO effect. The data could be interpreted after the piezo-
and electrostrictive thickness change (TC) effect was recognized to take place
in the sample. The thickness of the thin polymer film was measured to vary

50



only on the order couple of tens of pm [P4]. However, the optical path length
variations were comparable to the ones caused by the EO effect. Later
theoretical analysis described in [P8] showed that the error that may appear in
case of ignoring TC effect depends on the EO response of the sample. This
error may be significant for the cases when the optical path length change due
to the TC effect is comparable or greater than the optical path length change
due to the EO effect. Therefore, it is always important to estimate the thickness
variations of the sample before the EO coefficients of the film are determined.

5.4. The TM technique

In the TM setup, the EO effect caused phase variation between the
orthogonally polarized components of the beam is registered. This method was
independently introduced by Teng and Man [177] and by Schildkraut [178].
Currently it is one of most extensively used methods for the determination of
EO coefficients.

The TM method is a very simple single-beam method which has low
sensitivity to mechanical noise. For the implementation of the technique a
variable light phase retarder is required. In the TM technique, the sample is
operated in a reflection configuration. This means that only one of the
electrodes in the sample has to be transparent. Based on the experience
obtained during the implementation of the MZI method, the sputtered electrode
was chosen to be the most suitable for the TM measurements. Similarly as in
the MZI method, the MR effects also have to be considered when interpreting
the TM measured data [178-180]. Unfortunately, the TC effect in relation with
the TM measurements is barely discussed in the literature. Most authors assume
a weak TC contribution in the measured signal [168,179].

For the TM measured data the numeric approximation of the data based
on Abeles matrix formalism was implemented by the author. The principles of
TM data approximation remained the same as for the MZI technique. In the
code the changes in the characteristic equations were made accordingly. As
demonstrated in [P8], the TM measured data interpretation based on Abeleés
matrix formalism showed to be surprisingly effective. Here all of the same
considerations as in the MZI technique have to be applied when considering the
influence of the MR and the TC effect. A simple analytic approximation of the
data was also implemented for the EO modulation measurements that are
performed at multiple incidence angles. The results of the TM measurements
will be discussed in section 5.6.

5.5. The ATR technique

In the ATR technique the thin film waveguiding properties are exploited
for the determination of EO coefficients [123,181,182]. This technique has
some significant advantages over the TM and the MZI technique. It is
inherently insensitive to the MR and has low sensitivity to TC effects in the
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sample [165,168]. Due to this, the interpretation of the measured values is fairly
straight-forward. Arguably the most complicated part of the technique is the
preparation of suitable samples — the thin films must support guiding modes
(see section 2.1), the film must be low-absorbing and have a low roughness
surface.

The author of this thesis took part in the implementation of the
technique which is profoundly described in the paper [P8]. The optical setup of
the ATR method is very similar to the one used for light propagation loss
measurements in the waveguides displayed in Fig. 3.5, with two differences.
Firstly, for EO measurements the coupling point on the base of the prism has to
be conducting to enable the application of an electric field. For this purpose a
thin layer of gold (Au) was sputtered on the base of the prism. The slightly
absorbing Au layer reduces the light coupling efficiency. Secondly, the light
reflected from the prism’s base facet is collected instead of the light that is
coupled into the waveguide.

5.6. Comparison of the implemented techniques

The implemented techniques were compared via the EO measurement
results of thin films. The corona triode device (see section 4.2) was used for
poling purposes of the thin films. For all of the samples also the NLO
coefficients were measured with the Maker fringe technique [111]. The NLO
coefficient measurement can provide valuable information about the expected
EO coefficients of the samples under investigation [91]. Therefore these
measurements can introduce additional arguments about the validity of the
implemented methods for determination of EO coefficients.

The measured EO coefficient ri3 by the TM, MZI and ATR methods are
evident in Fig. 5.3. Here the ry3 is plotted against the measured NLO coefficient
ds;. From Fig. 5.3 two significant features are obvious.

Firstly, the measured EO coefficients are smaller than estimated by the
two-level model from NLO coefficient measurements. This could be due to
overestimation of the rys/dy3 by the two-level model [168]. Secondly, it is
evident that the coefficients measured by the ATR technique are by an order
higher than the ones measured by the MZI or the TM technique. There could be
several reasons why this could occur. Firstly, the samples that are used in the
MZIl and TM measurements could be actual modulating voltage could be
smaller than expected in the TM and MZI measurements due to the capacitive
nature of the sample — the sample could operate as a filter lowering the
amplitude of the modulating electric field. This effect is not evident in the ATR
method, since the capacity of sample is much smaller — the top electrode is only
at the coupling point. Secondly, the sputtering of electrodes for the EO
coefficient measurements may cause a local heating and depolarization of the
polymer.

Along with EO coefficients measurements, the author performed an
analysis of EO coefficient errors that may appear in the EO measurements due
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to MR and TC effects. As is demonstrated in [P8] the MZI technique was the
most sensitive to the TC effects. A surprising result was obtained by the TM
method. If an angular scan of the modulated signal is performed, an analytic
approximation that ignores MR and TC effects can provide an EO coefficient
estimate with the precision within 2%. The retrieved EO coefficient values in
the ATR method are much less sensitive to the TC effect. The error of
estimated EO coefficient is low even if the TC caused modulations are several
times higher than the EO modulations in the thin film.
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Fig. 5.3. The measured EO coefficient ry5 as a function of measured NLO
coefficient di3: MZI, TM, ATR — ry3 values measured by MZI, TM and ATR
techniques, respectively; MZI fit, TM fit, ATR fit — a linear fit of the measured
riz values; NLO — a dashed line indicating the expected r3 as a function of dj3
from the two-level model [91].

5.7. Material nonlinearity investigations: Summary

Three methods were implemented for the determination of EO
coefficients for thin films. As was shown in the paragraphs above and in [P8],
the techniques possess multiple advantages and drawbacks. Each of the
implemented methods can be used for determination of EO coefficients of thin
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films, however, the MR and TC effects multiple in the sample have to be
considered. It was demonstrated that a numerical solution based on the Abelés
matrix formalism can be used for the retrieval of the EO coefficient values from
the experimental data obtained by MZI and TM methods. During the
implementation of the methods it was recognized that the ATR is the most
precise and simple technique for the determination of EO coefficients. This is
mainly due to the fact that it has the least sensitivity to MR and TC effects.
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6. Development of a hybrid SOI/polymer EO
modulator

In the Introduction part of this work the author provided a brief
overview of the current trends in the development of EO modulators. As noted,
the organic materials are among the potential candidates to be applied as an EO
medium in the modulator designs, mainly due to the advantageous properties
such as low cost, easy processability, low dielectric constants and high
nonlinearity. In this contribution the author has developed a new type of a
SOl/polymer EO modulator design that could be capable of operating in the
visible and IR range. The preparation steps as well as the performance
parameters are briefly discussed in the following paragraphs. This chapter is
based on the results that are profoundly described in the paper by the author
and colleagues [P7].

6.1. Hybrid SOIl/polymer waveguide design

The suggested hybrid SOIl/polymer waveguide modulator comprises
waveguides that are made on an SOI platform. Previously the SOI has been
considered as a building platform for SP, which is justifiable — silicon is
optically compatible with the communication wavelengths in the infra-red
wavelength range. Only recently organic materials are being employed in the
EO waveguide modulator designs on SOI, due to their very high optical
nonlinearity.

The development steps of the invented waveguide structure are shown in
Fig. 6.1 and described in the caption of the figure. The main preparation steps
include etching a trench in the conducting silicon layer, oxidizing the silicon
layer, and filling the oxidized trench with the EO polymer. The conducting
silicon also serves as an electrode. This means that it can be used for in-situ
polymer poling purposes as well as for EO modulation. The silicon oxide layer
would serve as a waveguide cladding for the EO active waveguide core.

During the invention of the design, it was recognized that it possesses
multiple very important advantages. Firstly, the preparation of the waveguiding
element is very simple and cheap. Depending on the waveguide device, during
the development of the waveguide only one lithography step may have to be
employed. Secondly, the expected EO response of the NLO waveguide would
be very high due to the fact that the modulation would take place in the NLO
active waveguide core. Thirdly, the wavelength at which the designed
waveguide may operate is limited only by the absorption of the used EO active
organic material. Thus, by choosing an appropriate NLO material, the devices
that employ the demonstrated waveguide design may operate over a wide range
of electromagnetic spectra.
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Fig. 6.1. Preparation steps of a hybrid SOl/polymer waveguide. A. A
photoresist masking layer is applied on the SOI wafer. B.-D. Si layer is
patterned using conventional lithography steps thus yielding a trench for further
waveguide formation. E. The SiO, cladding layer is obtained by thermal
oxidation of Si for a fixed period of time to obtain the required thickness of
Si0O, [183]. F. A ridge waveguide core is created in the formed trench by the
spin coating or a blade casting of EO polymer [73]. G.-1. Additional
photolithography steps are applied in order to remove the polymer and SiO,
layers where contact metal electrodes will be applied (J). K. The photoresist
layer is removed and, if necessary, the EO polymer thickness is reduced via
etching (L). The step (L) is optional and could be applied in order to obtain a
waveguide core with desired parameters.

The feasibility of the invented waveguide design was supported by
theoretical simulations and experimental measurements [P7]. The greatest
concern was that the visible light propagation loss in the waveguide could be
very high due to the fact that the light would couple into high refractive index
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silicon layers. The light out-coupling from the EO active core is determined by
the thickness of the cladding layer as well as by the refractive indices of the EO
core, the cladding and the silicon layer. Since the thermal oxidation limit for the
oxide layer of decent quality on silicon is approximately 1 um, the buffer layer
will have to be less than the mentioned thickness. For experimental
determination of light propagation loss in such waveguides, slab waveguides
comprising an EO polymer core and an oxidized silicon cladding layer on
silicon substrate were prepared. The measured propagation loss using travelling
fiber method (see section 3) in a slab on oxidized silicon (SiO,) substrate as a
function of the oxide layer thickness is shown in Fig. 6.2. The experimentally
measured propagation loss values are in good agreement with the ones obtained
by numeric simulations. From the Fig. 6.2 it was concluded that the
propagation loss in the waveguide would be dominated by the material
properties if the oxidized silicon cladding layer was at least 0.75 pm thick.
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Fig. 6.2. Optical propagation loss of a slab waveguide consisting of DMABI-
PSU 10 %wt as the waveguide core and a SiO, cladding layer which is on an
absorbing high refractive index silicon substrate: 1 — experimental result; 2 —
numerical result obtained by CAMFR; 3 — baseline corresponding only to the
light propagation loss in the waveguide core due to light scattering and
absorbance.

6.2. Hybrid SOI/polymer intensity modulator

As mentioned previously, the proposed preparation steps could be used
for building active waveguide components such as a MZI type modulator. The
cross-section and the top view of the suggested MZI SOIl/polymer waveguide
intensity modulator design are shown in Fig. 6.3.

57



Contact
electrode
Air
i
H, f Si
W, W, W,
SiO,
A B

Fig. 6.3. A. The cross-section and B. the top view of the MZI SOl/polymer
waveguide intensity modulator: W, — polymer waveguide width, W, — central
Si electrode width, H, — Si electrode height, W,=H,, — SiO, cladding
thickness, H, — EO polymer thickness above the trench, L — length of the MZI
modulator arm.

Several EO modulator optimization steps were conducted in order to
understand the theoretical operational parameters [P7]. These mainly include
optimization of geometrical parameters for low optical and control signals loss
as well as for the highest EO efficiency. Some of the principal optimization
steps are described briefly in the following paragraphs.

The MZI modulator design is optimized for low optical propagation and
insertion loss. There are multiple effects that may cause the optical loss in the
waveguide:

e intrinsic absorption — light is absorbed by the waveguide core and

cladding materials;

e scattering loss — light is scattered at the rough boundaries of the
waveguide;

e out-coupling loss during propagation — light is out-coupled from the
core through the cladding into the substrate material. This can take
place if (i) the first modes of waveguide are larger than the core and
penetrate into the substrate or if (ii) the first modes get coupled into
lower lossy modes due to the modal dispersion effect [69];

e bending loss — light is lost at bends or splits such as the Y-coupler
of an MZI waveguide modulator;

e unpolarized light coupling loss — some part of the light is lost during
coupling due to the fact that coupling conditions are met only for
mode with specific polarization;

Besides the intrinsic absorption effect and scattering loss, which is
dominated by the chosen waveguide materials and the waveguide preparation
technique, the optical loss can be reduced significantly by optimizing the
waveguide geometry. To reduce the probability of light coupling from
waveguide core into the substrate, the cladding layer should be as thick as
possible. Experimental measurements and numerical simulations confirm that
the cladding has to be at least 0.75 um thick in order to exclude the light
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coupling into the substrate. This is considered in the further optimization of the
modulator geometry. Also, the waveguide should operate in a single-mode
operation regime in order to avoid the first modes being coupled into lower
lossy modes. The waveguide dimension criteria were chosen as suggested in
papers [184-187]. In the further steps the low birefringence regime was found.
Essentially the main reason for optimization for low birefringence is the create
conditions for high efficiency light coupling into the device. If the effective
refractive indices are equal for the transfer electric and the transfer magnetic
polarized light one should be able to couple both polarizations simultaneously,
and, depending on the application, would not need to be concerned about the
incoming light polarization.

The geometry of the modulator was also optimized for low bending loss
which for an MZI modulator is governed by the splitting angle ¢ in the Y-
coupler (see Fig. 6.3 B). The splitting angle ¢ will not only determine the light
power coupled into the MZI arms, but also the size of the device. A lower
splitting angle will require the modulator to be longer to achieve the optimal
electrode width. It is therefore important to choose such splitting angle that will
satisfy both the length and the optical loss requirements. The coupling
efficiency in the Y-coupler as a function of the splitting angle ¢ is shown in Fig.
6.4. As can be seen the loss increases significantly if the splitting angle ¢ is
higher than 10°. Thus it is suggested to choose ¢ <10°.
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Fig. 6.4. The 2D numerically simulated optical splitting efficiency in the MZI
Y-coupler as a function of the splitting angle .

Splitting efficiency, a.u.
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The EO modulator should also be optimized for high-speed operation.
As noted in the Introduction part of this work, the MZI modulator has to be
operated in a travelling-wave regime. In this regime the modulating electrical
wave travels along with the optical wave in the waveguide causing EO
modulation where the waves overlap. The loss of the modulation wave usually
at GHz frequency depends on the geometry of the electrodes, dielectric
constant and the resistivity of the electrode as well as on the dielectric
properties of the materials that are surrounding the electrodes in the MZI
modulator. The high-speed operation of the MZI travelling-wave modulator
was obtained through geometry optimization via the quasi static — transverse
electromagnetic (TEM) approach described elsewhere [7,13,188,59].

By optimizing the modulator design parameters it was demonstrated in
[P7] that it is theoretically possible to achieve a switching voltage of 1.56 V-cm
and a bandwidth of 1.9 GHz for an MZI modulator with 0.5 cm long arms and
an EO coefficient of 100 pm/V. These results indicated that the suggested EO
waveguide modulator could not be used for ultra-high speed light modulation.
However, such an active waveguide structure and preparation technology could
find its applications for making light switches, array waveguides for dense
wavelength division multiplexing etc.

6.3. Development of a hybrid SOIl/polymer EO
modulator: Summary

The author has demonstrated the feasibility of a new type of hybrid
SOl/polymer waveguide EO modulator. Theoretical calculations and
experimental measurements conducted by the author confirm that the proposed
EO modulator could operate both in the visible and the infrared wavelength
range. The greatest benefit of the design is the simplicity of preparation and the
high EO efficiency. It is important to note that the EO modulator design is
currently pending an EU patent [Pa4].
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7. Summary

The author of this thesis has discussed the results obtained during the
implementation of methods for characterization of linear and non-linear optical
properties of organic glass waveguides, waveguide poling investigations and
the development of waveguide modulator design. This summary is a
complementary part of the original articles by the author [P1-P8].

In the first chapters the author described three implemented methods for
the characterization of the waveguide refractive index and thickness as well as
the optical propagation loss in the optical waveguides. These methods are
complementary and essential in the NLO characterization of organic materials
and in the development of EO modulators.

Further chapter was devoted to the subject of EO waveguide poling
which is a crucial part of an EO material preparation. In the poling studies the
corona poling method was used. During the first corona poling experiments it
was recognized that the observable nonlinearity of the waveguide was low. The
reduction of the observable nonlinearity was caused by the surface and/or
spatial irregularities, which had appeared during the poling process. This
reduced the overall observable NLO efficiency of the films. During the poling
investigations two main objectives were set and partly reached. Firstly, the
increase of corona poling efficiency was achieved by addition of certain pre-
poling steps in the waveguide preparation. A ten-fold increase in the NLO
efficiency could be obtained. Secondly, the inhomogeneity was extensively
studied using optical, second harmonic and electron microscopy. Even though,
the origin of the mass transport phenomena was not fully understood, multiple
hypotheses were put forward and discussed based on the obtained experimental
results.

During the PhD studies, three methods for determination of EO
coefficients for thin films were implemented. As was shown, each of the
implemented methods can be used for determination of EO coefficients of thin
films, however, the effects multiple internal reflection and thickness change in
the sample have to be considered. It was demonstrated that a numerical solution
based on the Abelés matrix formalism can be used for the retrieval of the EO
coefficient values from the experimental data obtained by Mach-Zehnder
interferometric and Teng-Man methods. The attenuated total reflection methods
was recognized to be the most precise and simple for the determination of EO
coefficients mainly due to the inherent sensitivity to the multiple internal
reflection and thickness change effects.

In the final chapters, the author demonstrated a new type of hybrid
SOl/polymer waveguide EO modulator. The feasibility and efficiency of the
design was confirmed by numerical simulations and experimental
measurements.
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8. Main Theses

The Abelés matrix formalism can be used for the retrieval of the
electro-optic coefficient values from the experimental data obtained
by Mach-Zehnder interferometric and Teng-Man methods.

The multiple internal reflection and thickness change effects should
be taken into account for correct determination of electro-optic
coefficients from the experimental data obtained by Mach-Zehnder
interferometric and Teng-Man methods.

A hybrid silicon-on-insulator/polymer electro-optic waveguide
modulator comprising electro-optic polymer as waveguide core,
oxidized silicon as waveguide cladding and conducting silicon as
electrode could be used for building passive and active electro-optic
devices.
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