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Abstract

The development of information and telecommunicatienhnology
rests upon an ewéncreasing speed of information processing and transfer.
Nonlinearorganic materials havgeenshown to be appealing candidates for the
mentioned technologies fahe development of optoelectronic and photonic
devices. Curreht a considerable effort is devoted towards research and
characterization of newrganic materials for electroptical applicationsas
well as to develoment ofnew types of active waveguide device designs.

In this contribution the author of this thesiggents the results obtained
during the implementation of methods for characterization of linear and non
linear optical properties®f waveguidesthe waveguide poling investigations
and the development afwaveguide modulator design.

Keywords:  nonlinear optics organic  materials, material
characterization, waveguides
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1. Introduction

1.1.Motivation

Overthe last couple of decadekgionicsrelated researcand industry
have been growing rapidly According to Photonics21(the European
Technology Platform for photonigdultiannual Srategic Roadmap 201#
2020 [1], in the nearest futur@hotonicswill have themain role in the growth
of measurement technology and informatitsought to overcome limitations
of electronics in computers througiptical computingas well as tgorovide
cheap and effective solutions for optical communicatieaessing etcThe field
of information technology (IT) has beebenefiting greatly from the
development of optical communication technology since the first demonstration
of thelow loss(20 dB/km at 546 nmdptical fiber 1979 byKapron, Keck and
Maurer [2]. The field of optical communications has been developing
exponentially ever sincéAccording to the report provided by Cisco, in 2013
the optical communication netwa ensurd data transmissionrates at
approximately 1.6 exgytes per montmainly due tothe upload and download
of visual cantent such as videos and imadg@$. The same report states tllae
actualdemandfor data transmission rate anticipated texceed 120 exabytes
per month inthe year 2017.To meet these requirements, new dedicated data
transmission solutions will beecessaryln the device levethe growth in data
transmission ratenay be obtained either:

9 through sharing the bandwidth of a single transmission channel

among seeral users viaWavelength Division Multiplexing
(WDM), Time Division Multiplexing (TDM) and other
techniqueg4]; or

1 through increasing the speeshd efficiency of the individual

electraoptically (EO) active elements of the network.

In the field of multiplexing one of the most perspective technidoes
high data rate transmission is tBenseWavelength Division Multiplexing
(DWDM). In the DWDM, each signain onechannel is assigned to a different
wavelengt h. The reason why it is cal
wavelength of eachignalthat carries informatiois located very close to each
other. Most common standards now include channel spacing of 10@ 134z
GHz, while, a sophisticated?5 GHz DWDM was demonstrated more than a
decadeago[5]. Lower channel spacing will requisecurateuning and locking
the carrier frequencid§], which is not a simple task to sohamd 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 critiel@mentghat determines
the dataransmissiomratein the networkis the EO modulator. It uses electrical
signal to modulate the light intensity or phase. Such modulation can carry



information over optical fibes in both the long-haul andthe shorthaul
communication netorks

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) typ& moduldor. The MZ modulator type
devices aravidely applied in the field of photoni@ndarecurrently employed
in the commercially available data transmission devicAs schematic
illustration of an MZI modulatois shown in Fig. 1.1. The basic principle of a
Mzl waveguide modulator is the following. The light is coupled into a
waveguide and then split into two arms of the MZ| using-gh#ped splitter.
The light travels through both of the arms of MZI and then is coupled in a
single waveguide using a-%hapeé coupler In the waveguide thdight
interference takes place. The light intensity at the output of the MZI depends on
the difference between phasestbe light that has travelled through both MZI
arms The light phase variation ione of the armef wavweguide MZIwould
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 indexnoinéinear
optical (NLO) material varies in response the applied external electrical
field. For EO modulation of light phase, an opticallytrinsic material is
necessary.

Waveguide

Light
input

Light
output

Electric field

EO active waveguide

\ Electrode

Fig. 1.1.A schematic illustration of an MZI modulatfop view)

For the mentioned applicatiotihe current standardis to use lithium
niobatei LiNbO; (LNB), which is a nonlinear crystalline materifif]. The
light waveguiding structureis the LNB crystalaretraditionally formedby a Ti
(see Fig. 1.2.A)Zn or MgOion indifussion or arannealed proton exchange
procesg8,9]. Such processing allows increasing the refractive index along the
desirable light pattand thus the waveguide formatiorsince the refractive
index contrast beveen the processed and unprocessed parts of LNB is small,
the waveguides should be formed at the size of arounchith diameter in
order to be able to guidbe light [9]. Moreover the lower thecontrast of the

8



waveguide corde.g, Ti doped LNB)and cladding(LNB) refractive indices,
the higher is lightthe propagation loss at the waveguide befidg. This factor
also determines the sinéthe LNB device.

There are several properties @f.NB waveguide mdulatorthat have
made it a longasting technology. TheNB modulatorsare extremely reliable
over Ing period of time, have stable operation oawide temperature range,
enablethe light coupling and propagation lo$s below for visible and infra
red communication wavelengtfisl]. However, there are multiple downsides
to this material and the associated technoldgystly, the EO coefficientsof
the LNB are rather low, but the dielectric constants are high. Diretow EO
coefficients of the LNBthe waveguidedevice must be made londetypically
up to 10 cmi in order to obtain considerable EO modulation at low
voltageq9]. At this malulator size due to theapacitive nature of the
modulator it operateas afrequencyfilter lowering the amplitude of the
modulating electric field at high frequencies. Therefaneorderto reach the
GHz modulationthe modulator has to be operated itravellingwave regime.

In this regime the modulating electrical wave travels along with the optical
wave in the waveguideausing EO modulation where the waves overlap
Unfortunately, athe GHz frequency range i) the high dielectric constants of the
LNB lead to amismatch between the optical wave and modulating wave to
appear and iipnincreasingdielectricand electrode loss begin to domindte
drop in the optical respon§g]. Due tothe mentioned effectshe LNB based
devices havea potential to operate onlyp to aroundl00 GHz rang¢l?].
Secondly the cost of manufacturing and implementation of LNB optical
elements in photonics integrated circuits is high mainly due tdltfieulty to
integratethemwith other semiconductor materials

Nevertheless, LNB modulators are still discussed in the literdtutbe
last two decades most of the LNB modulator concerned scientific work is
aimed towards

1 optimizing theLNB designi finding location of electrodes with

respect to the waveguide core, waveguide sizes,fatdhe best
device performancg8,13i 16];

1 finding modulaton formatsor highest bitrate[17];

1 demonstrating new ieimplantation techniqueshich increase the

device efficiency[18]

However,only little increase othe overall LNB modulator performance
has been achievéddtely. The requirements towards higher speedsasmaller
footprint have made scientists and ewagirs to look for alternatives to the LNB
modulator technology. It is important to note thaeralgoodtheoretical LNB
modulator simulation and bandwidth estimation models have been
developed19i 21]. These modelsare now being successfulbpplied forEO
modulator designs that employ different materials such as barium tifagte
silicon [23] andpolymers[24,25]



Alternative trends in the field of EO waveguide photonics have been
emerging latelyOne of such is theSilicon Photonics (SPwhich is considered
to be started by Richard Soiiafthe late 1980f26]. The SP was firstly defined
to use crystallinesilicon for building optical waveguide elements, however,
almost all of the group Ill, IV and \elementsand their alloysare being
implemented nowadays

The fundamental element in SP is the silicon waveg(gde Fig. 1.2.B)
which is made on a silicear-insulator (SOI) wafer by a omplementary
metal oxide semiconductor EMOS) fabrication processThe SP has many
good qualities thasuggesthat it could become a standdad building devices
for optical communicationsit is spectrally compatible with the Silica optical
fiber used in the optical communication netwqritse high refractive index of
silicon allows formatiornof submicron waveguides with smaifidius bendshus
enablingto build very dense structig®n a single chif27]. Importantly, SP
can beprocessedisingthe wellestablishedMOS fabrication process which is
the cheapest in terms of priperchip manufacturingand allows photonic and
electronic integration on a single chip.

However, one ofhe eaty problems with thecrystallinesilicon wasits
centresymmetrigty (silicon has a cubic lattice structureyhis means that
originally it does not inherit the EO activity. A solution was again provided by
Soref in his work in 198%vhere he suggested using tliee-chargecarrier
induced electreabsorption and electnefraction[28]. The index change speed
is fasti within the picosecond randg29]. However, ligh asorption values of
doped Siliconas well as highemperature sensitivithave made scientists and
engineers to look for alternative EO modulation and switching effects
compatible with SPsuch as the FrarnzKeldysh effec{30], quantum confined
Stark effec{31] or EO effect in NLO polymerg32]. From the waveguide
preparationcost and integration point of viewhe SP is the most mature
technology. A single chip along with modulators may also inclyetenanium
and siliconphotodetectors, nitiplexers, light couplers et§29].

Another significant drawback to the silicon waveguide is itery high
absorption coefficient for wavelengths below 1100 nm, thus the silicon
waveguides cannot be used fbe visible range. The waveguide operation in
the visible range would beelevant forvarious applications such aster
connectg33] and photonic spectrometd@}]. One of the currently most
popular suggested solutions that would enable the operation ofSkhe
waveguide devices in the visible range would be to use silicon nitride for
guiding light (see Fig. 1.2.C.bn the chig35]. It has the advantage of being
transparent in the visible rangeeing compatible with the CMOS processes,
having a high refractive index and being NLO ac{®®]. However, there are
also drawwacks tosilicon nitride as a waveguide materi@llicon nitridebased
waveguides can reaabnly limited thickness. Due tdntrinsically high film
stress of silicon nitridegracks appear for waveguides that are thicker than 400
nm[37]. Only very recently an improved silicon nitride crefobe waveguide
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preparation method has been propd8&i. Unfortunately, the prepared
waveguides still suffer from high light propagatitmss due to light scattering.

Possibly one of the cheapest and most effective solutmmsréating
EO active waveguide devicesould be to us NLO organic materialslong
with silicon. Modulator designs that implement various types of materials, e.g.,
silicon and polymer, glass and polymer, in the literature are reféorecs
hybrid designs. The NLQrganic 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 respond89,40] The most straighiorward implementation ofa
polymer in the SP would ke use the NLO actie polymer as a cladding on the
silicon waveguides (see Fig. 1.2.[311,42] However, dudo thehigh refractive
index of silicon only small part of the guided light will penetrate the EO
pol ymer and i f eneldx cchangdn due tthe EQ affect. Tov e i
increase the overlap between the guided light and the EO polgrdesign that
comprises a silicon slot waveguide filled with the EO polymer has been
recentlysuggestedi12,32,43 49]. The high overlap between the light and the
EO polymer results in very effective switchirig 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 lengtra@buple of mn{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 efficiencyté
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 desighat isdisplayed in Fig 1.2.E. The slot is ordyouple
of hundred nm wid§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 siliconAlso, the slot should be prepared with high precision
in order to have lovlight propagation loss. Moreover, due to geometry of the
waveguide only horizontally polarized light can be guif®]. This means
that if the waveguide applicatiaequires coupling ofandomly polarizedight,
additional light coupling loss will takelace.

A different approach of preparingybrid EO active waveguides has
been introduced and demonstrated by a group led by Robert A. Nofa&iod
54]. The suggested desigemploy organically modified sajel and polymer
waveguides(see Fig. 1.2.F.}hat could operate in the visible and infed
ranges The light is firstly coupled in a waveguide tha made of a sejd
material, from which it is afterwardscoupled in a NLO active polymer
waveguide using a highly efficient adiabatic tapecording to results in the
literature & the moment such waveguidkesigns havehe smallesicoupling
and propagation lossesWavegiide with the principal setup such as
demonstrated in Fig. 1.2.F. diabeen made employing only polymer
materialg55i 64]. The proposed waveguides could operate a wide optical range
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and bevery effective. However, the downside ofsaichdesignis the cost of
preparation whiclnvolves 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 N )( E(/Z) polymer
\\
hY
2 /f 2
Si Si Substrate
D. E. F.

Fig. 1.2.Crosssection of \arious suggested amarployedwaveguide designs

for application in waveguide modulatois. A Ti:LiNbO; waveguide in
LiNbOs. B. A silicon waveguide made aasilicon-on-insulator SOI) wafer.C.

An EO silicon nitride waveguide built anSOI wafer.D. A hybrid EO

waveguide desigcomprising silicon and an EO polymer as cladding.
Currently the most effective hybrid silicon and EO polymer design comprising
a silicon slot filled withanEO polymerF. Designs that employ EO polymer

on glass waveguides or Bfdlymer on polymer waaguides.

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 efficiendgven though one of the first swiolt
EO modulator designs thamployed an EO polymer was already presented
almost two decades af@5], the organic EO material has not yet become a
standarcelement in the commercially available EO modulatdisere arewo
mainreasons whyhis has not happened.

Firstly, a major issue with organic EO materials is their thermal and
photostability [66]. The organic materiails thermally stable well below its
glasstransiton temperaturewhich usually does not exceed 200 A
commercially available standard EO modulator that comprises an EO organic
material would have to comply with the Telcordia standf@d@t The
Telcordia standards include the general requiremesuish as efficiency,
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thermal and mechanical stabilifipr passive and active waveguide components

in EO modulators that are used in conventional communication sysi¢tte
moment the available EO active organic materials do not pass the Telcordia
tests.Secondly, th&eO organicmaterialbaseddesignshat have beeproposed

and demonstrated up to noare either too expensive or have insufficient
efficiency.

Due tothe reasons mentioned above,cansiderable effort is devoted
towards research and characterization of new NLO organic materials as well as
towards thedevelopment of new type of EO modulator designs. The mentioned
tasks are complicated and involweultidisciplinary researcm the field of
electronics, photonics and chemistry.

The principaland logical levels or stepdor the developmenbdf an
organic material based EO modulator could teeftiiowing.

1 Molecular engineering in this step the NLO wiecules and their
organizationsare identified. The recognition of NLO molecules is
based on the knowledge of specific molecular features, such as
electron donor and acceptor strengtbngth of the conjugated
bridge etc, as well as on the salts of Quatum Chemical
calculations[68].

Material synthesi$ in this stepthe NLO material isynthesized
Preparation of the materialthe synthesized organic NLO material
usually (except for some class of crysiallor selfassembling
organic materialsjequires poling[39]. Poling is a process in which
the macroscopic nonlinearity the material iobtained.

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

1 Development ofthe EO device preparation technologythe EO
modulator design isdentified on grounds of available material
preparation technology, material properties agsults ofnumeric
simulations.

1 Demonstréion of the operationi after the EO modulator is
preparedit is tested for stability, switching speeds and voltages.

The results obtained in each of the mentioned steps ¢raeal effect

on the further advancement of tHeO polymer modulator technologivajor
research groups actively participate and contribute to each lidtéablevels

= =

1.2.Main objective and tasks

The main objective of this PhD thesisas to perform theoretical and
experimental investigations dfiILO active organic glass waveguideThe
following tasks were put forward:

13



- implement and develop optical methods for characterization of linear
properties of EQuctive organic glassaveguides

- performinvestigations of organic EO active waveguide poling with
coronatriode

- implement and develop methods for characterizatiomatlinear
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 itis demonstrated that the Abslmatrix formalism
can be used for the retrieval of the EO coefficient values from the experimental
data obtained by MaeBAehnder interferometric and Teian methods

A noveltype of hybrid SOl/polymemodulator desigmand preparation
technologyis presentedThe design and preparation technology is currently
pending an EU paterd E | eaptic rmodulator and method of fabricating
sameo (ER13196563
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April 12-14, 2012

[C9] E. Nitiss, J. Busenbergs, M. RutkisOptical propagation loss
measurements in electro optical hostguest waveguides, SPIE
Optics+Optoelectronics, April 158, 2012

[C10] E. Nitiss, R. Usans, M. RutkjsSimple methodfor measuring bilayer
system optical parameters, SPIE Photonics Europe, Brussels, Belgium,
April 16-19, 2012

[C11] E. Nitiss, A. Tokmakovs, M. Rutkis, Assessment of material refractive
index near absorption band usingramersKronig relatios,
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I nternational Young Scienti st Conf
Communications 2013d2,20R3 ga, Lat vi a
[C12] E. ‘NiM.Rutxis, SOlipol i mUr u EOLUNGHI Bd. at or
zinUtniskU Rpgd.(2r2e8.c e
[C13] E. Nitiss, M. Rut ki s, ADevel opment of pol

on silicononti nsul at or pl atfor mo, I nter
Conference fiDevel opments in Optics
Latvia, April 912, 2014

1.6. Patents

[ P a Rded ronlineapolymeric materiad  ( a BiGhidukoss, V.Kampars,
M.Rutkis, A.TokmakovsE. Nitiss) patent NoP-13-93 (Latvia)

[Pa2]iThe met hod for Il imited area of t
Vilitis O., Nitiss E., Rutkis M., patent no. 14755 LR (Latvia)

[Pa3] APol ed nonlinear pol ymeric mat er
M.Rutkis, A.Tokmakovs,E. Nitiss, EP13195779, 05 December 2013
(Submitted EV)

[Pa4]AE| expgtrioc modul ator and nEeNitspM. of
Rutkis, M. Svilans, EP131965630 December 2013 (Submitteel))

1.7. Author & contribution

The main results of this PhD thesis aescribed ir8 scientific papers
[P1-Pg and presented in international and local conferefi€dsC13]. The
author was the corresponding author of pulglishnd submitted articles as well
as for the conference presentations.

A major part of the considered resulteneobtained by the author. The
author:

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

1 implemented and tested the Ma&ehnder interferometric and Teng
Man method for correct measurement of EO coefficients of organic
thin films and developed a numerical solution based on the Abel
matrix formalism for the retrieval of the EO coefficient valdiesm
the experimental data obtained by Matthnder interferometric and
TengMan methods

9 took considerable part in the implementation of étienuated total
reflection technique used for the measurement of thin organic film
EO coefficientsi developed th optical and electrical setups as well
as the methodology for correct interpretation of the EO
measurements

1 took considerable part in the thin organic film poling investigations
performed the optical and second harmonic imaging measurements,
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performedcoronatriode device optimization, took part in the analysis
and interpretation of the experimental results

i took considerable part in the development of a hybrid SOl/polymer
EO modulator, solely performed the numerical simulations and
experimental charagtization.

1.8. Preface to further chapters

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

The author beigs 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 pédr 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 asasédibr obtaiing
high quality NLO active organic thin films.

Finally, the author presents a new type of hybrid SOl/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 wawguiding 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 lightgsiak [69]. Some of the most significant
advantageous properties are the following:

1 light in the optical waveguides can propagate at long distances

without losing energy;

1 depending on the optical propies of materials, the crosection of
the optical waveguides can be ve
the waveguide based devices can have a very small footprint;

1 the high light confinement in the waveguide provides the possibility
to observe enhanced ® properties of the material.

The total internal reflection effect is uséat light confinement in the
waveguide. The light refraction arnthe reflection at the boundary of two
different meda obeythe Snells law which states that the ratio ofdhesof the
light incidence and refraction angles is reciprocal to the ratiigluf refractive
indexi n the two media. Theafdmel |l 6s | aw

¢ OF=— ¢ OFr—, (2.1)

where d; and d, are the anglef incident and refracted beams
respectively,n; andn, are the refractive indices of the respective medee
Fig. 2.1) We will assume that the light propagates franmedium witha
refractive indexn; into a medium with a refractive indexn, and that the
conditionn{>n, is satisfiedIn such case there exists a specific angle called the
critical incidence angld;=d; at which the sine off; is equal to one. Then from
(2.1) the critical incidence angle can be estimated by

— AOACCET 2.2)
Then, depending on the liglmcidence angleal;, three specific light
refraction cases can be outlinefixd;, d;=d., d;>d.. These cases are illustrated
in Fig. 2.1. In the first casel;<d; light is simply refracted fronthe medium 1
into the medium 2. In the second case wtrd, the refracted beam travels
along the interface of the media. If tHe>d., the total internal reflection effect
takes place. The characteristic property of this effect is that the efficiency of the

reflection is very close to ontghus the optical loss durnthe 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
indicesn; andn, sothatn;>n,. A. When the incidence angtg is smaller than
the critical incidence anglé thebeam is refracted ab<9(. B. Whend;=d_
the beam is refracted along the material boundarin a case whed;>d, the
beam idnternallyreflected.

The total internal reflection effect is used for trapping the light in the
waveguide.Usually, to illustrate the basic idea tmeost simple of waveguide
structures, which is a planar waveguide, is described. A planar waveguide
guidesthe light only in one dimension and is illustrated in Fi2 The
waveguide core has a refractive indexwhich must be higher than that of
claddirgs n, and n; in order for the structure to guide light. We will also
assume than, O 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 matial and the core is sufficiently thic}69].

From the geometrical optics point of view we expect the light to be
guided if the incidence angtg is greater than the critical angleor d;>d. (see
Fig. 2.2.A).However, as will be showtater,the light is actually guided in the
waveguide only at specific resonancel;. These guiding conditions are
attributed to waveguide modes and can be obtained by solving electromagnetic
equations of a guided wavé&he electromagnetic wave equatioase obtained
from Maxwel | 6s efoundart anydevotadntektbooléo70] b
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 tligh
polarizations have to be considered. In case the propagating light wave has an
electric field component in thgz plane the waveguide mode is called the
transverse magnetic mode. The modeabed the transverse electricode if
the electric field is plarized along the y axis (into the page). Both cases are
illustrated in Fig. 2.2.A. For th&ransverse electricase the electromagnetic
wave equation becomes

no g0 m (2.3)
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whereelectric field intasity E, indicates that the light is polarized in the
y direction, 8, is the wavevector in vacuum and is equal2té ,/nais the
refractive indexn,, n, or n; depending on the location. For theansverse
magneticcase the equation (2.3hould be rewritten for he magnetic field
valueH,(x). Due tothetranslation invariance of the problem alangve expect
to look for the solution (2.3) in the form

o wi 0 wC | (2.4)

where 0 is the propagation constant along thelirection and is the
eigenvalueof solution of equation (2.3).

X
’ > N 3
z " | o M \ 0
n1 n‘l
6,

* s n, -l ng -1
\p 4

A. B.
Fig. 2.2. Aplanar waveguide consisting atore witharefractive indexn; and
thicknesd and claddings with refractive indicas andn; sothatn, Ons. A.
Geometrical optics representation of light guidiBgWave optics
representation of light guidirigthe light intensity also referred to as mode
pattern plotted against tlzeaxis, the mode propagates along the z axis.

The solution to Z.3) will give the light electric fields, distribution over
the waeguide The light intensity distribution in the waveguitiee Fig. 2.2.B)
can be obtained bgalculating the square d,. For the identificationof
waveguide modest is alsovaluable to use the effective refractive phase index
Nerp iNnstead ofthe propagation constamt The effective refractive index., is
more intuitive to operate with. &an be calculated by equatidh):

¢ — ¢t AT g . (25)

The reason one would wand operate withne, is related to the
characteristic®f the guided mode condition. The guided mode solution exists
only to such effective refractive phase indgx, (2.5) which is lower than the
refractive indexn; of the waveguide core and higher thdre refractive index
of thecladding

i At & € . (2.6)
Thus only discrete values of., in the rangedefined by(2.6) are
allowed.
20



During the waveguide simulations it should also be taken into account
that the light that is coupled into the waveguide has a certain bandwidth.
Consequentlyto characterize thevaveguide modesthe effective refractive
group indexnetq has to be used instead tbk effective refractive phase index
Ner.p [71]. Theneq is a function ofee, and can be calculated by equati@tvy:

& & _ (2.7)

Theneq takes into account the dispersion of the waveguide. It should be
noted thatng,ane, for the first modegmodes with the highest,,) of a
multimode waveguide if the refractive index of the waveguide core material
n ( =&gnst. However, for very small single mode waveguides the difference
between group and phaselices can begue significant[72]. To facilitate the
reading the effective refractive group index, of the guiding mode is referred
to astheeffective refractive indeRgs.

The solution to waveguiding problen2.@) 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 wevically by finite element
methods[69].

2.2.Rectangular waveguides

In previous paragraphs some of the most important parameters used for
chaacterization of the waveguiding cadition were shown.The atual
integrated optics devicesee 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 atntegrated 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 charactermids as
propagation lossin the following paragraphs the main tools for performing
waveguide and waveguidievice simulations that have been usethis work
will be briefly described.

2.2.1 Modesolvers

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 dividetbitwo principal groups.

In the first approach analytic lstions of the modes are used. Tlvstf
analytic solutions to the rectangular waveguidebfgm were introduced by
Marcatilli [74], however, the method provides precise results onlyrfirst
modes of a multimde waveguiddéa waveguide that supports multiple modes)
Currently the effective index method (EIM) is used as the main analytic tool for

21



waveguide mode calculations. The EIM was developed by Hocker and Burns in
t he | a[T5k This théthod allows splitting a two dimensional rectangular
waveguide problem into several one dimensional slab waveguide problems
which can be easily solveahalytically The EIM works very well for simple
geometries, but can introduce emoat the order of couple percent for the
effective index and the mode shape of khwest effective index modes ab

or ridge waveguide$71].

The second principal approach for finding waveguide mode parameters
is to use numerical finite element or finite difference eigenvalue solvers that
solve Maxwell 6s equat i dwthdcrossactiona v e gL
mesh [76]. Devoted numecial eigenvalue solvers have shown to provide very
low errors and can be usedorf arbitrary shaped waveguideg77].
Unfortunately, the development and implementation of such numeric
eigenvalue solvers can be sucomplex and time consuming and, therefore, a
common praxis is to use commercial software such as MODE Solutions from
Lumerical [78] or Comsol Multiphysics from Comsdl79]. In this thesis for
mode solution®f two dimensionawaveguide problemthe adhor has used the
Electromagnetic Field Module (EFM) which is a part of Comsol Muitgits.

It not only allows one to estimate the mode shapes and effective refractive
indices ng, but also to calculate impedance and static electric field
distributiors if relevant. These additional possibilities are particularly important
if numericalEQO device optimization is performed.

2.2.2. Propagationsolvers

Light propagation simulations are performed witkie design flow of
waveguide photonicslevices It is important that the device operation and
efficiency is estimatedheoretically before it is built. For the waveguide
devices parameters such as waveguide mode propagations losdalressl
coupling efficiency are calculated by propagation solvers whiehnaainly
numerical. Wide variety of solvers e.g. beam propagation method (BPM),
Finite-Diference TimeDomain (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 tifferent toolsfor light
propagation calculations

The first tool is theCAvity Modelling Framewor CAMFR) developed
by Bienstmann and coworker§82]. The CAMFR employs EME method
which is profoundly described elsewherg¢81]. The very basic principle of
EME is to use the superposition affinite number forward and backward
eigenmodes (complete basis set) of the waveguide to simulatdigtite
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 othertool that was employed fgpropagation simulationg/as the
EFM of Comsol Multiplysics. The EM 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 Isetter for long invariant and
repeding optical structures. On the othdrand, the EM 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 reqdi

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 bersly 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 molecukg.the microscopic (molecular) level the
induced dipole momenQ( ¥ Which is a function of the frequency of the
incident light withanamplitudeE;( ¥dan be described as:

‘17 B 1 07, (2.8)

where U;( ¥ i5 the linear molecular polarizability tensor and indices
i,j=1, 2,3 denote the v&or and tensor components of the electric field and
linear molecular polarizability tensor, respectively. The valoéstensor
componentslependon the symmetry othe molecule. For example, in case the
molecule is isotropic, then the edikis componentéi j) are zerd84].

For high intensity light, such as laser light, the response of the molecule
is no longer linear. Thefore the equation2(8) should be supplemented with
higher order nonlinear terms. This is usually done in the following form:

‘] Bl 1 0 BIf 1HFR R ©1 ©1 , (9

whereb;y is the second order molecular polarizapiindis athird rank
tensor ¥, and¥, are the applied field frequencies andy ;+¥,. As a result of
nonlinear polarization, it is possible to observe various interesting NLO effects
such as second harmonic generation (SH@)e molecule emits a photon with
twice the frequency of incidénphotons, Pockels effect change ofthe
refractive index of the material in electric figldand others. Most of the NLO
effects start to appear #ie electric field intensities in the range of *110*
V/cm [85]. The frequencies in the brackets fgf 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 placefSome
the characteristic second order processes and their designations can be found in
table2.1.
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Table2.1. Some characteristic second order processes and their
designatior{86]
¥ 1 ¥ Process
¥i+ ¥ ¥, ¥, Up-Conversion
¥.1-¥, ¥1 -¥, DownConversion

0 ¥ - Optical Rectification
2y ¥ ¥ Frequency Doubling / Second Harmonic General
¥ 0 Pockels effect

In NLO experiments, such as SH@&ually the macroscopic nonlinearity
of the material is observed. The macroscopic nonlinearity of the material can be
described using the same concept asafsmgle molecule. Thenacroscopic
NLO response is governed byetlinduced polarizationP; in the material.
Taking into account the nonlinearity up the second orderthe P, can be
written as

01 B. 1 0] B . 1F F ©1 ©1 ,(210

where ;¥ and g® are the first and second order susceptibilities.
Similarly as for a single molecule, the higher even order effects can be
observed onlyfithe system is naentrosymmetric. This condition is easily
understood if we look at the induced polarizationaoyelectromagnetic wave.
Assuming we have a centrosymmetric system and leaving out the first order
susceptibilityand losing the indicese can write that

06 .. GCo, (2.11)
where theelectric field intensity varies harmonically
00X Wé o. (2.12)

In case the sign of the incident field amplitudeclgnged, then we
expect to have

06 .. 00 .. Co. (2.13)

The (2.13) can only be true if the?=0. Thusa norcentrosymmetric
NLO material consists of molecules that possess the second ortemutap
polarizability and that are not aligned randomly. To obtain a
noncentrosymmetric condition in an organic material, it is poled static
electric field at elevated temperatures. The exception isasedfmbling organic
materials or organic crysg® which inherit material nonlinearity during
preparatiori87,88] We are particularly concerned with the quantifigsand
6ix? and how they relate in BLO activeorganic material. If the material is
composed of NLO active molecules, also referred to as chromophores, at a
concentratiornC, then it is correct to expect that the macroscopic nonlinearity
will be the sum of microscopic nonlinearities. For estimatiorthef second
order nonlinearity of the materjalre can use the following approximation
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of e q (2.14)
where<cos" > is the nowsentrosymmetric order parameter dngs the
molecular second order polarizability projection on the dipole momktiie
NLO active moleculg¢89]. It is important to note that the nmemtrosymmetric
order parameter depends also on the chromophore concentatiod dipole
momentQ, of the chromophoredhe order parameter, according to an analytic
approximatior[90], can be expressed as

WeEFC —p 0 —28 (2.15)

whereE, is the poling field, T T poling temperatureks i Boltzmann
constantQ, i dipole moment of the moleculg, i Langevin functionW, i
chromophorechromophore electrostatienergy. The relation (5 may be
divided into two parts. The first paf,E/SkT describes the order parameter as
a function of poling QE) and thermal depolarizatiorkT). As can be seen
from (2.15), it is desirable to have the poling ene(§yE) as high as possible
for maximal ordering. This obviously can be achieved by increasing the poling
field E, strength. The second part &.15 (1-L%(W.¢/KT)) characterizeshe
dipole-dipole interaction®f the NLO moleculesn the material, which tenat
reduce the order parameter due to repulsion of dipoles orientdgk Bame
direction. The dipolalipole interactioris also responsible for the reduction of
the NLO efficiency by stimulating formation of centsgmmetric NLO
inactive aggregates, espdlyian guesthost systems where chropimres can
move within a matrix.

Some molecule related characteristics and their effecthersecond

order response should be outlined:

1 all higher even order polarizabilities are zero for a centrosymmetric
moleculed89]. Usually, the molecule that possesses the higher
order molecular polarizabilities congistf three parts electron
donor group, electron acceptor group anconjugated bridge that
separates donor and acceptor grd39%;

1 the second order response depends on the resonance freqyency
of the molecule and thedquencyy of the incident ligh{89]. The
two-level model gives the following proportionality for the -off
resonance cagel]:

L S — (2.16)

2.4. Second order NLO effects

The equation .10 can be used for characterizing second order
response of the material. For the sakelafity some frequency arguments will
be suppressed ithe further equations. As can be seen fral(), the non
linear polarizatiorin a simple forntan be writteras
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0 B .. 0OC. (2.17)

Due toK| ei nmands s manee requcedfomen 3x3x3
tensor to a 3& tensor whichsimplifies the usage of2(17) [85]. The indices

fikb are r ehpdothated by n

v P :(h:Q pﬁD v
o 6 B9 ctop,
o QQ ofo

rt@Q  chorplty (2.18)
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If the material is characterized using SHG measurements, usually the

second order susceptibility® is substituted byl where the coefficients in
the tensor are called the NLO coefficients. For a poled organic material which
belongs to point group symmetry of mB the nonlinear polarization can be
calculated fromZ.19 [92]

C
. C A
0 nomTonm o0 19, Sy
- , ~ C X,
Y m T T Q T T A . . (2.19)
0 0 0 0 n 1 onuostCs
(G C
6¢CC QO

As can be seen from2(9, for NLO active organic material
characterization only two independent tensor eleméqtand ds; have to be
used.

Similar notation is used to characterize the Pockels effect whialso
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 aferved in nocentrosymmetric media. The change
of therefractive index can be written as

3 — Bi O, (2.20)
whererj is the EO coefficient tensor. Applying the same symmetry
rul es and now siwb saihd #sint (.18 ,gwe pen that the s

refractive index change for a material which belongsthe point group
symmetry ofn mBcan be expressed:as
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Similarly as for the SHG effect, thereeaonly two independent tensor
elementsr,3 and ra; 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. Indethed magnitudes of the mateisare
also reléed and possess proportionalitypwever, 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 relevantelationship between the coefficient of EO and NLO tensors
is the following ratio

— - (2.22

A simple approximation othe order parameter in the poled polymer
materials suggest that for films poled at low electric fields rth&,; ratio
should be in the range from 1 td98]. However, deviations from the isotropic
model have been registered experimentally, suggesting that this ratio eould b
up to the value of ©4,95]

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 hasa higher refractive index thathose ofcladding materials. The
light waveguidingis a resonance processthe light can be guided at certain
conditions which are characterized by optical modé® resonance conditions
can be estimated by analytical and numerical methtdsorder for the
waveguide to be used in the EO waveguide devices, it must not onlyeb® ab
guide light, but also to be optically nonlinedrhe optical nonlinearityof the
materialsis characterized bthe second order susceptibilitgnsorwhich for
EO effect is denoted as EO coefficiemt but for SHG effecti as NLO
coefficientd; tensor. Poled NLO polymers belong the point group symmetry
of mmBwhich means that in the NLO organic materials there are only two
independent elements &susceptibility tensor.
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3. Characterization of linear optical properties

In the waveguide devicalbrication process 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, widereg
material refractive indexand the light optical propmtion loss in the
waveguide. All of these parameters determine the operation of the waveguide
device and the validity for the intended application. For exangpl@&correct
estimation ofthe thickness andhe refractive index may lead to significant
erras of the estimated nonlinearity of the waveguide material and thus
incorrect evaluation of the NLO efficiency of the de\i@é].

Various methods for the characterization of lineptical properties of
wavegudes have been suggested and described in the literature. Commonly
optical methods such as single wavelength or spectral ellipsofa&ti§9],
spectral interferometrjd00], and spectral reflectometrfd01i 103], are used
for the evaluation of waveguide refractive index and thickné&th most of
the mentioned methods it is possible to obthi@ product ofthe 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. Magawost of
the mentioned techniques cannot be usedstimate linear optical parameters
of bilayer waveguide, e.g., waveguide witlbore layerand a cladding layein
the following paragraphs the author of this thesis demonstatenplemented
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 @sedptical parameters in the
low absorbance part of theaveguides.

Unfortunately, the previously described optical methods aially
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 evaluationtbé refractive index near and at the
absorption maxna of the material would be to apply the Kraraérenig (K-

K) relations[104i 107]. The KK relations can be used to calculate the real part

of a refractive index by integrating the imaginary paeixtinction coefficient

of the material. The great advantages of this method, besides the fact that it can
be used foithe meaurement 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 tothe 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 investigatiortheflight propagation loss in the
waveguide. As noted in the previouaragraphs, the light propagation loss is
one of the parameters used for the characterizatiamwaf/eguide device.
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In thesucceedingaragraphghe following implemented methods will

be discussed

1 spectral reflectometry a noncontact method fahickness and
refractive index measurements of a single or bilayer waveguide
[P3];

1 the KK relations used for determination dhe waveguide
refractive index from the simple extinction coefficient
measurements @fwaveguide C11];

1 thetravelling fiber mehodi a method usetb determine thdight
propagation loss in the waveguifis].

3.1.Spectral reflectometry

The implemented spectral reflectometry mettiod measuring bilayer
system optical parameters in the low absorbance part of the sample
transmittaace or refectance spectrum has been described by the authaslin [P

Even though, similar spectral measurement based methods for single
layer optical parameters have babscussed earlier in the literatd8,109]
the author extends the approach for cbrdzation of bilayer systems.

The reflection spectroetryis based on collecting reflectéight from a
multi-interface system and can be used to determine the optical path length of
certain layers in the systerhet us assume thdight |, is incident on the
samplei a simple waveguide on a glass substrate reflected and transmitted
light intensityl, andl, will depend on the refractiveadex of eachmediumand
the thickness of the thilayersin which multiple internal reflections can take
place. In such case fringes can be noticetthe reflected spectrunthe period
of these fringes is determined by thatioal path length of the thin film which
is a product othe refractive indexof the waveguiden; and thickness. The
reflectivity R, which is the ratio of reflected light, and incident lightl,
intensities, of the noabsorbing thin film at zero lighhcidence angle can be
calculated by

- Y - (3.1)
where
1 _ 3.2)

and U, and 0,3 are the Fresnel coefficienis10] of the airi thin film
and thin filmi substrate interfaces respectivandai thewavelength.

To demonstrate the chatadstics of this light interference effect the
spectral reflectivity of a waveguide on a glass substrate willid®issedThe
reflectivity of a waveguide on a glass substrate according.1p i€ plotted in
Fig. 3.1. Three particular cases are illustrated in this graph. In the first case a 1
Om thin waveguide is on a substriate
on a substrate with refractive index 1.5 and in the third tase a subsate
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with refractive index 1.6. It is important to note thlaéreinan approximation

for the refractive indices is usédthe dispersion of the substrate and the thin
film is neglected, meaning that the refractive index of substratetenthin

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 lighspectra are fixed and independent of substrate refractive
index. The location of extreme points is determined only by the thickness and
therefractive index of the waveguid8econdly, the higher the refractive index
contrast of the substrate aftttk thin film, the higheris 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 affeciocation of the
interference extreme points.
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Fig. 3.1.The reflectivity of a thin waveguide withrefractive index oh;=1.54
on a glass substrate wittrefractive indexs. The third medium is air with
refractive indexn,=1. Three particular cs are illustrated: ithefirst case a 1
Om thin film is on a substrate with
second on a substrate withrefractive index 1.5 (solid line) and in the third
casel on a substrate withrefractive index 1.6dotted line).

In the demonstratetechnique the refractive index attik thickness of
the waveguide is determined from the location of extreme points in the
reflected spectraln the papefP3] a new penalty parameter for finding the
refractive indices andhicknesses of the layers is introduced. The penalty
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parameter is the standard deviation of calculated thicknesses at wavelengths
corresponding to theextreme points. For the thin film refiive index
approximation poinrby-point and Sellmeier dispersion relatimereused.

The experimentadetupconsisted of a light source, optical fiber probe, a
sample and a spectromet&he light from a light sources transmited through
a reflection probdo the sample. The lighefleaed fran the sample is then
collected and transmitted t@ spectrometer.As reported in [B], the
implemented technique was tested on a single layer and bilayer waveguides
showing good results of thickness and refractive index estimates. Only results
on oltained for a bilayer system will be discussed in the following paragraphs.

The test samples were prepafeliowing the stepsdepictedin Fig. 32.
An indium tin oxide (ITO)covered glass (see Fig.23A) was used as a
substrate The thickness of the ITCayer 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 fringe&.polymer thin flmwas spincoated from a
chloroform solution onto the ITO covered glass s(ske Fig. 2.B and 32.C).
The polymer used was a hostguest material consisting of a
dimethylaminobenzyliden#,3-indandione (DMABI [111]) chromophores as
guests in polymethyl methacrylafeMMA) (SigmaAldrich) doped at 19owt.
Henceforth, such hogfuest material \ili be referred to as DMABI+PMMA
10%wt. The thickness of the spitpated sampleis typicallyaroundl to 20 m.
The refractive index of DMABI+PMMA 1%wt is 1.54 at 63 nm. Such thin
film (see Fig. 3.2.Dfan be useé as a waveguiddt usually supports multiple
modes in the visible wavelength rang®.bilayer system was obtained by
covering a glass slide carrying a spimated polymer film with anothdifO
coveredglass slide.Afterwards both slidesvere squeezed tagher in the
sample holder creating a system as shown in Fige.3(n 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 cre&ch 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 ttléckness of theair
gap.

The collectedspectrum 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 ando be able to extract thvavelengths which correspond to the
extreme points in the reflectivity curve. For the collected raw data the Savitzky
Golay smoothing (SG) filter was appligtil2,113]
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Fig. 3.2.Preparation of a bilayer samplke. An indium tin oxide (ITO)
covered glass substrat. A small amount of chloroform solution is applied
onto the ITO covered glass slide. During the spincoating process the
substrate is rotated at appropriate angular velaciéyd the solution is spread
over the substrat®. As aresult of spircoating a thin and smooth polymer
film on the ITO covered glass slide is obtainBdA bilayer system in the
micron scale is created by covering the polymer carrying ITO covered substrate
with another ITO covered substrate.

From the spectrm shown inFig. 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 artitidahinner ones
T larger. Thus it is assumed that the long period fringes are caused by
interference in the thin film, but the short period ohdsy the interference in
the airgap The optical parameters for each of the layers lmaanbtaired by
sepaation 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 SGwiteobtained.From
the filtered data three extreme poimtsre found. The calculated thickness of
the thin fimwas0 . 73N0. 01 Om using the point
using the Sellmeier dispersion relation.

If the SG filtered values are subtracted from the datg 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 applicationhefSG filter ofthe
window lengthof 101 points (2nd SG filterthe wavelengths correspdnd to
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the extreme points in the reflected spectra can be found. From these points the
optical parameters of the ajjap can be calculated givinthe gap widthof
5.55N0.29 Ompwheh bygipoint method anc
the Sellmeier dispersion relation in the 71870 nm range.
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Fig. 3.3.The eflected light pectra from the bilayer sample, filtered data using
SG filters and the extreme points from which the thickeessd 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 timdhe methods 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 materiate would apply he K-K relations.
The author of this thesis has implementied K-K relations for determination
of refractive indces of absorbing thin filrs. The results were reporteat an
international conference [].

In general the KK relations bind the real and imaginary part of any
analytic functionB in the form

5 6. (3.3

Physically theB; and B, can be the real and imaginary parts of a
material response function of a time dependent propEt#]. In optics the K
K relations are applied for finding the complex refractive inblewhich is an
analytical function ad can be written as
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5 & Q0 (3.4

The KK relations that bind the real and complex parts of the refractive
index are in the form

€1 00Y EH - — & H. (3.5

There areonly few functionsk(¥) for which the kK transformations
can be performed analyticall§15]. Usuallythe extinction coefficient function
k() has an arbitrary shape and thus numerical integration of the int8dial (
has to be performeds obvious from 8.5), there are some limiting factors that
should be noticed. Firstly, the integial (3.5 has a pole ak¥ &y at which
n(*)Y b. Thus integration at the pole f
integration to infinity should be performexdtcording to 3.5 even though the
k(¥) is recorded in a specific randategration to infinity can be substituted by
an integration in a specific range onhk{fy) outside the range is zero. Taking
into account the mentioned limitations, numeric metHodginding n(¥) have
been implementel16,117] According to Ohta and Ishida18], the
integration wusing Mac]l aofl the mdstseffidientr mu |
methods in terms of obtained precision dhedrequired computer calculation
ti me. The Maclaurinds for mul a5 lwyal cul
very simple summation procedure. In the summation the extinction coefficient
at ewery other frequency point is used. Thus the refractive index at specific
frequency can be written as

g1 YeEl® tH -B ¢ H .(3.6)

The summation by in (3.6) is performed at every other dataint in
order to avoid situation where dominator 8f6) is zero. The starting point of
the summation is chosen such that the situation wivenis avoided: ifv is
odd, theru=2, 4, 6, .., but i/ is even, them=1, 3, 5, ...

The implemented numeric-K transformation was testddr finding the
refractive indexn ( af)DMABI+PMMA 3%wt thin film. From the material
under investigation a thin film of ¢t
glass substratasingthe spincoating method. Using thetricon 2010 prism
couplerthe refractive indices of DMABIPMMA 3%wt at 1064 nm, 632.8 nm
and 532 nm were estimated to be (108)=1.495, n (6399=1.504 and
n (ss9=1.528. The absorption spectkal of the thin filmwererecorded using
a simple transmission configuration comprising a light sodheesample under
investigation and a spectrometer. From the absorption spectra the extinction
coefficient spectra arecalculated using a simple equation

Q_ 2 (3.7)

The obtained extinction coefficient from the absorption spectra of
DMABI+PMMA 3%wt thin film is shown witha black line in Fig.3.4.A. In
the spectraa characteristic peak of DMABI+PMMA 3%wt witle resonance
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frequency at 490 nm is visiblelnfortunately, the recorded spectrum also holds
some contribution from the glgsshich hasa 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 asd Hue 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 numeriekl tkansform for the
obtained extinction coefficierit (,ahe absorption peak charagstic to the
material must be extractedherefore,a function which isa sum of two
Gaussian functions is used to for the approximation of the peak. Aslgaate

fit of k ( @ }he range of 400 nm to 520 nm with two Gaussian functions was
performed. Tie sum of the two Gaussian functions gives a filteted &)

which the numeric KK transform is applied. It is important to note that
according to §.6), n(e-=)0must be added topn ( @bfained from the KK
transform. This means that for correct estimationnof #9m k ( d)is
necessary to know the refractive index at least at one wavelength in order to fit
then(a- =) @alue.
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Fig. 3.4. A. The measured extinction coefficidnt( @& PMABI+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+82J he refractive
indexn( sobtained from the numeric-K transformations (blue linggnd the
refractive indices of DMABIPMMA 3%wt at 1064 nm, 632.8 nm and 532 nm
obtained by the Hine method (red points) have goadgreement.

There are some additional approximations used is dpproach. 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 funatior§lp7,119] To
avoid the appearance of interference fringes inkthe spectra low refractive
index contrast layers should be used. In Fig. 3.4.B the refractive mde-)
obtained from the numeric-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 metlod (Metricon 2010 prism coupler) are plottedzvidently, the
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dispersion functionn ( #3s a good agreement with the experimental data
points.

3.3.Travelling fiber method

For the development of waveguide devices the opticalityuaf the
waveguide is verymportant, because i$ one of the parameters tlddtermine
the overall efficiency of the devicdt has beemecognized thatin a waveguide
EO modulator thdight propagation loss should be no more than 1 dBiom
order to ensure wide commercial ifiltion of the devic§l20]. In other words,
only 20 % of powetoss per cm is allowedlhere are multiple effects the&n
contribute to thelight propagation losfg9]: loss at the waveguide bends
scattering loss light is scatteredusually at the waveguide cectadding
boundary absorption los$ light is absorbed in the waveguide core or cladding.
The absorption losss usually governed by the optical properties of the
employedcore and cladding materialbut thescattering los®ccurring at the
waveguide boundaries mainly depends on the wavegyideparation
technology[121].

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

One can also use nondestructive methods suchmalsiple prism
coupling[126]. In this method multiple prisms are used dionultaneously
couple light in and out of the waveguid&@he light propagation loss is
estimated by moving @nof the prisms and monitoring thatensity of the
output light. Even though the realization of the method sounds simple, the
actual implementatiorof simultaneous two prism light coupling may be
cumbersome.

Another nondestructive method for measuring light propagation loss in a
waveguide is thdravelling fiber method126i 128]. In this method the light
that is scattered at the boundary of the waveguidmliscted along the light
propagation path. The author has implemented the travelling fiber mighod
measuring the light propagation loss in polymer waveguides. For detailed
description of the method and results, see papé. PBefore discussing the
advantages and drawbacks of the method, the principleleoimplemented
method are shortly discussed.

The prism coupling technique was applied for coupling light into planar
optical waveguidegl23,129] The principal scheme of the setupdepicted in
the left bottom corner of the Fig. 3Bull scheme of the experimental setign
be fourd in [P6]. The incident beanfrom a laseris 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 théntfilm, part of the intensity is scattered at

the waveguide boundary. This scattered light is collected using a multimode
optical fiber. Ifit is assumd that the surface roughness artitle waveguide
inhomogeneity is maintained throughdhe light propagéion pah and that the
scattered light intensity is proportional to the light intensity in the waveguide
core, then the propagation loss can barestd.

As an example,hie measured scattered light intensity for NLO guest
host polymer DMABI+PMMA 12.5%wt aveguide as a function of light
propagation distance is shown in F&5 It can be seen thahe light intensity
decays exponentially as the light propagates through the waveguide. The
experimental data do not lie smoothly on the approximation curvesame
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 avoidedafgood optical propagation
loss measureent. The approximation of the experimental data is also evident
in Fig. 35 yielding that the optical propagation loss for this particular
measurement is 9.6 dB/cah 632.8 nm
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Fig. 3.5.The principal scheme @flight propagation loss measurementtbg
travelling fiber methodbottom left cornerps well aghe measured scattered
light intensity as a function d@ghelight propagation lengtk.

This method possesses multiple commonly known disadvantéuyek
were confirmedby the author of this thesduring the implementation of the
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method:the waveguide surface must scatter the light wimevitably causes
additionaloptical loss, it does not work for buried waveguides and it requires
precise mechanical operatiff80]. The main advantage of thieethod is the
simplicity of execution andeven though an indirect optical loss measurement
is performed, it can give good results.

The author used this methddr measuring the light propagation loss
dependence on the NLO chromophore doping concentration in-lgostst
polymer waveguidesAccording to the work conducted by Rutkis and
colleagueg111], for doping concentrations below 15%wt the nonlinearity of
the waveguide is expected to increase as theettration is increased. The
light propagation loss measurements indicated that only low dogifsowat is
allowed in order to have the light propagation loss belaB/cm or20% loss
per cmwaveguidelength[P6]. The travelling fiber method was also uged
estimatehow the thickness o%iO2 claddinginfluencesthe light propagation
loss of planar DMABI+polysulphone (PSU) waveguidesan oxidized silicon
wafer [P7]. Based on these results, a new type of hybrid poly®t@ir
modulator design was suggesteee 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 wethasptical propagation loss
in optical waveguides. The approashallow characteraion of both
multilayer and absorbing waveguidesd are used throughout the further
experimental investigations of EO materidéscribed in further chapters
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4. Waveguidepoling 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 wittronatriode

4.1. Overview of NLO material types and poling methds

As was shown in section 2.5, the second order effsath as EO and
SHG effectcan only be observed in materials with intrinsic nonlinea#tgo,
as noted, the macroscopic nonlineadfymaterialoriginates from the sum of
microscopic or molecularonlinearities.

The NLO organic materials can be classifietbithree major types
depending on how the NLO molecules the microscopic nonlinearitiesre
incorporated inthe material. The main NLO organic material types are
molecular glassesunctionaized polymers andoped polymer§s6].

Molecular glasseareformed of molecules consisting of multiple NLO
chromophores irdendrimers, oligomers and other unitheoretically, NLO
active nolecular glasss with high thermal stability could be obtained through
structural modificationand thus are studied intensiveAppropriate structural
modifications could introduce noncovalent intermolecular interactions such as
hydrogen bonding or electrostatic interactions that would increase the glass
transition temperare. However, it is hard to obtain high nonlinearity in
molecular glasses mainly due to low orientational flexibildg well as
aggregation ofhe large NLO moleculdd 31].

Alternatively, functionalized polymers could be used in the EO
waveguide devices. In a functionalized polymer the NLO active molecule is
incorporateckitherin the backbone ahe side chain of the polymg¢t32,133]

In these materiaJshigh concentratiorof the dopant, the NLO moleculess,
allowed as well as they demonstrate excellent thermal staliliB4,135]

Historically, doped polymer materialwerethe firstto beinvestigated.
Such materialgire also referred to as guesbst polymers. The NLO material
consists of a polymer (host) which is doped by NLO chromophorestgue
Such polymerdopingis the most straighbrward way forpreparation ofan
NLO material.For some time the doped polymers lost their populariginm
due topoor success in the early stages of investigatiorthelse materials
However,recently doped polymers havegained their popularity due tew
understanding of molecular intetans in gueshost materialsNew research
resultssuggestthat very high thermal stability and NLO efficienaould be
obtained in a guedtost polymef133,136]

With a few exceptions, organic NLO materials armgiginally
centrosymmetric and require polif33]. 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 abwmaterial
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glass temperatur@, The alignment of the molecules is a result of dipolar
interaction between the NLO chromophore and the electric field. After poling
the molecule intrinsic alignmemelaxation takes plad&37]. This causes the
nonlinearity of the material to decrease. The speed of relaxatie@mdgpn the
glass transition temperatufg of the material and the temperature at which it is
used, as well as on the molecular interactithat may either sustain or reduce
the norcentrosymmetricityof the material.lt 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 waved@ig&].

Material poling is one of the most important stemsployedin the EO
material preparation and in its investigation. For NLO organaterial poling
purposesnultiple method$iave been proposed in the literature

The most straightorward and simplewaveguide polingapproachesre
the contact poling methods such gsarallelplate or in-plane poling
metho&[139]. In these method the NLO material is placed between two
conducting plates as shown in F§1A and Fig.4.1B, respectivelyIn the
parallelplate method, sually, 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 tioe glass transition temperatuilg, and the
electric poling field E, is applied between the paralleleetrodes.In the in
plane methodhe electrodes are in one plabbet separated by a gap. Both of
these techniqus are highly sensitive to the quality of the waveguide. A
dielectric breakdown in the thin film may take place if the applied electric field
exaeeds 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 ea 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 parallelplane and irplane methds, usually, buffer layers between
the electrodes anthe NLO material are introduceld40]. The influence of
electrical properties of the buffer layers on NLO waveguide poling efficiency
has been discussén the article by Grote and colleagy#41].

NLO polymers can also be poled by the-gtical poling method. In
this method the material is illuminated with high intensity laser beasith
light frequency¥ and secondharmonic Z. The fundamental and second
harmonic beams interact with the NLO molecules and align them suctihéhat
material becomes noncengganmetric.This mehod has multiple advantages. It
can be carried out at room temperature, it does not require additional
electrodesand micrepatterning can be introduc§t¥42i 144] However, tle
implementation of thenethod can be quite cumbersome due to the fact that a
phasematchirg condition of the fundamental and secdramonic beams in
the material is required for maximabling efficiency. Even though, the poling
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efficiency is comparable to the materials poledirelectric field by parallel
plate method, the technique reqgsirfer the material resonance to be in the 2
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 phassisted or photthermal
poling (see Fig. 4.1.C)In both methods a laser beam is used wduilelectric
field is applied. In photassisted poling the laser beam is used to excite the
moleculeq146,147] During the electroniexcitation and relaxation of the
molecule, it changes its geometry, or other words geometric isomerization
takes place. Due to such geometry variations the NLO molecule can alter its
alignment and poling can heerformedif an electric field is applié and the
molecule possesses a dipole moment. Unfortunately, #needimited number
of material typeghatcould be used for photassisted polingn photothermal
poling the laser beam is used for local heating of the maf&d8]. The
molecules can move more freely wlethe temperature of the material is
higher. Both of these methods can be used for npatterningof the NLO
material
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Fig. 4.1.NLO polymer waveguide poling methods. Parallelplate poling
method.B. In-plane poling methodC. Photeassisted or photthermal poling.
D. Coronapoling. Coronadischarge takes place near toeonaneedle.

Large nonlinearity in polymers can be obtained by electric poling with
corona dischargel49i 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 $gveral times more effective than the contact
poling methods, since higher poling voltages can be obtlk&]. This is
mainly because evein case of local dielectric breakdown in the polymer
during the corona polinghe voltage drop in the rest of the poling area does not
occurdue to low surface conductivity of the material. Her, many research
groups have indicated that surface and volume changes take place during
poling[156i 158]. Such changes cause the light propagation loss in the
waveguide to increase significantly. The related investigatawasstill 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 polingwith coronatriode

A simple coronapoling can be performed by the tvedectrodecorona
discharge setup as shown ingF4.1D [159]. The poling efficiency and
controllability can be significantly increased if an additional electrode is
introduced between thecorona needlfl60]. For waveguide poling
investigationsthe authorof this thesishas used a computer controllegrona
triode device The device allows monitoring as well as controlling of the poling
conditions. The particulazoronatriode setup as well as the influence of setup
parameters onoronapoling efficiency can be found elsewh¢i€0].

The NLO waveguideypical coronatriode poling steps are shown in
Fig. 42. During thecoronapoling, high voltage is applied tmronaneedle By
varying grid voltageit is possibleto controlthe polymer poling voltage. The
voltage difference betwedhe coronaneedleandthe gridwaskept constant of
9 kV to ensure invariableoronadischarge conditions at different grid voltages.
The anbient air incoronachamber was replaced by nitrogerkéep thecorona
generatedonic composition and conductivity independent of temperature and
moisture.During the poling proceduren¢ sample was put oa heater with
precisely controlled temperatur&dditional spacers between the grid and the
sample ould be introduced and thus thgrid to sample distanceould be
varied.

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

During the firstcoronapoling 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 irréggilarit
which had appeared during poling. The optical microscope images of the
unpoled and poled regions of PMMA+DMABI %t thin waveguide which
was poled by steps described above (caption of Fig, dt8)shown in Fig.
4.3.A and Fig. 4.3.B. Such inhomogégevas observed in various NLO guest
host materials.
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Fig. 4.2.The typicalcoronatriode poling proceduré. The polyme
waveguide is initially centsymmetric.The sample is placed into therona
triode deviceB. Positive high voltage is applied to tberonaneedle and the
grid. Positiveions are createds a result oforonadischargeand accelerated
towards the surface tifie waveguidelons on the surface of the sample create

anelectric field in the materialC. The sample is heated up to the poling
temperature which is usually around the glass transition tempefataféehe
material. The temperature and high voltage on the needle and grid is sustained
during the poling for a specific amount of time referred tthagoling time.D.
The sample is cooled down ttee ambient temperatur&. The high voltage is
removed.The sample nonlinearity reduces slightly due to relaxation intrinsic
alignment.

Fig. 4.3.Optical images oA. unpoled and. poled regions o&
PMMA+DMABI (10%wt) waveguide

43





























































































