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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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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 ï 

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: 

¶ 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 

¶ 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 Ădenseò 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 
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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 ï 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. 

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

For the mentioned application the current standard is to use lithium 

niobate ï LiNbO3 (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 ɛm 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 ï typically 

up to 10 cm ï 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: 

¶ optimizing the LNB design ï finding location of electrodes with 

respect to the waveguide core, waveguide sizes, etc. for the best 

device performance  [8,13ï16]; 

¶ finding modulation formats for highest bitrate  [17]; 

¶ 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 [19ï21]. 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]. 
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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 III, 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 

metalïoxideïsemiconductor (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 CMOS 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 ï 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 ï 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 ñfeelò 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 [12,32,43ï49]. The high overlap between the light and the 

EO polymer results in very effective switching ï 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 [50ï

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 [55ï64]. 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. 

 
Fig. 1.2. Cross-section of various suggested and employed waveguide designs 

for application in waveguide modulators. A. A Ti:LiNbO3 waveguide in 

LiNbO3. B. A silicon waveguide made on a silicon-on-insulator (SOI) wafer. C. 

An EO silicon nitride waveguide built on a SOI 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
o
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. 

¶ Molecular engineering ï 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].   

¶ Material synthesis ï in this step the NLO material is synthesized. 

¶ Preparation of the material ï 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. 

¶ Investigation of the material ï in this step the linear properties 

(refractive index, absorption) and NLO optical properties 

(microscopic and macroscopic nonlinearity) of the prepared 

material are determined. 

¶ Development of the EO device preparation technology ï the EO 

modulator design is identified on grounds of available material 

preparation technology, material properties and results of numeric 

simulations. 

¶ Demonstration of the operation ï 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: 
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- 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 Abels̄ 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 ĂElectro-optic modulator and method of fabricating 

sameò (EP13196563). 
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1.7. Authorôs 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: 

¶ implemented and tested the optical setups used for characterization of 

linear optical properties; 

¶ 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 Abels̄ 

matrix formalism for the retrieval of the EO coefficient values from 

the experimental data obtained by Mach-Zehnder interferometric and 

Teng-Man methods; 

¶ took considerable part in the implementation of the attenuated total 

reflection technique used for the measurement of thin organic film 

EO coefficients ï developed the optical and electrical setups as well 

as the methodology for correct interpretation of the EO 

measurements; 

¶ took considerable part in the thin organic film poling investigations ï 

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; 

¶ took considerable part in the development of a hybrid SOI/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 SOI/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: 

¶ light in the optical waveguides can propagate at long distances 

without losing energy; 

¶ depending on the optical properties of materials, the cross-section of 

the optical waveguides can be very small (<1x1 ɛm), 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 Snellôs law can be written in a form 

 ὲÓÉÎ — ὲÓÉÎ — , (2.1) 

where ɗ1 and ɗ2 are the angles of incident and refracted beams, 

respectively, n1 and n2 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 n1 into a medium with a refractive index n2 and that the 

condition n1>n2 is satisfied. In such case there exists a specific angle called the 

critical incidence angle ɗ1=ɗc at which the sine of ɗ2 is equal to one. Then from 

(2.1) the critical incidence angle can be estimated by 

 — ÁÒÃÓÉÎ . (2.2) 

Then, depending on the light incidence angle ɗ1, three specific light 

refraction cases can be outlined: ɗ1<ɗc, ɗ1=ɗc, ɗ1>ɗc. These cases are illustrated 

in Fig. 2.1. In the first case ɗ1<ɗc light is simply refracted from the medium 1 

into the medium 2. In the second case when ɗ1=ɗc the refracted beam travels 

along the interface of the media. If the ɗ1>ɗc, 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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Fig. 2.1. Refraction of light at the boundary of two media with refractive 

indices n1 and n2 so that n1>n2. A. When the incidence angle ɗ1 is smaller than 

the critical incidence angle ɗc the beam is refracted at ɗ2<90
o
. B. When ɗ1=ɗc 

the beam is refracted along the material boundary. C. In a case when ɗ1>ɗc, 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 n1 which must be higher than that of 

claddings n2 and n3 in order for the structure to guide light. We will also 

assume that n2 Ò n3. 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 ɗ1 is greater than the critical angle ɗc or ɗ1>ɗc (see 

Fig. 2.2.A). However, as will be shown later, the light is actually guided in the 

waveguide only at specific resonance ɗ1. 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 Maxwellôs 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 

 ᶯὉ ‖ὲὉ π, (2.3) 
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where electric field intensity Ey indicates that the light is polarized in the 

y direction, əo is the wavevector in vacuum and is equal to 2ˊ/ɚ, ni is the 

refractive index n1, n2 or n3 depending on the location. For the transverse 

magnetic case the equation (2.3) should be rewritten for the magnetic field 

value Hy(x). Due to the translation invariance of the problem along z, we expect 

to look for the solution (2.3) in the form 

 Ὁ ὼȟᾀ Ὁ ὼὩ , (2.4) 

where ɔ is the propagation constant along the z direction and is the 

eigenvalue of solution of equation (2.3). 

 
Fig. 2.2. A planar waveguide consisting of a core with a refractive index n1 and 

thickness l and claddings with refractive indices n2 and n3 so that n2 Ò n3. A. 

Geometrical optics representation of light guiding. B. Wave optics 

representation of light guiding ï 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 Ey distribution over 

the waveguide. The light intensity distribution in the waveguide (see Fig. 2.2.B) 

can be obtained by calculating the square of Ey. For the identification of 

waveguide modes, it is also valuable to use the effective refractive phase index 

nef-p instead of the propagation constant ɔ. The effective refractive index nef-p is 

more intuitive to operate with. It can be calculated by equation (2.5): 

 ὲ ὲÃÏÓ ɡ . (2.5) 

The reason one would want to operate with nef-p is related to the 

characteristics of the guided mode condition. The guided mode solution exists 

only to such effective refractive phase index nef-p (2.5) which is lower than the 

refractive index n1 of the waveguide core and higher than the refractive index 

of the cladding: 

 ÍÁØ ὲȠὲ ὲ ὲ. (2.6)  

Thus only discrete values of nef-p 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 nef-g has to be used instead of the effective refractive phase index 

nef-p [71]. The nef-g is a function of nef-p and can be calculated by equation (2.7): 

 ὲ ὲ ‗ . (2.7) 

The nef-g takes into account the dispersion of the waveguide. It should be 

noted that nef-gånef-p for the first modes (modes with the highest nef-p) of a 

multimode waveguide if the refractive index of the waveguide core material 

n(ɚ)=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 nef-g of the guiding mode is referred 

to as the effective refractive index nef. 

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 70ôs  [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 Maxwellôs 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 nef, 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 Õi(ɤ) which is a function of the frequency ɤ of the 

incident light with an amplitude Ej(ɤ) can be described as: 

 ‘ В Ὁ , (2.8) 

where Ŭij(ɤ) 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 (iÍj) 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: 

 ‘ В Ὁ В  ȟȟ Ὁ  Ὁ  , (2.9) 

where ɓijk is the second order molecular polarizability and is a third rank 

tensor, ɤ1 and ɤ2 are the applied field frequencies and ɤ=ɤ1+ɤ2. As a result of 

nonlinear polarization, it is possible to observe various interesting NLO effects 

such as second harmonic generation (SHG) ï the molecule emits a photon with 

twice the frequency of incident photons, Pockels effect ï change of the 

refractive index of the material in electric field ï and others. Most of the NLO 

effects start to appear at the electric field intensities in the range of 10
3
-10

4
 

V/cm  [85]. The frequencies in the brackets of ɓijk 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] 

ɤ ɤ1 ɤ2 Process 

ɤ1 + ɤ2 ɤ1 ɤ2 Up-Conversion 

ɤ1 - ɤ2 ɤ1 - ɤ2 Down-Conversion 

0 ɤ - ɤ Optical Rectification 

2ɤ ɤ ɤ Frequency Doubling / Second Harmonic Generation 

ɤ 0 ɤ 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 Pi in the material. 

Taking into account the nonlinearity up to the second order, the Pi can be 

written as 

 ὖ В… Ὁ В … ȟȟ Ὁ  Ὁ  , (2.10) 

where ɢij
(1)

 and ɢijk
(2)

 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 

 ὖὸ … Ὁ ὸ, (2.11) 

where the electric field intensity varies harmonically 

 Ὁὸͯ ὧέίὸ. (2.12) 

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

expect to have 

 ὖὸ … Ὁὸ … Ὁ ὸ. (2.13) 

The (2.13) can only be true if the ɢ
(2)

=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 ɓijk and 

ɢijk
(2)

 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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 … ὅộὧέί(41.2) ,Ớ 

where <cos
3

>ᵻ is the noncentrosymmetric order parameter and ɓÕ 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 Õo of the chromophores. The order parameter, according to an analytic 

approximation [90], can be expressed as 

 ộὧέίỚ ρ ὒ ȢȢ , (2.15) 

where Ep is the poling field, T ï poling temperature, kB ï Boltzmann 

constant, Õo ï dipole moment of the molecule, L ï Langevin function, We.s. ï 

chromophore-chromophore electrostatic energy. The relation (2.15) may be 

divided into two parts. The first part, ÕoE/5kT describes the order parameter as 

a function of poling (ÕoE) and thermal depolarization (kT). As can be seen 

from (2.15), it is desirable to have the poling energy (ÕoE) as high as possible 

for maximal ordering. This obviously can be achieved by increasing the poling 

field Ep strength. The second part of (2.15) (1-L
2
(We.s./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: 

¶ 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 ï electron 

donor group, electron acceptor group and a conjugated bridge that 

separates donor and acceptor groups [39]; 

¶ the second order response depends on the resonance frequency ɤr 

of the molecule and the frequency ɤ of the incident light [89]. The 

two-level model gives the following proportionality for the off-

resonance case [91]: 

 … ͯ . (2.16) 

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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 ὖ В … ὉὉ. (2.17) 

Due to Kleinmanôs symmetry the ɢijk
(2)

 can be reduced from a 3x3x3 

tensor to a 3x6 tensor which simplifies the usage of (2.17) [85]. The indices 

ñjkò are replaced by ñhò so that 

 Ὤ

ừ
Ử
Ừ

Ử
ứ
ρ ὮȟὯ ρȟρ
ς ὮȟὯ ςȟς
σ ὮȟὯ σȟσ
τ ὮȟὯ ςȟσȠσȟς
υ ὮȟὯ ρȟσȠσȟρ
φ ὮȟὯ ρȟςȠςȟρữ

Ử
Ữ

Ử
ử

. (2.18) 

If the material is characterized using SHG measurements, usually the 

second order susceptibility ɢijk
(2)

 is substituted by dijk where the coefficients in 

the tensor are called the NLO coefficients. For a poled organic material which 

belongs to point group symmetry of mmÐ, the nonlinear polarization can be 

calculated from (2.19) [92] 

 

ὖ
ὖ
ὖ

π π π
π π π
Ὠ Ὠ Ὠ

π Ὠ π
Ὠ π π
π π π

ở

Ở
Ở
Ở
ờ

Ὁ

Ὁ

Ὁ

ςὉὉ

ςὉὉ

ςὉὉỢ

ỡ
ỡ
ỡ
Ỡ

. (2.19) 

As can be seen from (2.19), for NLO active organic material 

characterization only two independent tensor elements d31 and d33 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 

 ɝ В ὶ Ὁ, (2.20) 

where r ijk is the EO coefficient tensor. Applying the same symmetry 

rules and now substituting indices ñijò with ñhò as in (2.18), we get that the 

refractive index change for a material which belongs to the point group 

symmetry of mmÐ can be expressed as: 
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ỡ
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Ὁ

. (2.21) 

Similarly as for the SHG effect, there are only two independent tensor 

elements r13 and r33 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 

 . (2.22) 

A simple approximation of the order parameter in the poled polymer 

materials suggest that for films poled at low electric fields the r33/r13 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 ï 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 ij, but for SHG effect ï as NLO 

coefficient dij tensor. Poled NLO polymers belong to the point group symmetry 

of mmÐ 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 [97ï99], 

spectral interferometry [100], and spectral reflectometry [101ï103], 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 [104ï107]. The K-K relations can be used to calculate the real part 

of a refractive index by integrating the imaginary part ï extinction coefficient ï 

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: 

¶ spectral reflectometry ï a noncontact method for thickness and 

refractive index measurements of a single or bilayer waveguide 

[P3]; 

¶ the K-K relations used for determination of the waveguide 

refractive index from the simple extinction coefficient 

measurements of a waveguide [C11]; 

¶ the travelling fiber method ï 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 o is incident on the 

sample ï a simple waveguide on a glass substrate. The reflected and transmitted 

light intensity I r and I r 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 n1 and thickness l. The 

reflectivity R, which is the ratio of reflected light I r and incident light Io 

intensities, of the non-absorbing thin film at zero light incidence angle can be 

calculated by 

 Ὑ
 

 
. (3.1) 

where 

  , (3.2) 

and ů12 and ů23 are the Fresnel coefficients [110] of the air ï thin film 

and thin film ï substrate interfaces respectively, and ɚ ï 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 

Õm thin waveguide is on a substrate with refractive index 1.45, in the second ï 

on a substrate with refractive index 1.5 and in the third case ï 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 ï 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.  

 
Fig. 3.1. The reflectivity of a thin waveguide with a refractive index of n1=1.54 

on a glass substrate with a refractive index n3. The third medium is air with a 

refractive index n2=1. Three particular cases are illustrated: in the first case a 1 

Õm thin film is on a substrate with refractive index 1.45 (dashed line), in the 

second ï on a substrate with a refractive index 1.5 (solid line) and in the third 

case ï 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 used 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%wt. 

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 Õm. 

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 ɋ 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 

ï larger. Thus it is assumed that the long period fringes are caused by 

interference in the thin film, but the short period ones ï 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 0.73Ñ0.01 Õm using the point by point and 0.91Ñ0.01 Õm 

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 

5.55Ñ0.29 Õm when using point by point method and 5.97Ñ0.14 Õm when using 

the Sellmeier dispersion relation in the 710 ï 870 nm range. 

 
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  

 " ὄ Ὥὄ. (3.3) 

Physically the B1 and B2 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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 ὔ ὲ ὭὯ. (3.4) 

The K-K relations that bind the real and complex parts of the refractive 

index are in the form 

 ὲ ὑὑὯ ὲЊ ᷿ ὲЊ . (3.5) 

There are only few functions k(ɤ) for which the K-K transformations 

can be performed analytically [115]. Usually the extinction coefficient function 

k(ɤ) 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 ɤô=ɤ at which 

n(ɤ)ŸÐ. Thus integration at the pole frequency should be avoided. Secondly, 

integration to infinity should be performed according to (3.5) even though the 

k(ɤ) is recorded in a specific range. Integration to infinity can be substituted by 

an integration in a specific range only if k(ɤ) outside the range is zero. Taking 

into account the mentioned limitations, numeric methods for finding n(ɤ) have 

been implemented [116,117]. According to Ohta and Ishida [118], the 

integration using Maclaurinôs formula might be one of the most efficient 

methods in terms of obtained precision and the required computer calculation 

time. The Maclaurinôs 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 

 ὲᴂ Ўὲᴂ ὲЊ В
Ͻ Ͻ

ὲЊ . (3.6) 

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(ɚ) of DMABI+PMMA 3%wt thin film. From the material 

under investigation a thin film of thickness of around 1.5 ɛm 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(ɚ1064)=1.495, n(ɚ632.8)=1.504 and 

n(ɚ532)=1.528. The absorption spectra A(ɚ) 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 

 Ὧ‗
Ͻ

. (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(ɚ), 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(ɚ) 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(ɚ) for 

which the numeric K-K transform is applied. It is important to note that, 

according to (3.6), n(ɚ=0) must be added to ȹn(ɚ) obtained from the K-K 

transform. This means that for correct estimation of n(ɚ) from k(ɚ) it is 

necessary to know the refractive index at least at one wavelength in order to fit 

the n(ɚ=0) value.  

 
Fig. 3.4. A. The measured extinction coefficient k(ɚ) 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(ɚ) 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(ɚ)  [107,119]. To 

avoid the appearance of interference fringes in the k(ɚ) spectra low refractive 

index contrast layers should be used. In Fig. 3.4.B the refractive index n(ɚ) 

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(ɚ) 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 ï light is scattered, usually at the waveguide core-cladding 

boundary; absorption loss ï 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 [126ï128]. 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 yielding that the optical propagation loss for this particular 

measurement is 9.6 dB/cm at 632.8 nm. 

 
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 Tg. 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 Tg 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 Tg and the 

electric poling field Ep 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 ɤ and second-harmonic 2ɤ. 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 [142ï144]. 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 2ɤ 

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. 

 
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 [149ï155]. 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 [156ï158]. 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. Ions 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 Tg 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. 

 
Fig. 4.3. Optical images of A. unpoled and B. poled regions of a 

PMMA+DMABI (10%wt) waveguide. 






























































