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ABSTRACT 

On the technical platform of hybrid organic-inorganic sol-gel, the integrated 

optoelectronics in the forms of heterogeneous integration between the hybrid sol-gel 

waveguide and the high refractive index semiconductors and the nonlinear functional 

doping of disperse red chromophore into hybrid sol-gel is developed. 

The structure of hybrid sol-gel waveguide on high index semiconductor substrate is 

designed with BPM-CAD software. A hybrid sol-gel based on MAPTMS and TEOS 

suitable for lower cladding for the waveguide is developed. The multi-layer hybrid sol-

gel waveguide with good mode confinement and low polarization dependence is 

fabricated on Si and InP. As proof of concept, a 1x12 beam splitter based on multimode 

interference is fabricated on silicon substrate. The device shows excess loss below 0.65 

dB and imbalance below 0.28 dB for both TE and TM polarization. 

A nonlinear active hybrid sol-gel doped with disperse red 13 has been developed by 

simple co-solvent method. It permits high loading concentration and has low optical loss 

at 1550 nm. The second-order nonlinear property of the active sol-gel is induced with 

corona poling and studied with second harmonic generation. A 3-fold of enhancement in 

the poling efficiency is achieved by blue light assisted corona poling. The chromophore 

alignment stability is improved by reducing the free volume of the formed inorganic 

network from the sol-gel condensation reaction. An active sol-gel channel waveguide has 

been fabricated using active and passive hybrid sol-gel materials by only photopatteming 

and spin-coating. An amplitude modulator based on the active sol-gel containing 30 wt.% 

of DR13 shows an elcctro-optic coefficient of 14 pnW at 1550 nm and stable operation 

within the observation time of 24 days. 
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1. INTRODUCTION 

1.1 RELEVANCE AND MOTIVATION 

The term integrated optics was introduced in 1969 when Miller (S. E. Miller. 1969) 

presented the concept of integrated optical circuits. Similar to the integrated circuit, 

several optical components are integrated on a single substrate. This technology is 

associated with the generation, transmission, routing and detection of optical signals (M. 

Dagenais et al, 1995). In late 1970's and early 1980. a wide range of components such as 

distributed feedback (DEB) laser, directional coupler. Y-branch, Bragg grating, optical 

switch and modulator were demonstrated. In mid 1990's, the integrated optics research 

concentrated on more complex devices such as dense wavelength division multiplexer 

(DWDM), laser integrated with modulator, and tunable filters. At the same time several 

numerical analysis methods like beam propagation method (BPM), finite differences (FD) 

and finite element (FE) are developed into computer aided design (CAD) software (R. 

Marz, 1994). During the development of the integrated optics, the research work on the 

materials and the fabrication technologies provide the physical foundation for the 

functional components. 

1.1.1 Materials for integrated optical components 

The perfomiance of integrated optical components largely depends on the available 

materials and the maturity of the fabrication technologies. The commonly used materials 
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for waveguides and integrated optics include silica-on-silicon. ion-exchange glass, 

LiNbOs, semiconductor, polymer and hybrid material. 

Silica-on-silicon technology is attractive due to its low coupling loss with silica fiber. 

The fabrication includes lower cladding deposition, core layer deposition and structure 

definition and top cladding deposition (X. Bi et al, 2001). Two widely used deposition 

technologies are flame hydrolysis (FHD) and plasma-enhanced chemical vapor 

deposition (PECVD). Both have shown commercial level success in the integrated optics 

industry. In both processing, high purity chemicals such as SiCU. GeCU. and POCI3 are 

used as precursor reactants. For PECVD, the precursor chemicals react on heated 

substrates to form dense glass films. For FHD, the precursor chemicals react in a fuel and 

oxygen mixture flame to form glass micro particles that are immediately deposited onto a 

substrate {FHD). In both cases, thermal treatment is required to produce glasses with 

optical quality. PECVD films in general require an annealing step around 800-1100 °C 

without major molecular level reorganization, whereas the films produced by FHD need a 

consolidation process around 1200-1350 °C with major molccular level reorganization 

through melting. Dopants like Ti02, GeOi, P2O5 can be used to increase the refractive 

index. Optical loss as low as 0.05 -0.1 dB/cm can be achieved (M. McCourt. 1994). 

The waveguide in ion-exchange glass is formed by exchanging the alkali ions (e.g. 

Na^, K"") which are originally in the glass substrate with other ions (e.g. Ag"^, Tl"^, Cs"*"). 

Those ions can locally increase the refractive index of the glass. The process includes 

pattern definition and diffusion process in molten salt. The processing temperature is 

around 300-400 °C. Those exchanged ions can be pulled down by high voltage and form 



buried waveguide (S. Ilonkanen. 1994). The optical loss can be below 0.2 dB/cm. 

Titanium diffusion is nowadays a well-established technique to fabricate low-loss 

optical waveguides in LiNbOs crystals (R. Regener and W. Sohler. 1985). Due to the 

high electro-optic, acousto-optic, and piezoelectric coefficients of the LiNbOs, it is 

widely used in devices like switches, modulators and wavelength division multiplexers. 

Usually the Ti-diffusion process is carried out around 900-1000 °C. The waveguide loss 

is below 0.5 dB/cm (R. Nevado and G. Lifante, 2001). 

The Ill-V (InGaAsP/InP and GaAlAs/GaAs) semiconductors are excellent materials 

for lasers and photodiodes. The main fabrication techniques are epitaxial growth, IJV or 

e-beam patterning and etching technology. Those technologies are widely used in 

industry, and the lasers and photodiodes are commercially available. The waveguides 

made out of those materials have losses in the range of 0.5-1 dB/cm (J.S. Yu et al, 2000). 

Some disadvantages of the semiconductor system are its complex processing, high cost, 

high fiber-to-chip coupling loss, and the polarization dependence. 

In recent years, polymer based optical waveguides have been studied for integrated 

optics and optical interconnections. Devices like polarization splitters (M.C. Oh et al, 

1996) and arrayed waveguide gratings (Y. Hida et al. 1994) have been demonstrated. 

Presently the polymer developed for optical application includes deuterated or 

halogenated polyacrylates. fluorinated polyimides and periluorocyclobuty 1 (PFCB) aryl 

ether polymers. The first kind is suitable for low loss optical devices. They can provide 

low scattering loss and low polarization dependent losses. However, they do not have the 
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needed thermal stability. The second kind has better thermal stability (above 300 °C) and 

low optical loss due to the fluorination, but the birefringence and the polarization 

dependent loss are still issues. For the process of spin-coating, the requirement for high 

solubility in organic solvent limits the deployment of many tluorinated polymer. The 

third kind of polymer provides properties such as solution processibilities, high thermal 

stability and low loss (G. Fischbeck et al, 1997). The optical loss of polymer is in the 

range of 0.1- 1.0 dB/cm at 1550 nm. Generally speaking, polymers are subject to thermal 

aging, large refractive index change due to temperature change. 

Sol-gel is a chemical process to produce silica. Its processing is simple and the 

refractive index of the material matches the silica fiber. For the inorganic sol-gel, to get 

condensed low loss material, high temperature annealing over 1000 °C is required. The 

limitation for the inorganic sol-gel to become a popular waveguide material is that it 

tends to crack when its thickness gets clo.se to the critical thickness during the annealing 

caused by stress. This critical thickness depends on the substrate, and usually it is below 

1 |am (J. Liu et al, 2000). Hybrid organic-inorganic sol-gel is developed by the 

introduction of organic side-chain to the inorganic sol-gel network. This breaks the limit 

of the critical thickness. Crack-free film of some organic-inorganic hybrid sol-gels can 

reach up to 100 fim (A. Karkkainen et al, 2002). Hybrid sol-gel share many properties 

with polymer. It has low refractive index, and can be processed at low temperature. 

Compared to polymer, hybrid sol-gel is more chemically and mechanically robust, and 

has isotropic index after deposition. By introducing an unsaturated C=C bond into the 

organic side-chain in the sol-gel, the hybrid sol-gel can become photopatternable like 



18 

Material 

Technology 

Loss, 

(dB/cm) 

Fabrication 

technology 

Advantages Disadvantages 

Inorganic 

glass 

0.05-0.2 FHD. 

PECVD/ 

lithography/ 

RIE, 

ion-exchange 

stable, 

low loss, 

low coupling loss, 

isotropic 

high temperature 

(800-1350 °C for 

silica-on-silicon) 

(300-400 °C for 

ion-exchange) 

III-V Semi

conductor 

0.5-1 epitaxial 

growth/ 

lithography/ 

RIE 

stable, 

mature technology, 

monolithic 

integration, 

compactness 

high cost 

high coupling loss, 

anisotropic 

LiNbO;, <0.5 thermal 

diffusion of 

Ti, Zn, Si 

high electro- and 

acousto-optic 

coefficients 

inherent 

incompatibility for 

integration 

Polymers 0.1-1.0 spin-coating/ 

lithography/ 

wet etch/ 

RIE, 

molding, 

contact print 

index control, 

low loss, 

low cost, 

low temperature, 

functional doping 

weak stability, 

emerging 

technology, 

birefringence 

Hybrid 

sol-gel 

< 0.6 lithography/ 

wet etch 

index control, 

low cost, 

low temperature, 

amorphous 

functional doping 

emerging 

technology 

Table 1-1 Major material technologies for integrated optics. 
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negative tone photoresist (M. P. Andrews, 1997). 

As a reference, the features of different material technologies used for integrated 

optics are presented in Table 1-1. 

1.1.2 Next generation of optoelectronics: System on a chip 

To achieve high functionality, reliable performance and compact module, the 

development of integrated optics is aiming at systems integration on a chip. To fulfill the 

multiple functions of different components, the integration between active components 

and passive components is required (Anis Husain and Mahmoud Fallahi, 1998). The 

optical system including DBR laser and wavelength division multiplexer is demonstrated 

on a single chip with semiconductor material (T. L. Koch and U. Koren, 1991). However, 

the complexity of fabrication, yield problem and cost of the IIl-V technologies, their high 

fiber-to-chip coupling and waveguide losses as well as their significant polarization 

dependence leave a large space for the development of other technology. 

1 leterogeneous integration of different materials is a promising approach to make use 

of the desired properties of different materials and to get comprehensive performance out 

of a device. To realize heterogeneous integration, the processing compatibility is a critical 

issue. The material that can integrate with semiconductors need to have the following 

properties: Compatible with the semiconductor technology (Processing temperature 

below 300 °C); Low loss at the 1550 run telecom window; Isotropic index compatible 

with silica fiber; Low cost material and processing. Moreover, except the passive guiding 



function, active functionalities like E-0 effect and light amplification properties arc also 

highly desired. 

Among the available waveguiding technologies in Section 1.1.1, the pure inorganic 

material such as silica-on-silicon, ion-exchange glass and LiNbOs have low loss and high 

reliability, but their deposition and processing temperature is not compatible with the 

compound semiconductors. Other potential candidates are organic polymer and hybrid 

organic-inorganic sol-gel. 

Another important advantage of both sol-gel and polymer is their capability to 

incorporate functional doping. Polymers and sol-gels doped with nonlinear chromophores 

and light-emitting materials (M. Casalboni et al, 1999) are being actively investigated. 

Due to the development of highly efficient nonlinear chromophore, with the advantage of 

low dispersion between optical wave and modulating microwave, the hybrid sol-gel and 

polymer, as the media for the nonlinear chromophore. show strong potential in nonlinear 

optics (L. R. Dalton et al, 1999). 

Compared to polymer, hybrid sol-gel provides better temporal and thermal stability for 

the labricated device, and is more chemically and mechanically robust. So here the 

hybrid sol-gel is chosen as the material for the heterogeneous integration with the 

semiconductor devices. 

1.2. HYBRID ORGANIC-INORGANIC SOL-GEL MATERIAL 

By definition, a sol is a colloidal suspension of solid particles in a liquid. A gel is a 

substance that contains a continuous solid skeleton enclosing a continuous liquid phase. 



A sol-gel process is the preparation of a sol, gelation of the sol, and the removal of the 

liquid (C.J. Brinker and G.W.Scherer, 1990). This process is a chemical route for the 

production of high purity glass and ceramic materials. Organically modified silicates 

(ormosils) were first reported in the early 1980s (H. Schmidt and G. Philipp, 1984). On 

the molecular scale the ormosils belong to organic-inorganic hybrid material. 

In functionality, the hybrid sol-gel can be closely related to both organic polymers for 

its low temperature and ease processing, and to conventional inorganic glasses for its 

hardness, chemical stability, and transparency. It combines the advantages of both 

inorganic glass and polymers (M. P. Andrews, 1997). 

The relationship of hybrid organic-inorganic sol-gel with inorganic and organic 

materials is shown in Figure 1-1. These hybrid materials have structural elements of 

inorganic glasses, ceramics, and organic polymers (K.-H. Haas, 2000). Precursors are 

usually silicon alkoxide and other metal alkoxides. The formation of the inorganic silica 

network follows the classical inorganic sol-gel route. The process includes hydrolysis 

step: 

=SiOR + H2O =SiOH + ROH, 

and polycondensation step; 

=SiOIl + HO-Si= =Si-0-Si= + H.O, 

=SiOH + R0-Si= =Si-0-Si= + ROH, 

where R is a hydrocarbon chain or a hydrocarbon ring. In the above reactions, the silicon 

atoms can be replaced by other metal elements like Zr, A1 or Ti. The percentage of Zr and 
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Ti can be used to tune the refractive index of the material. 

organic functionalization ceramics (M-AI, Ti, Zr etc) 

? O / o /•"' 

0-M—0-M—O 
( R )  \ \  / o  / o  

°\ / O : O 

(R) I \ 
hybrid material /^i\ 

o /O a 

X \ 
o O \ / 

Si 
/ \ 

inorganic glass 

O O organic cross-linking 

O—Si—O—Si-0 9 H HO 

O o O—Si—C •••"••"••••"•C—Si—O 

OH H O 

Figure 1-1 Constituents of a sol-gel derived hybrid material. 

After the condensation reaction, the high percentage of metal oxide network usually 

leads to high material hardness, high thermal stability and low thermal expansion 

coefficient. The organic side chain is introduced to modify the network property, to 

provide enough elasticity to withstand shrinkage and cracking. The organic side chain 

can also include polymerizable groups such as vinyl (HiOCH-) or epoxy group 
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pij-^ —OH 
( 2 to make them photo or thermal polymerizable. The photosensitive group 

makes the film photopattemable like a negative tone photoresist. 

The sol-gel material system used for the fabrication of waveguides needs to have low 

optical attenuation in the desired spectral range and reproducible linear optical properties 

(such as refractive indices). It should be mechanically and chemically robust and the 

thickness should be able to be controlled within a few microns. For low optical 

attenuation, light scattering and absorption must be suppressed, so the absence of porosity 

and water is required. The desired index is around 1.5 at 1550 nm to match the silica fiber 

core material. 

The sol-gel system based on precursor of rnethacryloxypropyl trimethoxysilane 

(MAPTMS) is widely preferred due to the following properties (U. Schubert et al, 1995) 

(L.D. White and C.P. Trip. 2000): 

— It possesses the suitable length connecting spacer between the Si-center and the 

vinyl polymerizable group. This property allows for deposition of crack-free films with a 

wide range of thicknesses. 

— The vinyl group allows UV induced polymerization. 

— The functional group does not contain any amine group characterized by high 

absorption around 1550 nm. 

Other alkoxides containing Zr, Al and Ti are used as dopants. They can modify the 

gelation speed of the sol. Precursor containing Zr or Ti can increase the refractive index 

of the sol-gels. 



The hybrid sol-gel system used for this work is based on the MAPTMS and Zr, A1 or 

Si containing precursors. The synthesis, fabrication and characterization will be described 

according to their application in the following chapters. 

1.3. ACTIVE HYBRID SOL-GEL FOR NONLINEAR APPLICATION 

Second-order nonlinear optics continues to be an area of great interest due to their 

application in signal modulation, optical switch and information processing (L. A. 

Homak, 1992). Fabrication of efficient nonlinear devices is a challenging task because 

such systems need to meet stringent requirements such as high optical quality, high speed 

and large sustainable second-order nonlinearity Inorganic crystal like LiNbOs has 

been studied for its nonlinear application in last few decades. However, its application is 

limited in the area of integrated optics due to the intrinsic processing incompatibility as 

mentioned in Section 1.1. Further more, its response speed is limited because of its high 

dispersion between optical wave and microwave. 

On the other hand, polymers and sol-gels are not only attractive for passive integrated 

optics, they are also potential candidates for high-speed devices for their low microwave 

dielectric constants, which permits transmission of optical waves and microwaves with 

low mismatch. 

In the design of the modulators, the modulation bandwidth depends largely on the 

electrode. In the modulator with lump electrode, the modulation speed is limited by the 

charging time of RC circuit formed by the electrode. The well-established approach to 

obtain wide-band operation is a traveling wave electrodc, which is an extension of the 
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microwave transmission line. The modulating electrical signal travels together with the 

modulated optical signal. The phase change induced by the electrical field is integrated 

along the length of the electrode. The ultimate limit of a traveling wave electrode 

structure is the traveling group velocity ditTerence between the microwave and the optical 

wave. The traveling speed of the microwave is a function of the microwave dielectric 

constant. If the electrode has air cladding, the microwave retractive index is defined as (T. 

Tamir, 1990): 

(1-1) 

where is the microwave dielectric constant of the material underneath the electrode. If 

we write the effective index of the optical mode as No and ignore the electrode loss, for 

an interaction length L of 1 cm. the 3 dB optical modulation bandwidth can be written as 

(T. Tamir. 1990) 

A/- = - . (1-2) 
nLN„,-N„ 

No A/ 

LiNbOs 38.5 4.44 2.25 <9GHz 

Polymer ~3* ~ 1.41 ~ 1.6 >100GHz 

Hybrid sol-gel ~4* ~ 1.58 ~ 1.55 > lOOGHz 

* http;//www.asiinstr.com/dcl .html#SECTION-S 

Table 1-2 Comparison of the bandwidth limitation of different E-0 materials 



The , Nm, No and the 3dB modulation bandwidth of the LiNbOs, polymer and sol-gel 

are listed in Table 1-2. The number for polymer and hybrid sol-gel will vary depending 

on the specific materials. 

The nonlinear property is introduced to polymer or sol-gel by doping and aligning a 

group of molecules known as chromophores. Usually one chromophore molecule 

includes two groups with different electronic affinities connected by rc-conjugated bridge. 

The two groups are called electron donor and acceptor. This structure makes the 

molecules possess large ground state dipole moments and exhibit large optical 

nonlinearity. This microscopic nonlinearity can be converted into macroscopic 

nonlinearity by mixing them with polymers or sol-gels and aligning their dipole moments 

(P. N. Prasad and D. J. Williams, 1991). The process for aligning the dipole moment of 

the chromophore molecules is called poling. 

One commonly used poling method for the chromophore molecules in polymers and 

sol-gels is to apply high voltage across the films doped with chromophore while heating 

the films to their glass transition temperature. At this temperature the randomly aligned 

individual chromophore molecules arc aligned according to the externally applied electric 

field due to their dipole moments. After the alignment, the film is cooled down to room 

temperature with poling voltage present to keep the ordering of the chromophores. Figure 

1-2 shows the cartoon about what happen to the chromophore molecules in the poling 

process. The arrows in the figure denote the chromophore molecules with dipole 

moments. More rigorous description will be shown in Chapter 2. 
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The alignment of the chromophore molecules breaks the centrosymmetry of the 

material and makes it possess second-order nonlinear property. This property is usually 

studied through second harmonic generation (SHG) or electro-optic (E-0) effect (or 

known as Pockels effect). 

Figure 1-2 Cartoon description of the poling process of the chromophore molecules. 

The recent development on the chromophore molecule design keeps pushing the limit 

of the second-order nonlinear coefficient of the nonlinear optical chromophore doped 

polymer. With the invention of a novel tricyanobutadiene acceptor, chromophores known 

as CLD is synthesized, and the E-0 coefficient (rji) of 90 pm/V at 1060 nm is 

demonstrated in CLD doped amorphous polycarbonate (APC), which is much higher than 

that of LiNbOs (32 pm/V). Modulator based on this material has demonstrated 

exceptional bandwidth of more than 110 GHz, while the modulator made from LiNbOs 

only demonstrates 70 GHz even after significant engineering work on the modulator 

design (Y. Shi et al, 2000). In spite of the excellent performance, the ordered state of the 

NLO chromophore molecules obtained in the doped materials tends to go back to the 

random state after the poling process. This behavior largely limits their practical 

Poling r r I 

I \ t 



application. To minimize the decay of the chromophore ordering, especially in high 

chromophore density material, the host material is preferred to have: (1) high thermal 

stability to withstand healing during poling and (2) high glass transition temperature to 

lock the chromophore in their noncentrosymmetric order after poling. On this aspect, 

introducing inorganic structures into this pure organic system via sol-gel process is a 

highly promising alternative and versatile synthetic approach to form more rigid network 

(F. Chaumel et al, 2001) (H. Goudket et al, 2001). 

Another concern about the polymers as media for NLO chromophores is their optical 

propagation loss. Most polymers for nonlinear applications contain many C-H bonds. The 

overtones of the C-H vibrations are around 1700 nm and 1400 nm, which are in the 

vicinity of the desired telecom window of 1300 nm and 1550 nm and cause propagation 

loss for the waveguiding at these wavelengthes. Further more, pure polymers doped with 

nonlinear optically active molecules often do not form good quality film, which causes 

scattering loss for the waveguide (F. Chaumel et al, 2001). On the other hand, sol-gel 

material contains large density of inorganic composition, and has lower C-H group 

density than the polymer materials, which make the material less absorptive. In addition, 

sol-gel process starts with high purity liquid, and the film fonned has high purity and 

high homogeneity, so the scattering loss from the film is small. One concern about the 

sol-gel material is the residue hydroxy groups (-0H) from the incomplete condensation 

reaction. The overtones (around 1405nm) from these groups and the water molecules 

absorbed by these groups can increase the propagation loss of the sol-gel film. Baking the 

sol-gel film at its glass transition temperature and isolating the film from the ambient 



atmosphere with thin layer of dielectric after baking are shown to effectively reduce the 

absorption loss due to the hydroxy groups and to improve the device stability (O. V. 

Mishechkin et al, 2003). 

The hybrid sol-gel methodology allows low-temperature formation of networks, which 

facilitates the introduction of organic chromophores. The resulting materials possess high 

glass transition temperature, low beam propagation loss and are more stable because of 

the better rigidity and higher thermal stability of the inorganic network (D. Levy, L. 

Esquivias, 1995). 

From the point of view of structure, the sol-gel based nonlinear optical materials 

include guest-host matrix (class I) and chroniophore linked hybrids (class II). In guest-

host methodology, NLO molecules are directly mixed with sol-gel precursors. While in 

chromophore-linked hybrids, the NLO molecules are covalently bonded to the sol-gel 

precursor by chemical reaction. The first method has the advantage of simple material 

synthesis and high degree of chromophore alignment, while the second method can 

usually improve the chromophore doping load and chromophore alignment stability (F. 

Chaumel et al, 2001). 

The work here will concentrate on the MAPTMS based hybrid sol-gel doped with 

commercially available disperse red (DR) chromophore in guest-host structure since it 

concentrates more on basic hybrid sol-gel and chromophore interaction rather than the 

material synthesis, and can provides a benchmark for the hybrid sol-gel as nonlinear 

optical chromophore media. 
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1.4. SCOPE OF THE RESEARCH 

The scope of the research covered in this dissertation lies in the investigation of 

passive sol-gel for heterogeneous integration and active E-0 sol-gel for integrated optics. 

The research consists of two parts: 

1. Design, material synthesis and process development for heterogeneous 

integration of sol-gel integrated optics on high refractive index semiconductor 

substrates. 

2. Material synthesis, processing and characterization of active hybrid sol-gel 

doped with organic chromophore for the development of its second-order 

nonlinear property in the forms of second harmonic generation and E-0 

modulation. 

Chapter 2 is devoted to the theoretical description and modeling of the waveguiding 

theory and the second-order nonlinear optics. It consists of two parts. The first part 

describes the slab waveguide, the effective index method and the beam propagation 

method (BPM) for waveguiding devices simulation. Two types of channel waveguide 

structures and one type of integrated optical device, multimode interference (MMI) beam 

splitter, are designed with a commercially available software based on the BPM. In the 

second part, after brief description of the linear optics in dielectric material, the second-

order nonlinear optics, the relation between the second-order nonlinear coefficient and 

the E-0 coefficient, the nonlinear optics for organic chromophore molecules, models of 

chromophore doped material and intensity E-0 modulator are described. 
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Chapter 3 is devoted to the development of the heterogeneous integration of passive 

hybrid sol-gel wavcguiding devices on high refractive index semiconductor substrates. 

Starting from design strategy, the material synthesis, waveguide fabrication and 

characterization is presented. The MMI beam splitters designed in Chapter 2 is 

successfully demonstrated on high refractive index semiconductor substrates of silicon 

and indium phosphide. 

Chapter 4 is devoted to the development of the second-order nonlinear property of the 

DR13 chromophore doped hybrid sol-gel. Firstly the material synthesis and its first order 

properties characterization are presented. After the poling method is described, the poling 

efficiency and the chromophore alignment stability are studied by measuring the second 

harmonic generation intensity. Based on the optimized processing, an E-0 hybrid sol-gel 

amplitude modulator with high E-0 coefficient and stable operation is demonstrated. 

Chapter 5 presents the possible directions on the next step for the development of 

hybrid sol-gel for integrated optics. 

A list of references is provided in the end. 
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2. THEORETICAL BACKGROUND AND MODELING 

In this chapter, the theoretical background concerning waveguide and second-order 

nonlinear optics for chromophore doped polymer and sol-gel is described. It provides the 

guidelines for the device design and the experiments in the following chapters. 

In Section 2.1, the basic waveguide theory is described starting from solving 

Helmholtz equation, and the effective index method is outlined. A commercially 

available simulation software, BPM-CAD, is used to design two types of sol-gel channel 

waveguide structures and one type of integrated optical device, multimode interference 

beam splitter. 

In section 2.2, starting from the description of linear optics in dielectric material, the 

second-order nonlinear optics, the relation between the second-order nonlinear coefficient 

and the E-O coefficient, the nonlinear optics for organic chromophore molecules, models 

of poled chromophore doped material and intensity E-0 modulator are described. Those 

theories provide directions for the design of the experiments and insight understanding of 

the experimental results in chapter 4. 

2.1. WAVEGUIDING IN DIELECTRIC MATERIALS 

Waveguides are the basic elements of integrated optics for both passive and active 

components. The confmement and guiding of the optical field depends on the material 

dimension and refractive index, wavelength, and the input field (C. R. Pollock, 1995). 

The propagating electro-magnetic field can be analyzed by solving Maxwell equations 

with corresponding boundary conditions. An exact analytical solution can be found for a 



slab (two-dimensional) waveguide which confmcs light in one direction. There is no 

exact analytical solution for the three-dimensional channel waveguide. Approximations 

such as effective index method can reduce the 3-dimensional (3D) problem to 2-

dimensional (2D) slab waveguide problem if the guided field is strongly confined in the 

reduced dimension (H. Kogelnik, 1988). In order to study and design complex integrated 

optical components with high accuracy, many numerical methods and corresponding 

software have been developed. Beam propagation method (BPM) and fmite-difference 

time-domain (FDTD) analysis are commonly used numerical methods for solving 

Helmholtz equation and Maxwell equations. Here the basic concepts of waveguiding will 

be briefly covered while deriving the 2D slab waveguide field. The effective index 

method and the BPM numerical method will be reviewed. Two types of channel 

wavguide structures and one type of integrated optical components are designed. 

2.1.1 Slab waveguide and analytical solution 

Dielectric slab waveguide theory provides the basic principles of waveguiding 

phenomenon and guideline for analysis of 3D waveguides. The structure of a three-layer 

slab waveguide is shown in Figure 2-1. A layer of dielectric material with an index n/has 

a thickness of h in the x direction and infinitely extending in the yz plane. The index of 

top cladding («<•) and the index of the substrate cladding («^) are such that nf>nc & th. We 

are considering the case when the light propagates in z direction. 
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Figure 2-1. Layout of a planar waveguide. 

The two possible electric field polarizations, transverse electric (TE) and transverse 

magnetic (TM) are denoted in the graph above. They are uncoupled and we only consider 

one case. The propagation of the electro-magnetic field in a dielectric medium of 

refractive index n can be described by scalar Helmholtz equation: 

S/ 'E{x,y,z)-kyEix,y,z)  = Q (2-1) 

"2.71 
where E (x,  y,  z)  is the electric field, and - •—, is the magnitude of the wave vector in 

free space. The magnetic field, H(x,y,z) ,  can be found in terms of the electric field by 

using Maxwell's equations. The guided wave can be solved in each dielectric region and 

then are connected using the boundary conditions, which is the continuity of the 

tangential components of E and H field at the dielectric interfaces. The j-invariance of 

the problem implies that the solution is invariant in this direction. For the TE case, the 

wave equation can be simplified as; 

V'£(x, z ) - k ; n ' E ( x ,  z) = 0. 



If the material has only real refractive index, there is only phase change in this direction 

for the cigen field, the assumed field is of the form; 

E(x,z) = Eix)e~'^^'' (2-2) 

Here we introduce the J3w, commonly referred to as propagation constant. The solution to 

Equaiton (2-1) is 

= if P^>Kn, (2-3) 

E{x, z) = if  ^ (2-4) 

where Eq is the electric field amplitude at x=0. 

It can be seen that the relation between /?,„ and kon plays an important role in the 

guiding of the optical wave. /;?„ is also called longitudinal wave vector, and is the z 

direction component of the wave vector kon. In the case described by Equation (2-3), the 

magnitude of is larger than that of the wave vector. This occurs in regions such as 

claddings where n = n^or Us. The electric field decays like an evanescent wave so the field 

falls exponentially in the x-dimension in cladding. In Equation (2-4), the magnitude of 

is smaller than that of the wave vector. This occurs in the core material, so the field can 

propagate with only change of phase. According to the boundary condition at the 

dielectric interface, the is found to be discrete. This shows the discrete character of the 

eigen field in the waveguide. The number of allowed /?„ depends on the thickness and 

refractive index of the guiding layer and cladding layer, and it describes how many eigen 

modes the waveguide can support. Each eigen mode maintains the same transverse 
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distribution and polarization at all distances along the waveguide axis. When only one 

eigen mode is allowed, it is called single mode. 

In the single mode condition, the energy confined in the guiding layer is described by 

confinement factor. It is defined as following. 

h 
jE(x)E'{x)(h-

= ̂  • (2-5) 

j£(.Y)£*(x)dx-
—OD 

The remaining power propagates in the form of evanescent waves, which decay 

exponentially in the cladding and substrate. It is practical in integrated optics (in 

opposition to waveguide sensor applications) to confine the field strongly inside the 

waveguide core. Otherwise, the mode power can be coupled through the evanescent field 

to an adjacent waveguide or leak into the high-index substrate. 

2.1.2 Effective index method 

The 3D channel waveguide has field confinement in both x and y direction, and the 

light propagates in z direction. The effective index method is used to predict the modal 

field and to estimate the propagation constants of the channel guide (G. B. Hocker and 

W. K. Burns, 1977). 

Figure 2-2 illustrates the effective index method for the analysis of a channel 

waveguide for the TE case. It consists of two steps: 

1. The effective indexes N/ and Ni are obtained for an ideal slab waveguides 

formed by a substrate index cladding index ric, and guiding layer index «/ 
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or ni, respectively (Figure 2-2 (a)). 

Cross-section: 

y 

TE orientation : 

H 

Top-view: 

NI 

(a) Step 1. 

N, 

TE orientation 
k 

(b) Step 2. 

Figure 2-2. Illustration of the effective-index method. 

2. The top-view of the channel waveguide may be considered as a symmetric 

planar waveguide consisting of a substrate of index TV/, a cladding of index 

Ni, and a guiding layer of index Nj. Solution of the wave equation for this 

slab gives the propagation constant, w-hich is postulated to be equal to the 

propagation constant of the considered rectangular waveguide. One can 
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notice tiiat the TE mode polarization at this step is treated as the TM 

polarization as viewed from the top (Figure 2-2 (b)). 

This method has higher accuracy when the waveguide has high index contrast. 

Design of complex integrated optical components requires high accuracy modeling. 

This is usually achieved by numerical calculation of optical field propagation. Beam 

propagation method (BPM) is the most widely used technique for modeling integrated 

optics and fiber optical devices, and is used in most commercial softwares (R. 

Scarmozzino et al, 2000). The BPM method is essentially a particular approach for 

approximating the exact wave equation for monochromatic waves, and solving the 

resulted equation numerically. Under the restrictions of paraxiality and scalar field, by 

using the slowly varying envelope approximation, the Helmholtz Equation (2-1) for 

monochromatic waves can be approximated with the following equation: 

2.1.3 Numerical approach: Beam propagation method 

dz 2k\dx^ dy^ 

5 U J 2 1 2\  
H Y + {k — k }u , (2-6) 

dy 

where u is a slow varying field, k is a constant number to be chosen to represent the 

average phase variation of the electric field E. and k is spatially dependent wavenumber 

in the material. This is the basic BPM equation in 3-D form. 



Different kind of numerical methods can be used to solve Equation (2-6). Most of the 

early BPM employed a technique known as Fourier transform beam propagation method 

(FT-BPM). Recent BPM for integrated optics uses an implicit finite-difference approach 

based on the Crank-Nicholson scheme (R. Scarmozzino and R. M. Osgood Jr., 1991). 

This is referred to as FD-BPM. In this approach, the field in the transverse (xy) plane is 

represented only at discrete points on a grid, and at discrete planes along the longitudinal 

or propagation direction (z). Given the discretized field at one z plane, the goal is to 

derive numerical equations that determine the field at the next z plane. This elementary 

propagation step is then repeated to determine the field throughout the structure. The 

detailed expression for the Crank-Nicholson method can be found by in literature (R. 

Scarmozzino and R. M. Osgood Jr., 1991). 

The paraxial, scalar BPM method can be modified to include polarization or to work 

under wide-angle condition. The software we use for the simulation is a BPM-CAD. It is 

commercially available, and has the FD-BPM algorithm as the core calculation method 

(Optiwave. 1999). In Section 2.1.4 and 2.1.5, two types of sol-gel waveguide structures 

and a type of multimode interference beam splitter are simulated with this software. 
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2.1.4 Design of two types of sol-gel channel waveguide 

The first ty pe of waveguide structure design is for the heterogeneous integration of the 

hybrid sol-gel waveguide with high refractive index semiconductor substrates. The 

schematic structure of the cross-section of the waveguide is shown in Figure 2-3. The 

fabrication will be described in Chapter 3. The major concern of this structure is the 

mode coupling between the sol-gel waveguide and the high index semiconductor 

substrate. To eliminate this coupling and get good confinement of the mode in the sol-gel 

waveguide, the index difference between the guiding layer and the cladding layer, and the 

thickness of the cladding layer need to be large enough. 

n j::... 
1 Upper cladding 

1 Core 

Lower cladding 

Semiconductor 

Figure 2-3. Schematic drawing of cross-section of buried sol-gel waveguide on high 

index semiconductor substrate. 

The sol-gel material chosen for the cladding has index of 1.467 at 1550 nm. and the 

sol-gel material chosen for the core has refractive index of 1.501 at 1550 nm. Using mode 

solver in BPM-CAD and considering the fabrication accuracy, to maintain single mode 

operation, the dimension of the core is defined as 3 pm by 3 pm. The thickness of the 
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upper cladding is defined as 3 jam to maintain the symmetric index environment. The 

thickness of the lower cladding is important to prevent mode leaking into the high index 

substrate (n=3.5 at 1550 run) and is calculated with BPM-CAD. The simulation 

wavelength is 1550 nm. This simulation is done by calculate the power left in the sol-gel 

waveguide after the light propagates 1 cm long. As the function of the thickness of the 

lower cladding, the normalized result is shown in Figure 2-4(a). 

S 
I 
I 

(a) (b) 

Figure 2-4 BPM simulation for determining the thickness of the lower cladding. 

The mode is predominantly confined in the sol-gel when the thickness is larger than 

6um. Considering larger devices, the lower cladding is chosen to be larger than 8 um. 

Figure 2-4(b) show the simulated guided mode when the lower cladding is 8 (am thick. 
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*• Upper cladding 

Active hybrid sol-gel 

Side cladding 

Lower cladding 

(a) Waveguide cross section. 

(b) Waveguide with reduced dimension. 

Figure 2-5 Schematic drawing of the cross section of the active hybrid sol-gel waveguide. 

The second type of waveguide structure design is for the electro-optic waveguide 

devices based on active hybrid sol-gel. The schematic structure of the sol-gel waveguide 

is shown in Figure 2-5 (a). The fabrication will be described in Chapter 4. The initial 

analysis of this waveguide can be done with effective index method. Because the active 

hybrid sol-gel has higher refractive index than the cladding, the effective indices in 

region I and region III are smaller than the effective index in region II, so the mode can 

be confined in region II. The waveguide with rcduced dimension is shown below the 

waveguide structure in Figure 2-5 (b). 
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Figure 2-6 Simulation with BPM-CAD for determining the thickness of the active sol-gel 

above the side cladding. 

How the thin layer of active sol-gel above the side cladding (Its thickness is denoted as 

t in Figure 2-5(a)) influences the mode confinement is analyzed with the BPM-CAD 

software. The refractive index of the active .sol-gel is varied from 1.501 to 1.601 at 1550 

nm depending on the doping concentration, and 1.601 is chosen for this simulation. The 

refractive index of the lower cladding material is 1.444 and the material for the side and 

top cladding is 1.478 at 1550 nm. The simulation wavelength is 1550 mn. The thickness 

of the side cladding is 2.5 )im and the width of region II is 3 jam. For symmetric index 

environment, the thickness of the upper cladding is defined to be 3 fJim. The dependence 

of the mode confinement on the t is analyzed by calculating the power confined in active 

sol-gel in region II (Figure 2-5). The result is summarized in Figure 2-6(a). It can be seen, 

the optical power start leaking into the active sol-gel layer above the side cladding when t 
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gets close to 1 )Lim. Figure 2-6(b) shows the simulated guided mode when f equals to 0.9 

^m. 

2.1.5 Design of multimode interference beam splitter 

Output waveguides 
Input waveguide 

Multimode area 

Figure 2-7 Schematic drawing of an MM! with 1 input and 2 output waveguides. 

The application of multimode interference (MMI) can be found in complex integrated 

optical circuit like wavelength-selectable laser source (K. Kudo et al, 2000) and phase-

array wavelength division multiplexer (M.R. Paiam and R.l. MacDonald, 1998). Using 

photopatternable hybrid sol-gel can significantly reduce the fabrication cost and 

complexity of MM I. Generally a MM I coupler consists of a rectangular cross-section 

multimode waveguide. The field distribution in the multimode waveguide has only one 

maximum in the direction perpendicular to the substrate, and multiple maxima in the 

direction parallel to the substrate. A number of single mode waveguides are placed at the 

beginning and the ending of the multimode waveguide as input and output ports as shown 

in Figure 2-7. To simplify- the design and the fabrication, the waveguide and the 

multimode section can be made to have the same height. 
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By simulation with BPM-CAD, the modal field amplitude distribution is shown in 

Figure 2-8 as thick lines. The field distribution may be well approximated with a series of 

sinusoid fimctions, which is shown in Figure 2-8 as thin lines. This allows the derivation 

of the positions, amplitudes and phases of the output modes by using Fourier analysis (M. 

Bachmann et al, 1994; L.B. Soldano and C.M. Pennings, 1995). 

M-L 1 2 6 3 4 5 8 7 v=0 

Figure 2-8. A few of the low-order modes of a multimode waveguide supporting M 

modes. The thick lines show the mode profiles. They are accompanied by the thin line 

sinusoids, which approximate the field amplitude. 

To do quantitative calculation, the input field distribution in the multimode area f  (x) 

is first antisymmetrically extended, and the extended function is repeated along the whole 

axis. It is named as The multiple reflections of the propagating field on the 
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waveguide boundaries produce the effect as the Iree-propagating periodic fields with 

infinite extend. The function (x) can be represented by its Fourier series: 

CO 

= (2-7) 
1'=0 

X 2 
where £",.(x) = sinf;T(v' +1)—] and a,, =— \ f{x)E^,{x)dx.  The field distribution at 

Wq K 0 

the output plane of the MMI can be found by propagating the eigen modes. 

CO 

four (x) = X (^) exp{-//?,,L). (2-8) 
F=0 

/Kv is given by 

Kl+j3l=Njkl (2-9) 

7t 
where k\, = (V +1)— is the lateral propagation constant and A^is the transverse effective 

Wq 

index of the material. In the paraxial approximation, Ky« fiy^v, fulfilled for the low-order 

modes, 

2 2 

= -K(K + 1) (2-10) 
^ ° I N j k  I N j k J V ^  

So 

fouM) = z (^)exp[-//j,,»I + i  v{v +1) ^ L]. (2-11) 
v=0 f'^o" 0 

After some algebra, it can be written as 
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1 n 7T 
fom(x) = --r=Qxp[-i/3^. ,L, ,  - i - j- i-{M - - x J e x p ( / ^ „ ) ,  ( 2 - 1 2 )  

VM M 4 „„o 

where Mis the number of self-images on the output plane, a refers to each of M images, 

4 NfW^ 
Lm= —- (2-13) 

M A ^ ^ 

is the propagation distance from the input plane to the plane containing M images, 

W 
x^=(2a-M)-^ (2-14) 

M 

is the position of the image in the physical waveguide boundaries, 0 < Xa < Wo, and, 

finally. 

(p^=a{M-a)^ (2-15) 
M 

is the phase shift of the image relative to the common phase factor 

(2-16) 
M 4 

The equations above shows that at a distance , M images of the field f„(x) are 

formed. They are located at the positions Xa, each with amplitude 1 / -x/m and phase (pa-

An optical IxM splitter can be realized by placing one single mode waveguide at the 

input end of the multimode section and M single mode waveguide at the length of of 

W 
the multimode section. If the input waveguide is placed at the center position - only 

even symmetric modes are excited. Only considering 2, 4... in Equation (2-10), the 
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length periodicity of the v(v+l) factor is reduced by a factor of four. The IxM splitter 

can be realized with a multimode waveguide length of (R.M. Jenkins et al, 1992) 

1 N , W ~  
Ll"'=- (2-17) 

M 1 

Simulation shows that the narrower the multimode part, the shorter the multimode 

part, the less the accumulated phase error of the higher-order modes, and the better the 

MMI performance. However this width is limited by the cross talk of the image and 

directional coupling of the closely located access waveguide. 

In the design, two parameters are used as the main criteria for the design optimization: 

output imbalance and excess loss (O. Mishechkin, 2003). They are defined as 

M / 
Excess Loss =-10* logjQ( X P,) - (2-18) 

i = 1 

Imbalance = -10* log,,, (1 
M p 1 

(2-19) 

- ILP, 
7=1 

where Pj and is the power from each output of the beam splitter, and P, is the output 

power from a straight single mode waveguide of the same length. The reason that 

choosing excess loss instead of insertion loss is excess loss ignore the coupling and 

material loss and emphasize on loss caused by the device structure. 

The waveguide cross-section structure and the refractive index are shown in Figure 2-

9. The value of «/of 1.478 and 1.500 correspond to sol-gel indices doped with Al and Zr. 
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ric 

n. 

He = 1.000 
nf= 1.500 or 1.478 
n,= 1.444 

1.444 
h= 2.5 p.m 

Figure 2-9 Waveguide structure used for simulation of MMI beam splitters. 

1X4 Splitter 

0.00 'I I I I , ,, I I 
35 40 45 50 55 60 65 

MMI Width, urn 

Figure 2-10. Optimization of a 1 x4 MMI splitter. 

For the 1x4 MMI beam splitter, the excess loss is shown in Figure 2-10. For Al and Zr 

doped sol-gel. the optimized width of the multimode part is at 45 jam. and the length is 

calculated as 523 fxm at the working wavelength of 1550nni according to Equation (2-

17). 

For a 1x12 MMI beam splitter, the excess loss and the imbalance are shown in Figure 

2-11. For Al and Zr doped sol-gel, the width of the multimode part is chosen to be 120 

|im. With this width, the length for the 1x12 beam splitter must be 1182 jam according to 
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Equation (2-17). 

0.20 

030.15 
•o 

s 
c m 
1B0.10 

SO.05 

0.00 

115 120 125 130 135 
MMI Width, urn 

Figure 2-11. Optimization of 1 x 12 MMI splitters. 

1X12 Splitter (TE polarization) 

—o—n=1.478 i i excess loss 
-A- n=1.500 

W -A 
A 

A imbalance 

2.2. THEORETICAL BACKGROUND FOR CHROMOPHORE DOPED 

HYBRID SOL-GEL 

In this section the mathematical description and models underlying linear optical 

property as well as the second-order nonlinear behaviors like second harmonic generation 

and E-0 cffect in dielectric materials are described. Models that were initially established 

for poled nonlinear polymers are also applicable to poled nonlinear sol-gel. Those theory 

and models provide guideline for experiment design, understanding of material 

limitation, and sample characterization. 
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2.2.1 Linear optics 

For dielectric materials, the time dependent wave equation can be written as (in CGH 

system): 

= (2-20) 
c  d  t  c  d  t  

where c"' = 1 !  and P(F, t )  is polarization. It can be seen that the polarization is the 

source term in the differential equation. This equation shows that the optical field acts on 

the material and the polarization provides feedback on the optical field, determining the 

optical properties of the material. In an ideal material with no absorption and with 

instantaneous response time, P { r ,  t )  =  ̂ ""^(r, t ) , where is the linear susceptibility. 

For non- ideal materials, 

P { r , t )  =  x ^ ' \ f , t ) ® E { r , t ) ,  (2-21) 

where 0 indicates convolution. In frequency domain, it can be written as 

P { r ,  ( o )  =  ( f ,  c o ) E { i \  C O ) .  (2-22) 

Here E { r ,  c o )  & £(r, t )  and P(r, c o )  &  P { r ,  t )  are Fourier pairs. For monochromatic 

field, the electric field and polarization can be written as 

(2-23) 

/'(r, t) = |[P(F, C'))e-""' + c.c.\. (2-24) 

Here c.c. refers to complex conjugate. 
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In isotropic dielectrics, V • D = 0 and D = e E . In homogeneous material, in frequency 

domain the wave equation can be written as 

V E{r, a) +—-E{r, a) = 
Ana)" 

•P{r, C O ) ,  (2-25) 

with 

P{r, CO) = + Zr"' )^(^r a>), (2-26) 

where Xb is the background susceptibility and Xr is the resonance susceptibility. For 

linearly polarized field propagating in z direction, the equation can be written as 

dz 

, 2  2  

2+K "a E{z, to) = -AnkJ- X r ^\o))E{z, w), (2-27) 

where ky=a)/c, nf,'=I +4n-Xh''-

Assuming plane wave solution E ( z ,  c i ) )  = E {z)e'''"' (where = k ^ . n ^ ) ,  and using 

slowly varying envelope approximation (SVEA) 

expressed as 

, d ^ d ^ E  
2iku —E » 
' dz d ^ z  

, the field can be 

2iki, - j-E(2 )  = -4M/(Re(^/"( a ) )  + i ImC^/" (cy)))E(z). 
dz 

(1), 
(2-28) 

If we write 

aid)) = An—lm{Xr^\G>)) 

1 
An{a) = 4/T^Re(^/"{r^/)) 

2n. 

(2-29) 

(2-30) 

the electric field is solved as: 
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E( z, co) - E(0) exp{ /A',. A/7( w)z) exp(- -) exp(z ) .  (2-31) 

From the physical point of view, a((o) is identified as the intensity absorption coefficient, 

and Anfd)) is identified as the shift in refractive index from when oj = x . 

To calculate Xr^^((o), a classical Lorentz oscillator model is used to model the linear 

isotropic material. After separating the real and imaginary part, the shift in refractive 

index and intensity absorption coefficient are expressed as: 

(2-32) 
m [{cO q -co ) +;/ co ] 

a(®) = T-T"- (2-33) 
^ [(®o ) +y co ] 

where Q  is the density of the oscillators, e  is the elementary charge, m  is the mass of the 

electron and / is the damping constant and coo is the natural frequency of the oscillator. 

The general nature of these equations is well known as dispersion. Jt is clearly seen that 

there is resonance around coq. When the frequency is far away from coq, there is small 

dispersion and small absorption (R. W. Boyd, 1992). 

In nonlinear optical chromophore disperse red 13 doped sol-gel, except for the strong 

absorption in the UV range, in the visible and near IR range, the most dominant 

absorption peak is at 503 nm, which is caused by the nitrogen atom double bond (N=N). 

This wavelength is also referred to as , and is corresponding to coo. They cause high 

optical attenuation and index dispersion around this wavelength range and this is verified 

by the experimental results in chapter 4. 
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Becausc chromophore molecules have larger dipole moment than sol-gel materials, the 

increase of the chromophore molecules density can cause an increase of the refractive 

index, this chromophore induced index change is also verified by the measurement result 

in chapter 4. Further more this resonance can also influence second-order optical 

properties, which will be discussed in 2.2.4. 

2.2.2 Second-order nonlinear optics 

In nonlinear optics, the nonlinear optical response can be described by expressing the 

polarization as a power series of applied electric field: 

P = + /J-^EE + /f'EEE +..., (2-34) 

where is the linear susceptibility discussed in last section, and and are the 

second-order and third-order nonlinear susceptibility, respectively. 

From Equation (2-34), it can be seen that only materials that do not possess inversion 

symmetry property (also called noncentrosymmetry) can exhibit second-order nonlinear 

optical properties. For centrosymmetric material, the polarization induced by the two 

electric fields pointing at opposite directions are equal with opposite sign (P(-E)=-P(E)). 

Considering Equation (2-34), such central symmetry results in = 0. 

For an anisotropic material, all the three components of the polarization need to be 

considered. The linear portion can be expressed as (R. W. Boyd, 1992) 

^ p (1) ^ 
X  ( E :  

p  y 
= 

l y / '  

P \ ' J UJ 
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or - E .  

The second-order nonlinear portion of the polarization can be expressed as 

f 
X 

( (2) 
7 A  X X X  

p y 
(2) 

p(2) 
^ ' 

(2) 

^ xyz 
(2) y (2) y (2) 

xyy A xzz /C 
(2) (2) 

yyy /C yzz 
(2 )  „  (2)  

zzz 

(2) (2) 

(2 )  

zyy 

X  X X Z  X  X!C>' 
V .  (2) (2) Y ' ' y ^ ' y ^ ' A- yyz ^ yxz /C yxy 
(2) (2) (2) y y y /C zyz A zxz A- zxy J 

E y E ,  

E.E^ 

2E,E, 

2 E E ,  

2EF .  

(2-36) 

y J 

or P''' = : E E. A specific case of the second-order nonlinear optical phenomena is 

the second harmonic generation, the polarization can be written as 

= rY^Z,;'\2co, CO, co)E^{co)E,{(o), (2-37) 
Jk 

where r  is the degeneracy factor. The tensor elements are unchanged by the 

permutation of their last two indices for the same frequency. The tensor elements can 

therefore be written as: 

(2-38) 

with the notation shown in Table 2-1. 

I 1 2 3 4 5 6 

j, k 1,1 2,2 3,3 2, 3 or 3, 2 1,3 or 3,1 1,2 or 2,1 

Table 2-1 Subscript simplification of the second-order nonlinear coefficient. 

When the optical field frequency is far away from resonant frequency, further 

simplification can be done by considering Kleinman symmetry (D. A. Kleinman, 1962); 
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(2-39) 

The form of the susceptibility tensor is determined by the symmetry properties of the 

medium. According to group theory, all materials can be classified into 32 crystal classes. 

By invoking symmetry, some of the tensor elements vanish for a given crystal class. 

Poled nonlinear polymer and sol-gel belong to comm symmetry group (P. N. Prasad et al, 

1991), and considering Kleinman symmetry, their second-order tensor can be written as 

In some early study of second harmonic generation, the second-order susceptibility tensor 

has djjk as elements. Its relation with the Xuk is: 

poled polymer and sol-gel. 

In the chromophore doped polymer and sol-gel, to possess the second-order 

nonlinearity, the noncentrosymmetry is introduced by aligning the dipoles of the 

chromophore molecules in the same direction. This is fulfilled with poling, the technique 

reviewed in Chapter 1. 

The magnitude of the second-order nonlinear coefficient largely depends on the degree 

of the chromophore alignment induced by the poling process. The stability of the second-

order nonlinear coefficient is directly related to the chromophore alignment stability. Due 

' 0 0 0 0 o' 

= 0 0 0 Z3i''' 0 0 (2-40) 
(2) (2) (2) A A A 

^^31 ^31 Z33 0 0 Oj 

(2-41) 

(2^ 
Zii • As usually seen in literature, du is for quartz and d^s is for 
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to the chromophore molecules thermal movement and interaction, the aligned 

chromophore molecules tends to misalign from the aligned position induced by the poling 

process, which is referred to as alignment relaxation. This relaxation seriously limits the 

practical application of the nonlinear chromophore despite of its large nonlinearity (II. 

Zhang et al, 2004). One of the potential advantage of the hybrid sol-gels as the host 

material for the chromophore molecules is that their inorganic network can hold the 

chromophore molecules in the aligned position more efficiently than the organic polymer 

materials. Chapter 4 describes the improvement to the poling efficiency and the 

techniques to minimize the cliromophore alignment relaxation in hybrid sol-gel materials. 

2.2.3 Electro-optic effect 

The electric-optic (E-0) effect is the DC field induced change of the material 

refractive index. The linear dependence of the change of the refractive index on the 

strength of the applied field is known as the linear electro-optic effect, or Pockels effect. 

The nonlinear polarization for the Pockels effect is a second-ordcr nonlinear optical 

property, and is expressed as: 

PP =22]x,™(®.®.0)£,.(®)£,(0). (2-42) 
jk 

The E-0 effect is usually described by an E-0 coefficient. In the poled nonlinear polymer 

and sol-gel, it is mainly rjj. The relation between rj.? and /n is derived as follows (B. 

Kippelen. 2002). 
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In noncentrosymmetric materials, the refractive index can be described by an index 

ellipsoid. If its axises do not match with the principle symmetry axises, the index 

ellipsoid can be expressed as (A. Yariv. 1975): 

^ 1 ^ 
+ 

^ 1 ^ 

n ; 
+ 

^ 1 ^ 

w J i 
z '  + 2  

) 
yz + 2 

' 1 ^ 

W j  
xz + 2 

' 1 ^ 
JtT = l (2-43) 

V« 76 

The linear change in the refractive index due to an arbitrary electric field E (Ex, Ey, Ej is 

given by: 

r r i \ \ 

W J 
r 1 A 

\n J2 
^ 1 

W J, 
r 1 ^ 

\ n  / 4  
^ 1 ^ 

W J 
^ 1 ^ 

W J 

'^11 

^21 ^22 ^23 

^32 ^33 

hi ^2 ^"43 

^51 ^52 ^53 

^''61 r,2 f 6 i j  

( E M  

E,(0) 

EAO) 

(2-44) 

6 J 

From the constitutive equation, D = eE => E = rjb, where rj =s ', the index 

ellipsoid can be expressed as^/;yX,.v^ = 1. The electro-optical tensor element can be 
'J 

defined by: 

+ . 

or 7 /  = 7 o  + A 7 7 + . . . ,  

then the Pockels effect can be expressed as 

(2-45) 
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A 
^ n 

Ji 
(2-46) 

The relation between dielectric tensor and the electro-optic tensor can be derived as 

following. 

Ae=£-£, =(/7o +A?7)"' =(\ + 7],'Afj)-'r],~' (2-47) 

where = To ' • Using approximation of (1 + u)" « 1 + a n ,  

A?«(1-7o"'AT)7'O"' -?7O'' =-?„(? :£"(0))?o. (2-48) 

Considering D — E + AttP = sE , with /• = P'" + , 

A?E = 4;#^^^ = . (2-49) 

Combining Equations (2-48) and (2-49), by neglecting the tensorial nature of the 

unperturbed dielectric tensor and defining the average retractive index, we have 

%7V (2) 
(2-50) 

Considering the crystal symmetry and Kleinman symmetry, the electro-optical tensor for 

poled polymer is given by: 

r = 

0 0 ^3 
0 0 1̂3 
0 0 3̂3 
0 1̂3 0 

1̂3 0 0 

0 0 0 

(2-51) 
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Both Tij and Xjt describe the second-order nonlinearity of the material, and they are 

proportion to each other at the same wavelength. In MKS system, the right side of 

Equation (2-50) must be divided by An. 

For poled nonlinear polymer and sol-gel, ry is determined experimentally by 

measuring the film index change, while xp o*" 4' is determined experimentally by 

measuring the SHG intensity of the film. Assuming n=\.6, at the same wavelength 

= 0.611^531 in the MKS system. In early literatures, more work was done with SHG 

because the double frequency signal is more easily to be detected. Likewise in doped 

hybrid sol-gel. early work focused on SHG due to simple sample preparation and high 

sensitivity. 

2.2.4 Nonlinear optics of organic chromophores 

An organic chromophore molecule consists of a n conjugate bridge (alternating single 

and double bonds) with a donor group at one end and with an acceptor group at the other. 

This type of molecule is also referred to as a "push-pull" molecule. In response to the 

applied field, the acceptor "pulls" electrons through the 7r-conjugate bridge while the 

donor "pushes" the electron. This results in a microscopic polarization of the molecules 

due to excess charge build up on the acceptor side (Kenneth D. Singer et al, 1987). The 

schematic structure of a push-pull molecule is shown in Figure 2-12. Examples of donors 

and acceptors are shown in Table 2-2 (J. Zyss, 1979). 



61 

71 - conjugaled bridge 

Acceptor Donor 

Figure 2-12 Schematic drawing of a push-pull chromophore molecule. 

Donors N(CH3)2 NII2 OCH3 OH 

Acceptors NO NO2 CHO CN 

Table 2-2 Donors and acceptors with decreasing strength from left to right. 

The microscopic polarization induced by the electric field can be written as (D. S. 

Chemla and J. Zyss, 1987): 

P i  = + ''Z P y k E j E ,  +... , (2-52) 
j  Jk  

where // is the ground state dipole moment, ay and Pyk are linear polarizability and first 

hyperpolarizability tensor elements, fi^k is the molecular equivalent of the macroscopic 

• • • • 
susceptibility x,jk • Coefficient r is the degeneracy factor as slated previously. 

To predict the nonlinear optical properties of the push-pull molecules, a two-level 

model is established (J. Zyss. 1994) (D. R. Kanis and M. A. Ratner, 1994). The 

hyperpolarizability is written as 

= (2-53) 

where Per is the contribution from the intra-molecular charge-transfer interaction 

between acceptor and donor through the conjugated bridge, PaM is the additive part based 
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on mono-substituted benzene molecules (Oudar and Chemla. 1975). The charge transfer 

part is approximated as a two-level interaction between ground state (g) and the first 

excited stated (s) again. With this model, the charge transfer contribution is given by 

Per {C0,.(0,.c0,) = d ^ i- ^ J-. (2-54) 
Imhco^^ K. )(®g, -®2 )(®g. -®3 ) 

where d is a degeneracy factor, a); are the frequency of the optical waves involved in the 

second-order nonlinear process, and are the energy difference and dipole 

moments difference between the ground state and the excited state, f is the oscillator 

strength of the transition, and is related to the dipole transition moment by 

^  2 f n  , 2  
f = (2-55) 

For example, the charge transfer contribution to the hyperpolarizability of a SHG 

experiment, where ®3 = 2® . 

l3,,{2oy, co, co) = /i(0)^ (2-56) 
(o)^, -(o-){coJ-{2cof) 

Recall the electric-optic effect is a second-order nonlinear interaction between a DC and 

optical field, the charge transfer contribution to the hyperpolarizability of an electro-optic 

effect is 

CO J {?>co J - or ) 
fi„{ca, 0, CO) = Rm /, (2-57) 

Z(coJ -ar f  

where 
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^(0) = ^  { M s  (2-58) 

P{Q) is called dispersion free hyperpolarizability since it does not depend on the 

frequencies of the optical fields involved in the nonlinear interaction. Due to the 

dispersion factors shown in Equations (2-56) and (2-57), the nonlinearity is enhanced 

when the wavelength gets close to the absorption band. The charge transfer band of the 

chromophore is usually calculated by its corresponding wavelength Xmax, which is 

discussed in Section 2.2.1. This two-level model can explain the variation of the 

measurement results of second-order nonlinear coefficient at different wavelength. In DR 

doped sol-gel or polymer, the reported dss value calculated by measuring Sl lG intensity 

at 1064 nm fundamental wavelength can reach 150 pm/V (B. Lebeau et al, 1997), while 

the reported rss value calculated by measuring the index change at 1300 nm is only 16 

pm/V (Y. H. Min et al, 1999). 

2.2.5 Poled polymer and sol-gel 

Corresponding to the microscopic description of chromophore molecule polarization 

in Equation (2-52), the nonlinear polarization of the macroscopic bulk material is written 

as: 

where /, J ,  K  refer to the lab frame, and r is the degeneracy factor. Figure 2-13 shows the 

relation between the lab frame and molecular frame. 

~ + ̂ '^.XuK + ••• ' (2-59) 
J JK 
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Z  K  0  z  

Y 

Figure 2-13 Laboratory frame and molecular frame. 

The oriented gas model has been shown to be a good approximation for the 

description of poled electro-optic polymers and sol-gel (D. S. Chemla and J. Zyss, 1987) 

(K. D. Singer et al, 1987) (D. M. Burland et al, 1994). The second-order nonlinear 

susceptibility tensor elements can be written as 

where N  is the density of the chromophore molecules, and the a j j  are the directional 

c o sines or the projection of the new axis I (in the lab frame) on the former axis j (in the 

molecular frame). The angular relation between the z direction and the lab coordinate 

system XYZ can be described by Euler angles {(p, 0, if/). The brackets in Equation (2-60) 

denote the orientational ensemble average of the hyperpolarizability tensor elements, and 

the star denotes the local field correction factors have been included in /?. Assuming that 

the chromophores have cylindrical symmetry, the second-order nonlinear optical 

properties depend mainly on the average polar angle 0 of the molecules with respect to 

l i ^ . J j "Kk f i j k  /UK'  (2-60) 
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the direction of the poling field. The orientational distribution obeys the Maxwell-

Boltzmann function. The explicit inclusion of the average results in 

r e x p ( -

^ Uiey • 
J exp( ) sinOdO 

kT 

where kT is the thermal energy, and U{()) is the interaction energy between the poling 

field and the dipole moment. The interaction energy is given by 

u ' E „  
U { 0 )  »  - j u *  •  E  =  - x k T C O S 0 ,  with x = 

^ kT 

Considering poled polymers have a second-order susceptibility tensor 

n n n n\ 0 0 0 0 Zs: 

0 0 0 ;tr3i 0 0 

X:,3 0 0 0^ 

as shown in Equation (2-40). there are only two independent tensor clement, X33 - Xzzi 

and x-ix - Xzxx • They can be calculated as 

Xzzz^^ = = iV<cos' 0 ) p j  = NL. ix)pj, (2-62) 

Xzxx^'^ = ^{^Kkaikajk)Pj = A-(cos<9sin' <9cos' (p)pj 

N N - (2-63) 
= y «cos^ 0) - <cos^ e ) ) P j  = (X) - Z3{ X ) ) P J  

where the Langcvin function (x) is introduced: 

[ cos" ̂ exp(xcos6')sin0 dO 
K (^) = —' (2-64) 

J exp(x cos 0) sin 0 dO 

Forn=l, 2 and 3, and when x is less than 1, it can be approximated with 
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r / X r / N 1 2X^ ^ , X 
A (^) ^' 2 (^) ^(^) • 

Since x = ju'E^, jk'T, it is smaller than 1 in most of the experimental cases (For a 

molecule with dipole moment //* of 15 Debye and a poling field of •= 100 V / jum, at 

temperature of 450 K, the value of x is O.8.). So the condition for the approximation is 

satisfied. 

Using the above equations, the tensor elements are derived as 

(2-65) 
5kl 

(2-66) 
I 5 k l  

Considering Equation (2-50), the E-0 coefficients are derived as 

(2-67) 
5kr ' ^ ^ 

8/T u B * 
r,3 = I'--'--' £ . (2-68) 
"  \ S k T  "  ^  ^  

Then the commonly used relation for the poled polymer and sol-gel is shown as 

^31*" = 1^33"^ or r,3 = y,,. (2-69) 

Equations (2-67) and (2-68) show that the E-0 coefficients are proportional to the Pfi 

product, the chromophore density N and the poling field Ep. The chromophore molecule 

property, Pju, is determined by its structure, and it can be improved by the molecular 
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design. In Table 2-3 the E-0 related properties of several kinds of nonlinear optical 

chromophores are summarized (L. Daiton et al, 1999). 

Chromophores Pl^ 
(esu) 

r33 

(pm/Y) 

DRl 

580E-48 

13 in PMMA 

(30 wt. %) 

@ 1550 nm 

\ CN 

/ J 
s C N  

C N  

6200E-48 

45 in 

polyquinolines 

(25 wt. %) 

@1300 nm 

A 0 0^ FTC 

^  N  C  ^  C N  
\  /  N O  

15000E-48 

55 in PMMA 

(20 wt. %) 

@1300 nm 

1 CLD-1 
Si -R 

1 —Si —R ^ 

N C ^ CN 
N C 

35000E-48 
90 in APC 

(30 wt. %) 

@ 1300 nm 

Table 2-3 E-0 related properties of several kinds of nonlinear optical chromophore. 

According to the oriented gas model, the E-O coefficient is proportional to the 

chromophore density N. Experiments show that this is true for low doping concentration. 

This is consistent with the assumption of the model, because the interaction among the 

chromophore molecules can be ignored when the density is low, which is very similar to 

the gas state. When the chromophore concentration increases till the interactions among 

molecules become significant, the oriented gas model cannot be used, because the E-O 
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coefficients start to deviate from the straight line and then it decreases with the increase 

of the chromophore concentration (L. Dalton et al, 1999). A schematic drawing of the E-

O coefficient dependence on the chromophore concentration is shown in Figure 2-14. For 

many chromophores including the DR chromophore. experiments show that the optimum 

load is around 30 wt. % (Ajay Nahata et al, 1993). 

Figure 2-14 Second-order nonlinear!ty dependence on the chromophore concentration. 

E„ 
The factor of in Equation (2-67) and (2-68) shows that the higher the poling 

kT 

voltage and the lower the poling temperature, the higher the E-0 coefficient will be. In 

real experiments, the poling voltage is usually limited by the material dielectric strength, 

and the poling temperature must be higher than the material glass transition temperature 

to allow the chromophore molecules to move in the host material. 

Oriented gas 
model 

Trend of 
experimental 
data 

Chromophore concentration 

2.2.6 Amplitude modulator based on chromophore doped sol-gel 

The major part of an amplitude modulator based on the E-O sol-gel is a straight 

channel waveguide with the nonlinear sol-gel core poled in the z direction. The input 
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light propagates in the y  direction and is linearly polarized at 45° with respect to the z 

direction. This scenario is shown in Figure 2-15. 

y 

Figure 2-15 The configuration of E-0 effect for poled nonlinear polymer and sol-gel. 

With the modulating voltage V  applied in the z direction, the new index ellipsoid can 

be calculated using Equation (2-51) and Equation (2-44); 

1 
+ r,,£. 

2 '  '13 
+ 

1 
2 '  '13 

+ 
1 

n .  
r + ^33-Ez z '  = 1 .  (2-70) 

The applied voltage does not rotate the index ellipsoid, and the index change can be 

derived as 

A n ^ = A n y  = ^ (2-71) 

A?2 = ~nlr..E., z  2  ' 3 3  (2-72) 

V  
with E ,  =  —  ,  where d  is the distance between the top and ground electrode. The phase 

d  

difference accumulated by the x and z components in the length I  is 

2;t 1 3 1 3 -,1̂  
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Using the relation in Equation (2-69) and = n. = n . 

A 2.T 1 3 

T 3" 
(2-73) 

A common value of interest is the voltage needed for ;r phase change, and is called V„: 

3;w 

2/?? r. 
(2-74) 

33 

For nonlinear sol-gel waveguide, d is 6 [im (according to the design in Section 2.1.4), n is 

1.6, wavelength is 1550 nm, with length of 1 cm, the relation between I'V and /•.?.? is 

plotted in Figure 2-16. 
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Figure 2-16 Change of as a function of E-0 coefficient r33. 

As E-0 material for E-0 modulator, except the high E-0 coefficient r^s, low material 

loss is also desired. The parameter is used to evaluate the E-0 material. 
a 

In this chapter, the physics and their mathematical models concerning the waveguide 

and the second-order nonlinear optics for chromophore doped polymer and sol-gel are 



described. In the first part, after the basic concepts for waveguide, the effective index 

method and the BPM algorithm are described, and two types of waveguide structures and 

one type of integrated optical devices are designed. In the second part, starting from first 

order optics, the second-order nonlinear optics, the relation between the second-order 

nonlinear coefficient and the E-0 coefficient, the nonlinear optics for organic 

chromophore molecules, the models of poled chromophore doped material and the 

amplitude E-0 modulator are described. These designs, theories and models provide 

guideline for the experiments for the following chapters. 
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3 HYBRID SOL-GEL FOR HETEROGENEOUS INTEGRATION WITH 

HIGH INDEX SEMICONDUCTOR 

The level of integration of integrated optical components has been increasing 

continuously. However, compared to electric integrated circuit, the intensity of 

integration is very small due to the diversity of the components in optoelectronics. 

Heterogeneous integration is the enabling approach for the development of complex and 

low cost integrated optoelectronics components and subsystems. Progress in 

heterogeneous integration was limited due to the processing incompatibility between 

materials. As discussed in Chapter 1, recent developments in hybrid organic-inorganic 

materials made them candidates for low-cost integrated optics (U. Schubert, et al, 1995). 

With the introduction of organic chain containing C=C bond, the hybrid sol-gels show 

properties similar to glass and polymers. They can be processed simply by spin-coating, 

photopatteming and low temperature baking like organic polymers, while the devices 

show low optical loss and long-term stability like inorganic glass (S. Najafi, et al. 1998) 

(M. Fardad, et al. 2001). In addition, their planarization capability is an attractive feature 

for heterogeneous integration (M. Fallahi, et al. 2002). One major limitation for the 

integration of hybrid sol-gel integrated optics with semiconductors, especially the III-V 

semiconductor, is their low refractive index, which is around 1.5. In order to develop sol-

gel waveguides on semiconductors, a thick low index cladding between the guiding sol-

gel and the semiconductor is needed to prevent the guided light from leaking into the 

semiconductor materials. The requirements for this thick cladding includes lower 

refractive index than the core material, low processing temperature, low loss and high 
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surface uniformity. Silicon dioxide is not qualified for the heterogeneous integration due 

to its high processing temperature despite of its other advantages. So hybrid sol-gel and 

polyimide are attractive candidates. Considering the compatibility with the core material, 

the hybrid so I-gel material is selected as the thick cladding material. 

In this chapter, based on the structure design with BPM-CAD software in chapter 2, a 

multi-layer buried sol-gel waveguide on high index semiconductor is fabricated. The 

material synthesis and characterization is presented. Buried waveguides with very low 

birefringence are fabricated on both InP and Si substrates. To prove the concept, 

integrated optical devices like MMl beam splitters are fabricated on Si and tested. A 1x12 

MMI beam splitter fabricated on Si substrate is characterized and shows low excess loss, 

low power imbalance and low polarization sensitivity around its working wavelength. 

3.1 DESIGN STRATEGY 

In this section, the strategy for the multi-layer hybrid sol-gel waveguide on high index 

semiconductor is described from the points of view of material, structure and fabrication. 

The detailed material synthesis and waveguide fabrication will be presented in the 

following section. 

In order to fabricate a sol-gel waveguide on high index substrate, two kinds of 

materials for core and cladding are prepared respectively. The commonly used hybrid 

sol-gel materials based MAPTMS includes; 

— Sol-gel derived from zirconium propoxide (ZPO) and MAPTMS (ZPO-

MAPTMS). 
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— Sol-gel derived from di-s-butoxy aluminoxy triethoxy si lane (BATES) and 

MAPTMS (BATES-MAPTMS). 

— Sol-gel derived from letraethyl orthosilicate (TEOS) and MAPTMS (TEOS-

MAPTMS). 

For the above three types of sol, the dependence of the refractive index on the molar 

percent of the dopants is shown in Figure 3-1. 
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Figure 3-1 Refractive index as a function of dopant concentration for hybrid sol-gel based 

on MAPTMS. 

Among the available sol-gel materials, the highest index passive sol-gel material is the 

so I-gel doped with 22 molar percent of ZPO, which has the index of 1.501 at 1550 nm 

Although higher concentration of the ZPO can increase more on the refractive index, it 

influences the photopattemability of the material. So the ZPO-MAPTMS sol with molar 
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ratio of 22: 78 is chosen as the material for the waveguide core. The hybrid sol-gel with 

the lowest refractive index in Figure 3-1 is the sol-gel doped with 35 molar percent of 

TEOS, which has refractive index of 1.467 at 1550 nm. Although higher percentage of 

TEOS can reduce the index further more, it makes the material crack easily due to the 

increase of the inorganic components after the condensation reaction. So the TEOS-

MAPTMS sol with molar ratio of 35; 65 is chosen. So we consider the materials system 

with refractive indexes of ndadding = 1 -467 and ncore = 1.501. 

The structure design is finished with BPM simulation in Chapter 2, and the finalized 

structure is shown in Figure 3-2. 

I 3 jam upper cladding (n = 1.467) 

I 3 )am by 3 }a,m core (n = 1.501) 

> 8 lam lower cladding 
(n= 1.467) 

Figure 3-2. Cross section of the designed multi-layer sol-gel waveguide on 

semiconductor. 

The profile of the mode in normal direction to the substrate is shown in Figure 3-3. It 

can be seen that symmetric and confined mode is obtained. 
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Fig. 3-3 Buried waveguide mode profile by simulation with BFM_CAD. 

The coupling efficiency between this waveguide and a single mode fiber is evaluated 

with the overlap field integral using Equation (3-1). 

{\^El{x,y)^E^{x,y)dxdyf , (3-1) 

(JK (x, y) X £, (x, y)cixdy) x ((x, >') x (x, y)dxdy) 

where E^ (x,_y) is the electric field distribution from the sol-gel waveguide, and E^ (x,y) 

is the eigen electric field of the fiber being coupled. With An of 0.033 between the core 

and cladding material, the sol-gel waveguide has a NA of ~ 0.31. Considering a 

conventional single mode fiber such as SMF28. a coupling loss of about 2dB is 

calculated for a simple butt-coupling technique. 

3.2 MA I ERIAL SYNTHESIS AND WAVEGUIDE FABRICATION 

For the synthesis of the core material, the precursors of ZPO and MAFTMS are used. 

In fact, ZPO is very active chemically (Its reaction rates exceed about five orders of 

magnitude than those of silicon alkoxides) (J. Livage and C. Sanchez, 1992) and tends to 



react with water molecules in the air. To slow down the chemical reaction, the ZPO is 

first dissolved in an organic solvent, and then it is chelated with methacrylic acid (MAA) 

(H. Krug et al, 1992). At the same time, MAPTMS is prehydrolized with 0.01 M 

hydrochloride acid (HCl). After the above chemical reactions are stabilized, the solutions 

are mixed and stirred to rcach a homogeneous solution. 1.35 wt.% of IRGACURE 1800 

(CIBA) is added as photoinitiator for UV-polymerization of the methacryloxy group. The 

lower and upper claddings are derived from precursors of TEOS and MAPTMS. The two 

precursors are hydrolysed separately with different concentration of Hydrochloride acid 

(0.1M for TEOS and 0.0 IM for MAPTMS), and then they are mixed and stirred to reach 

a homogeneous solution. After the chemical reaction stabilizes, a 2 wt.% of hydroxy 

methyl propiophenone (HMPP) is added in as photoinitiator for photo-polymerization 

purpose. Both of the sols are aged for 24 hrs prior to the waveguide fabrication. 

The loss of the ZPO-MAP TMS sol-gel planar waveguide is evaluated after it is 

processed with passivation method (O. V. Mishechkin et al, 2003). The sol is spin-coated 

in a saturated solvent vapor environment on a silicon wafer with 15[im thermally grown 

silica (n=1.444 at 1550 nm). Alter the film is soft baked, it is illuminated by 365nm IJV 

light at the intensity of 14 mW/cm" for 25 niin. The film is hard baked in a vacuum oven 

for two hours at low temperature raising ramp. After it cools down in the vacuum oven, 

they are transferred into the vacuum chamber of an e-beam evaporator. A silicon dioxide 

layer of 50 nm is evaporated on the top of the hybrid sol-gel film for passivation. The 

material loss is measured with a Metricon 2010 automatic prism coupler. Stable optical 
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loss of 0.45 dB/cm is achieved. The loss variation after the passivation measured at 

different time interval is shown in Figure 3-4. 
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Figure 3-4 Loss variation of the passivated ZPO-MAPTMA sol-gel film. 

Prior to the fabrication of the buried channel waveguide, several issues concerning the 

film quality are listed as following: 

1. The deposition method to reach the required thickness for the lower cladding to 

reduce the radiation loss. 

2. The thickness unifonnity and surface smoothness for the lower cladding to 

minimize the scattering loss. 

3. Being crack free across the wafer during the process. 

4. The surface uniformity for the core material to minimize the scattering loss. 

For the first issue, on one side low speed spinning with short spinning time can 

increase the film thickness but the thickness is not uniform. The thickness off the centre 

is larger than the ccntre part. On the other side, high spinning speed and long spinning 



time can make the iihn thickness more uniform but the film cannot reach the desired 

thickness. This problem is addressed by phased spin-coating. In this method, after the sol 

is deposited with a syringe, a two-step spinning is done. The first step has slow speed and 

relative short time to keep more sol on the wafer. During this time, due to the evaporation 

of the solvent, the sol becomes more viscous. The sccond step has relative higher speed 

and longer time to achieve the film with uniform thickness. Due to the increased viscosity 

of the sol, this fast spinning can still reach the desired thickness. After the optimization, 

the first step is chosen as 800 rpm for 10 second and the second step is chosen as 1500 

rpm for 30 second. The thickness alter hard baking can reach 8 [im. Usually after the 

hard bake a second spin is done at high speed of 2500 rpm to reach higher thickness of 10 

)^m. 

For the second issue, two properties of the TEOS-MAPTMS sol can be utilized to 

improve the surface uniformity. The first one is the self-relaxation property, which is a 

unique property of this kind of sol due to its relative slow condensation reaction. It is a 

commonly observed phenomenon for the sol-gel that during spin-coating the formed 

Bcnard cells evolve into outgoing striations (B. K. Daniels et al, 1986). which causes the 

roughness on the surface. The self-relaxation occurs after the spinning. Because the 

condensation reaction is very slow at the room temperature, the sol-gel on the wafer still 

stay in the liquid state as sol, then due to the surface tension, the surface of the sol can 

smooth out and the striation depth become smaller and smaller. It is observed that this 

effect is more dramatic when the sol is in relative high temperature environment (The 

temperature can not reach the condensation temperature). So in the processing, after the 
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spin-coating of the lower cladding, the sol is put into oven at 80 °C for 10 min. Figure 3-

5 shows the pictures of surface right after the spin-coating and the surface after the self-

relaxation. Another property that helps to improve the suriace uniformity is the 

planarization capability of the hybrid sol-gel. Fig. 3-6 shows the application of spin-

coated sol-gel for planarization of semiconductor ridge, which can be used for deposition 

of top cladding of the photopatterned sol-gel waveguide. The planarization capability is 

the main property used in the heterogeneous integration between the ridge laser and the 

sol-gel waveguide, and will be discussed more in the integration part. 

Figure 3-5 Surface uniformity improvement by the self-relaxation process. 

For the third issue, thick films have the tendency to crack after baking, so the cracking 

of the baked film is studied, [experiments show that the temperature ramping during hard 

baking can influence the maximum crack-free thickness. Slower and steady ramping can 

help to increase the maximum crack-free thickness. Our study shows that a ramping of 1 

°C/min followed by two hours hard baking at 140 °C in atmosphere, helps to avoid 

(a) Right after spin-coating (b) After self-relaxation 

cracks for over 20 fim of sol-gel film. 
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Figure 3-6 Planarization of semiconductor ridge with spin-coated sol-gel. 

For the last issue, since the ZPO-MAPTMS sol for the core material does not possess 

the self-relaxation property due to the fast condensation reaction of the ZPO, the surface 

uniformity need to be addressed differently. The striations can be prevented from forming 

during the spin coating. Spin-coating the sol-gel in the saturated solvent vapor can 

minimize the solvent evaporation from the sol-gel during the spin-coating, slow down the 

condensation reaction, and acquire uniform finishing surface. By controlling the 

temperature of the solvent vapor, the density of the vapor molecules can be controlled. 

Based on the above discussion, the fabrication process for the buried sol-gel 

waveguide on high index semiconductor can be summarized in three major steps. 

Step I. Deposition of the lower cladding. 

— The TEOS-MAPTMS sol is deposited from a syringe through a 0.2 ).im filter. 

— The sol is spin-coated on a semiconductor wafer with the phased spin-coating 

method (800 rpm for 10 second followed by ISOOrpm for 30 seconds ). 

— The film is soft baked in an oven to help the surface relax. 
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-— The film is hard baked at 140°C for 2 hours with 1 °C/min ramp for both heating 

up and cooling down. 

— A second spin of the TEOS-MAPTMS sol at 2500rpm is done after the wafer is 

cooled down to increa.se the film thickness and the surface uniformity. 

— The film went through the same soft baking and hard baking process as the first 

spinning. 
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Fig. 3-7 Surface uniformity of the lower cladding measured with inter ferometer. 

The surface uniformity of the finished lower cladding is tested with a WYKO 

microscopic interferometer. Figure 3-7 shows the surface uniformity in a 3.8 mm x 5 mm 

area for a 10 |im thick lower cladding on InP substrate. The average roughness over the 

1 " — 
entire measured array (defined as R „ = -  Oz^-zhis  61 nm. It can be seen that the 
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surface height change with low spatial frequency, and this change does not contribute to 

waveguide loss as the striations does. 

Step II. Fabrication of the waveguiding core. 

— The ZPO-MAPTMS sol is spin-coated at 3000 rpm on the lower cladding in a 

saturated solvent vapour environment to reach the desired thickness of 3 ).im. 

— The film is soft baked at 100°C for 10 minutes remove the solvent and make the 

surface non-sticky to the ma.sk. 

— The waveguides are defined by exposure through a quartz mask at 15mW/cm" for 

14 min using an I-line contact mask aligner. 

— The unexposed part on the film is washed away during the development in strong 

solvent such as acetone. 

— The sample is hard baked in the vacuum oven at 80°C for 6 hours. 

Step III. Deposition of the upper cladding. 

— The TEOS-MAPTMS sol is spin-coated at 2500 rpm on the patterned wafer as the 

upper cladding. 

— The spin-coated film goes thought the same soft baking process to have the top 

surface relaxed. 

— To control the planarity of the top surface during the following hard baking, 20 

minutes of flood UV exposure is done to get the upper cladding polymerized. 

— The film is dried in vacuum oven for 2 hours at 100°C. 
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Figure 3-8 shows the cross sections of the waveguides before and after the deposition 

of the upper cladding layer. 

(a) Two layer lower cladding and patterned core 

(b) Top cladding is put on to bury the core 

Figure 3-8 The SEM pictures of the multi-layer sol-gel waveguide before and after 

burying. 
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Crack free, high quality interfaces have been achieved for the ridge and buried 

waveguides. 

3.3 WAVEGUIDE CHARACTERIZAITON 

The fabricated waveguide is characterized with the setup shown in Figure 3-9. 
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Figure 3-9 Schematic diagram of the waveguide characterization setup. 

A tunable laser operating in the 1508 - 1580nm range is used as the light source. The 

light is coupled into the waveguide with a lensed fibre. The output light is coupled into a 

single mode fibre connecting to an optical spectrum analyser to measure the power and 
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spectral response of the waveguiding devices. When the output fibre is removed, a 

microscope objective can be used to image the near field of the output waveguides onto 

an IR camera. The He-Ne laser is used for coupling alignment. The polarization 

controller is used to adjust the input polarization state of the waveguide. The hall-wave 

plate is used to switch between TE and TM mode when either the TE or TM polarization 

state is set up with the polarization controller. This waveplate is very convenient for 

characterization of polarization sensitivity after the coupling is aligned. Figure 3-10 

shows the near field images of the guided modes of the ridge and the buried waveguide 

for the structure shown in Figure 3-8. 

(a) Output mode of a ridge waveguide. (b) Output mode of a buried waveguide. 

Figure 3-10 Near field mode of the multi-layer sol-gel waveguide. 

The figure shows that the ridge waveguide on the thick lower cladding can effectively 

confine the mode to prevent mode leakage into the substrate. There is a small degree of 

asymmetry and small ellipticity. After the upper cladding is deposited, the mode of the 

buried waveguide is very well confined and circular. This assures the low propagating 

loss and low coupling loss between the waveguide and optical fibers. 
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The successful fabrication of a single waveguide makes it possible to approach more 

compUcated integrated optical devices. 

3.4 INTEGRATED OPTICAL DEVICES ON SILICON AND INP 

Following the procedure presented in the last section, a 1x4 MMI beam splitter and a 

1x12 MMI beam splitter are designed and fabricated on Si and InP substrates. 

120 ^m xl 182 fxm 

Figure 3-11 Top view of a 1x12 MMI beam splitter. 

The MMI was designed by BPM-CAD simulation as described in chapter 2. For the 

1x4 MMI beam splitter, the width of the multimode part is chosen as 45 pm. and the 

length is calculated as 523 |im at working wavelength of 1550nm. For the 1x12 MMI 

beam splitter, the width of the multimode part is chosen to be 120 fim and the length is 

calculated as 1182 |.im at working wavelength of 1550nm. In the design of the mask, due 

to the relative weak confinement of the buried sol-gel (small index difference between 

the core and the cladding material), variable dimension around the above design is laid 

out. The top view for the 1x12 MMI beam splitter with designed dimensions is shown in 
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Figure 3-11. "S" shape waveguides are implemented to separate the adjacent output 

waveguides to have a center-to-center distance of 250 |um at the end. 

Figure 3-12 shows the top view micrograph of a 1x4 MMI beam splitter output part 

and its output modes. The dimension of the multimode part of this beam splitter is 44.25 

}im wide and 523 |j,m long. 

(a) Output end of a 1x4 MMI. 

(b) The output modes for above MMI. 

Figure 3-12 A 1x4 MMI beam splitter fabricated with Multi-layer hybrid sol-gel on Si 

substrate and its output modes. 

Figure 3-13 shows the top view micrograph of a 1x12 MMI beam splitter output part 

and its output modes. The dimension of the multimode part of this beam splitter is 120 

|j,m wide and 1172 )am long. A quantitative characterization is performed for this 1x12 

MMI beam splitter. The characterization includes measuring the excess loss, the power 

imbalance and their polarization sensitivity as a function of wavelength around 1550 nm. 
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(a) Output of a 1x12 MMI. 

(b) The modes for above MMI. 

Figure 3-13 A 1x12 MMI beam splitter fabricated with Multi-layer hybrid sol-gel on Si 

substrate and the output modes. 

The measurement set-up used is the same as shown in Figure 3-9. The light from the 

tuneable laser is coupled into the input waveguide using a lensed fibre. After setting the 

input polarization state at either TE or TM. the half wave plate placed after the tuneable 

laser is used to switch between TE and TM state. To examine the polarization sensitivity, 

the excess loss and the imbalance are evaluated for both TE and TM mode. By comparing 

with an adjacent straight channel waveguide with the same length, the excess and the 

imbalance arc calculated in dB following the equations used for the design in chapter 2. 

12 / 
Excess Loss =-lO*logjQ( X Pj Pt)? 

Imbalance = -10*log,o{l-
12 

/=! 

(2-18) 

(2-19) 

I ^ 



Figure 3-14 shows the wavelength dependence of the excess loss and the imbalance of 

the 1x12 MMI beam splitter for both TE and TM polarization. It can be seen that the 

wavelength dependence of the excess loss and the imbalance for the TE polarization are 

very similar to those for the TM polarization. This shows the beam splitter has low 

polarization sensitivity. Close observations show that the excess loss for the TE and TM 

polarization are closer with each other than the imbalance. Comparing the measured 

output power as a function of wavelength for each channel, it is noticed that for two 

output channels at TE polarization the output facets and the receiving fiber facets form 

Fabry-Perot cavities. These cavities cause output power oscillation as the function of 

wavelength. Since these oscillations are not observed for the TM polarization, it is 

believed that the Fabry-Perot effect is one reason that causes the different wavelength 

dependence of the excess loss between the TE and TM polarization. 

From Figure 3-14. it can be seen that for both TE and TM polarization the excess loss 

and the imbalance have minima around 1528 nm. At this wavelength, the excess loss for 

the TE polarization is 0.52 dB and for the TM polarization is 0.63 dB. The imbalance for 

both the TE polarization and the TM polarization are 0.27 dB. The working wavelength 

can be tuned by varying the core and cladding thickness as well as their refractive index. 

The low excess loss and low imbalance of the MMI beam splitter show the high 

functionality of the multi-layer sol-gel structure on the high index semiconductor. 
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Figure 3-14 Wavelength dependence of the excess loss and the imbalance of a 1x12 MM! 

beam splitter for TE and TM polarization. 
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3.5 OUTLOOK FOR HETEROGENEOUS INTEGRATION BETWEEN 

HYBRID SOL-GEL WAVEGUIDING DEVICE AND 

SEMICONDUCTOR WAVEGUIDE 

The flexibility of the hybrid organic-inorganic sol-gel technology allows the 

fabrication of low cost integrated optical components. The successful fabrication of 

integrated optical devices on high refractive index semiconductor substrates enables the 

heterogeneous integration between passive integrated optical devices and active 

optoelectronics devices such as semiconductor lasers and detectors. The coupling 

methods between the laser and the passive waveguide include surface emitting coupling 

and butt coupling. In the surface emitting coupling, a set of multi-layer mirror is 

fabricated at one end of the vertical cavity surface emitting laser for both optical cavity 

feedback and output surface emitting. The emitted laser has circular shape and gets 

reflected by a fabricated 45° mirror surface to a waveguide. The structure is shown in 

Figure 3-15. (Mats Robertsson et al, 2001) 

VCSEL Diode Laser 

aveguide 

Substrate 

Figure 3-15 Surface emitting coupling between active devices and passive waveguide. 
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The second type of coupling method is butt coupling (Emmanuel Van Tomme. et al, 

1991). This method requires the passive waveguide at the same height as the emitting 

quantum well. In this method, the fabrication complexity of the laser is reduced. Edge-

emitting lasers can satisfy the coupling need, and no mirror is required for the coupling. 

However, for the integration with relative low index waveguides like sol-gel waveguide, 

to accommodate the thick lower cladding, deep etch at the emitting edge is required. The 

schematic structure is shown in Figure 3-16. Utilizing the planarization property and the 

self -relaxation property of the TEOS-MAPTMS sol-gel and the planarization property of 

the ZPO-MAPTMS sol-gel. the butt coupling integration is realizable. The fabrication 

strategy is shown in Figure 3-17. 

Top cladding 

Core 

Lower cladding 

Quantum 
Well 

Semiconductor 

Figure 3-16 Butt coupling between semiconductor laser and passive waveguide. 

Four steps are included. The first step is multiple spin-coating of TEOS-MAPTMS sol 

for the lower cladding to planarizc the deep etched semiconductor. The second step is to 

etch off the extra lower cladding to prepare for the spin-coating of core material. The 

third step is to spin-coat the ZPO-MAPTMS sol as the guiding layer. This layer can be 

photo-patterned according to the designed shape to reduce the coupling loss between the 
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semiconductor and sol-gel waveguide. To maintain the symmetric index environment of 

guiding layer, the top cladding is spin-coated on as the last step. 

Lower cladding 

Quantum 
well • 

Semiconductor 

I. Spin-coatings II. Etch back 

Core 
1 op cladding 

Core 

Quantum 

Lower cladding Semiconductor 

111. Spin-coating IV. Spin-coating 

Figure 3-17 Fabrication strategy for the butt coupling between semiconductor device 

and passive waveguide. 

Figure 3-18 shows the SEM micrograph of the cross section of a deep etched InP 

wafer with the sol-gel lower cladding deposited, which fulfills the first step shown in 

Figure 3-17. The InP wafer has an etched depth of 8 fim. To show the whole structure, 

the sample is put 45 degree with respect to the horizontal direction. 
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Figure 3-18 Cross section of the lower cladding planarization of the etched InP. 

Figure 3-19 shows the SEM micrograph of one end of the structure shown in Figure 3-

18 with higher magnification. 

Figure 3-19 SEM micrograph of one end of the sol-gel planarized etched InP. 



In this chapter, based on the waveguide structure design in chapter 2, a multi-layer 

buried sol-gel waveguide on the high index semiconductor is fabricated. This waveguide 

has ZPO-MAPTMS as core material and TEOS-MAPTMS as lower and upper cladding. 

Seamless interface and effective mode confinement are obtained. Integrated optical 

devices such as MMI beam splitters are demonstrated. A 1x12 MMI beam splitter 

fabricated on Si substrate is characterized and shows low excess loss, low power 

imbalance and low polarization sensitivity. Based on the multi-layer waveguide structure, 

the strategy on the heterogeneous integration between semiconductor waveguide and 

passive sol-gel waveguide by butt coupling is described. 
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4 SECOND-ORDER NONLINEAR OPTICAL PROPERTY OF 

CHROMOPHORE DOPED H YBRID SOL-GEL 

As an alternative to polymers as the host media for nonlinear optical chromophores, 

hybrid sol-gel provides several advantages including: more rigid inorganic network 

(better chromophore alignment stability), less density of C-H groups (lower optical loss 

at telecom window), and better chemical and mechanical robustness. In this chapter, 

commercially available disperse red (DR) chromophores are used to study the property of 

the active hybrid sol-gel. The second-order nonlineaity is investigated with both second 

harmonic generation and electro-optic effect. As the first approach, we studied the guest-

host structure for its simplicity. Further more, the study of the guest-host structure 

concentrates on the hybrid sol-gel and the chromophore interaction, and provides a 

benchmark for the hybrid sol-gel as nonlinear optical chromophore host media. 

In the first section, the material synthesis of the guest-host active hybrid sol-gel doped 

with DR13 is described, and the linear optical property of this material is characterized. 

In the second section, the second-order nonliearity is studied by measuring the SHG. The 

poling condition is optimized by measuring the SHG intensity and the stability of the 

SHG intensity. In the third section, the E-0 property is studied with reflection 

measurement and waveguide method. The fabrication and characterization of a channel 

waveguide amplitude modulator is presented. 
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4.1 MATERIAL PREPERATION AND ITS LB^EAR PROPERTY 

In the guest-host system, the chromophore molecules are embedded in the host 

material with weak interaction such as van der Waals or hydrogen bonds. This is fulfilled 

with mixing the chromophore molecules with the network-forming precursors. However, 

the solubility of the DR chromophore in hybrid sol is very low (less than 2 wt.%), so a 

kind of solvent compatible with both DR chromophore and hybrid sol-gel is needed to 

increase the chromophore loading in the hybrid sol-gel. This is called co-solvent method. 

The host hybrid sol-gel is derived from methacryloxypropyl trimethoxysilane 

(MAPTMS) and zirconium proploxide (ZPO). The preparation procedure is the same as 

the passive ZPO-MAPTMS sol described in Chapter 3. After the ZPO is chelated by the 

methacrylic acid (MAA), it is mixed with the pre-hydrolyzed MAPTMS. The molar ratio 

between Si and Zr is 78: 22. The organic solvent N, N-dimcthylformamide (DMF) is 

chosen as the solvent for the chromophore. The chromophore DR13 is first dissolved in 

DMF by 30 wt.%. The solution is then mixed with the sol at a predefined ratio to reach 

the desired chromophore doping load. Then the sol is aged for two days. The film can be 

Ibrmed by spin-coating or dip-coating. Usually the spin-coated film has better thickness 

uniformity but smaller thickness, and dip-coated film has larger thickness but lower 

surface uniformity. The films are either soft baked (110 °C) or are soft and hard baked 

(above 140 °C). No phase separation in the films is observed after the baking process. 

Considering the application of active nonlinear hybrid sol-gel, its property such as 

thermal behavior, refractive index, thickness, dielectric strength and material loss are 

studied. 
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4.1.1 Thermal property 

Since the electric poling is fulfilled by applying high voltage at the material's glass 

transition temperature, the thermal behaviors of the material during the heating process is 

important knowledge for the poling process. The thermal behavior can be studies with 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC 

studies the heat flow while a material sample undergoes a programmed temperature 

change. In the experiment, a sealed sample and an inert reference are maintained at the 

same temperature as a heating program is applied. If the sample undergoes a phase 

change, the amount of power necessary to maintain the sample and the reference at the 

same temperature is directly proportional to the heat lost or gained by the sample. 

Thermal property like glass transition temperature can be measured with DSC. TGA 

measures the variation of mass of a compound as the compound is heated at a constant 

rate. Processes such as chemical decomposition, oxidation, and dehydration can be 

measured. 

To prepare the samples for the DSC and TGA. the ZPO-MAPTMS sol is hard baked at 

140 °C for two hours and then grinded into fine power. Figure 4-1 shows the measured 

thermal behavior of the host sol-gel material with DSC and TGA. From the graph, it can 

be seen that the glass transition temperature of the host material is between 159 °C and 

191 °C, and the decomposition temperature of the material is around 200 °C. The thermal 

properties of the chromophore DR13 are obtained from the manufacturer (Sigma-

Aldrich). The melting temperature of DR13 is 129 °C and its decomposition temperature 
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is 215 °C. All these data define the temperature range for electric poling of the 

chromophore to be above 160 °C and below 190 °C. Further more, according to the 

oriented gas model described in Section 2.2.5, high temperature will reduce the 

chromophore alignment efficiency, so the poling temperature fall to the lower end of this 

range, and it is chosen around 165 °C. 
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Figure 4-1 Thermal analysis of the MAPTMS-ZPO hybrid .sol-gel. 

4.1.2 Thickness and refractive index 

One important application of the nonlinear active hybrid sol-gel is the E-0 waveguide 

devices. The thickness and the refractive index of the prepared film arc important 

parameters for the design of the waveguide structures. 

For spin-coated active sol-gel film, the thickness of the active sol-gel film depends on 

the spinning speed, spinning time, and aging time. Chromophore concentration is also a 
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parameter because the higher the concentration, the more DMF solvent in the active sol, 

the lower viscosity of the sol, and the thinner the film for the same spinning parameters. 

For sol-gel containing 30 wt.% of chromophore, the thickness of slab waveguide can be 

controlled between 0.5 to 3 |4,m. 
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Figure 4-2 Refractive index of active hybrid .sol-gel at 1550nm as a function of chromophc 

doping load. 

Sincc the chromophore molecules have large dipole moment, the film refractive index 

increases with the chromophore concentration (Ph. Pretre ei al. 1998). The film is spin-

coated on silicon wafer with 6 jam thermally grown silicon dioxide (Refractive index is 

1.444 at 1550nm), and the refractive index is measured with prism coupler. During the 

measurement, either at least two modes or one mode and the film thickness are needed to 

calculate the film refractive index. Usually the films are prepared thick enough to support 

more than two modes. The measured refractive index dependence on chromophore 

concentration is shown in Figure 4-2. It can be seen that the refractive index increases 
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with the chromophore concentration, and the refractive index of the active sol-gel is 

higher than the passive sol-gel. 

Since DR13 has a strong absorption peak at the wavelength of 503nm, there is strong 

dispersion in the wavelength range around 503nm, and the index increases significantly 

when the wavelength get close to 503 nm. The index dispersion is shown in Figure 4-3. 
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Figure 4-3 Refractive index dispersion of active hybrid sol-gel containing 30 wt.% of 

DR13. 

4.1.3 Dielectric strength 

The dielectric strength of the material is another important parameter. In order to get 

high degree of alignment of the chromophore molecules during the poling process, 

especially for contact poling, and to avoid film breaking down, the maximum sustainable 

voltage of the material needs to be known. In addition this limit is useful knowledge 

during the E-0 performance evaluation to avoid the device break down. The sample 

preparation for this measurement is as following. The sol is spin-coated on the 110 
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(1 OOnm) coated glass slide. After baking at 140 °C for two hours, 1 OOnin of Ti/Au is 

deposited with e-beam evaporator on the top surface of the sample. The dielectric 

strength is tested by a DC high voltage supply. It is noted that the breakdown voltage 

varies with the sample surface roughness. At room temperature, a break down voltage of 

20-30 V/|Lim is observed. At the glass transition temperature, the break down voltage of 

the sample decreases to 15-25 V/|im. This range is close the reported range of 20 ~30 

V/jim for the sol-gel materials (Lisa C. Klein, 1988). 

4.1.4 Optical loss 

The material loss is a very important parameter in the application of integrated optics. 

It is directly related to the device power consumption, heat generation and device 

degradation. It is an important factor for the evaluation of the E-0 materials as discussed 

in Chapter 2. Here the optical loss in the telecom window is of interest. For the E-0 

polymers, the source of the intrinsic loss is mainly the C-H groups, which results in 

material loss above 1 dB/cm. Reducing the proton content in the polymers can 

significantly reduce the loss. Optical loss of 0.2 dB/cm has been reported for the 

dentrimer polymers with reduced proton content (L. R. Dalton et al, 2002). For the 

inorganic crystal LiNbOs, the waveguide defined by Ti-dilTusion shows optical loss 

below 0.5 dB/cm. 

In the active sol-gel. there are two sources for the intrinsic loss at the wavelength of 

1550nm. One is the C-H group in the organic chromophore and organic side chain of the 

sol-gel precursor. The other one is the residual hydroxy group from the incomplete 
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condensation reaction and the water molecules attracted by the hydroxy groups. The first 

one needs more material engineering work like lluorination. The second mechanism can 

be alleviated by passivation method (O. V. Mishechkin et al, 2003). 

The effect of the passivation process is first studied qualitatively by comparing the 

absorption spectrums of the films with and without passivation layer. The spectrometer 

used is Gary 500 spectrometer, which has a double beam normal incident structure and 

has the measurement range from 175 nm to 3300 nm. Active sol-gel film containing 23 

wt.% of DR13 is studied. The same amount of sol is deposited on two pieces of glass 

slides with the same size to reach the same thickness of the sol-gel films. The films are 

first baked at 100 °C for 30 min and then are hard baked in a vacuum oven at 160 °C for 

two hours. The absorption spectrum of one sample is measured with the spectrometer. 

The other one is transferred into the vacuum chamber of an e-beam evaporator, and 50 

nm of silicon dioxide is deposited on the top of the film as the passivation layer. Five 

days later the absorption spectrum of the films with passivaiton layer and the film without 

passivation layer are measured again. The result is shown in Figure 4-4. It can be seen 

that at 1550 nm the non-passivated film has higher absorption five days after baking than 

right after baking, and the passivated film has lower absorption five days after passivation 

than right after baking. This shows that the passivation layer can effectively isolate the 

water molecules from the sample. Further study is done with loss measurement by prism 

coupler. 
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Figure 4-4 Absorption spectrum variation due to the passivation process. 

Active sol-gel films containing 12 \\1.% of DR13 is used for the loss measurements. 

The sol is spin-coated at 1500 rpm on a silicon wafer with 15|.im thermally grown silica. 

The film is soft baked at 110°C for 60 min, and then is illuminated with 365nm UV light 

at intensity of 14 mW/cm^ for 25 min. The film is hard baked at 165 °C in a vacuum oven 

for two hours. After it cools down in the vacuum oven, they are transferred into the 

vacuum chamber of an e-beam evaporator. Then a silicon dioxide layer of 50nm is 

evaporated on the top of the active sol-gel film as passivation layer. 

To observe the influence of the corona poling process on the material loss, another 

film is prepared. The substrates of the film is the same as the last one except that 100 nm 

ITO is deposited on the top of the 15 jam thermally grown silica as electrode. The 

preparation of the film is the same until it is baked at 110 °C for 60 min. Then this film is 

- 160X_0 day 
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poled at 8kV on hotplate at 165 °C and 140 °C in sequence. The UV light at 365 nm is 

applied on during the poling process. Then the film is put into vacuum chamber of an e-

beam evaporator, and a silicon dioxide layer of 50 nm is evaporated on the top of the 

poled active sol-gel film. 

The losses of the films are measured with a Metricon 2010 automatic prism coupler by 

fitting the scattered light along guided wave with an exponential function at wavelength 

of 1550nm for TE polarization. Previous experiment shows the active sol-gel film 

without passivation has loss of 1.3 dB/cm. The loss of the passivated unpoled activc sol-

gel film is observed to stablized around 0.22 dB/cm. and the loss for the poled film is 

observed to stabilized around 0.32 dB/cm. The losses for passivated poled and unpoled 

active sol-gel film is measured as function of time and is shown in Figure 4-5. 
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Figure 4-5 Loss variation of the passivated active sol-gel film. 
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The above result shows that the silicon dioxide passivation layer can help isolate the 

sol-gel film from the water molecule in the atmosphere. The losses of the films can 

maintain low as time goes on. 

Another factor that influence the loss of the material in the telecom window for the 

active hybrid sol-gel is the baking temperature. During the spectrum measurement, it is 

noticed that the absorption peak (X,max=503 nm, not shown in the figure due to the 

saturation of the spectrometor) get broader after baking above 140 °C. Further study 

shows that it does not inlluence the loss at 1550 nm while it does influence the loss at 

1300 nm. The spectrum change during baking is shown in Figure 4-6. 
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Fig. 4-6 Spcctrum variation of active sol-gel containing 23 wt.% of DR13 for different 

hard baking temperature. 
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4.2 SECOND-ORDER NONLINEARITY STUDY OF ACTIVE HYBRID SOL-

GEL WITH SECOND HARMONIC GENERATION 

Shortly after the ruby laser was invented, second harmonic generation was discovered 

by Peter Franken et al (P. A. Franken et al, 1961). In 1962 Maker et al (P. D. Maker el al, 

1962) proposed a method to determine the second-order nonlinear optical coefficient dif^ 

by measuring the second harmonic generation signal and its angle dependence. Over the 

last decades, the SHG is widely used in the study of the second-order nonlinear optical 

property for inorganic crystals and organic polymer doped with chromophores. 

For DR13 doped hybrid sol-gel, the SHG is used for the optimization of the sample 

preparation process and the second-order nonlinearity stability testing. In this section, 

after discussing the poling method, the SHG measurement setup and the second-order 

nonlinear coefficient calculation method is described. The photoassistcd poling is 

introduced, which improves the poling efficiency significantly. Finally the temporal and 

thermal stability of the second-order nonlinearity are studied. 

4.2.1 Poling method 

To convert the microscopic second-order nonlinearity of the chromophore molecules 

doped in the sol-gel material into macroscopic second-order nonlinearity of the bulk 

material, efficient poling is needed to align the dipoles of the chromophore molecules. 

For the poling fulfilled by applying high voltage, several poling techniques are possible; 

contact poling, in-plane poling and corona poling, as shown in Figure 4-7. The thick 
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black lines in (a) and (c), and the black rectangular denoted the electrodes, and the shaded 

area is the active sol-gel material. 

+ 

+ 

VmmwiiSiaM 

(a) Contact Poling. (b) In-plane poling. (c) Corona poling. 

Figure 4-7 Several chromophore doped thin film poling configurations. 

The contact poling can quantify the poling voltage drop on the film, but the material 

breaks down easily when the sol-gel thickness is not uniform enough, which limits the 

poling efficiency when the poling is carried out. 

The in-plane poling configuration is good for the co-planar microwave wave-guide as 

shown in Figure 4-7 (b). The poling voltage is applied parallel to the substrate. Similar to 

the contact poling, the smoothness of the electrode is required to prevent breakdown. 

The corona poling uses the high voltage discharge to apply high voltage on the sol-gel 

film. The advantage is its self-protecting behavior: When the voltage is higher than the 

break down voltage, break down does not happen to the whole sample. Because the 

electrons can't move along the surface, the break down only happen in local area and 

does not influence the poling of the whole sample. From this point of view, the corona 

poling can achieve high poling efficiency and get high degree of second-order 

nonlinearity (R. A. Hill. 1994). So corona poling is selected as the method for 
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chromophore doped hybrid sol-gel poling. The efficiency of the corona poling can be 

affected by many factors such as poling temperature, poling voltage, poling time and 

poling environment. For the DR13 doped hybrid sol-gel, these factors are discussed as 

following. 

1. Poling temperature. As discussed in Section 4.1.1, the poling temperature needs to 

fall in the range of the glass transition temperature of the material, which is from 159 °C 

to 199 °C for the ZPO-MAPTMS sol-gel. According to the oriented gas model, to 

minimize the effect from the chromophore molecules thermal movement on the poling 

efficient, the lower end of the glass transition temperature is preferred. So poling 

temperature around 165 °C is chosen. Further more, this temperature is also far below the 

decomposition temperature of both of the hybrid sol-gel and the chromophore DR13. 

2. Poling voltage. Because there is no top electrode in the corona poling process, there 

is no crash voltage during the corona poling. However, during the poling process, it is 

observed that when the poling voltage increases to certain number (usually between 6-8 

kV, it depends on the thickness of the film and the temperature of the film), the current 

going through the film starts to increase. This current can destroy the chromophorc 

molecules and bum holes in the film. So the poling voltage is chosen in the range from 6 

kV to 8 kV depending on the film thickness. 

3. Poling time. For the active hybrid sol-gel, the poling time is affected by completion 

of the chromophore alignment in the sol-gel host material. Further more, the poling time 

is related to the chromophore alignment stability, and will be discussed later. Two hours 

of poling is chosen as the starting parameter. 
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4. Poling environment. The oxidization and the evaporation of the chromophore are of 

concern during the poling process (Yitao Ren et al, 2000). The oxidization is a serious 

issue for some chemically unstable chromophore. Poling in nitrogen environment can 

alleviate the oxidization problem. A very thin layer of dielectric material deposited before 

the poling is shown to be able to alleviate both problem. Further more this dielectric layer 

can isolate the sol-gel film from the water molecule in the atmosphere to improve the 

device performance stability. This layer can be formed by either spin-coating of Teflon 

solution or evaporation of thin layer of silicon dioxide. 

In summary, the initial poling process is as following. Before the poling process, a thin 

layer of dielectric material is deposited as protective layer. The film is poled at 165 °C 

degree for two hours with corona poling voltage of 6 kV-8 kV depending on the film 

thickness. After the quantitative measurement of the second-order nonlinear coefficient, 

the poling process is further modified as shown in the following sections. 

4.2.2 Second-order nonlinear coefficient measurement with SHG 

The SHG can be used to observe the second-ordcr nonlinearity and get quantitative 

measurement of the second-order nonlinear coefficient for the poled active sol-gel film. 

The SHG measurement setup is shown in Figure 4-8. A Nd: YLF laser working at 

1047nm with 1000 Hz pulse frequency and 90 ns pulse duration is focused on to the 

sample. The mirror pair changes the laser output to p-polarization. The second harmonic 

light is collected by the collecting lens and measured by a multi-channel optical analyzer. 

The pulse intensity is grabbed with a Labview program in the connected computer. The 
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nonlinear optical coefficient d-ii is calculated by comparing the film SMG intensity with a 

y-cut quartz crystal. 
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Figure 4-8 Setup for SHG Measurement. 

Because the quartz is transparent at both fundamental frequency light and second 

harmonic generated light, the refractive index is real, and the relation between the SHG 

intensity and dn of quartz can be represented with the equation derived by J. Jerphagnon 

(J. Jerphagnon and S. K. Kurtz. 1970) as following. Since the sample is perpendicular to 

the fundamental beam, we have 

cA «, +1 (1 + ̂ 2) «, +«, /I 

where P2a) is the second harmonic intensity, c is the speed of the light, A is the beam area 

of the Gaussian beam, dn is the second-order nonlinear coefficient of quartz (0.37 pnVY) 

( Robert W. Boyd, 2003), n\ and nj is the refractive index of quartz at fundamental 

wavelength 1047nm and second harmonic wavelength 523.Snm, P,,, is the intensity of the 

fundamental wave. L is the quartz thickness and X is the fundamental wavelength. 
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The active hybrid sol-gel is highly absorptive at the wavelength of second harmonic 

generated light. By measuring Maker's fringe the highest intensity is recorded and the 

corresponding angle is recorded. The relation between this intensity and value of <^33 is 

represented with the equation derived by Herman and Hayden (Warren Herman and L. 

Michael Hayden. 1995) as following. 

128;r' 4 
2p 2p 

cA 2 2 
rij C2 1 J 

(4-2) 

where Pj.-.,, c. A, 2 are the same as in Equation (4-1), and 

T  =  { 2 n L j A ) { n ^ c \  - ) ,  

X = 5^-62 = (2;rZ-//L,)(«, /r, /C|)-(2/tZ.//>,)(«. A*, /c,) = {27tLll){n^ k\ I-'>^2^2!^2)•> 

2 cos 9 

c, + cos^ 

is the transmittance coefficients of air to the film. 

^ 2p _ 2H2C2 

"2.^2 + ^20 2, 

is the transmittance coefficients of film to substrate. 

2p _ 

«2.v C0S(9 + C2, 

is the transmittance coefficient of substrate to air, 

=(l/«„,)sin^, c„, =(1-5„^)', 
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is the complex refractive index, and 

d^jj = 2i/,|C,.s'|C2 +ti3]C, Sj + Sj 

is the effective second-order nonlinear coefficient. 

In the calculation, we use the approximation of c/,, = SJ,,. The thickness of the active 

sol-gel film is measured with a Tencor Alpha-step 500 surface profiler. The absorption of 

the film at lundamental and second harmonic wave frequency is measured with the Gary 

500 spectrometer. Knowing the incident angle of the fundamental beam, the value of J33 

can be calculated by taking the ratio between the quartz SHG intensity and the active sol-

gel film intensity measured at the same position. 

Following the poling parameters summarized in Section 4.2.2, for active sol-gel film 

containing 12 wt. % of DR13 and 23 wl. % of DR13, the dss of the films are measured 

and calculated to be around 18 pm/V and 32 pm/V respectively. Compared to the 

reported value of 150 pm/V at 1064 nm fundamental wavelength (B. Lebeau et al. 1997), 

these results show that the poling efficiency need to be further improved. One of the 

reasons for the low poling efficiency is the relative low breakdown voltage of this 

material. Compared to the break down voltage above 100 V/).im of some E-0 polymers 

and side chain E-0 sol-gels, the break down voltage of the active sol-gel studied here is 

only 20-30 V/fim as measured in Section 4.1.3. In the next section the photoassisted 

poling is introduced to compensate for this weakness. 
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4.2.3 Poling efficiency improvement - photoassisted poling and prc-thermal 

curing 

Utilizing the strong absorption of the chromophores in the visible range, techniques 

like all optical poling (Zouheir Sekkat et al, 1997) and photoassisted poling (Z. Sekkat 

and M. Dumont, 1992) at room temperature are demonstrated in polymers containing DR 

chromophorc. The Disperse Red 1 molecules are observed to align perpendicular to the 

polarization of the irradiating light during the poling process (Z. Sekkat and M. Dumont. 

1993). Optical poling in sol-gel material is also reported (Nobuaki Matsuoka et al, 2000). 

In the experiment here, blue light illumination is conducted during the corona poling of 

the DR13 doped hybrid sol-gel at its glass transition temperature, and strongly enhanced 

SHG is observed. 

Active hybrid sol-gel containing 12 wt.% and 23 wt.% of DR13 are used. The sol is 

spin-coated on ITO coated glass substrate. Then the film is soft-baked at 100 °C for 10 

min in an oven. The film is corona-poled at 165 °C for 2hrs with a Tungsten needle 

1.5cm above the sample at 5.5 kV, and then followed by 3 hrs at 150 °C for further 

condensation of the hybrid sol-gel material with the poling voltage on. 

To study the effect of optical poling, a curing light source (Thorlab CSlOO) is used. 

According to the manufacturer's specification, this light source provides intensity of 340 

mW/cnr at the output, including 40 mW/cm^ in the UV range and 300 mW/cm^ in the 

visible range. The measured spectrum shows that most of the power from the light source 

is in blue range as shown in Figure 4-10(a). Considering the absorption spectrum of the 
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DR13 doped hybrid sol-gel film, the strong emissions from the light source just fall into 

the absorption peak (The highest absorption occurs at 503nm.) of DR13 (Figure 4-10). 

Two samples are prepared from hybrid sol with 12 wt.% of DR13 concentration. One 

sample is poled following the conventional corona poling without blue light illumination. 

The other sample is poled in the same way except that 6 min of blue radiation is applied 

perpendicular to the sample alter the temperature reaches 165 °C. The SHG is measured 

after the poling voltage is turned off The calculated djs of the sample without the blue 

illumination is 18 pm/V, while the sample with blue radiation is 58 pm/V. Figure 4-9 

shows the SHG intensities of these two samples. 
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Figure 4-9 Effect of photoassisted poling on SHG intensity from films containing 12 

wt.%ofDR13. 

Figure 4-10(b) and (d) shows the absorption spectrum before and after the poling 

process of the sample with blue radiation. Some blue shift of the absorption peak can be 

seen. This small shift is due to the chromophore alignment effect, and the widening of the 
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absorption peak is partially due to the photo isomer izat i o n effect. Figure 4-10(c) shows 

the absorption spectrum after the poling process of the sample without blue radiation. 

Comparing Figure 4-10(d) and (d), it can be seen that spectrum (d) has more blue shift 

and lower absorption than spectrum (c). This also shows that sample with blue radiation 

has better chromophore alignment than the sample without blue radiation (H. Hayashi et 

al, 1995). 
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Figure 4-10 Emission spectrum of the blue light source (a), absorption spectra of the 

DR13 doped hybrid sol-gel film before poling (b). after conventional corona poling (c) 

and after photoassisted corona poling (d). 

Another two samples with chromophore concentration of 23 wt.% are also prepared 

under the same poling conditions. The sample without blue light curing shows ads 3 value 
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of 32 pm/V, while the one with blue light curing shows dj? of 89 pm/V. The results are 

summarized in Figure 4-11. 

Conventional 

V////A Photoassisted 
corona poling 

12wt% 23wt% 

Chromophore doping load 

Figure 4-11 Effect of photoassisted poling on the second order nonlinear coefficient in 

films containing 12wt. % and 23 wt.% of chromophore. 

The enhancement in SI IG due to the blue light assisted poling can be explained as 

following. From a microscopic point of view, different chromophore molecules have 

different environments, and need different amounts of energy for alignment along the 

corona poling direction. Chromophores with their dipole directions oriented at large 

angles relative to the corona poling field, and which cannot be aligned by electric field 

alone, have dipole directions at smaller angle with respect to the polarization direction of 

the blue illumination beam. The chromophores absorb the energy of the incident photons 

and get into excited state. The enhanced mobility causes the molecular geometrical 

change (photoisomerization: trans => cis). Under the corona poling voltage and around 
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the glass transition temperature of the material, the molecular geometrical change and the 

following relaxation (cis ->trans) are more facilitated to get them aligned along the 

corona poling direction. This behavior creates a higher order of non-centrosymmetry and 

higher second-order nonlinearity observed in the above experiments. 

The thermal stability test is also done for the samples with and without blue light 

curing. The results show no observable difference between them. So the blue light does 

not induce any obvious change in the sol-gel material and the interaction between the 

chromorphore and the sol-gel material, and mainly influences the chromophore 

alignment. Because most energy from the curing source is in visible range and the 

chromophore molecule has strong absorption in the UV range, so the 

photopolymcrization is not significant in this process. 

For the sol-gel material, it is also shown that the thermal curing before the corona 

poling can improve the corona poling efficiency and chromophore alignment stability (B. 

Lebeau et al, 1997). So one and half hour of thermal curing at 160 °C is done for the 

DR13 doped hybrid sol-gel before the deposition of the protective layer. It is shown the 

second-order nonlinear coefficient is improved by 40 % for active sol-gel containing 30 

wt.% of DR13. 

After the above optimization, the poling process is summarized as following: Before 

the poling process, the active sol-gel film is thermally cured at 160 °Q for one and half 

hour, then a thin layer of dielectric material is deposited as protective layer. The film is 

poled at 165 °C for two hours with corona poling voltage of 6 kV-8 kV depending on the 

film thickness. During this poling. 6 min of blue light radiation is applied perpendicular 
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to the sample. Following this poling process, a poled film containing 30 wt.% DR13 is 

measured to have dss of 150 pm/V at fundamental wavelength of 1047 nm. 

4.2.4 Second-order nonlinearity stability study with SHG 

In organic chromophore doped polymers, the chromophore alignment stability is a 

critical issue that influences the development of this field (R. D. Dureiko et al, 1998). 

One potential advantage of the hybrid sol-gel as a host material is to use the inorganic 

network of the sol-gel material to minimize the chromophore alignment relaxation. The 

figure of merits for the chromophore doped polymers and sol-gels are temporal and 

thermal stability. They describe the same relaxation procedure from different aspects. 

Since the SHG setup is relative simple around the sample, it is easy to add the heating 

equipment, and it is chosen for study of stability. Active sol-gel films containing 12 wt.% 

of DR13 are used for the stability measurement. 

The effect of the poling time on the temporal stability is first studied. In this case, 

after the poling voltage is removed, the SHG intensity is monitored as a function of time. 

Figure 4-12 shows the SHG intensity decay with time for the samples poled at 165 °C but 

different time duration. The heating ramp is about 7 °C/min. It can be seen that the longer 

the poling time, the more rigid the network become, and the better the temporal stability. 

However, even for the improved case in Figure 4-12, the stability is not good, so further 

improvement is needed. 
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Figure 4-12 Different SHG intensity decay speed due to different poling time. 
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Figure 4-13 Thermal stability of the sample poled with different heating ramp. 
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The degree of condensation reaction is influenced by the poling time and temperature, 

while the structure of the condensed sol-gel film is influenced by the temperature ramp in 

the heating process. So except using poling time of 12 hour, to reduce the free volume in 

the condensed material, the heating ramp is slowed down from about 7 °C/min to 0.5 

°C/min. The thermal stability of the two samples with different heating ramp is measured 

and the results are compared in Figure 4-13. 

For the poling process without slow temperature raising ramp, the SHG intensity drop 

to 95% at 35 °C, while for poling process with slow temperature raising ramp, the SHG 

intensity drops to 95 % percent at 55 °C. It can be seen that the thermal stability is 

improved. However, the dss calculated for the sample with slow ramp is only about 2/3 of 

the ds3 of the sample without the slow ramp. A tentative e.xplanation is described as 

following. The slow ramp can reduce the free volume and confme the chromophore 

molecule orientation. However, in this case, the free volume is reduced during the ramp 

before the temperature reaches the glass transition temperature. The chromophore 

molecules have their orientation confined before they are aligned along the poling voltage 

direction. So other method for reducing the free volume need to investigated. 

During the thermal stability measurement, interesting phenomena occur when the 

sample goes through temperature increase-decrease cycles. The sample is poling at 165°C 

for 12 hours without slow temperature ramp. The SHG intensity is monitored when the 

sample goes through the following temperature cycles. In the first cycle, the temperature 

is increased from the room temperature to 85 °C, and cool back to the room temperature. 

In the second cycle, the temperature is increased from the room temperature to 125 °C, 
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and cool down to the room temperature. In the third cycle, the temperature is increased 

from the room temperature to 150 °C, and cool down to the room temperature. In the 

fourth cycle, the temperature is increased from the room temperature to 210 °C when the 

signal drops to noise level. The normalized SHG intensity for the last three cycles is 

shown in Figure 4-14. 
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Figure 4-14 SHG signal dependence on temperature cycling. 

Figure 4-14 shows two interesting phenomena; First, when the sample temperature 

starts decreasing, the SHG intensity stays almost the same during the decreasing process. 

When the temperature increases again, the SHG intensity first stay the same, and then 

start decreasing when the temperature reaches the highest temperature in the last cycle. 

This phenomenon reflects that after the poling process, different chromophore molecules 

have different degree of thermal stability. 
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The second interesting phenomenon is: Compared to curve (a) in Figure 4-13, for the 

same temperature, larger SHG intensity is left than when the sample temperature is 

increased directly until the SHG signal drops to noise level. This indicates that the 

temperature cycling process can reduce the free volume in the material and improve the 

SHG thermal stability. So instead of using the slow ramp during the heating process, the 

thermal stability can be improved by adding temperature cycles before the poling voltage 

is removed, and the thennal stability curve (c) is similar to curve (b) in Figure 4-13. 

In summary the poling process is finalized as following. Before the poling process, 

the active sol-gel film is thermally cured at 160 °C for one and half hour. Then a thin 

layer of dielectric material is deposited as protective layer. The film is poled at 165 °C 

degree for two hours with corona poling voltage of 6 kV -8 kV depending on the film 

thickness. During this poling, 6 min of blue light radiation is applied perpendicular to the 

sample. To improve the chromophore alignment stability, another 10 hours of poling is 

continued at the temperature above 145 °C. After the sample is cooled down, the 

temperature is increased to 165 °C again. After another 30 minutes, the sample is cooled 

down and the voltage is removed. 

4.3 ELECTRO-OPTIC PROPERTY STUDY OF ACTIVE HYBRID SOL-GEL 

One very important application of the second-order nonlinearity of the chromophore 

doped polymer or sol-gel is the electro-optic (E-0) effect used in modulators, tunable 

filters and tunable resonators. As discussed in chapter 2, large second-order nonlinearity 

can induce large index change under an applied voltage, and provide low for the E-0 
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devices. From the point of view of an E-0 system, the higher the required bandwidth, the 

lower the maximum output voltage from a voltage source can be achieved. So low 

device is preferred for high frequency system. In this section the E-0 property (r^j) of the 

active hybrid sol-gel is studied with both reflection method and waveguide amplitude 

modulator. The fabrication of an active sol-gel waveguide is described. The device 

testing and the frequency and stability characterization of a channel w aveguide amplitude 

modulator are presented. 

4.3.1 E-0 coefficient measured with reflection method 

For the measurement of the E-0 coefficient, there are many different ways such as 

waveguide method, interferometric (L. Hayden et al, 1990) and ellipsometry method (F. 

Wang el al, 1995). The reflection measurement is widely used for the chromophore 

doped material, because the sample preparation and the measurement are simple and the 

method works well even if the material is absorptive at the measuring wavelength (C. C. 

TengandH. T. Man. 1990). 

The sample is prepared as following. The active hybrid sol containing 30 wt. % DR13 

is prepared by mixing the ZPO-MAPTMS hybrid sol and the DMF dissolved DR13 by 

volume ratio of 1; 1.5. The film is prepared by dip coating instead of spin coating on an 

ITO coated glass substrate. The film thickness can reach 18-20 jim. The poling follows 

the procedure summarized in Section 4.2.4. except the blue light illumination time is 

doubled. After poling. 100 nm of silver is sputtered on the film at room temperature. 

The setup for the E-O reflection measurement is shown in Figure 4-15. 
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Figure 4-15 Setup for E-0 coefficient measurement with reflection method. 

The polarizer has its passing axis at 45° with respect to the horizontal direction, and 

the analyzer's passing axis is the same as the analyzer since the reflection on the silver 

electrode changes the linear polarization orientation by 90°. After the light passes through 

the polarizer, it passes the active sol-gel film twice, by being reflected by the silver 

electrode. The p component is at 45° with respcct to the poling direction (the normal 

direction) of" the active sol-gel film, and the s component is parallel to the active sol-gel 

film. According to Equation (2-69). when the voltage is applied to the active sol-gel film 

through the silver electrode and the ITO electrode, the index in the direction 

perpendicular to the film changes by about 3 times of the index change in the direction 

parallel to the film. Due to this accumulated phase difference, when the light pass the 

analyzer, the intensity of the light received by the detector will change proportional to the 
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applied voltage. The compensator before the analyzer is used to provide the most 

sensitive bias point. In the experiment, the orientation of the slow axis of the compensator 

needs to be set either parallel or perpendicular to the horizontal direction. The calculation 

of the E-0 coefficient follows the equation 

3 

3^4 {n' -sm'oy 1 

ATzVJ^rr «-'-2sin-6> sin'^" 

where X is the wavelength of the laser beam, V„, is the amplitude of the ac voltage 

applied across the active .sol-gel film, n is the refractive index of the active sol-gel at the 

testing wavelength, 0 is the incident angle of the laser beam with respect to the film, Ic is 

the half of the peak-to-peak variation of the power received by the detector when 

adjusting the compensator, and J„, is the amplitude of the modulated signal. 

The E-O coefficient of the sample at wavelength of 633 nm is measured as 34pm/V 

and at 1550 nm is measured as 11 pm/V. Due to the high thickness of the film, the 

photoassisted poling is not as efficient as for the relative thin film, so poling efficiency is 

not as good as the poling described in Section 4.2.4. 

4.3.2 E-O amplitude modulator 

One E-O device is the amplitude modulator. It can be fulfilled with straight channel 

waveguide and external polarizer, compensator and analyser. 

Like other integrated optical devices, the basic step is to realize a two-dimension light 

wave confinement. Due to the strong absorption of the chromophore in the UV range, the 

active sol-gel waveguide cannot be fabricated by direct UV-patteming. Our strategy is to 
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define a trench by photo-patterning a low index passive hybrid sol-gel, then utilize the 

planarization property of sol-gel to fill the trench with active hybrid sol-gel to create a 

channel waveguide. This method eliminates the need for dry etching process, which can 

cause damage to the material and is a more complex processing. The schematic drawing 

of the cross section is shown in Figure 4-16. 

Ag electrode 

Upper cladding 

Active hybrid sol-gel 

Photopatterned trench 
x\ 

ITO electrode 

Lower cladding 

Figure 4-16 Schematic drawing of the cross section of the active hybrid sol-gel 

waveguide. 

The dimension of the structure is determined by considering the fabrication and 

waveguide design. The width of the trench is typically chosen to be 3 pm, and its height 

is 2.5 jim. The thickness of the active sol-gel above the side cladding is controlled within 

1 )am, and the top cladding is 3 jam. 

The active hybrid sol used is the same as for the reflection measurement. The hybrid 

sol-gel used for patterning the trench and the top cladding is derived from di-s-butoxy 

aluminoxy triethoxy si lane (BATES) and MAPTMS (M. A. Fardad and M. Fallahi, 
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1998). The BATES is mixed with prehydrolyzed MAPTMS. Alter 1 wt. % of 

photoinitiator (IIMPP) is added into the sol. it is stirred for one day. Then it is diluted, 

filtered, and aged without stirring for one week. The film formed has refractive index of 

1.478 at wavelength of 1550 nm after hard baking. 

The fabrication of the amplitude modulator E-0 channel waveguide is as following. 

The silicon wafer with 15 um thermally grown silicon dioxide sputter-coated with 100 

nm n o is used as substrate. The silicon dioxide is measured to have refractive index of 

1.444 at 1550 nm. After 3 min of oxygen plasma etching, a thin layer of BATES-

MAP'I'MS sol (diluted with solvent according to the volume ratio of sol: sol vent =1: 6) is 

spin-coated at 4500 rpm on the wafer. This layer is used to improve the adhesion during 

the following photopatterning process and provide buffer from the electrode. The sample 

is baked in oven at 140 °C for two hours. Then the wafer is spin-coated with BATES-

MAPTMS sol at 2000 rpm to reach a thickness of 2.5 um. The film is soft baked at 100 

°C for 10 min. After the wafer cools down, it is photopatterned with an I-line mask-

aligner at 8 mW/cm~ for 9.5 min. Then the unexposed area is washed away after being 

soaked in iso-propanal solvent for 2 min. The cross section of the patterned trench is 

shown in Figure 4-17. The patterned sample is hard baked at 140 °C for two hours with 

slow temperature ramp of 1 °/min. 

The DR13 doped ZPO-MAPTMS sol is spin-coated on the patterned film at a speed of 

3000 rpm for 4 second to fill the channels. After a soft bake at 100 °C for 10 minutes, the 

film is thermally cured in an oven at 160 °C for one hour and 30 min with 7 °C/ min 
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raising ramp and 5 °C/min cool down ramp. The SEM micrograph of the filled channel is 

shown in Figure 4-18. 

Figure 4-17 Channel formed with BATES-MAPTMS sol by pholopatterning. 

Figure 4-18 Filled channel by spin-coating active hybrid active sol-gel. 

The thermally cured sample is corona poled at 7.5 kV with a tungsten needle 1.5 cm 

away from the sample. The sample is poled at 166 °C for two hours, and 8 minutes of 

blue curing light is applied during this time. Then the sample is poled at 140 °C for 10 
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more hours for better chromophore alignment stability. The voltage is removed after the 

sample cooled down to room temperature. 

The BATES-MAPTMS sol is spin-coated on the poled sample at 3000 rpm for 4 

seconds as the top cladding. Then the sample is corona poled with 9 kV at 166 °C for 30 

minutes. The voltage is removed after the sample cools down to room temperature. A 100 

nm thick silver is sputtered at room temperature on the top of the sample as the top 

electrode. The coupling end is prepared by cleaving of the silicon substrate. The cleaved 

sample has length of 6 mm. The cross section of the prepared sample is shown in Figure 

4-19. 
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Figure 4-19 Cross section of the prepared E-0 material waveguide. 

The testing setup for the straight channel intensity modulator is shown in Figure 4-20. 

Before the sample is put on the translation stage, the polarization of the input fibre is 

adjusted with the polarization controller to be linear polarized and oriented at 45° with 

respect to horizontal direction. The analyser polarization direction is oriented 90° with 
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respect to the input polarization direction. The slow axis of the compensator is set to be at 

0° with the horizontal direction. The compensator can compensate phase between 5 and p 

polarization for more than half wavelength at the 1550 nm. 
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Figure 4-20 Amplitude modulator characterization setup. 

The near field of the guided mode is obtained by putting an IR camera at the image 

plane of the microscope objective. The captured mode is shown in Figure 4-21. This 

mode shows good confinement of the guided light. This proves the functionality of the 

structure design shown in Figure 4-16. 



Figure 4-21 Near field mode of the buried active sol-gel waveguide. 

The fiber-to-fiber loss for the waveguide measured with SFM-28 input and output 

fibers is around 12 dB. With an overlap integral tool in BPM-CAD, the waveguide eigen 

mode and the fiber eigen mode overlap integral indicates the fiber-waveguide coupling 

loss is around 5.5 dB. Considering two coupling end and modulator length of 6 mm, the 

waveguide loss is estimated to be around 1.6 dB/cm. Compared to the material loss (< 0.5 

dB/cm). the additional loss is estimated to be caused by the side wall scattering and the 

electrode absorption. This loss can reduced by reducing the side wall roughness of the 

trench and optimizing the buffer layer thickness between the core and electrodes. The 

coupling loss also can be reduced by using lensed fiber coupling or incorporating taper 

structure at the input and output ends. 

According to (A. Yariv, 1991), the optical power read from the detector l,, is a 

function of the phase difference between s and p polarization and obeys the relation of 

/„=2J,sin^((T,,+T,^J/2), (4-4) 

where is the phase difference between 5" and p polarization induced by the applied 

voltage, is the phase diffcrcnce between s and p polarization when no voltage is 
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applied, and 2!,- is peak to peak intensity while adjusting the phase retardation by the 

compensator. The plot of Equation (4-4) is shown in Figure 4-22. where is set to be 

0. By adjusting the compensator to = n /2, the output can be biased at Ic, which 

gives the highest sensitivity for the measurement and the largest modulation. 
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Figure 4-22 Output intensity as a function of phase difference between 5 and p 

polarization. 

In the measurement of the E-0 coefficient, the compensator is adjusted to find the 

largest response bias point as shown in Figure 4-22. A DC voltage of 25 V is applied on 

the sample, and the voltage change from the detector is read. The phase change due to the 

voltage can be calculated according to Equation (4-4). Knowing the length of the sample 

and the total film thickness, the electrical-optical coefficient can be calculated. The E-0 

coefficient of this sample is calculated to be 14 pm/V. This value is comparable to the 

best results obtained for disperse red chromophores doped polymers (L. R. Dalton et al, 

1999). According to Equation (2-74), the VJ of this modulator is calculated to be 24 
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V-cm, and the I V of this modulator with length of 6 mm is 40 V. Obviously, due to the 

low material loss, the F^-can be reduced significantly by increasing the modulator length. 

Figure 4-23 Amplitude modulation response of the straight channel waveguide 

modulator. 

The modulation of the sample recorded from the oscilloscope is shown in Figure 4-23. 

For both of the pictures, the one on the top is the output signal from the modulator, and 

the lower one is the output directly from the function generator. In the first photo, the 

applied voltage is sinusoidal wave having peak-to-peak magnitude of 20V and frequency 
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of 1 kHz. In the second photo, the applied voltage is triangular wave having magnitude of 

1OV peak to peak and frequency of 1 kHz. 

The measured frequency response is shown in Figure 4-24 as scattered data points. 

There are two factors that influence the frequency response of the electronics. One is the 

low pass filter formed by the capacitance and the resistance in the electronic circuit, and 

the second is the detector response speed. The detector has a rise time of 2 jj,s, which is 

correspond to 3dB bandwidth of 175 kHz according to the manufacture. By assuming a 

resistance of 2k Ohms (mainly the ITO) and capacitance of 15 nF in the electronic circuit, 

the frequency response is calculated by modeling both of them as RC circuits and 

connecting them in series. The calculated result is shown in Figure 4-24 as dash line. 
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Figure 4-24 Frequency response of the modulation amplitude. 

The stability of the chromophore alignment is a very important parameter for the 

organic chromophore doped sol-gel material. The E-0 coefficient decay with time in this 

sample is monitored for 24 days and the result is summarized in Figure 4-25. 

Measured data 
simulation 
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The stable performance of the E-O modulator is attributed to the efficient processing 

of the sample to form the rigid inorganic network and to reduce the free volume in the 

material. The results suggest that the host hybrid sol-gel material can efficiently control 

the aligned chromophore molecules position and maintain the high order of non-

centrosymmetry in the material. 
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Figure 4-25 Temporal stability of the E-0 coefficient 

In this chapter, the second-order nonlinear properties of the DR13 doped hybrid sol-

gel in guest-host structure are studied. By studying the SHG of the film, the poling 

conditions, which affect the amplitude and the stability of the second-order nonlinear 

coefficient, are investigated. With the optimized processing, the E-0 coefficient is 

measured with reflection method. An intensity modulator based on this material system is 

fabricated with E-0 coefficient of 14 pm/Y and stable operation 24 days after fabrication. 
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5. DISCUSSION AND OUTLOOK 

The work described in this dissertation includes two parts. The first part investigates 

the material, fabrication and characterization of passive hybrid sol-gel integrated optical 

devices on high index semiconductor and the idea of heterogeneous integration between 

high index semiconductor laser and detector with passive hybrid sol-gel integrated optical 

devices. The second part investigates the second-order nonlinear property of active 

hybrid sol-gel doped with organic chromophore in guest-host .structure. By incorporating 

functional doping, the hybrid sol-gel extends its application in even broader area such as 

E-0 modulator and tunable filter. Since this active E-0 hybrid sol-gel is intrinsically 

compatible with the passive hybrid sol-gel. the integration between the active sol-gel and 

the passive sol-gel and the multi-layer integration of active and passive sol-gel make it 

possible for more complicated and more functional integrated optical circuits. More over, 

the direct integration between the active sol-gel and the high index semiconductor is also 

a possibility. 

In the next step integration, there are still several issues mainly concerning materials 

need to be considered. The first one is the cracking problem of the hybrid sol-gel. With 

the introduction of the organic side chain, the thickness at which the material start 

cracking becomes much larger, but when it come to long time and high temperature 

baking, cracking some time can still be a issue, especially for the multi-layer structure. 

This issue might be further alleviated by modifying the organic part of the sol-gel 

precursors. The second one is the material loss. The passivation method can partially 

alleviate the hydroxy group aborption from the incomplete condensation reaction. 
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However, material modification like replacing the hydrogen atom with fluorine or 

deuterium might reduce the material loss even more, since it not only eliminates the 0-H 

group, but also the C-H group. The third one is the chromophore alignment control in the 

poled active E-0 sol-gel. Chromophore molecules alignment relaxation is still a major 

concern for the wide application of the active hybrid sol-gel. Further material 

modification includes covalent bonding between chromophore molecule and sol-gel in 

side chain and main chain structure, introducing thermal and photo cross-linking 

lunctional groups. 

The properties of available materials are one important influence factor for the 

functions of integrated optical devices. The possibilities brought by hybrid sol-gel open a 

new direction for the integrated optics. The further development of the hybrid sol-gel will 

provide new platform for the more functional, more efficient and low cost integrated 

optical components. 
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APPENDIX A 

MATLAB program for calculating the dsa value of chromophore doped active hybrid 

sol-gel. 

s^SHG for quartz, y cut, p polarization to p polarization. 
%P_2w_jn_q is (2v;_q*A)/P___w^2, A is the beam area, F_v./ is the 
fuRdameiital li.ght power 
clll=0.32; %in pm/volt 0. 96*10' (-9) in cm/statvolt 
c=2. 998*10''10; %spsed of light in cm/s 
nql=l. 53413; % at wavelength of 1047njTi 
nq2=l.54702; % at wavelength of 523nm 
L=500; %um thickness of the quartz 
w=1.047; Iwavelength in urn for fundamental light 
w2=0.5235; %wavelength in um for second harmonic light 
%According to esquation in J. Jerphagnon and K. Kurtz: 
P_2w_m_q= (512*pi''3/c) *dll^2* (2 / (nql + 1) ) -^4* (2*nq2* {nql + 1) * (nq2+nql) / (1+n 
q2) ̂3) * (1/ (nql'-2-nq2'^2) ) ̂^2* (sin (pi*L/2*4/w* (nql-nq2) ) ) ̂-2; 
P_2w_t_q=l.587; %SHG tested for quartz 
%SHG for poled sample, p polarization to p polarization. 
%P 2w m f is (P 2w f*A)/P w"2, same as quartz, A is the bea.ra area, P w 
is the fundamental light power 
P_2w_t_f=l; tSHG tested for film 
d=1.5; % Film thickness in urn 
q=pi*65/180; IThe angle the maxmize the SHG valiie 
nl=1.547; tfundamental v;av6 index of filni 
n2=1.670; % SHG index of film 
n2s=1.5174; % index of glass substrate 
cO=cos(q); 
sO=sqrt {l-c0'~'2 ) ; 
sl=sin(q)/nl; 
cl=sqrt (l-sl'^2) ; 
s2=sin(q)/n2; 
c2=sqrt (l-s2'^2) ; 
s2s=sin(q)/n2s; 
c2s=sqrt (l-s2s''2) ; 
t_af=2*c0/(cl+nl*cO) ; 
t_fs=2*n2*c2/{n2s*c2+n2*c2s); 
t_sa=2*n2s*c2s/(n2s*c0+c2s); 
T=t_af'"4*t_fs-"2*t_sa'-2/ (n2'^2*c2'^2) ; 
f=(2*pi*d/w)*(nl*cl-n2*c2); 
odl=0.0024; 
od2=1.0414; % Op 11. c a ]., de n s i t y rue a s u i: e d w .i„ t h. Gary 
al=log(10^(odl))/d; 
a2=log (lO''(od2) )/d; tper um 
kl=al*w/(2*pi*nl); 
k2=a2*w2/(2*pi*n2); 
dl=(2*pi*d/w)*nl*kl/cl; 
d2=(2*pi*d/w)*n2*k2/c2; 
K=dl-d2; 
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tF_2w_3ri f {12 6 "pi"3/c) *T * (i'^pi^'d/w) '^2''d_efi ̂ 2 'exf> 
2-Mdl+d2) } •" (sin ff) '-•l + sinh (K) ^••2) / (f'''l + K'"!) ; 
P_2 w_in_f=P___2 w_t_f * P__2 w__m_q / P__2 w_t___q ; 
%According to the equation in paper from WSarren N. Herman and L. 
Michael Hayden 
d_eff=( (128*pi'^3/c) (2*pi*d/w) '"2*exp{-
2 *  (dl+d2) ) * {sin(f) '^2 + sinh(K) "2) / (f'-2+K"2) ) (-0 . 5) *sqrt (P__2w__in_f) ; 
%d efd31 *c 1 *s 1 •*c2+d31 *c 1 '• 2*s2 +d33*s 1' 2's2; 
d3"3=d_^eff/ (2 * (1/3) *cl*sl *c2+ (1/3) *cl'^2*s2 + sl"2*s2 ) ; 
d33_q=d33/cos(q); 
disp{d33_q); %d33 after corection by angle in pm/v 
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