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ABSTRACT 

A technological platform based on low-temperature hybrid sol-gel method for 

fabrication of optical waveguides and integrated optical components has been developed. 

The developed chemistry for doping incorporation in the host network provides a range 

of refractive indexes (1.444—1.51) critical for device optimization. A passivation method 

for improving long-term stability of organic-inorganic sol-gel material is reported. The 

degradation of waveguide loss over time due to moisture adsorption from the atmosphere 

is drastically suppressed by coating the material with a protective thin SiOi film. The 

results indicate a long-term optical loss below 0.3 dB/cm for protected waveguides. 

The theory of multimode interference couplers employing self-imaging effect is 

described. A novel approach for design of high-performance MMI devices in low-

contrast material is proposed. The design method is based on optimization of refractive 

index contrast and width of a multimode waveguide (the body of MMI couplers) to 

achieve a maximum number of constructively interfering modes resulting to the best self-

imaging. This optimization is carried out using 3D BPM simulations. This method was 

applied to design 1x4, 1x12, and 4x4 MMI couplers and led to a superior performance in 

excess loss, power imbalance in output ports, and polarization sensitivity. Taking 

advantage of the inherent input-output phase relations in a 4x4 MMI coupler, an optical 

90° hybrid is realized by incorporation a Y-junction to coherently excite two ports of the 

coupler. 

A series of MMI couplers were fabricated and characterized. The experimental results 

are in good agreement with the design. Measured performance of the sol-gel derived 

MMI components was compared to analogues fabricated by other technologies. The 

comparison demonstrates the superior performance of the sol-gel devices. The 

polarization sensitivity of all fabricated couplers is below 0.05 dB. 



14 

1. INTRODUCTION 

1.1. RELEVANCE AND MOTIVATION 

In the last two decades, advances in electronics have had a huge impact on the 

communications network. Three key technologies are combined to create a platform that 

enabled the electronic revolution: semiconductor materials, automated microfabrication 

of integrated electronic circuits, and integrated electronic circuit design (H. Ma et al, 

2002). However, the current networking demands have outgrown the perfonnance of 

electronics which is inherently limited. Optical communications presents significant 

advances over electronics. It offers an extremely larger bandwidth, very low transmission 

loss and heat generation. Photonics components are designed to process light signals 

without the need to convert them to electronic format, leading to very fast operation 

speeds. The fastest electronics components operate at speeds in the picosecond range, 

while the experimental photonics components can operate in the femtosecond range 

(B.E.A. Saleh and M.C. Teich, 1991). 

As it is very expensive to lay down fibers in the ground, dense wavelength division 

multiplexing (DWDM) technology has been adopted to enable a dramatic transmission 

capacity increase over existing optical fiber networks. To play this role, DWDM 

technology has to integrate a number of active and passive optical components such as 

lasers, amplifiers, detectors, modulators, attenuators, multiplexers/demultiplexers, filters, 

transivers, and signal monitors on a single platform (M. Kawachi, 1996). Waveguides are 

the fundamental part of all integrated optics components. Waveguides provide optical 

signal routing, processing, filtering, amplification, and other important functions. 

Couplers and splitters represent a very large market for integrated optics components and 

find use in broadcast-type optical networks and for optical signal routing and processing 

(P.D. Trinh at al, 1997). Currently, most couplers are based on the directional coupler 

geometry whereas splitters use the Y-j unction. A new and powerful alternative based on 

the self-imaging effect (O. Bryngdahl, 1973) is the niultimode interference (MMl) 
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coupler (L.B. Soldano and C.M. Pennings, 1992). The development of MMI couplers has 

proceeded rapidly due to their excellent properties and comparatively loose fabrication 

tolerances. The coupler performance crucially depends on the material optical properties, 

especially index contrast between the core and cladding waveguide constituents (R. 

Ulrich and T. Kamiya, 1978). In most cases, the components are built into individual and 

discrete optical components to achieve the desired functionality in a system. The cost of 

making these individual components is rather high due to extensively manual driven 

fabrication and packaging processes. Due to the diverse material requirements of these 

components their integration is currently a major challenge. Hybrid integration is a 

promising approach to achieve multifunctional integrated modules. However, its success 

heavily relies on the materials used and their process compatibility. The integrated optics 

technology and the derived material have to be: 

• cost effective, 

• compatibe with the semiconductor technology (low temperature processing, below 

250°C, good adhesion), 

• reliable for long-term use, 

• low loss at the 1.55 ^m telecom window, 

• controllable refractive index (1.45-1.55, compatible with a silica fiber), 

isotropic. 

A wide variety of waveguide microfabrication technologies are available today 

including silica-on-silicon, ion-exchanged glass, polymer, silicon-on-insulator (SOI), III-

V semiconductors, ion implantation in LiNbOs, and sol-gel. The heterogeneous 

integration and cost effectiveness limit the choice of suitable technologies in terms of the 

material compatibility, material reliability, processing simplicity, functionality, and 

performance of the integrated module. Primarily, the silica-on-silicon [involving either 

flame hydrolysis deposition (FED), or plasma enhanced chemical vapor deposition 

(PECVD)] and the ion-exchanged glass technologies have been proven to lead to the 

components' reliability, and thus, have been commercialized (I-C. Tsai et al, 2001). 
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However, these require 800-1300°C annealing temperature. That makes these inorganic 

glass technologies incompatible with semiconductor processing. 

High demand for suitable materials has motivated world wide efforts for the 

development of the innovative technologies meeting the criteria above. On the other 

hand, the developed technologies open a new possibiHty to create viable components 

with more functionalities and better performance (M.A. Fardad et al, 2001). 

Sol-gel technology based on the wet process and low temperature chemistry provides 

inexpensive and flexible method for waveguide fabrication. The fabrication process is 

compatible with silicon technology for optoelectronics. The optical and mechanical 

properties of the engineered sol-gel materials can be controlled by selecting the 

functionality of organic constituents and metal oxide composition. Hybrid organic-

inorganic sol-gel is particularly promising due to its photopattemabi 1 ity and low 

processing temperature (M.A. Fardad and M. Fallahi, 1998). Simplicity for waveguide 

and integrated optics fabrication makes sol-gel method a viable candidate for 

heterogeneous integration. However, sol-gel deployment has been somehow limited due 

to concerns with long-term reliability and optical loss in the 1.55 fim communications 

window. These material issues and some technological aspects must be overcome for the 

commercialization of the sol-gel integrated optics. 

The work presented here is focused on the implementation of low temperature 

organic-inorganic sol-gel process for photonic microfabrication. A few innovative 

approaches are developed to improve the long-term material reliability and reduce the 

optical loss to the attractive level of 0.2 dB/cm. The developed chemistry for doping 

incorporation in the host network provides a wide range of refractive indexes critical for 

device optimization. The sol-gel process is adapted for fabricating various channel 

waveguide configurations, such as ridge, buried, and embedded waveguides. Design and 

fabrication of Y-junction, 1x4, 1x12, and 4x4 MMI couplers with superior performance 

are investigated and reported. A first sol-gel derived optical 90° hybrid exploiting MMI 

self-imaging effect is successfully fabricated and tested. 
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Apart from making a new step in sol-gel microfabrication the dissertation provides a 

vital platform for further developments of components with new functionalities, such as 

UV imprinted Bragg filters, wavelength division multiplexing, and active components for 

signal amplification. 

1.2. REV IEW OF ALTERNATIVE TECHNOLOGIES 

Several base technologies including siHca-on-silicon, ion-exchanged glass, polymer, 

silicon-on-insulator (SOI), Ill-V semiconductors, and ion diffusion in LiNbOs have been 

used to fabricate planar lightwave circuits. Below is a quick review of these technologies 

with a focus on their advantages and disadvantages. 

1.2.1. Silica-on-silicon 

More efforts have focused on silica-on-silicon technology due to its ease in coupling 

to silica fibers. The match of physical dimensions and silica refractive index in both 

fibers and planar chips is critical to maintain mode properties as well as to minimize 

coupling losses. From a manufacture perspective, the ability to utilize existing, well 

developed semiconductor fabrication processes is critical for fabricating multiple 

numbers of planar chips on a single wafer substrate to achieve the low cost values based 

on per device. As the feature size for silica-based waveguide structures are on the order 

of microns, it is considered well in the range of existing standard semiconductor 

processing capability (X. Bi et al, 2001). 

Fabrication of waveguide devices requires multiple steps including, deposition of the 

low cladding to insulate a core from a high index silicon substrate, core layer deposition, 

lithography RIE, and deposition of the upper cladding. Two widely used deposition 

technologies are FHD and PECVD. Fig. 1 shows the schematic diagrams of a FHD 

process (Fig. la) and a PECVD process (Fig. lb). Both have shown commercial level 
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success in the integrated optics industry. In both of these two approaches, high purity 

chemicals such as SiC4, GeCU, and POCI3 have been used as precursor reactants. These 

precursor chemicals react on a heated substrate to form dense glass films (PECVD) or to 

react in a fuel and oxygen mixture flame to form glass micro particles and immediately 

deposit them onto a substrate (FHD). In both cases, a second step of thermal treatment is 

required to produce optical quality glasses. PECVD films in general require an annealing 

step around 800-1100°C without major molecular level reorganization, whereas the fihns 

produced by FHD need a consolidation process around 1200-1350°C with major 

molecular level reorganization through melting. 

chemical vapor: 
SiCU, GeCU, PCI3, BCI3, O2, Ha, etc.- -J 

torch on pivoting arm yVv 

soot particles / •:;. •:: •: •. chemical vapor mixture 

heated Si wafer. (\ / 

(a) (b) 

Fig. 1. Schematic diagram of (a) FHD and (b) PECVDsystem. 

A range of other deposition techniques have been used to form a SiOa layers. High 

quality silica films can be easily grown by placing silicon wafers in a standard tube 

fiimace under flowing O2 or H2O vapors at 1300°C. A high pressure (around 10 

atmospheres) stream is typically required to achieve practically usefiil oxide thickness of 

10-15 (C.H. Henry et al, 1989). Another method is the sol-gel route allowing a wide 

choice of glass compositions. However, acceptable thickness of a crack-fi-ee glass layer 

can be obtained only by the multiple step deposition process. In addition, each layer has 

to be annealed at 1100-1300°C to remove organic constituents and consolidate the porous 

material (J. Phalippou, 2002). 
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A mixture of gases in FHD deposition scheme (Fig. la) is burnt in an 

oxygen/hydrogen torch to produce fine particles which stick onto substrates on a rotating 

turntable. The combination of the turntable rotation and traversing of the torch is 

designed to achieve layer uniformity. Dopants used include TiOi, Ge02, P2O5, Si3N4, and 

AS2O3 to increase the refractive index, and fluorine and B2O3 to decrease the index. P2O5, 

B2O3, and AS2O3 are network modifiers, and are used to lower the melting point of the 

deposited layers. This is essential in FHD deposited layers, and also important in other 

processes to improve cladding con formality and planarization (M.F. Grant, 1994). The 

gases SiCU, TiCU, and GeCU are used to produce doped Si02. Small amounts of 

phosphorous and boron are added using PCI3 and BCI3. After deposition of a porous 

layer, the glass is consolidated by heating at temperatures 1200-1350°C. The deposition 

and consolidation process is intrinsically planarizing, providing excellent cladding 

conformality over closely spaced cores which are used in, for example, directional 

couplers and Y-junctions. The waveguides produced from FHD layer have been found to 

have a propagation loss as low as 0.05 dB/cm. 

PECVD is a well known technique in microelectronic industry for deposition of 

doped and undoped SiOi and Si3N4. It is very attractive for the deposition of waveguide 

layers since PECVD can achieve high deposition rates (0.1 )j,m/min) with thickness 

nonuniformity better than 1% and index non-uniformity within 0.0001 (G. Grant, et al, 

1990). Waveguides produced by PECVD have propagation loss of 0.1 dB/cm (M. 

McCourt, 1994). In the PECVD system schematically shown in Fig. lb, the plasma is 

generated over a silicon wafer at frequencies ranging around 100 kHz to 13.5 MHz and 

powers from a few Watts to a few hundred Watts. The input gasses are SiHt and N2O 

(diluted by He, Ar, or Na). A range of dopants have been used for waveguide fabrication, 

including phosphorus, boron, and fluorine. While PECVD has comparatively low-

deposition temperatures (around 350°C), higher temperatures (800-1100°C) are usually 

required to eliminate hydrogen related absorption bands which arise due to hydrogen 

based gaseous precursors. In addition, reflow of core and/or cladding at elevated 

temperatures is also advantageous to improve the conformality and planarization of the 
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cladding layer over the waveguide core. 

1.2.2. Ion-exchange glass 

The ion-exchanged process in glass is a long known technique, which has been used 

to improve the mechanical surface stability of glass, such as eye lens, for example. 

molten salt 

metallic mask 

ion exchange 

glass substrate 

mask removal 

surface guide 

buried guide 

electric field 

Fig. 2. Waveguide fabrication by ion-exchange. 

Ion-exchanged glass waveguides are fabricated by exchanging alkali ions (e.g. Na*", 

K^) originally in the glass substrate with other ions (e.g. Ag^, ir, Cs ), which increases 

locally the refractive index of the glass. A typical fabrication route is depicted in Fig. 2. 

Covering the glass surface by a proper metaUic or dielectric mask a local control of 

diffusion process is achieved at an elevated temperature 300-400°C in molten salts as ion 

sources. This thermal ion-exchanged process forms waveguides directly below the 

surface (S. Honkanen, 1994). The burial process is a field assisted ion-exchange. The 

introduced ions are driven by electric forces into the interior of the glass. Ultimately, the 

shape of the elevated index region changes from a semicircular to a more circular form. 

This method results in waveguides with losses below 0.2 dB/cm and coupling losses 

below 0.2 dB to optical fibers. However, this approach is not suitable for heterogeneous 

integration with semiconductors in optoelectronic integrated circuits. 
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1.2.3. Polymers 

In recent years polymeric optical waveguides have been considered for integrated 

optics and optical interconnections. Many active and passive experimental photonic 

devices built on polymers have been successfully demonstrated including polarization 

splitters (M.C. Oh et al, 1996), arrayed waveguide gratings (Y. Hida et al, 1994), 

switches (J.W. Kang et al, 2000), niodulators(D. An et al, 2000), and 1x2 MMI splitter 

(C.W. Hsu at al, 2001). In the past twenty years, several major families of novel optical 

polymers have been developed in academic and industrial laboratories. Waveguide 

definition methods and propagation loss of some commercially available polymers 

suitable for optical integration are summarized in Table 1. These polymers can be 

grouped into four major classes: 

1. deuterated and halogenated polyacrylates, 

2. fluorinated polyimides, 

3. perfluorocyclobutyl (PFCB) aryl ether polymers, 

4. nonlinear optical polymers. 

Table 1. Characteristics of commercially available optical polymers (H. Ma et al, 2002). 
Company Polymer Patterning method Loss, dB/cm (1.55 }j,m) 

Comig acrylate lithography/wet etch, 
RIE, laser ablation 

0.8 

Comig halogenated acrylate lithography/wet etch, 
RIE, laser ablation 

0.2 

NTT deuterated 
polysiloxane 

RIE 0.43 

Amoco fluorinated 
polyamide 

lithography/wet etch 1.0 

Dow Chemical PFCB lithography/wet etch, 
RIE, laser ablation 

0.25 

JDS Uniphase polycarbonate RIE 0.6 
Telephotonics OASIC lithography/wet etch, 

RIE, laser ablation 
0.1 

Gemfire Gemfire lithography/wet etch 1.0 

The first group of polymers is particularly suitable for practical low-loss optical 
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devices because acrylates intrinsically have very low stress-induced birefringence. 

Moreover, since these polymers can be photochemically processed from their monomers, 

it provides the resulting polymers with fairly low internal stress and dimension shrinkage. 

This combination of properties allows the creation of waveguides with low scattering 

losses and low polarization-dependent losses. Upon UV exposure, these monomer 

systems form highly cross-linked networks, which exhibit low intrinsic absorption in the 

wavelength range extending from 400 to 1600 nm. By blending and copolymerizing with 

selected miscible monomers, this approach allows precise tailoring of the refractive index 

over a very broad range from 1.3 to 1.6, although it can be difficult to simultaneously 

achieve a given refractive index and low intrinsic absorption at the same time (H. Ma et 

al, 2002). 

Although acrylate-derived polymers have demonstrated many attractive optical 

properties, they do not possess the needed thermal stability. In this regard, polyimides are 

a proven class of polymers in the microelectronics industry due to their high thermal 

stability (some as high as 300°C). However, conventional polyimides have rather high 

optical losses. Ordering processes can lead to refractive index fluctuations producing 

scattering centers: domain fonnation and phase separation. The evaporation of 

complexed (through hydrogen-bonding) or trapped casting solvents as well as water 

produced during imidization can cause voids or pinholes in the waveguide. Nevertheless, 

most of the ordering processes typical for conventional polyimides seem to be suppressed 

in fluorinated polyimides (K.D. Singer et al, 1997). One intrinsic problem that is still 

dilTicuIt to avoid is the large birefringence and polarization dependent loss that results 

from aromatic ordering in the polyimides. "Distinctive advantages" of fluoropolymers 

such as chemical inertness, surface smoothness, and resistance to oxidation play 

controversial role in application requiring bonding and integration of fluoropolymers with 

materials of a different nature (M. Friedman and G. Walsh, 2002). 

For most spin-coating applications, the solubility of optical polymers needs to exceed 

50 wt% in common solvents, if a reasonable film thickness and planarity is to be 

obtained. Such basic requirements severely limit the deployment of many fluoropolymers 
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based on chain addition polymerization as well as polyimide condensation polymers. 

However, poly(aryl ether) polymers based on PFCB repeating units possess both high-

performance properties and processibility (G. Fischbeck et al, 1997). PFCB polymers and 

copolymers possess a unique combination of properties well suited for optical 

applications such as high temperature stability, accurately controlled refractive index 

(1.449-1.508 at 1.55 )jm), low moisture absorption, solution processibility, and low loss 

(below 0.25 dB/cm at 1.55 jam). 

Other important but less explored optical polymers include benzocyclobutene (BCB), 

perfluorovinyl ether cyclopolymer (CYTOP), tetrafluoroethylene and perfluorovinyl 

ether copolymer (Teflon AF), silicone, fluorinated poly(arylene ether sulfide), 

poly(pentafluorostyrene), fluorinated dendrimers, and fluorinated hyperbranched 

polymers. 

An important characteristic for practical applications is the thermal stability of optical 

properties. Polymeric materials are subject to yellowing upon thennal aging. Typically, 

thermal aging results from the formation of partially conjugated molecular groups 

characterized by broad ultraviolet absorption bands, which tail off in intensity through the 

visible region. 

A fundamental difference between polymers and more conventional optical materials, 

such as glass, is that their refractive index varies more rapidly with temperature. The 

refractive index of polymers varies with temperature at rate 10" Vc, which is one order of 

magnitude larger than that of inorganic glasses. 

1.2.4. Silicon-on-insulator 

Silicon is presently the most exploited and well-known medium for integrated 

electronics, but it is also highly transparent to light with low absoiption in the near-lR 

spectral region making it a strong candidate for low-loss optical waveguides. Silicon 

waveguides generally consisted of three layers: two cladding layers and the core layer. A 
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ridge is formed to provide lateral confinement where required. A number of material 

combinations such as SiO-SiON-SiO, SiO-SiC-SiO, Si-SiGe-Si, Polymide-Si, silicon-on-

silicon (SOS), and silicon-on-insulator (SOI)) amenable to silicon processing can satisfy 

waveguide criterion. Among them, SOI has been developed in the last few years as an 

alternative technology platform to silica-on-silicon technology and its usefulness in 

making optoelectronic circuits has been established. 0.1 dB/cm propagation loss in SOI 

waveguides have been reported (U. Fisher et al, 1996). The SOI structure possesses 

unique optical properties owing to the refractive index difference between silicon (n=3.2) 

and SiOi (n= 1.444). Because of the strong confinement in the SOI system, the 

waveguides can be placed close together and have a small radius of curvature. These 

make very dense component integration possible. Waveguides can be fabricated through 

the well established microelectronic processes, including photolithography and RLE (P.D. 

Trinh et al, 1997). However, the coupling between a silica fiber and silicon waveguide 

typically involves mismatched modes and mismatched interfaces due to the large 

difference in the material indexes. The guided mode is highly asymmetric, whereas the 

fiber mode is usually symmetric. Mode transformers are typically needed in the device 

design to get the optimum mode matching. The large index contrast (3.2 of silicon versus 

1.5 of a silica fiber core) implies a rather high Fresnel reflection of order 0.9 dB per facet, 

which can be eliminated by applying antireflection coatings on both facets. Moreover, 

silicon being a crystal material introduces the birefringent response which may be 

unacceptable in polarization sensitive applications. 

1.2.5. Ill-V semiconductors 

Monolithic integration of optoelectronic devices for high speed optical 

communication systems offers the advantages of compactness, reliability, and reduced 

packaging costs. One of the problems in monolithic integration is the difficulty of 

fabricating dissimilar optical devices such as lasers, amplifiers, modulators, detectors, 

and waveguides on the same chip, because different devices often have incompatible 
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processing requirements. For example, the etched facet of a mirror and the shallow ridge 

waveguide of an amplifier must be treated differently. Obtaining two levels of etching 

has been reported by using two separate etching steps (P. Buchmann and H. Kaufmann, 

1985) and a one step two-level etching technique (W.J. Grande et al, 1990). hi addition, 

integration requires regrowth of the materials. Generally, multiple fabrication steps for 

monolithically integrated optoelectronic devices are required, which must deliver high-

fidelity pattern transfer, high etch selectivity, removability, and large height to width ratio 

(Y.H. Qian et al, 1999). 

A typical doped waveguide core with a bandgap of 1.2-1.3 jam introduces rather high 

optical loss in the passive components. Optical losses in monolithically integrated III-V 

semiconductor channel wave guide vary in the range of 0.5-3 dB/cm depending on the 

material doping (J.S. Yu et al, 2000). Selective area growth by metal-organic vapor phase 

epitaxy (MOVPE) is a recognized breakthrough technology for monolithic photonic 

integration (T. Sasaki et al, 1997). By masking areas with a dielectric, for example SiOa, 

on a substrate before epitaxial growth, both active and passive device mesa structures can 

be fabricated in a single growth step, simplifying the fabrication process enormously (M. 

Bouda et al, 1998).To obtain low absorption losses in passive circuits when integrated 

with active devices a large bandgap shift is to be achieved. Such optoelectronic integrated 

circuits of varying degrees of complexity have been demonstrated with a limited success 

(M. Bouda et al, 1997). 

In addition, due to the high refractive index, III-V semiconductor materials have the 

same advantages and drawbacks as the SOI technology platform, discussed in the 

previous section. 

1.2.6. LiNbOi 

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

optical waveguides in LiNbOs crystals (R. Regener and W. Sohler, 1985). Many kinds of 
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integrated optics devices have been developed in this material, including switches, 

modulators, wavelength division multiplexers, lasers and amplifiers, taking advantage of 

the high electrooptic, acoustooptic, and piezoelectric coefficients of the LiNbOs, together 

with the possibility of incorporating rare earths to the crystal, either during the growth or 

Table 2. Major material contenders for e waveguide fabrication in ini legrated optics. 
Material 
system 

Loss, 
dB/cm 

Deposition/ 
patterning 
technology 

Advantages Disadvantages 

Inorganic 
glass 

0.05-0.1 FHD, PECVD/ 
lithography/ 

RIE, 
ion-exchange 

stable, 
low loss, 

liber matcliing, 
amorphous 

high T°C 
(800-1350°C) 

Polymers 0.1-1.0 spin-coating' 
lithography/ 

wet etch/ 
RIE, 

molding, 
contact print 

index control, 
low loss, 
low cost, 
low T°C, 

weak stability, 
emerging 

technology, 
birefringence 

SOI 0.1 epitaxial 
growth/ 

lithography/ 
RIE 

stable, 
low loss, 

mature technology, 
compactness 

high cost, 
high coupling loss, 

anisotropic 

III-V 0.5-3 epitaxial 
growth/ 

lithography/ 
RIE 

stable, 
mature technology, 

monolithic 
integration, 

compactness 

high cost 
high loss, 

high coupling loss, 
anisotropic 

LiNbOj <0.5 thermal 
diffusion of 
Ti, Zn, Si 

high electro- and 
acoustooptic 
coefficients 

inherent 
incompatibility for 

integration 
Sol-gel <0.6 lithography/ 

wet etch 
index control, 

low cost, 
low T°C, 

amorphous 

emerging 
technology 

by subsequent diffusion (R. Madabhushi et al, 1998; R. Brinkmann et al, 1991). In the 

waveguide regions the birefringence may reach 0.05-0.07, making (Ti, Zn, or Si):LiNb03 

technology a good candidate in polarization sensitive application. The best experimental 

waveguide samples exhibit the propagation loss below 0.5 dB/cm (R. Nevado and G. 
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Lifante, 2001). Despite the great success of the Ti-diffused waveguides, this technology 

still has some drawbacks. The high temperature required for titanium in-diffusion in the 

range 900-1100°C causes the lithium out-diffusion process, creating an unwanted planar 

waveguide that competes with the waveguide structure defined to fabricate the devices. 

Ti:LiNb03 derived waveguides exist only as the embedded strip type, thus they are 

simply incompatible for integration. 

As a summary, Table 2 highlights the advantages and disadvantages of the various 

technologies for the fabrication planar photonic circuits with the emphasis on their 

integration and compatibility with semiconductor technology are. 

1.3. SCOPE OF THE RESEARCH 

The scope of research covered by the dissertation lies in adapting the sol-gel process 

for photonic microfabrication. The research primarily consists of two interrelated parts: 

1. Sol-gel synthesis and process development for fabrication of integrated optics 

components; 

2. Design, fabrication, and characterization of waveguide MMI devices: 1x4 and 1x12 

power splitters, 4x4 coupler, optical 90° hybrid. 

Chapter 2 is devoted to the mathematical modeling and design of integrated optics 

components. It starts with analytical solution for a field distribution in planar waveguides 

and proceeds with the modal analysis of channel waveguides in the approximation of the 

effective index method. A numerical approach, required to achieve the level of design 

sufficient to produce practical integrated optics components, is discussed. The detailed 

review of MMI theory is followed by the results of numerical simulation of IxN and 4x4 

MMI couplers using the beam propagation method. The simulation includes optimization 

of the device geometry and waveguide index contrast targeting to minimize the excess 

loss, power imbalance in output ports of the couplers, and polarization sensitivity. 



28 

Chapter 3 begins with a review of sol-gel process for photonic microfabrication with 

emphasis on organic-inorganic sol-gel chendstry and the control of optical and 

mechanical properties of the final material. A detailed synthesis of suitable sols is 

presented. This is followed by a discussion of material characterization used during the 

research. The body of this chapter presents the developed approaches for improving 

optical and technological sol-gel properties: 

® chemical modification of a sol-gel to decrease optical loss; 

• dielectric passivation to obtain long-term reliability and decrease optical loss. 

Chapter 4 contains experimental results. It starts with the fabrication aspects of the 

sol-gel technology. Developed techniques for deposition of smooth film and waveguide 

definition are described. The chapter proceeds with the analysis of the propagation losses 

of sol-gel derived channel waveguides. Methods for overcoming dominant factors, 

material absorption and light scattering on side wall roughness, contributing to the loss, 

are presented. This is followed by characterization results of integrated optics basic 

components derived by the sol-gel technology such as channel waveguides and a 1x2 

splitter utilizing a Y-junction. Next, the characterization results of the MMI based 

components, such as 1x4, 1x12, and 4x4 couplers, are presented, and the results for an 

optical 90° hybrid realized on the basis of a 4x4 MMI coupler are included. Performance 

of the fabricated devices is examined by comparing it to the design and the published 

characteristics of analogous devices fabricated by different technologies. 

Chapter 5 presents concluding remarks regarding the novel method of the sol-gel 

platform for micro-fabrication of integrated optics component. 

A list of relevant references is provided in the end. 
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2. MATHEMATICAL MODELING AND DESIGN 

Passive waveguides of rectangular cross-section are the key elements of photonic 

devices that perform guiding, coupling, splitting, and other functions. Although the 

operation of waveguide devices is well researched and understood, their particular 

performance depends on many parameters that include geometry, wavelength, field 

distribution, material data, etc. These parameters have to be optimized prior to fabricating 

a device. Accurate modeling is very critical because of the large amount of resources 

required to fabricate an integrated optics chip. Applications of rectangular waveguides 

typically involve short lengths (distances of centimeters or less). These geometries are 

relatively simple to fabricate in sol-gel using standard lithographic techniques. 

This chapter is devoted to the modeling and design of sol-gel derived waveguide 

components. It starts with a short, introduction of the basic concepts of the waveguide 

theory using the example of slab (planar) waveguide with a step-like refractive index 

distribution in the transverse dimension. The planar waveguides confine light in one 

transverse direction while guiding it in the plane of a film. There exist exact solutions of 

the wave equation for a guided electro-magnetic field. Rectangular waveguides confine 

light both in the transverse and the lateral directions, but do not have solutions in 

analytical format. However, several approximation methods exist to calculate the field 

distributions in rectangular waveguides. The effective-index method (H. Kogelnik, 1988) 

and Marcatili's method (E.A.J. Marcatili, 1969) reduce the 3D problem to 2D slab 

waveguide problem. Those are only accurate if the guided field is strongly confined in 

the waveguide core. Beyond this approximation, numerical methods are necessary for 

solving the wave equation to obtain higher accuracy, required to achieve the level of 

design sufficient to produce practical integrated optics components. Waveguide optics 

modeling system, BPM CAD by Optiwave Corporation is a powerful, user-friendly 

software package that allows computer-aided design of a variety of integrated optics 

guided wave problems.(Optiwave Coiporation, 1999). The beam propagation method 

(BPM) is a step-by-step method of simulating the passage of light through any 
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waveguiding medium. The propagating electromagnetic field can be tracked at any point 

as it propagates along a guiding structure. 

The chapter starts with design of channel waveguides - the basic structure of 

integrated optics circuits and proceeds with design of more advanced components 

employing the self-imaging effect in multimode waveguides. Self-imaging is a property 

of multimode waveguides by which an input field profile is reproduced in single or 

multiple images at periodic intervals along the propagation direction of a guide (L.B. 

Soldano and C.M. Pennings, 1995). A detailed Multi-Mode Interference (MMI) theory is 

reviewed and applied for the analysis of 1x4, 1x12, and 4x4 couplers. It is shown that the 

inherent phase relations at the input-output MMI in a 4x4 coupler can be used to obtain 

the functionality of an optical 90° hybrid. Generally, the performance of an MMI coupler 

is enhanced with increasing a number of constructively interfering modes. This number is 

primarily a function of the MMI waveguide width and index contrast. Those have been 

optimized via the BPM simulation to achieve the lowest insertion loss and lowest 

imbalance of the coupler. 

2.1. MODE ANALYSIS OF CHANNEL WAVEGUIDE 

2.1.1. Analytical approach 

The dielectric slab waveguide theory provides the basic principle of waveguiding 

phenomenon and guidelines for analysis of 3D waveguides. The slab waveguide, shown 

in Fig. 3, consists of a dielectric layer of thickness h surrounded on either side by lower-

index material. The slab is infinite in extent in the xz-plane, but finite in the v-direction. 

The refractive index of the guiding film, «/, is higher than that of the cladding material, 

He, and of the substrate material, Wj, in order for total internal reflection to occur at the 

interfaces. The propagation axis of the waveguide is oriented along the z-axis. 
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TM TE 

z 

Fig. 3. Layout of a planar waveguide. 

Propagation of electro-magnetic field in a dielectric medium of refractive index n can 

be described by the scalar Helmholtz equation 

E(x , y , z ) -  k in '  E{x , y , z )  = 0 (1) 

ILtv 
where E{x , y , x )  is the electric field and k„  = — is magnitude of the wave vector in the 

Aq 

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

using the Maxwell equations. The x-invariance of planar slab waveguide implies that the 

dE dH 
field is constant in this direction (— = = 0). In addition, due to the translational 

dx dx 

invariance of the slab along the propagation direction the field varies only in phase in the 

along the z-axis. Therefore, E(x,y,z)=E(y)exp(-ij3z), where f3 is the propagation constant. 

On an interface of two dielectric media with indexes «/ and nj, the electric field E and the 

magnetic field H fulfill the boundary conditions 

\ h :  = H; 
, I = ' (2) 
1̂ 1 ~ ^2 

where the superscript denotes the perpendicular and parallel field components 

referring to the interface. 

The solutions of the Helmholtz equation (1) with the continuity conditions (2) for the 

field complex amplitude E(y) has the form of decaying exponents in the cladding and in 
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the substrate, and the form of a sinusoid in the core film (B.E.A. Saleh and M.C. Teich, 

1991). The field continuity (2) at the interfaces defines a discrete character of the field 

propagation regime. The propagating fields maintaining the same transverse distribution 

and polarization at all distances along the waveguide axis are called the propagation 

modes. Each mode numbered by v (v = 0, 1, 2, 3,...) is characterized by the propagation 

constant fiy and the associated "efFective waveguide index" 

Ny = j3v/h- (3) 

The field can be transverse electric {TE) or transverse magnetic {TM), depending on the 

orientation of the electric field as shown in Fig. 3. 

5.5 n 
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Film Index 
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Fig. 4. A film thickness range for the single mode regime of a slab 
waveguide. 

The majority of channel waveguides in integrated optics are single mode. It is not 

practical to guide multiple modes, since a guided field has to match that of a single mode 

fiber to minimize coupling loss. Moreover, a light signal in a multimode waveguide can 

be deteriorated due to modal dispersion. The cut-off conditions for guiding a single mode 

imply that the fundamental mode (v = 0) is supported and all the higher-order modes ((v 

= 1,2, ...) are cut off. Film thickness and index are the two variables affecting the cut-off 

conditions in a sol-gel planar waveguide consisting of a silica layer («s = 1.444) as a 
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substrate, and air as a cladding («c -1). Fig. 4 shows the limits of possible film 

thicknesses for given indexes, when the fihn supports only the fundamental mode. The 

cut-off thicknesses for the TM case are slightly higher comparing to those for the TE 

case. Thus, for typical sol-gel index, «/= 1.50, the upper limit is defined by the cut-off 

thickness of the first-order TE mode {H = 2.63 pm), and the lower limit by that of the 

fundamental TM mode {H-Q.%5 jam). 

The mode confinement factor, F, defining the percentage of power confined inside 

the core, is 

\E(,y)E-(y)dy 

\E(y)E\y)dy 

100 T-

80 -O 
o 
S. 60 

ffl 40 " 
E a> 

•M 20 : -
c 
o 
u 

0.5 1 1.5 2 2.5 3 

Film Thickness, |j,m 

Fig. 5. Mode power inside the boundaries of a guiding film. 

The remaining power propagates in the form of evanescent waves exponentially 

decaying in the cladding and substrate. It is practical in integrated optics (in opposition to 

waveguide sensor apphcations) to confine the field strongly inside the waveguide core. 

Otherwise, the mode power can be coupled through the evanescent field to an adjacent 

waveguide causing signal cross-talk or leak in the high-index silicon substrate. Fig. 5 

shows the dependence of the confinement factor on the film thickness in the range of its 

allowed values for the single mode operation. The film index is 1.5, the cladding media is 
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air. r(h) is decreased with the film thickness from 95% to 26%. Therefore, the thickness 

of the guiding film has to be just below the cut-off thickness for first order mode. Taking 

into account the fabrication accuracy (±3.5%), the optimal film thickness is 2.5 jam. 

Rectangular dielectric waveguides are the most commonly used 3D waveguide 

stractures in integrated optics. The field distributions of guided modes are more 

complicated comparing to the slab waveguides. There are no pure TE or TM polarizations 

in rectangular waveguides as is in the case of the planar waveguides. Modes are 

designated as TEpq, if the major component of the electric field is oriented along the x-

axis, and as TMpq, if it is parallel to the j -axis. The pq subscripts designate the number of 

maxima in the x- and >'-directions, respectively. 

The effective-index approach has been used since early integrated optics analysis 

(R.M. Knox and P.P. Toulios, 1970) for the approximate analysis of channel guides 

reducing the 3D problem to 2D. The method is used to predict the modal fields and the 

propagation constants of the channel guide. Fig. 6 illustrates the analysis of a channel 

wveguide for the TE case. The method consists of two steps: 

1. The effective indexes Nf and Ni are obtained for the ideal slab waveguides formed by 

a substrate of index «s, cladding of index ric, and a guiding layer of index or ni, 

respectively. 

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

waveguide consisting of a substrate of index NI, a cladding of index NI, and a guiding 

layer of index Nf. Solution of the wave equation for this slab gives the propagation 

constant, which is postulated to be equal to the propagation constant of the considered 

rectangular waveguide. (One can notice that the TE mode polarization at this step is 

treated as the TM polarization as viewed from the top (Fig. 6).) 
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Fig. 6. Illustration of the effective-indcx method. 

The effective index method works well as long as the propagating mode is mostly 

confined in the waveguide core (namely, in the cases of a mode being far from its cut-off 

or for high-index contrast waveguides). Departure from this condition may introduce 

significant error in the analysis. 

The effective index method is a simple analytic method for modeling the optical wave 

propagation in guided-wave devices. It allows a quick design approach for 3D 

rectangular waveguide structures, defined by the 2D distribution of the refractive index. 

The initial design structure can be improved by numerically solving the wave equation to 

obtain higher accuracy, which is required to achieve the level of design sufficient to 

produce practical integrated optics components. 
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2.1.2. Numerical approach 

Design of complex integrated optics components requires accurate modeling of the 

waveguide components. This is usually achievable by more complex numerical 

calculation of light propagation. 

The commercially available software package, BPM CAD 4.0 by Optiwave 

Corporation is used for the numerical simulation of waveguide components. The 

processing enviromiient of BPM CAD contains the BPM as its core element and mode 

solvers that are compatible with the BPM algorithms. BPM is based on a numerical 

solution of equations that govern light propagation in dielectric media. The BPM 

considers monochromatic signals and is related to solving the Helmholtz equation. In 

BPM CAD, the mode solvers are compatible with the 2D and 3D BPM algorithm, 

respectively. The solvers employ different methods, such as the Transfer Matrix Method 

(TMM) in 2D for multilayer planar structures, the Alternating Direction Implicit (ADI) 

method in 3D, and the Correlation Function Method (CFM) in 2D and 3D (Optiwave, 

1999). The program for planar structures is based on resolving multiple boundary 

conditions at dielectric interfaces between layers. The CFM calculates, during 

propagation of a user-defined field, the correlation integral between the input field and 

the propagating field at every point, thereby creating the field amplitude correlation 

function for that waveguide. In turn, the correlation function provides all the information 

required for a complete modal description of the fields, including propagation constants, 

weights of each mode, and the mode eigenfunctions. The ADI method provides all 

propagation constants and mode eigenfunctions. The basic idea of the ADI method is to 

separate the x and y derivatives in two parts of one iteration step. This method is superior 

to other finite-difference techniques because of its fast convergence. 

The initial condition for light propagating is the field distribution in the plane of the 

input facet, given as field values in the grid discrete points. The initial field, if desired, 

can be simulated by the included 3D mode solver. The propagation through the device, 

which is described by a 3D refractive index distribution, is than calculated by the finite 
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difference method solving step-by-step for the field values at the advanced adjacent grid 

layer. As the calculated volume has to be limited, the fully transparent boundary 

conditions are used at the boundaries of a numeric grid in order to minimize the 

unphysical reflection of light letting it radiate out, since light reflected back in to the 

waveguide region causes unwanted interference. 

Table 3. Three ty 3es of waveguide geometries: ridge, buried, and embedded. 
Waveguide type 

nf 

mt 

fir 

n. 
a) ridge 

j i f  
n. 

•y) buried 
f l s  

\ 
> 

flp-

c) embedded 

d) embedded m 

Parameters 

He — 1.000 
nf = 1.500 
«5 = 1.444 
h = 2.5 )j,m 

Wo = 4.25 jjjn 

H,= 1.444 
«/= 1.500 
n.v — 1.444 
h = 2.5 fim 
Wo = 2.66 um 

fic = 1.000 
«/= 1.500 
rii = 1.444 
ns= 1.444 
h = 2.5 )Lim 

Wo - 3.02 jam 

He = 1.000 
«/= 1.500 
ni = 1.489 

= 1.444 

h = 2.5 Jim 
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Table 3 shows sketches of the x-y cross-sections of three useful types of channel 

waveguides. Each waveguide configuration is shown with the corresponding field 

amplitude distribution obtained by the 3D BPM mode solver for the listed parameters. 

The waveguides are designed to meet typical sol-gel material data. Waveguide are 

fabricated on silicon wafers with a 15-jam thick thermally grown SiO? layer serving as 

the substrate. Therefore, the substrate index, n^, is fixed and equal to 1.444 (for the 1.55 

)j.m light). The core index, «/, is chosen to be 1.5, which is close to that of a typical fiber 

core. The cladding index, fic, is equal to 1.0 (air), leading to the ridge channel 

configuration. The case of rig = leads to the symmetric buried waveguide. The index of 

the lateral layer, «/, is chosen to be equal to An embedded waveguide can also be 

obtained by the single deposition route (Table 3, case (d)). The lateral field confinement 

is achieved by exploiting the UY-induced index increase of An = 0.0108. 

The height of the rectangular core, equal to 2.5 |j,m, similar to the planar waveguides, 

assures the waveguide to support a single mode in the transverse direction. (Here, for a 

moment, a loose mode notation is admitted for simplicity. Under the mode number, one 

should imply the number of maxima p or q in the lateral or transverse directions, 

respectively, in the waveguide mode TEpq (TMpg).) However, that could support multiple 

modes in the lateral direction. The number of the lateral modes depends only on the core 

width, Wo, of a particular waveguide configuration with fixed refractive indexes, «/, «/, 

and He. Interconnect channel waveguides - providing the access functions to integrated 

components, and in- and out-coupling to external fibers - are designed to support only a 

single mode TEu or TMu. The maximum widths. Wo, of the core in the ridge, buried, and 

embedded waveguide types are listed in Table 3. These are obtained with the 3D BPM 

mode solver for corresponding waveguide structures. Such waveguides support the TEu 

or TMii (depending on the polarization of the excitation). All the higher-order modes and 

cut off. The single mode regime can not be achieved in the UV-imprinted channel 

waveguide, regarding also as the embedded configuration (Table 3, case (d)). The low 

index contrast in the lateral direction, zl«=0.0108, does not provide enough field 
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confinement, so a number of spare modes, having very close propagation constants, are 

easily excited in the lateral layer. 

If two channel waveguides are sufficiently close, so that their fields overlap, light can 

be coupled from one into the other. Optical power is transferred betw een the waveguides. 

The effect can be useful to make directional couplers and switches, but plays an adverse 

role in the dense component access causing a cross-talk and deteriorating the signal. A 

planar waveguide analysis, admitting the optical fields of one slab not to be affected by 

the presence of the other identical slab, leads to the power transfer equations (B.E.A. 

Saleh and M.C. Teich, 1991): 

/•,(z) = i;(0)cos'(^z) 

° • (5) 

P,(z) = />,(0)sm'(™z) 
Z/q 

where Iq is the transfer distance, at which the power is completely transferred from one 

channel to the other. 
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Fig. 7. Power transfer distance of two parallel channel wave guides. 

The directional coupling effect in the channel waveguides is studied by 3D simulation 

of two parallel channel waveguides of the embedded type with the initial condition of 

excitation of one channel. The results confirm the cosine-square power transfer (5). The 

transfer distance, IQ, versus the gap between the waveguide cores is plotted in Fig. 7. 



40 

These data have been used to estimate the cross-talk of an MMI coupler access 

waveguides. For typical 0.2 mm length channel waveguides (joining the MMI section 

body), having 4 jam width cores and spaced center-to-center by 10 )im, suffer the cross

talk: -101ogi„[cos'(—-—0.2) =0.0002 dB. 
2x50.8 

2.2. MMI design and simulation results 

The highly branched optical communication industry has come to depend on the 

development and manufacturing of low-cost and multifunctional materials and 

components. The sol-gel derived hybrid organic-inorganic sol-gel materials are 

considered particularly suitable to meet these requirements. A new class of integrated 

optical waveguides, providing the coupling and splitting functions, employs a self-

imaging effect observed in multimode waveguides (O. Bryhgdahl, 1973). Compared to 

analogous components such as star-couplers, directional couplers, and X-/Y-junctions, 

MMI devices have superior performance in excess loss, output port imbalance, cross-talk, 

stability of splitting ratio, fabrication tolerances, polarization insensitivity, and size. 

Starting from a dielectric film of oil held between two flats of fused quartz (R. Ulrich, 

1975), MMI couplers have been realized on various technologies: inorganic glasses, 

semiconductor, SOI, sol-gel, and Ti:LiN03. Besides of the wide spectrum of splitters and 

couplers directly exploiting the inherent MMI functionality, they have been incorporated 

(often monolithically) in more complex integrated optic circuits; wavelength-selectable 

laser sources for telecom (K. Kudo et al, 2000), polarization diversity receivers (R.J. Deri 

et al, 1992), phased-array wavelength division multiplexer (M.R. Paiam and R.I. 

MacDonald, 1998). The list of current MMI applications cannot be completed for 

obvious reasons. Also, novel MMI structures may be foreseen offering new functions. 

The use of hybrid sol-gel materials in MMI components can significantly reduce the 

fabrication complexity and cost. 
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Fig. 8. Waveguide components of an NxN MMI coupler with the 
port numbering order. 

Generally, an MMI coupler consists of a rectangular cross-section multimode 

waveguide designed to support only TEjg or TMiq. The field distributions of these modes 

have one maximum in the v-direction (perpendicular to the substrate) and multiple 

maxima in the x-direction (parallel to the substrate). In order to launch light into and 

recover light from that multimode waveguide, a number of access (usually single-mode) 

waveguides are placed in its beginning and its end as shown in Fig. 8 for a 4x4 coupler 

example. Usually the access waveguides are gradually spread out to accommodate the 

diameter of a standard single-mode fiber. 

Since the heights of the MMI section and access waveguides are equal, the problem 

can be treated using 2D (the xz-plane) analysis without losing generality. The planar 

model is obtained from the actual 3D structure using the effective index method. It leads 

to the refractive indexes of the closed and outer areas as Nf and Ni, respectively, shown in 

Fig. 8. The symmetric planar waveguide, formed by a thick film of the index Nf, and 

surrounded by lower and upper claddings of the index Ni, supports M modes. Profiles of 

the first few TM modes, obtained using the 2D BPM mode solver for the film thickness. 

W o ,  o f  4 0  j a m ,  N f =  1 . 4 8 5 9  ( t h i s  i s  t h e  e f f e c t i v e  i n d e x  o f  a  p l a n a r  w a v e g u i d e  f o r  t h e  T E  

case with h - 2.5 [i,m, ris = 1.444, «/= 1.5, and tic ~ 1), and Ni = 1.444, are shown in Fig. 

9. 



42 

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

Fig. 9. A few of the low-order modes of a raultimode waveguide supporting M 
modes. The thick lines show exact mode profiles. They are accompanied by 
the thin line sinusoids, which approximate the modes. 

The field distribution of each mode approaches to a sinusoid with the increase of 

index contrast (the exact sinusoidal modes, also shown in Fig. 9, are supported by planar-

mirror waveguides). Approximation of the waveguide modes by the corresponding 

sinusoids, 

Ey  ( x )  =  sin[;r(v +1) , (6) 
WQ 

is useful for explanation and analysis of the self-imaging phenomenon in multimode 

waveguides. It allows as well the deriving of exact positions, amplitudes, and phases of 

the self-images by using the Fourier analysis (M. Bachmann et al, 1994; L.B. Soldano 

and C. M. Pennings, 1995). A very brief summary of the working principle and results for 

NxN, 2xN, and IxN MMI couplers are given below. 

An input field distribution, f(x), defined in the region 0 < x < Wo, is anti-

symmetrically extended to the region -Wo < x < 0. Than, the function f(x) - f( -x), defined 

in the region -Wo <x< Wq, is extended over the entire x-axis with the period of 2 WO and 
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n&msdftn(x). Generally, the self-imaging effect in multimode waveguides is analogous to 

the formation of Talbot images (J.W. Goodman, 1996) of infinite periodic optical fields. 

Here, the multiple reflections of the propagating field on the waveguide boundaries 

produce the similar effect as the free-propagating periodic fields with infinite extent. 

However, the essential difference of the MMI self-imaging comparing to the Talbot's, 

lies in the discrete character of the dispersion of guided waves. 

The periodic function fn(x) can be represented by its Fourier series with the basis 

functions (6) as 

^ tXD 
f i n ( x )  =  Y . ^ , ^Ax )  

:: 0) 

V 
a„ = \ f { x )EAx)dx  

W 

(The summation is carried out assuming the infinite number of the guided modes. This is 

another approximation admitted for the analysis simplicity.) Than, the field distribution, 

fmtfx), at the output plane of the MMI section of length L, can be found by propagating 

the eigen modes (6) as 

00 

/out (x) = (x) exp(-ij3^.L) (8) 
v=0 

The propagation constants, Pv, are determined using the waveguide dispersion relation 

Kl^Pl=N]kl, (9) 

7t 
where = (v +1)— is the lateral propagation constant. In the paraxial approximation, 

K 

Ky « j3v, fulfilled for the low-order modes. 

K . .. 
A- s Nfko  '— =  f3 , - v {v  +  l )  - .  (10) 

Therefore, 
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font W = Z"v^v W expH^oi + I v(v +1) ^ L] (11) 
V=0 2 A'y AC ,J It y 

Algebraic manipulations with (11) lead to 

1 rr Ti: 
fou, (-^') = -7=cxp[-//?,j£ V -i-~--?-(iV-l)]2^(x-jc„)exp(iV„), (12) 

a=0 ViV " iV 4 

where iV is number of self-images on the output plane, a refers to each of N images. 

r 2  4 N.W; 
i r = — ( 1 3 )  

' ' N X  

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

W 
x„={2a-N) - ^  (14) 

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

finally, 

(p^=a{N-a)^ (15) 

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

[-Air--^"7 (A'-1)1. 
N 4 

The expressions (12) - (15) mean that at a distance LF "̂ N images of the extended 

field f{n(x) are formed. They are located at the positions Xa, each with amplitude 1/ 4n 

and phase cpa- Monochromatic light delivered through an input single-mode access 

waveguide produces a field distribution f(x-xa) on the input plane of the multimode 

waveguide. This field coincides with the mode of the access waveguide. The position Xa 

(0 < Xa < Wo) is named as the input port. (To avoid possible confusion in the port 

numbering originated from the derivation, it is thought to be worth to renumber the ports 

in the straight order as illustrated in Fig. 8.) The MMI effect forms m self-images with the 
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same field distribution, f(x-xm), at positions Xm, named as the output ports. The output 

single-mode access waveguide, centered at the output ports, guide the recovered light out. 

This mechanism allows for the realization of NxN MM! optical couplers. This is the 

general type of MMI, since no restrictions on the port positions are imposed. However, 

the coupler ports are usually designed to be equally spaced to avoid the port cross-talk. 

The optical phases associated with imaging from the port n to the port m (Fig. 8), 

calculated using (15), are given by (M.R. Paiam and R.I. MacDonald, 1997) 

_ r, r 9;r 2,71 
(Pnm 'PO^N ~ 4 ~ 

- + — [n+m-n--m'+(-ir'"'^'(2mn-n-m+-)J. (16) 

W 2W 
Two input ports located at xj = ~ and .y? = —^ do not excite modes with numbers v 

= 2, 5, 8,... , as can be seen in Fig. 9. The associated Fourier expansion coefficients a,, in 

(15) are defined by the overlap integrals of the symmetric field of an access waveguide 

and the anti-symmetric field distributions of E/x) (v = 2, 5, 8, ...). This selective 

excitation reveals interesting multiplicities of the v(v+l) factor in (11) leading to the 

reduced TV-fold image distance (L.B. Soldano et al, 1992; M. Bachmann et al, 1995) 

. ^ 4 NfW^r  
(17) 

This MMI mechanism is called paired, since the modes contributing to the imaging 

are paired (the mode pairs 0-1, 3-4, 6-7, ... have similar relative properties). 

Optical I xN  splitters can be realized on the basis of the general iV-fold imaging at 

lengths given by (13), placing an access waveguide at one of the N input ports. However, 

W 
an access waveguide placed at the center of the input plane, x/ = —-, of the MMI section 

2 

(Fig. 9) leads to excitation of the even symmetric modes only. The length periodicity of 

the v(v+l) factor in (11) is reduced by four times. Therefore the IxN splitters can be 



46 

realized by using multimode waveguides four times shorter (R.M. Jenkins et al, 1992): 

jsym 1 
(18) 

N 1 

This selection of the excited modes produces the symmetric MMI mechanism. 

Table 4 summarizes the essential properties of the discussed MMI mechanisms. 

Table 4. Simimary of the MMI mechanisms. 
MMI mechanism General Paired Symmetric 

Inputs X Outputs NxN 2xN IxN 

vV-fold image distance 4 NfW^- 4 1 

N ;i 3N A N 2 

Excited modes all y=0,1, 3,4, 6, ... V -  0, 2, 4, 6, 8, ... 

Input port positions any 0̂ 2̂ 0 
3 3 

K 
2 

Apart from the uniform power splitting, a number of new device functionalities can 

be achieved by varying MMI coupler geometry: 

• A number of discrete splitting ratios can be realized by choosing specific MMI 

section lengths and locations of access waveguides (M. Bachmann et al, 1995). 

• Arbitrary power splitting ratio can be obtained in "angled" and "butterf!y"-shaped 

multimode waveguides (Q. Lai et al, 1996; P. A. Besse et al, 1996). 

• More complex devices consisting of two MMI couplers and connecting waveguides 

can be configured to mode filters, mode splitters-combiners, and mode converters 

(M. Bachmann et al, 1995; J. Leuthold et al, 1996). 

• Parabolicly tapered MMI section leads to the reduced length of couplers (D.S. Levy 

et al, 1998) and produces divergence or convergence of the self-images at the output 
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plane. The longitudinally asymmetric tapered multimode waveguides introduce the 

magnification effect on images. 

Another functionality of MMI couplers can be achieved by a coherent excitation of 

two input ports in a 4x4 MMI coupler, which produces an effect of an optical hybrid. An 

optical hybrid is a multi-port device in which two input signals are mixed to produce 

output signals with prescribed phase-shifts from two or more output ports. Hybrids have 

been used to minimize both phase and polarization noise in coherent detection systems 

(R. Kalibjian, 1999). In a coherent receiver, a 90°-hybrid generates mixed signals 

quadraturely phase-shifted in power. These can be appropriately processed to make the 

coherent receiver response independent of either phase fluctuations or polarization 

fluctuations. To provide both phase- and polarization-diversity in coherent receivers, a 

two channel 9()°-hybrid system has been devised (J.P. Delavaux, 1991) using an 

ensemble of fiber couplers; a similar system using bulk optics has also been described (R. 

Langenhorst et al, 1991). Another type of hybrid (E.C.M. Pennings et al, 1993), based on 

the concept of self-imaging in multimode waveguides, combines both functions in a 4x4 

MMI coupler. Apart from the telecom application, the optical 90°-hybrid can be used as a 

key component in photonic interferometric sensors. The phase quadrature property 

enables to completely eliminate the phase ambiguity problem arising in situations, when 

shifts of optical phase exceed 2ti. 

Table 5. Phase shifts, (p„m, (in degrees) associated with imaging of input to output ports in 
a 4x4 MMI coupler. 
input # \ output # m = \ m = 2 m = 3 m - A  

« = 1 (Pii =0 (p 12 =135 (Pij=-45 (Pl4=0 

n = 2 (P2i = 135 

O
 il 

o
 11 (p24=-A5 

n - 3  <P3I=-A5 

1 

o
 II ^
 ; j 

O
 

' 
11 II 

« = 4 (p4i=^ (p42=-45 g}43 = 135 (P44=Q 

The inter-port phase relation (16) is inherent to the imaging properties of multimode 

waveguides. It appears that the output phases of a 4x4 coupler satisfy the phase 
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quadrature relationship suitable for a 90° -hybrid. Excitation of any input port leads to the 

self-images at the four output ports of equally magnitude and different phases, (p„m. These 

phases, calculated by using (16) for TV = 4, are presented in Table 5 (apart from the 

constant phase term). 

1.0 T 

0.8 

m=1 
m=2 
m=3 
m=4 

=! 0.6 --

0.2 --

0.0 

0 45 90 135 270 180 225 

Phase Difference (j), deg 

Fig. 10. Power distribution at output ports versus phase difference of 
light at the input ports 1 and 3. 

Coherent excitation of more than one input port results in the interference of the self-

images derived from each of the inputs. Considering the fields in the input ports n = I 

and /2 = 3 of equal amplitude and differing in phase by (j), the field in the output m is 

expressed by the complex sum 

^ exp(i(pi„J + ^exp[i((p3m+(p)]. (19) 

The associated power is a product of the field (19) and its complex conjugate: 

p« = cos\^ + ̂ 5iLZfkL). (20) 

Fig. 10 shows power distribution among the output ports versus phase difference (p. All 

images sinusoidaly vary in power and are shifted by 90° from each other. If (l)=0,pi= /?,? 

« 0.43 andp2 = P4 « 0.07. 

The discussed theory explains the self-imaging effect in multimode waveguides and 
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allows the "first-order" design of a variety of MMI components. The employed 

approximation, implying the strong guidance of modes, ignores the phase sifts acquired 

by light on the total internal reflections at waveguide interfaces. According to the Fresnel 

reflection on a dielectric boundary, a wave incident on an interface plane at angle 6> 6c 

{6c is the critical angle determined from sin( 6 c )  =  ) experiences a delay in phase upon 

the reflection. The phase shifts are different for the TE and TM polarization states 

because of the difference in the boundary conditions that control both fields. The Fresnel 

equations (E. Hecht, 1998) give for the effective index distribution in multimode 

waveguide, shown in Fig. 8, phase shifts 

N}  ̂ N}sm '0 -N^  
r = ^), (21a) 

Ni N f cos <9 

^), (21b) 
N f cos 0 

The TE and TM polarizations refer to the original 3D model of the multimode waveguide. 

The phase shifts affect the dispersion relation (9) the same way as the admission of 

the guided light to travel a small distance into the lower-index cladding. Such treatment 

of the phase shifts is known as Goos-Hanchen effect. The MMI coupler length and 

locations of its ports can be simply corrected by changing the actual width, Wo, of the 

MMI waveguide by its effective width (H. Kogelnik, 1988) 

r7'£ r,, ^ 1 1 w:̂  = w„ + 

f ? 1 
i N} Nf 

(22a) 

for the TE polarization, and 

W™ J-A  W "  - '  .  (22b) 
71 
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for the TM polarization. Here, Ng/ f i s  the effective index for the fundamental mode of the 

multimode waveguide referring to the 3D model. 

However, the width correction to accommodate the Goos-Hanchen effect is also 

obtained with the Mgh-index-contrast approximation inherent to the effective index 

method. A numerical simulation is believed to be necessary, especially for sol-gel low-

index contrast waveguides, to obtain adequate accuracy in the design. 

Performance of a uniform power splitter, having N output ports, is defined by the 

excess loss, introduced by the splitter, if it replaces a single-mode channel waveguide of 

the same length, 

'¥=-10*los„P = -Wlog,„'£p,, (23) 
m=l 

and power imbalance at its output ports: 

<I) = -10-log,„[l-jJ(5I^]. (24) 

Here, Pm is power at the output port normalized by the output power from the 

replaced channel, and P is the total transmitted power. If the channel has mode field 

distribution g(x.y) and the splitter's multimode waveguide has E(x,y,z), then Pm represents 

the power overlap integral (POI) 

( x ,  V ,  L j ,  ) | | g ( x  -  x„ ,  y ) \dxdy  

~x„ , y )g \ x - x^ , y )dxdy '  
x ,y  

where Xm is the location of the m* output port. POI is useful for determining the optimal 

length, Ln, which leads to the best performance of a splitter in sense of minimum excess 

loss, imbalance and polarization insensitivity. BPM simulation enables to calculate POI 

along the splitter giving z-dependence of for each output port 
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J|£(x, V, z ) \g {x  -  x„, y)\dxdy 

J |g ( ^  - ' y )S*{x -x^ , y )dxdy  '  

as illustrated in Fig. 11. 

waveguide boundaries 

channel mode-
g(x-xm,y) 

K propagating 
field E(x,y,z) x-position of the 

w"* output port 

waveguide boundaries 

Fig. 11. Illustration of the simulation method for determining the 
iV-fold image distance, Ln, using a power overlap integral. 

The x-positions of the output ports, calculated using (14) with taking into accoimt the 

Goss-Hanchen effect (22), are found to be in good agreement with positions obtained 

through waveguide simulations. The optimal propagation length is found from the 

condition of the lowest excess loss, W(z), or the equality of excess losses for TE and TM 

cases, whichever criterion is targeted. As a rule, these criteria leads to almost the same 

value of a splitter length, provided the MMI waveguide width and index contrast have 

been optimized. 

Generally, the MMI performance is enhanced with the increase of a number of 

constructively interfering modes, which is primarily a function of the multimode 

waveguide width and index contrast. Both parameters are varied in numerical simulation 

of MMI couplers using the 3D BPM targeting to achieve the minimum of excess loss, 

minimum imbalance, and insensitivity to polarization. 
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In all BPM simulations the waveguide structures are of the embedded type (ric = 

1.000, Ws - Hi = 1.444, referring to Table 3). The film indexes are chosen to correspond to 

the A1 doped («/= 1.478) and Zr doped («/= 1.500) sol-gel core materials. 

0.20 

en 
S 0.15 

1X4 Splitter 

«/= 1.478 

o 0.05 

>?/=1.500 

45 50 55 

MMI Width, urn 

Fig. 12. Optimization of 1x4 splitter. 

Fig. 12 presents simulation results for a 1x4 splitter employed the symmetric MMI 

mechanism. The input port is located at the center of the multimode waveguide. The 

distance to the 4-fold image plane (18) is the shortest comparing to the general and paired 

MMI types. The shorter propagation length is expected to enliance the device 

performance, because the accumulated phase errors (phase deviation from the ideal self-

imaging relation (11)) of the higher-order modes are proportional to the length. This 

allows the increase of the number of guided modes (by widening the waveguide) as long 

as they still constructively interfere. 

The simulation data reveal considerable effect of the index contrast. It is explained by 

the higher mode confinement, which approximates the MMI to the condition (19). The 

optimal width for the waveguide of the «/=1.478 is 50 fim. The smaller widths do not 

provide enough higlier-order modes (and spatial frequencies) for sharp self-images. On 

the contrary, larger widths lead to superfluous high-order modes, which interfere 

destructively and blur the images. The optimal width for the waveguide of the «/=1.500 

is 40 )^m. The smaller widths are not practical because of the cross-talk of the images and 

directional coupling in the closely located access waveguides. The power imbalance in 
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the output ports is well below 0.05 dB. The polarization sensitivity of the device is below 

0.02 dB and decreases to negligible level for the optimized waveguide parameters (width 

and index contrast). For the compromise waveguide width of Wo - 45 |im the simulation 

gives the splitter length of Lf" - 523 |am. 
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Fig. 13. Optimization of 1x12 splitter. 

135 

Fig. 13 shows the 3D BPM optimization results for a 1x12 splitter. The above 

discussion concerning the 1x4 splitter is fully applicable to the 1x12 splitter with the only 

difference in the waveguide width. It is about four times wider comparing to 1x4 splitter, 

since the width is proportional to number of the output ports spaced at least by 10 jam. 

The considerable effect of the index contrast can also be observed. The polarization 

sensitivity is below 0.02 dB. The simulation results for the optimal waveguide width of 

Wo = 120 |j.m give the length of Zf™ = 1182 jim. 

Fig. 14 presents optimization results for a 4x4 MMI coupler. The data shown 

correspond to excitation of the first port (n=l in Fig. 8). The coupler response for 

excitation of other input ports is almost identical. The coupler is based on the general 

MMI mechanism. The 4-fold image distance (13) is four times longer comparing to that 

of the symmetric 1x4 splitter. Therefore, the accumulated phase errors in mode 
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propagation are four times higher. This results in the increased excess loss and 

imbalance. The waveguide width has to be chosen as small as possible to decrease a 

number of guided modes. The low limit of the width is dictated by the port spacing of 10 

).im, so the Wo = 40 }i.m is considered to be optimal. This value leads to the optimal 4x4 

coupler length of Lf = 1658 jam. 
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Fig. 14. Optimization of 4x4 coupler. 

Table 6. Optimized waveguide parameters of 1x4 and 1x12 splitters and 4x4 coupler. 
Parameter 1x4 splitter 1x12 splitter 4x4 coupler 

Core index, nf 1.500 1.500 1.500 

Width, Wo (^m) 45 120 40 

Length, Ln (jim) 523 1182 1658 

Excess loss, dB 0.05 0.045 0.145 

Imbalance, dB below 0.01 below 0.01 0.03 

Polarization penalty, dB 0.01 0.01 0.04 
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The optimized parameters of the considered MM I components are summarized in 

Table 6. 

amplitude , 
P P oocSa <Dco 
o  o  o o o o o  

Fig. 15. BPM simulation of the amplitude (left) and phase (right) distributions 
in the 4x4 MMI coupler for three cases of excitations: (a)-(b) input 1, (c)-(d) 
input 3, and (e)-(f) inputs 1 and 3 in phase excitation. 

An optical 90° hybrid is simulated using the optimized waveguide parameters for the 

4x4 coupler. Fig. 15 demonstrates the operation of the hybrid showing amplitude and 

phase distributions for three cases of the coupler excitation: (a)-(b) for input 1, (c)-(d) for 
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input 3, and (e)-(f) for both inputs 1 and 3 simultaneously. Each plot is accompanied by 

the amplitude and phase distributions at the MMI output plane, respectively. The 

interference of the self-images in the later case results in the relative power in the output 

ports as Pi =ps =0.37 and p2 - p4 =0.06. 

To simultaneously deliver equal coherent fields to the input ports 1 and 3 of the 4x4 

coupler, the access waveguides can be configured in the form of a symmetric Y-junction. 

Light can be coupled into its input and equally split into the output shoulders joining the 

desired input ports of the coupler. The power splitter, formed by conjugate arcs, provides 

adiabatic regime of power splitting, reducing light scattering at the junction point. As the 

output shoulders move away from each other by more than 6 p-m (refer to Fig. 7and the 

concerning discussion), the coupling between the guided modes depletes and finally 

disappears. The resulting mode distributions in the output shoulders are identical to that 

in the input, but less in amplitude by 1/-Jl. 

The Y-junction is optimized for the minimum of the excess loss by varying the 

divergence angle of the output shoulders using 3D BPM simulations. The excess loss 

versus the divergence angle is plotted in Fig. 16. The half-angle of 0.57° leads to the 

excess loss of 0.025 dB. 

0.25 

0,00 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Half-angle, deg 

Fig. 16. Optimization of the Y-junction. 
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In summary, geometry of single-mode waveguides with the rectangular cross-section 

has been established by using 3D BPM simulations. Novel approach to design of high-

performance MMI devices in low-contrast material is presented. 3D BPM simulations are 

carried out to optimize a number of guided modes (through index contrast and waveguide 

width), which constructively interfere to form the best self-images. The approach is 

applied to design 1x4, 1x12, and 4x4 MMI couplers showing a superior performance in 

excess loss and power imbalance. The polarization sensitivity is reduced to the negligible 

level. 
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3. SOL-GEL TECHNOLOGY FOR INTEGRATED OPTICS 

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 enclosed 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). The process is a chemical route for 

production of high purity glass and ceramic materials. The first oxide coatings prepared 

by sol-gel process were reported more than sixty years ago (W. Geffcken and E. Berger, 

1939). By 1953 the concept was commercialized. Since 1971 it has been known that any 

type of multicomponent oxide may be synthesized using alkoxides of various elements by 

the sol-gel process. Organically modified silicates (ormosils) were first reported in the 

early 1980s (H. Schmidt, 1984). Ormosils are organic-inorganic hybrid materials on the 

molecular scale. These are interesting materials both for their diversity of potential 

applications and for the diversity of molecular structural design. Sol-gel is now a wide

spread research field, and certainly an emerging technology. 

The hybrid sol-gel derived glasses are part of a material system whose properties can 

be closely related in functionality to organic polymers for low temperature and ease of 

processing, and to conventional inorganic glasses for hardness, chemical and thermal 

stability, and transparency. The resulted material combines the advantages of both 

inorganic glasses and polymers, but does not possess their drawbacks (M.P. Andrews and 

S.I. Najafi, 1997). The incorporation of an inorganic network into a polymer raises its 

thermal stability. In addition, if there is a chemical cross-linking between the inorganic 

and organic parts, the material properties can be better controlled, than those within pure 

organic polymers. The availability of a large number of functionalized alkoxysilanes on 

the market enables the reproducible synthesis of inorganic-organic hybrid materials. It 

offers many inherent advantages such as low-temperature processing; high-purity and 

homogeneity; chemical control the refractive index; ease of processing, and the flexibility 

of making photonic materials in various configurations such as bulk solids, fibers, planar 
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waveguides, and coatings for various device applications (J.D. Mackenzie and Y.H. Kao, 

1994). 

3.1. BACKGROUND OF ORGANIC-INORGANIC 

SOL-GEL CHEMISTRY 

organic functionalization ceramics (M-Al, Ti, Zr etc) 
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Fig. 17. Constituents of a sol-gel derived hybrid material. 

The relationship of hybrid inorganic-organic polymers with inorganic and organic 

materials is shown in Fig. 17. These hybrid materials have structural elements of 

inorganic glasses and ceramics (mainly silica based including other metal elements Al, 

Ti, Zr etc.), polysiloxanes (functionalized siloxanes), and organic polymers (organic 
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cross-linking) (K.-H. Haas, 2000). Precursors are usually silicon alkoxides. The 

formation of the inorganic silica network follows the classical inorganic sol-gel route. 

The process includes hydrolysis: 

=SiOR + H2O sSiOH + ROH; 

and polycondensation: 

=SiOH + HO-Sis -> =Si-0-Si= + H2O, 

=SiOH + RO-Si= -> =Si-0-Si= + ROH. 

The result of these reactions is an increase in molecular weight of the oxide polymer. 

Eventually, the solution reacts to a point where the molecular structure is no longer 

reversible. This point is known as "sol-gel transition." In the case of ormosils, the 

formation of the additional organic network or cross-linking follows after the build-up of 

the inorganic network. The second step uses the reactivity of covalently bonded organic 

monomers located at Si-centers. 

Non-reactive organic moieties are used for the functionalization of the material. They 

can be described as network modifiers. The precursors often used are ormosils forming 

host network, and aluminum, titanium, or zirconium alkoxides are used for doping. In 

most cases the precursors are commercially available. In some cases for special 

applications precursors are synthesized using well-known organic reactions. A general 

molecular structure of typical commercially available ormosils and the influence of 

chemical fimctionality on the polymer network (M. Popall et al, 2000) are given in Fig. 

18. 

A. The alkoxysilyl unit establishes the polysiloxane network via the sol-gel 

hydrolysis/condensation reactions, forming organically modified inorganic nano-

scaled oligomers. The size and shape of the oligomers can be controlled easily by 

modification of the polycondensation conditions (i.e. catalyst, its concentration, 

solvent, and temperature). Bifunctional silanes results in chains and/or rings, whereas 

trialkoxysilanes give rise to 3D polysiloxane networks. The resulting nano-scaled 
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particles, depending on the used alkoxysilanes and the polycondensation conditions, 

are typically 2-5 nm in size (M. Popall and J. Schulz, 1991). Higher percentage of the 

=Si-0-Si= network in the hybrid material leads to higher material hardness, higher 

thermal and mechanical stability, and lower thermal expansion coefficient. For 

special applications the remaining silanol groups can be reduced by a silylating 

process. 

B. The longer chain length of the connecting unit results in the lower hardness and the 

higher thermal expansion coefficient (H. Wo Iter et al, 1994). 

C. Functionality of the organic polymerizable unit can be chosen to make the hybrid 

material being photopattemable. Polymerizable groups including methacryl or vinyl 

(HaC^CH-), or epoxy (^*^2 ^'^) establish this important property. To obtain the 

negative resist behavior, photoinitiators like phosphinoxides and a-hydroxy-ketones 

are used to promote the radical polymerization. Typical omiosil precursors leading to 

photopattemable sol-gel are shown in Table 7 (K.-H. Haas, 2000). Methyl 

methacrylate (MMA) enhances the polymerization reaction towards the completion 

upon UV irradiation (H. Schmidt and G. Philipp, 1984; Z. Sassi et al, 2002). 

D. Non-reactive groups like aryl or alkyl can modify the material properties. 

Introduction of such precursors changes both the organic cross-linking due to the 

steric hindrance and the rate of the sol-gel reactions due to their hydrophobic 

behavior. This effect leads to a modification of the whole network. The refractive 

index can be adjusted in this way. Aryl groups raise the refractive index and establish 

good dielectric behavior. Alkyl or, even better, fluorinated alkyl groups reduce the 

refractive index. 

The precursors with three alkoxide groups are forming 3D inorganic networks. 

Aluminum, titanium, or zirconium alkoxides and unmodified alkoxysilanes can be used 

to achieve high inorganic network density and increased stiffness. They build up 3D 

inorganic networks. Doping compounds, apart fi*om their role as network formers, also 
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act as efficient catalysis for the oxo siloxane bonding (M. Oubaha at al, 2003). Precursors 

with only two alkoxide groups and non-reactive organic group, lead to chain wise 

structures, which are used to achieve higher flexibility of the ultimate product. 

formation of an 
organic 
network 

Modification 
of material 
properties 
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formation of an 
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via sol-gel processing 

Fig. 18. Formula of si lane precursors for hybrid material synthesis and their 
influence on the network and material properties. 

In classical inorganic sol-gel processing a high temperature step (800-1300°C) is 

necessary in order to remove solvents and achieve densification of oxidic network either 



63 

by sintering processes, in case of crystalline materials, or by glass formation. Ormosil 

precursors have the advantage, so that no high-temperature step is necessary for the 

formation of a dense network. Due to their additional organic network much less 

shrinkage occurs. The resulted material has enough elasticity to withstand shrinkage and 

cracking processes (M.A. Fardad and M. Fallahi, 1998). 

Table 7. Organically modified alkoxysilane precursors leading to photopattemable sol-
gels. 

Structure Name 

0 
/ \ 

HjC—CH-0-(CH2)3—Si(0Me)3 
glycidyloxypropyl-trimethoxysilane 

(GLYMO) 

.0-(CH2)—Si{OMe). 

methacryloxypropyl-

trimethoxysilane 

o 
(MAPTMS) 

HS-{CH2)3—Si(0Me)3 
mercaptopropyl-trimethoxysilane 

C—Si(OMe). 
/ vinyltrimethoxysilane (VTMS) H 

H 

HjC 

C—CH2—Si(0Me)3 allyltrimethoxysilane 

CH OjC NH (CH2)3 Si{0Me)3 dimethacrylate based si lane 
CO^-CH, 

Photopattemable hybrid materials with negative resist behavior can be synthesized 

from ormosil precursors via the sol-gel process. As a result of introduced functionalities. 
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the properties of the ultimate materials can be adjusted for specific applications. 

3.2. MATERIAL SYNTHESIS 

A few sol-gel systems have been studied and developed for fabrication of planar 

waveguides on silica-on-silicon technology. A waveguide core with higher refractive 

index is derived from either aluminum or zirconium doped photopattemable materials, 

whereas a planarizing waveguide upper cladding is synthesized from a mixture of 

modified and unmodified alkoxysilanes. The host ormosil matrix should have a low 

optical attenuation in the desired spectral region with reproducible linear optical 

properties (such as refractive index), should be mechanically and chemically robust and 

formable into films of a few microns thickness. For low optical extinction coefficient, the 

intrinsic optical absorption of the ormosil must be low. Extrinsic light scattering and 

absorption mechanisms must be suppressed, implying an absence of porosity as well as 

water and other contaminants. The core material has to meet the requirements of 

patternability and variable refractive index in the range of 1.48-1.51 at X=1.55 |im. The 

later condition is necessary for a waveguide device optimization as well as for matching 

refractive index to a silica fiber corc. The cladding material is intended to protect the 

waveguide core from ambience and to function as burying upper cladding layer. Thus, 

the cladding material has to have the refractive index 1.444 close to silica substrate, low 

loss, and capable of forming a crack free layer with thickness up to a few microns. 

The core material is synthesized by a two-step acid assisted sol-gel route using 

MAPTMS as a precursor. This is preferred over the other ormosils listed in Table 7, due 

to the following properties; 

1. It possesses the suitable-length connecting spacer between the Si-center and the vinyl 

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

range of thicknesses. 
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2. The vinyl group allows easy UV induced radical polymerization. GLYMO is a good 

alternative, but its functional epoxy group suffers primarily for thermally induced 

polymerization (U. Schubert et al, 1995). 

3. The functional group does not contain any amine group characterized by high 

absorption around 1.55 |j,m (L.D. White and C.P. Trip, 2000). 

Di-s-butoxyaluminoxy-triethoxysilanc (BATES) or zirconium-4-propoxide (ZPO) 

serves as a source of heterometal oxide dopants. Prior to introduction of dopants, 

MAPTMS have to be prehydrolyzed. As a general rule, as the electronegativity of metal 

atoms decreases, their size increases and the chemical reactivity of the corresponding 

alkoxides increases when moving down in the periodic table (J. Livage and C. Sanchez, 

1992). As a result, silicon alkoxides are not very reactive while BATES or ZPO are very 

reactive toward hydrolysis and condensation. Their reaction rates exceed about five 

orders of magnitude those of silicon alkoxides. To overcome this obstacle the reactants 

rates have to be appropriately balanced, otherwise particle precipitation occurs. 

Hydrolysis and condensation rates of silicon alkoxides are usually enhanced by acid 

or base catalysts. The acid-catalyzed condensation occurs preferentially at the ends of 

oligomeric species resulting in chain-wise growth of oxo-polymers, while a base catalyst 

leads to highly branched cluster-wise oligomers (C.J. Brinker and G.W.Scherer, 1990). 

The formation of clusters results in ultimate material porosity. Therefore, at the first 

synthesis step MAPTMS is prehydrolyzed with O.OIM HCl catalyzed water in the 

MAPTMS / H2O molar ratio of 3/4. This may be considered to be the unique molar ratio 

which does not cause ZPO precipitation at the subsequent synthesis steps. After 30 

minutes of intense stirring a statistical distribution of partially condensated MAPTMS 

species nearly stabilizes (M. Oubaha et al, 2003). 

Before the introduction into the prehydrolyzed host MAPTMS, the doping metal 

alkoxides are stabilized to avoid fast precipitation. Moreover, even being shortly exposed 

to the ambient air, the metal alkoxides, reacting with the air moisture, exhibit 

precipitation. This issue is greatly suppressed by preliminary diluting them in the parent 
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alcohol (The radical groups are identical both in alkoxides and in the parent alcohol). 

Alcohol molecules surround an alkoxide molecule and decrease its reactivity by steric 

hindrence. The stability of such formation increases with the size and the electropositi vity 

of metal atoms. Intramolecular hydrogen bonding between alcohol and alkoxide ligands 

has been observed in ZPO solutions (J. Livage and C. Sanchez, 1992). Alcohol 

interchange reactions can also occur when metal alkoxides are dissolved in non-parent 

alcohols. These reactions are rather slow with silicon alkoxides, but they can be very fast 

with transition metal alkoxides. The affinities of hydroxyl and alkoxy groups towards the 

metal center decreases as 0H-, Me-, EtO-, PrO-, BuO-, in the same order as the proton 

affinities in RO. These interchange reactions lead to the uncontrollable formation of a 

whole range of mixed alkoxides and may result in ultimate precipitation. For the above 

reasons BATES or ZPO are firstly diluted in the volume equivalent of propanol. The 

solutions are stirred for 10 minutes. 

0(CH2)2CH3 I 

0(H2C)2H3C Zr 0H3C{CH2)2 + OH—c—c==c:h2 • 

0{CH2)2CH3 CHS 

H3C{H2C)20 QH 

\ / \ // 
KjCfH^CfeO Zr C + HOiCHjfeCHj 

/\/ \ 
/ O CH3 

H3C(H2C)20 

Fig. 19. The chelate effect created by MAA leads to stability to ZPO in 
the presence of precondensated MAPTMS. Thus, precipitation of particles 
of Zr02 can be avoided completely. 

The alcohol dilution is not enough to stabilize ZPO. It requires a stronger stabilizing 

mechanism (e.g., the reactions performed by adding complexing reagents which react 

with metal alkoxides at a molecular level, giving rise to a new molecular species of 

different structure, reactivity, and functionality). Chemical modification of ZPO with 
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methacrylic acid (MAA) is carried out through the chelating reaction showed in Fig, 19 

(H. Krug et al, 1992). 

Owing to the presence of the vinyl group in MAA, the ZPO/MMA complex can be 

incorporated in the organic network upon UV or thermal polymerization (M.P. Andrews 

and S.I. Najafi, 1997). This process represents the dopants preparation before adding 

them in to the host solution. MAA is added drop wise in the diluted ZPO in the 

MAA/ZPO molar ratio 1:1. After 45 minutes of vigorous stirring the ZPO/MAA 

chelating is completed. The MAPTMS precondensate is drop-wise added into the 

processed BATES or ZPO/MAA complex solutions in Si/Al or Si/Zr molar ratios 85/15 

or 80/20, respectively. The subsequent vigorous stirring for 45 minutes results in the 

mixture of the statistic distribution of partially condensed silanes To, Ti, T2, and T3, 

shown in Fig. 20. At the moments the sol may be roughly described as follows (M. 

Oubaha et al, 2003): 

• There are equal amounts of Ti, T2 species. A negligible amount of T3 species is 

observed. This distribution shows a drastic effect of the chelated zirconate on the 

condensation rate of silanes revealing it as an effective catalyst. 

• Most of uncondensed hydroxyl groups migrate from silanes to zirconate. 

V  R ( H )  T , :  R ( H )  T ^ :  S i  T 3 :  ? !  

0 0 0 0 

R'C-Si-0—R (H) R'C-Si-O-Si R'C-Si-O-Si R'C-Si-O-SI 
I I I I 
0 0 0 0 

R (H) R (H) R (H) Si 

Fig. 20. Intermediate sol-gel species. 

During the second synthesis step, water is slowly added until the molar ratio of 

alkoxide groups initially presented in the precursors, to water reaches 2. Another 45 

minutes of stirring results in further siloxanes condensation. No To monomers are 

observed any more. Formation of large chain oligomers is also not observed. Most of 
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siloxanes are presented as small oxo-polymers completely hydrolyzed which are ready 

for the formation of inorganic network upon further material processing. Finally, 0.7 wt% 

of 2-hydroxy-2-methylpropiophenone (HMPP) for Si/Al or 1.35 wt% of Ciba 

IRGACURE 1800 for Si/Zr materials are added as a photoinitiator. The composite 

solution is stirred for 24 hours, filtered trough a 0.2 ).im pore size filter, and aged for one 

week to achieve a homogenous networking of organic-inorganic species. This results in 

the material synthesis summarized in the flow chart diagram in Fig. 21. 

And/Or 

ZPO 

MAA 

H,0 

HOPr 

HOPr 

BATES 

MAPTMS O.OIM HCl 

stir 10 min 

stir 45 min -

stir 45 min 

stir 45 min 

stir 30 min stir 10 min 

Photoinitiator 

stir 1 day + 
7 days aging 

Fig. 21. Flow chart of organic-inorganic sol-gel synthesis 
including either Zr or A1 dopants incorporation. 

Vinyltriethoxysilane (VTES) and tetraethoxysilane (TEOS) are used to synthesize the 

sol-gel material for a low-index cladding layer. The molar ratio of VTES/TEOS equal to 

3/2 results in the refractive index of 1.444 which is close to silica substrate. The high 

content of inorganic moieties assures hardness and robustness of fabricated components. 

The precursor mixture is hydrolyzed with O.IM HCl aqueous solution, sufficient to 

completely replace alkoxy with hydroxyl groups. 2.5 wt% of HMPP are added to 

facilitate the radical polymerization on subsequent processing steps. The sol is stirred for 
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24 hours, filtered, and aged for 2 days. The detailed stoichiometric calculation for the 

described synthesis may be found in Appendix A. 

3.3. MATERIAL CHARACTERIZATION 

Structural properties of hybrid sol-gel materials are investigated by several techniques 

such as a thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

and Fourier transform IR (FTIR) spectroscopy. Optical properties such as refractive index 

and extinction coefficient are characterized by an automated prism coupler. 

3.3.1. Thermal analysis 

Polymers as well as organic-inorganic hybrid materials are solids, but compared to 

crystalline materials, they exhibit a short-scale molecular ordering (usually a few 

nanometers). The properties of the polymeric materials are dependent on the formulation 

used and the method of forming a desired item. Sol-gel is obtained from a liquid phase 

having low crystallization ability during the drying process. Structural units have not 

enough time to reach their equilibrium configuration during the relatively fast solvent 

evaporation. That leads to a phenomenon known as the glass transition. It is the second 

order thermodynamic transition, involving a discontinuous change in specific heat 

capacity. Such a transition occurs at the specific temperature (known as the glass 

transition temperature when an amorphous glassy solid goes from a brittle state to a 

more plastic state. The glass transition can be measured by TGA and DSC techniques. 

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. A thermogravimetric apparatus is a combination of a sensitive analytical 

balance with a temperature controlled furnace. In DSC a sealed sample and an inert 

reference are maintained at the same temperature as a heating program is applied. If the 
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sample undergoes a phase change or a reaction, the amount of power necessary to 

maintain the sample and reference at the same temperature is directly proportional to the 

heat lost or gained by the sample. In DSC both the sample and the reference chambers 

have individual heaters and temperature sensors which are used to maintain both sample 

and reference at the same temperature and heating rate. 

Fig. 22. TGA curves of Si/Al sol-gel for heating the sol-gel material (a) 
from - 150°C to 25°C and (b) from 25°C to 300°C. 

The plastic state, when material is heated above facilitates the evaporation of 

residual solvent and water, porosity removal, and material densification through the 

completion of the sol-gel and organic polymerizations. This is done by the hard bake 

process. A hybrid material to be densified is kept for a few hours at elevated temperature. 

The hard bake temperature is a very important parameter: it should be around or higher 

Tg, but moderate enough not to destroy the organic moieties. The Tg is determined via the 

thermal analysis identifying the exothermal peak. The TGA of both Si/Al and Si/Zr 

materials had not shown any particular feature neither when heating from -150°C to 

25°C, nor from 25°C to 300°C. The TGA curve of Si/Al sol-gel is shown in Fig. 22. The 

only exothermic peak is obtained at 51°C, which is attributed to a starting transition 

which is a common shift when heating any material. The more sensitive DSC analysis 

a) 

I. 

Pe#k = <7J6e'C 
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shown in Fig. 23 leads to Tg =163°C for both Si/Al and Si/Zr materials. The tilts of 

curves before and after the glass transition reveal that the specific thermal capacity also 

changes, therefore evidencing a true thermodynamic transition. As a result, the hard bake 

temperature is chosen to be 170°C. 

DSC Analysis 

Si/Al 

Si/Zr 

60 80 100 120 140 160 180 200 220 240 

Temperature, °C 

Fig. 23. DSC analysis leads to Tg=l 63°C for both the Si/Al and 
for Si/Zr materials. 

3.3.2. FTIR spectroscopy 

The FTIR spectroscopy in the region from 1 to 4 ^m provides a powerful tool to 

study the polymerization processes and the origins of intrinsic losses in the hybrid sol-gel 

materials. Absorptance spectra have been measured at normal incidence using a double 

beam spectrophotometer. The majority of absorptance bands originates from proton 

vibrations around heavier carbon or oxygen atoms belonging to organic-inorganic 

structural moieties: silanol, water, vinyl, and alkyl chains. 

The spectra of A1 and Zr doped MAPTMS in the region 2.5-4.0 jam are shown in Fig. 

24. Several bands are identified and assigned with reference to published near- and mid-

IR spectra of organic-inorganic sol-gel derived silicates (D.L. Ou and A.B. Seddon, 1997; 

K. Tadanaga et al, 2000). The strong band at around 3.4 jim is due to C-H bonds in -CH3 
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or -CH2- alkyl chains. The weak band at 3.23 |im is assigned to symmetric and 

asymmetric stretch of the terminal =CH2 and stretch of C-H in the vinyl group. The broad 

2.9 )j,m band encompasses the overlapping 0-H bands of hydrogen-bonded molecular 

water and hydrogen-bonded silanol groups. The spectra look identical, except the 

difference in the strength of the O-H related absorptance. This suggests that the 

MAPTMS/ZPO material has higher content of the residual silanol and water. 

Si-OH—H2O 

Si/AI 

• Si/Zr 

4.0 2.5 3.0 3.5 
Wavelength, 

Fig. 24. Mid-IR adsorptance spectra of Si/AI and Si/Zr sol-gel 
material with the band assignment of structural units. 

These vibrational groups having strong fundamental bands in the spectral region 2.5-4 

lam give rise to overtone and combination bands in the 1.3-2.0 ^m shown in Fig. 25. 

Though, comparing to the fundamental modes, the oscillator strength of overtone and 

combination bands is significantly weaker, they primarily determine the material 

adsorption at 1.55 ^m and 1.3 |am, desirable bands for telecom. The overlapping bands 

around 1.4 urn correspond to different silanol and water species and combination 

vibrations of vinyl groups. The band at 1.39 ,um is assigned to the first overtone of the 

fundamental 0-H stretch of isolated free silanol. The band at about 1.42 fxm is due to 

both the first overtone of the stretching of 0-H in monomeric water hydrogen-bonded to 

silanol and to the first overtone of hydrogen-bonded silanol itself. In addition, the 

presence of "monomeric" and "polymeric" water molecules causes the broad absorption 
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0-H envelope extending over 1.55 p,m. ("Polymeric" water comprises inter-molecularly 

hydrogen-bonded H2O molecules.) 

,C—I 
•0H---0. 

•OH---O: 

comb. 
C-H 

Si/AI 

Si/Zr 

1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 

Wavelength, i^m 

Fig. 25. Near-IR adsorptance spectra of Si/AI and Si/Zr sol-gel 
material with the band assignment of structural units. 

The amount of retained water can be assessed using the integrated absorbance band at 

1.9 fim. This vibrational peak arises from the combination of stretch and deformation of 

mononiolecular water which is hydrogen-bonded to silanol and which is the major form 

of residual water in the ormosil matrix. The stretch and deformation combination bands 

of the polymeric (or cluster) water molecules are located at 1.95 jam. The list of the most 

important silanol and water bands determining intrinsic absorptance in the hybrid sol-gel 

materials is given in Table 8. 

The band at 1.62 )am is assigned to the first overtone of the asymmetric stretch of the 

vinyl group (-CH2), whose fundamental mode is located at 3.23 ^m. The bands in the 

range between 1.65 and 1.80 jim are assigned to overlapping bands due to the first 

overtone of the fundamental C-H vibrations of -CH3 and -CH2- groups (3.35-3.50 |j,ni). 
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Table 8. Near-IR locations and assignments for hybrid material bands based on silanol 
and H2O due to incomplete sol-gel condensation and water adsorption. 
Wavelength, )i,m Mode Structural unit 

1.39 2v(SiO-H, free) SiO-H 
1.42 2v(H20, mono), 

2v(SiO-H, H) 
H2O, SiO-H-lH.O) 

1.46 2v(H20, poly) -(H20)-(H20)- -(H2O)-

1.46 OH, H 0-H envelope 
1.54 45(H20, mono) H2O 
1.90 v(H20, mono) + 

8(H20, mono) 

SiO-H-CH.O) 

1.95 vCHaO, poly) + 
5(H20, poly) 

-(H20)-(H20)- -(H2O)-

Where v and 5 are the stretch and deformation vibrational modes, respectively. 

As can be seen in the absorption spectra in Fig. 25, the presence of the residual 

silanol and water in a sol-gel derived matrix adversely affects the material absorptance at 

1.55 )am. Moreover, the material is liable to further moisture adsorption from ambience. 

Attracted water molecules are hydrogen-bonded with the residual silanol groups. 

However, the hydrogen-bonding is very weak, so the adsorbed w-ater can easily be 

expelled either in vacuum (D.L. Ou and A.B. Seddon, 1997) or through a heat treatment. 

The water adsorption and the possibility of water removal by heating are studied in the 

following experiment. 

A bulk sample of the Si/Al sol-gel with thickness of about 2 mm is fabricated by 

drying (Drying is believed to be equivalent to the soft bake treatment.), UV curing, and 

densification throu a teal treatment. The absorptance spectra are measured immediately 

after fabrication, after 4 days, and after 10 days, as the sample is kept in ambient air. 

Then, the sample is rebaked at 140°C for 2 hours in dry nitrogen environment and the 

spectrum is measured again. The measured spectra are shown in Fig. 26. 
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Fig. 26. Absorptance spectra demonstrating the sol-gel hydroscopicity 
and the effect of heating on water concentration. 

The growth of the 1.90 jim absorption peak and the 0-H envelope centered at 1.46 

jim indicates an increasing amount of adsorbed water. The heat treatment has almost 

recovered the material absorption at 1.55 ^m. 

In addition, the whole experiment cycle reveals the increase of silanol content 

(increased peaks at 1.39, 1.42 and 1.90 jj,m) and the decrease of the amount of the vinyl 

groups (1.62 jam). No changes for the 1.95 )j,m peak, corresponding to the polymeric 

water, have been observed. Comparison of the first and the last spectra indicates the 

increased concentration of silanol. The excessive silanol is believed to be produced by the 

hydrolysis from residual alkoxy groups during 10 days of exposing the material to 

ambient air. A few conclusions can be inferred from these results: 

• The material is hydroscopic due to the residual silanol and alkoxy groups. That 

implies incompletion of the sol-gel processes. 

• The UV curing and heat treatment do not lead to the complete polymerization. That is 

indicated by the presence of residual vinyl groups even after the repeated hard bake. 
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• No polymeric water has been trapped inside the material during the experiment. This 

indirectly implies that the sol-gel material is cluster-free and homogeneous. 

These issues have to be overcome to obtain a stable sol-gel, for instance, via the 

process optimization and material passivation either chemically or physically. 

UV irradiation or elevated temperature (T>120°C) activate the photoinitiator 

producing free radicals. The radicals promote the chain reaction of unsaturated bonds 

(C=C) containing in the organic functional groups of the MAPTMS molecules and 

ZPO/MAA complexes. The chain radical polymerization occurs resulting in formation of 

organic network. The =CH2 peak (1.62 |im) on absorption spectra indicates the degree of 

the material polymerization. All vinyl groups are supposed to disappear upon the 

complete polymerization reaction. Fig. 27 demonstrates the material structural changes 

upon UV induced and thermal induced polymerization processes. 

1. 

SB 
SB+UV 
SB+UV+HB 

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 
Wavelength, nm 

Fig. 27. Absorptance spectra measured upon the material 
drying (SB), UV exposure (SB+UV), and hard baking 
(SB+UV+HB). 

A Si/Al bulk sample of the sol-gel is obtained by drying the sol for 10 days at room 

temperature. (The drying of a bulk material is believed to be equivalent to the soft bake 

processing of a thin film.) Then, the sample is exposed to UV light and hard baked at 



77 

140°C for 2 hours. Each step is followed by measuring the absorptance spectrum. The 

absorptance peak at 1.62 jim has been significantly reduced after the UV exposure and 

the hard bake, indicating the decrease of concentration of the vinyl groups. The amount 

of silanol has not changed (the 1.4 and 1.9 ^im peaks). Water molecules have expelled 

(the 0-H envelope at 1.4-1.6 |.im and the polymeric water band at 1.95 )j,m) especially 

after the hard bake process. 

3.3.3. Refractive index and loss measurements 

Most methods of refractive index measurements involve the phenomenon of total 

internal reflection in an interface of two transparent media having different refractive 

indexes. The prism coupling method is the most accurate and universal. The index can be 

measured with resolution ±0.0005, while the achievable accuracy in ellipsometry 

technique is ±0.005. If the second media is presented by a waveguiding thin film, the 

method allows measuring of the film thickness by solving the corresponding 

characteristic equation for a planar waveguide. Moreover, a prism coupler enables 

comparatively fast and accurate measurement of the propagation attenuation coefficient 

in slab waveguides using the moving fiber method. The exponential decay of the coupled 

light is measured by a fiber probe scanning down the length of the propagating streak. 

The method works well, provided the waveguide has some scattering loss serving as a 

means of sampling the attenuated light power. The measurement accuracy is estimated to 

be 0.2 dB/cm, provided a guiding film has superior smoothness, uniformity, and 

homogeneity. A great care must be taken to obtain confident results. A thorough 

procedure of loss measurement with a prism coupler (Metricon, model 2010) is 

developed. It is given in details in Appendix B. 

Attenuation coefficient in planar waveguides can also be measured by the cut-back 

method or by processing the image of a propagating streak. However, these have some 

disadvantages. Besides the requirements for the high quality of a film, the input facet of 
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the slab has to be polished. A beam converter is required to accurately couple an axially 

symmetric beam from a single mode fiber to planar waveguide. Neglecting these issues 

leads to adverse spare light and excitation of substrate modes and, thus, makes 

measurement results to be questionable. In addition, a measured sample at the cut-back 

method is usually destroyed. 

secondary 
detector 

632.8 nm or 
1.55 f.un 
laser beam 

pnmary 
detector moved 

fiber 

substrate 

propagating 
film mode 

Fig. 28. Principal components of a prism coupler. 

The principal elements of a prism coupler are illustrated in Fig. 28. A laser beam 

(either an IR of >>.=1.55 )um or a He-Ne a=633 nm) strikes the base of a high refractive 

index prism (nprism=1.96) and is reflected onto the primary photodetector. The sol-gel film 

(on a silica-on-silicon wafer) to be measured is brought into contact with the prism base. 

The angle of incidence, 0, of the laser beam can be varied by means of a rotary table 

upon which the prism, film, and photodetector are mounted. At certain values of 0, 

called mode angles, the beam violates the total internal reflection criterion and couples 

into the film in the form of an optical propagation mode, causing a sharp drop in the 

power of light striking the photodetector. A signal from the photodetector is plotted as a 

function of the angle 0 as shown in Fig. 29. For a given substrate, the angular location of 

the modes depends only on the film thickness and index. Thus, as soon as at least two 
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mode angles are measured, the film thickness and index can be calculated by an 

appropriate computer algorithm. 

To characterize a planar waveguide supporting only a fundamental mode for the 1.55 

^m light an auxiliary He-Ne laser (633 nm) is used to determine the film thickness. A 

planar waveguide of thickness 2.5 }im, supporting the only mode of 1.55 p,m hght, has 2-

3 modes (owing to the material dispersion) for the 633 nm light as illustrated in Fig. 29. 

The two low-order modes designated by the propagation constants and 

allow the measurements of the film thickness. The propagation constant of the 

fundamental mode,/?o''"^"*, for the 1.550 |im light and the known film thickness are used 

to determine the refractive index of the film material at X=1.55 )j.m. 

substrate modes 

632.8 nm 

1550 nm 
1(633) 

i(633) i(1550) 

47.5 48.0 48.5 49.0 49.5 50.0 
Internal Angle, 0, deg 

Fig. 29. Measurement of thickness and refractive index of a sol-gel 
film with the prism coupler. 

To study the effect of doping concentration on the film reflective index four A1 doped 

and four Zr doped sols are synthesized with the dopant concentration varying as 5, 10, 15, 

and 20 mol%. The sols are deposited by spin coating method on 1 inch diameter fused 

quartz disks. The measurement results are shown in Fig. 30. The Si/'Al sol-gel does not 

exhibit any index change remaining on the same level of 1.4780. The refractive index of 

the Si/Zr sol-gel varies almost as a linear function of the zirconium concentration in the 

range from 1.4819 to 1.5080. This feature allows precise index tuning crucial in 
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optimization of a waveguide components. It is also important in the control of mode 

matching at coupling light to a single mode fiber. 
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Fig. 30. Refi-active index of the sol-gel material versus 
doping concentration. 

3.4. MATERIAL ADVANCES 

3.4.1. Chemical modification 

The presence of the residual silanol and alkoxy groups remaining after the incomplete 

sol-gel reactions makes the hybrid material hydroscopic, and strongly degrades its long-

term optical properties. The adsorbed water is hydrogen-bonded to the silanol groups and 

hydrolyzes the trapped alkoxy groups producing more silanol in time. The material 

dehydration by vacuum or by heating is a temporary measure to recover the original 

optical properties. A radical way to overcome the problem is to replace the active residual 

hydroxyl and alkoxy groups by inert hydrophobic groups. The attachment of 

hydrolytically stable groups is expected to inhibit water adsorption, decrease optical loss 

at 1.55 f.mi, and considerably improve the material stability. 

Dehydroxylation of silanes is usually accomplished via thermal or chemical material 

modifications. The thermal treatment at high temperature (1100-1350°C) replacing =Si-

OH to sSi-O-Sis is an unacceptable process for the organic-inorganic materials. The 
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chemical dehydroxylation is normally accomplished via chlorination or fluorination 

reactions. A chlorine or fluorine containing gas reacts with a silanoi at elevated 

temperatures (700-1100°C) resulting in the replacement of a surface =Si-OH to =Si-Cl or 

=Si-F groups. The high reaction temperature and processing complexity also exclude this 

route. Another important chemical scheme is a silylation method. Silylation is the 

displacement of active hydrogen (usually in a hydroxyl group) by an organosilyl group 

(e.g., sSi-OH -> sSi-CHs) (C.J. Brinker and G.W.Scherer, 1990). Silylation process can 

be used for silica dehydroxylation with simultaneous surface chemical passivation using 

alkylchlorosilanes. Silylating agents in the vapor phase react with surface silanoi under 

elevated temperatures (400-550°C) (M.S. Nadiye-Tabbiruka, 2000; T. Shigeno et al, 

2002). Recently, a silylation reaction scheme has been developed at room temperature 

using basic amine catalysts (C.P. Trip and M.L. Hair, 1993; L.D. White and C.P. Trip, 

2000). Silylation experiments on alcogel (wet gel) also have been reported (A.Y. Jeong et 

al, 2000; J. Wang et al, 2000). Silylating agents, usually alkylalkoxysilanes or 

alkylchlorosilanes, react with the hydroxyl groups releasing either alcohol or HCl, as 

shown schematically in Fig. 31. HCl is neutralized by the basic catalyst environment. 

0 R 0 R 
catalyst 

R'—Si—OH + 
I 
0 

O R O R 

R'—Si—OH + 
I 
0 

catalyst 

Fig. 31. Material dehydroxylation using alkylalkoxysilanes or 
alkylchlorosilanes as silylating agents. 

A novel approach in the application of silylation process for hybrid sol-gel is 

proposed and developed. The silylation treatment is carried out at the final step of the 
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material synthesis, when the formation of sol-gel structural units is mostly accomplished. 

The application of the silylation process to the material liquid (sol) phase, rather than to 

alcogel (a two-phase system, constituted of a solid porous network bathing in a liquid) 

after the soft bake step or to xerogels (organic-inorganic network dried or densified under 

moderate temperature and atmospheric pressure) assures the volume removal of the 

hydroxyl groups and preserves the ultimate material homogeneity. Moreover, the 

approach improves the fabrication repeatability (since the sol-gel processing does not 

depend on the environment humidity any more) and increase of the sol stability and life-

on-shelf time. In addition, silylation of hydroxylated heterometal dopants (Zr-OH, Ti-

OH, Al-OH, etc) considerably widens the variety of sol-gel derived materials. 

The choice of acceptable catalysts is dictated by the criterion of preserving the 

technological and optical properties of the hybrid sol-gel materials. A silylated sol has to 

remain spinnable and photopattemable. The amine based catalysts may introduce the 

additional optical losses due to scattering and absorption bands around 1.55 |j,m. The first 

overtone of the fundamental N-H in a free amine group is located at 1.49 )j.m. The 

absorption peak is shifted to 1.51 jxm, if the amine group is hydrogen-bonded to a silanol 

group. Symmetric collidine has been chosen among other possible catalyst candidates 

(ammonium hydroxide, pyridine, or triethylamine). The silylating agents vary in 

reactivity, selectivity, and stability to self-condensation. Four silylating agents 

methyltrimethoxysilane (MTMS), trimethylmethoxysilane (TMMS), 

trimethylchlorosilane (TMCS), and trimethylbromosilane (TMBS) are tested for the 

capping reaction under the symmetric collidine catalysis to check the compatibility with 

the MAPTMS/ZPO/MAA sol. A reaction mechanism assumes a two-step silylation 

process illustrated in Fig. 32. The separated introduction of the catalyst and a silylating 

agent is intended to prevent the self-condensation of the later. At the first step only the 

catalyst is introduced in a sol. The catalyst is hydrogen-bonded to a silanol =Si-OH 

giving nse to a nucleophihc sSi-0' group. At the second step a silylating agent is 

introduced. The Si-center of the alkylalkoxy- or alkylchlorosilane is attacked by the =Si-

O" group resulting in inert sSi-0-Si(CH3)3 capping group. 
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STEP 1 : C—Si-O-H + N. 

STEP 2: c-si-o^H-S-

Fig. 32. Two-step silylation process: hydrogen-bonding of a catalyst to 
silanol group and nucleophilic attack of the =Si-0"^ group on the Si-center of 
a silylating agent. 

A Si/Zr sol is synthesized following the regular protocol until the photoinitiator 

addition step. The product is equally distributed over 5 vials. The synthesis in the first 

vial has been accomplished by adding the photoinitiator. This sol serves as a reference 

material. The catalyst and the silylating agents, each in the amount of 10 mol%, referring 

to initial mols of all alkoxy groups (triple molar amount of MAPTMS plus quadruple 

molar amount of ZPO minus double molar amount of MM A; the details may be found in 

Appen. A), are subsequently added in the four remaining vials. Each addition is followed 

by 30 minutes stirring. The synthesis is accomplished by adding the photoinitiator. 

TMBS immediately causes precipitation. The sols are stirred for 24 hours, dispensed 

through 0.2 mm filters, and dried in an N2 oven at 70°C for 2 days. The sample 

containing TMCS becomes translucent. The three remaining samples (the reference, 

MTMS and TMMS treated) are exposed to UV light for 20 minutes, and hard baked at 

140°C for 2 hours in the N2 oven. The material comes out in the form of solid 1 mm thick 

transparent yellowish plates. 
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Fig. 33. Absorptance spectra of the MTMS and TMMS silylated and the 
reference sol-gel materials. 

The absorptance spectra are shown in Fig. 33. The spectra reveal some structural 

changes in the TMMS silylated material. The silanol absorption peaks at 1.4 and 1.90 |im 

remain the same comparing to the reference material showing. That evidences the 

unaffected silanol concentration. The 0-H absorption envelope around 1.55 }im 

decreases, indicating the reduced concentration of water molecules hydrogen bonded to 

silanol. This is believed to be caused by the excessive concentration of the silylating 

catalyst which is bonded to the silanol groups and prevents them from bonding water. 

The catalyst is thought to sterically hinder the silylation process itself. The decreased 

transmittance at the shorter wavelength range can be attributed to the Rayliegh-Mie 

scattering due to the induced material inhomogeneity. The MTMS-silylated material 

spectrum is almost indistinguishable from the one of the reference material. 

The material silylation process is optimized taking into account the above results to 

take full advantage of its beneficial effect. Symmetric collidine as a catalyst and TMMS 

as a silylating agent are added drop wise in the rigorously stirring sol. This measure 

allows the achieving of high homogeneity of the ultimate material. The short wavelength 

transmission spectrum coincides with the spectrum of the reference material, as 

illustrated in Fig. 34. Numerous experiments on the optimization of the catalysis and 
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silylation processes give the best results for 5 mol% of the catalyst concentration and 10 

mol% for the silylating agent concentration. The absorptance spectra of the silylated and 

the reference materials in Fig 34 evidence the drastic reduction of the hydrogen-bonded 

water species (the 0-H envelope around 1.55 ^m and the =Si-OH—H2O assigned peak at 

1.90 }im). The silanol concentration is also reduced, as can be noticed form the decrease 

of the 1.4 jim absorption peak. Although the total decrease of the peak is partially 

hindered by the overlapping bands assigned to the combination overtones of the vinyl (-

CH=CH2) fundamental vibrations. 

The optimized silylation process, having been applied to the VTES/TEOS material 

using for the low index waveguide cladding, also leads to the significant improvement of 

the material as demonstrated by the absorptance spectra in Fig. 35. The observed effect is 

more pronounced than in the Si/Zr material, since the cladding sol-gel has higher content 

of the inorganic moieties. 

reference (Si/Zr) 
sitylated(Si/Zr) 

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 

Wavelength, jim 

Fig. 34. Effect of the optimized TMMS-silylation treatment 
on the Si/Zr material absorptance. 
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Fig. 35. Absoiptance spectra of the reference and the silylated 
VTES/TEOS cladding materials. 

3.4.2. Material improvement by passivation 

The sol-gel deployment in integrated optics mass production has been somehow 

limited due to the concerns about the long-term reliability and rather high optical losses 

in the 1.55 |j,m telecommunications window of organic-inorganic materials. The material 

degrades and its optical losses increase after long exposures to ambient humidity. These 

issues must be overcome for the commercialization of sol-gel integrated optics. The 

material stability is related to the presence of residual silanol groups due to the low 

processing temperature causing the incomplete condensation reaction. In order to 

improve the performance of sol-gel materials, several methods such as non-hydrolytic 

sol-gel routes (M. Menning et al, 1998; R. Buestrich et al, 2001) or hydrophobic 

precursors (P. Etienne et al, 2000) have been deployed to reduce the hydroxyl 

concentration in the low temperature sol-gel material. These, however, increase 

complexity in processing or impose a new restriction in the precursor selection. A simple 

passivation method based on wet (spinning of hydrophobic Teflon films) and dry 

(dielectric evaporation) coating of sol-gel derived waveguide components is developed. 

The coating materials are chosen to have low optical loss and a refractive index close to 



87 

the sol-gel, assuring passivation will not degrade waveguide functionality or 

performance. The two techniques of passivation are compared and their passivation 

efficiency is reported. The results indicate not only an improved stability of the sol-gel 

material, but also significant reduction of its absorptance. A long-term propagation 

losses, stabilized below 0.3 dB/cm at 1.55 |im of a silica passivated sol-gel slab 

waveguide, is achieved. 

-Witness Before H^O Bath 
- Witness After H^O Bath 
-- Teflon Coated Before H„0 Bath 
- Teflon Coated After HO Bath 

§ 

I 
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Wavelength, (im 

Fig. 36. Effect of Teflon AF coating on the material: absorption spectra of 
the reference sample (a) before and (b) after the humid bath, the spectra of 
the Teflon AF coated sample (c) before and (d) after the humid bath. 

A Si/Al sol is synthesized without any chemical modification. A bulk crack free 1 

mm thick sol-gel plate is made by drying the sol for 48 hours at 70°C, UV polymerization 

using an i-line mask aligner, and finally hard baking for 2 hours at 170°C in a nitrogen 

atmosphere. The plate is cleaved into two equal pieces. One is dip coated with the 

commercially available 1% Teflon AF solution and dried for 30 min at 100°C. The 

uncoated piece serves as the reference sample. Fig. 36 shows the spectra of the reference 
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and the Teflon AF coated sol-gel before and after exposure to water vapor bath of 100% 

humidity at 45°C for 24 hours. 

FTRI spectroscopy is used to test the absorptance spectra of the bulk materials. The 

area under the absorption bands at 1.90 and 1.95 |i.m shows the relative amount of the 

adsorbed water. Comparing to the coated sample, the reference sample has considerably 

higher water adsorption. The broad 1.4-1.6 jim band associated with a superposition of 

the silanol-water vibrational modes and the 0-H envelope causes optical loss at 1.55 jam. 

Although the absorptance at this wavelength of the coated sample is slightly higher, its 

magnitude is significantly less compared to the unprotected sample. 

Fig.37. A sol-gel derived ridge waveguide coated by a 50 nm Teflon AF film. 

The optical losses at the wavelength of 1.55 |j,m are measured using an automated 

prism coupler. Slab waveguide samples are fabricated by the following processing. A 2 

jim sol-gel film is deposited by spin coating method on siUcon wafers with a 15 jim thick 

thermally grown Si02 layer serving as the low-index cladding. The films are soft baked 

for 10 min at 100°C, directly exposed to UV light for 5 minutes, and hard baked for 2 

hours at 170°C in a nitrogen atmosphere. A sample without any further treatment serves 

as a reference. A second sample is covered by 50 nm of Teflon AF film by the spin 
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coaling method. The Teflon AF film has the unique ability to cover sol-gel structures in a 

nearly con formal manner, making this feature very attractive for both slab and ridge 

waveguide passivation. Fig. 37 shows a SEM of a Teflon AF coated sol-gel ridge 

waveguide. The third wafer is kept under vacuum for 24 hours, and is followed by a 50 

nm SiOi coating deposited by electron beam evaporation. 
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Fig. 38. Variation of the propagation losses with time in the reference 
(squares). Teflon AF coated (triangles), and SiOa coated (diamonds) 
slab sol-gel waveguides. Lines are drawn just to trace the data. 

Fig 38 shows the variation of the propagation loss with time of the fabricated slab 

waveguides as they are kept in ambient air. Comparison of the initial losses of the 

reference and Teflon AF coated samples reveals the excessive loss of 1.4 dB/cm 

introduced by the Teflon AF coating. Intrinsic material loss of the Teflon AF is thought 

to be the cause of the excess loss. However, the propagation loss in the witness sample 

increases from 1.0 to 2.4 dB/cm, while the loss of the Teflon AF coated sample decreases 

from 2.4 to 2.0 dB/cm. This fact suggests that some condensation process occurs in the 

coated material. The silanol groups in the densified sol-gel material are believed to be 

brought in proximity and condensate to tighten the inorganic network. The formation of 

the oxo siloxane bonds should lead to the improvement of the material reliability. The 

released water is either consumed in the hydrolysis with the residual aJkoxy groups, or 

permeates through the coating and eventually reaches the equilibrium with the ambient 



90 

atmosphere. The same trend can be seen in the loss change in the SiOa coated waveguide; 

however the SiOj coating does not introduce any noticeable additional loss. Finally, the 

decrease and stabilization of optical loss to 0.2 dB/cm is achieved for more than one 

week. The prism coupler measurement data are shown in Fig. 39. (The measurement and 

data processing details may be found in Append. B.) The loss reduction mechanism in 

passivated sol-gel is assumed to involve material densification by promoting inorganic 

bonding. Tightening of the organic network by material curing should also affect the 

optical loss via the same mechanism, because the higher degree of the organic moieties 

polymerization results in a tightened organic network. This in turn, further brings the 

silanol to proximity and promotes additional condensation. 
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Fig. 39. The propagation loss measured on a prism coupler in the Si02-
passivated waveguide in 9 days after fabrication. The equation obtained by 
the linear regression analysis gives propagation loss 0.21 ± 0.03 dB/cm. 

In order to check this premise three more slab waveguides are fabricated with some 

variation of the curing parameters. Two samples are UV cured and hard baked at 140°C. 

One of them is passivated by Si02 layer. The third sample is cured only by 170°C hard 

bake and passivated. Fig. 40 shows the effect of the UV and thermal curing conditions on 

the optical loss in the SiOa passivated films. The effect of passivation on the loss 

reduction and stabilization is sharply pronounced in all 5 samples. For the uncoated 

-0.214X + 12.088 
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samples, the higher hard bake temperature results in lower optical loss. With temperature 

increase the material is thought to become less porous, and therefore less susceptible to 

moisture adsorption. The same trend in optical loss can be observed for the passivated 

samples, but in this case, the initial degree of polymerization is assumed to play another 

role. The advanced formation of the inorganic network should occur more easily in the 

less porous material. The assumed loss reduction mechanism is further confirmed by the 

170°C cured, passivated sample. Its loss change curve is situated between the 

corresponding curves for the 140°C and 170°C samples. The total loss decrease 0.8, 0.5, 

and 0.1 dB/cm in the samples designated in Fig 40 by ~ ' tS'", and by 

• marks, respectively, indicates strong effect of material curing on passivated 

waveguide pertbrmance and reliability. 
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Fig. 40. Effect of the material curing and the SiO? passivation on the optical loss: 
(---<>•••) UV curing followed by 140°C hard bake, •) UV curing 
followed by 170°C hard bake, ( • ) UV curing followed by 140°C hard 
bake and SiOa passivation, -) UV curing followed by 170°C hard bake 
and Si02 passivation, and (~ " J5r" ~) only 170°C hard bake and SiOa passivation. 

In summary, a simple and effective method of intrinsic loss reduction and 

stabilization is reported. The results indicate that the long-term stability and a significant 
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optical loss reduction of sol-gel material can be achieved by passivation with a thin 

protective film. The effect is observed in the experiments with two completely different 

passivation materials. Strong effect of the material curing parameters on optical loss in 

passivated hybrid organic-inorganic sol-gel material is found. Together with the 

simplicity and low-temperature processing, increased performance and reliability 

resulting from the passivation makes the sol-gel technology very attractive for fabrication 

of reliable integrated optics components. 

Also, an experiment is carried out to study possibility of further loss reduction by 

passivating of a slab waveguide made of silylated sol-gel material. This approach has not 

led to the synergistic effect of both methods. The result is believed to be attributed to 

different (and contradictory) mechanisms of silanol removal from the material, exploited 

by the passivation and silylation routes. Material passivation is based on consuming the 

residual silanol groups through condensation reaction leading to formation of the 

additional oxo siloxane bondings. Whereas in the material silylation approach the 

unreacted silanol groups are partially replaced by alkyl groups hindering the 

condensation and the densification processes upon the passivation. 
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4. FABRICATION AND CHARACTERIZATION OF SOL-GEL 

INTEGRATED OPTICS 

4.1. SOL-GEL PROCESSING 

4.1.1. Thin film sol-gel deposition 

Spin coating and dip coating are two widely accepted methods of depositing sol on a 

substrate. The dip coating process is relatively slow. Spin coating of precursor solutions 

is a simple process for applying coatings to a wide variety of substrates. A solution is 

dispensed in excess on a substrate, which is then started to rotate. An outflow of liquid 

occurs due to the centrifugal force. The film thickness is controlled by the spin speed and 

viscosity of the sol. The ultimate performance of the film is influenced by the flow 

distribution, solvent evaporation, induced temperature gradients (both in vertical and 

horizontal directions), and surface tension effects during the coating process. Besides 

these familiar effects, a sol-gel liquid introduces a new issue related to the gelation 

phenomenon. The sol-gel spin coating technique can lead to film thickness non-

uniformity of three different kinds: (1) large-scale radial variation in film thickness, (2) 

short-scale azimuthal quasi-periodic variations resembling striations, and ,finally, (3) 

formation of a rough cluster-like surface (the cluster scale is about 2-5 nm.) A care has to 

be taken to suppress the adverse affects. 

According to the simplest mathematical model of fluid flow of a Newtonian liquid on 

a spinning disk, an initially uniform film thickness remains uniform until the spinning is 

stopped. A departure from the Newtonian condition, for example, in the case of a viscous 

liquid, results in radial thickness variations in the final coatings. In addition, air flows 

over the central region of a spun film are essentially slower than over the edge regions 

making the solvent evaporation to occur non-uniformly. The central part of the film is 

getting less viscous compared to the edge regions. The viscosity horizontal gradient leads 

to the considerable perturbations of the liquid flow. The large-scale film non-uniformity 

may cause serious problems, or completely degrade the functionality of waveguide 
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devises. An example is a phased-aixay wavelength multiplexer based on MMI couplers. 

Lengths of the array guides are designed to deliver a coherent light signals between two 

MMI couplers with particular phase shifts. The guides derived from a non-uniform film 

have different effective indexes and deliver signals with uncontrollable phases. Another 

example is a distributed Bragg filter which may be superimposed on a channel waveguide 

either by UV-imprinting or by producing a surface corrugation. The filter response, 

which depends on a waveguide effective index, is, again, uncontrollable, if the waveguide 

is made of a non-uniform film. 

A serious problem in obtaining a smooth sol-gel film through the spin coating process 

is the formation of the Benard cells evolving into outgoing striations (B.K. Daniels et al, 

1986). Formation of the Benard cells is the instability process initiated by non-uniform 

solvent evaporation from the skin layer of the film causing surface tension variation. 

"Striations" form the surface corrugation of order of 30 -- 60 nm (X.M. Du et al, 1995). 

Also, "comets" may occur due to fluid flow perturbed by particulates or precursor 

aggregates in the coating solution. Other coating defects are "chuck-marks" appearing as 

top-side thickness variations matching the shape of backside contact with a metal vacuum 

chuck holding a wafer. These chuck-marks may be explained as evaporative cooling 

effects caused by rapid preferential solvent removal driven by airflow over a spinning 

disk. The key evaporation-related concept is "skin" formation on the surface of a flowing 

liquid. This happens as a result of solvent evaporation forcing enrichment of solute 

components at the surface. The resulted high concentration of sol-gel structural units in 

the skin layer is believed to give rise to the instant cluster formation through the local 

material gelation. The striations may form stochastic Bragg gratings on derived 

waveguides. The grating having arbitrary orientation and extremely wide band may cause 

considerable scattering and cross-talk effects. The short-order surface roughness 

significantly degrades waveguide optical properties due to scattering. 

One approach to address the uniformity problems is to deposit the film in a solvent-

saturated-environment. The solvent vapor atmosphere eliminates the solvent evaporation 

from a flowing sol during the spin coating process. The amount of deporting solvent 
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molecules is equal to the amount of arriving solvent molecules in every point of the spun 

sol-gel film. The elimination of the evaporation related flow instabilities (striation 

formation and skin-effect) allows obtaining sol-gel films with acceptable surface 

smoothness. The remaining problem of the long-scale film non-uniformity related to the 

sol viscosity may be solved by optimizing the spin coating process parameters and the sol 

fluidity by mixing with appropriate amoimt of solvent. 
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Fig. 41. Schematic view of the chamber for deposition sol-gei 
films in a solvent saturated vapor atmosphere. 

We have constructed a special chamber is constructed to provide a solvent saturated 

vapor atmosphere. The glass chamber is schematically shown in Fig. 41. A wafer is 

placed on the vacuum chuck and thoroughly centered with the rotation axis. The 

centering is an important step to obtain homogeneous sol outflow and to avoid excessive 

perturbations of air flow during the rotation. A special care is taken to achieve high 

homogeneity of the sol. After synthesis, the sol is filtered through a 0.2 pore filter, aged 

for a week, and, finally, uniformly dispensed, again through a 0.2 pm filter, over the 
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wafer in excessive amount. The conic drop deflector serves for two purposes: it helps to 

homogenize the incoming solvent vapor stream, and protects the sol flow during the 

rotation from sol drops coming off the wafer. After the chamber is loaded, the solvent 

saturated vapors are allowed filling it for 30-60 seconds. Another 10-15 seconds are 

required for the solvent vapors to relax and homogenize. A thin solvent-enriched layer is 

believed to build up over the sol. The rotation speed and time have been calibrated for the 

ultimate film thicknesses in the range from 40 nm to 6 |im. The process is repeatable with 

the thickness variation within 5%. After starting the spinner, the sol film is uniformly 

thinned as a viscous non-evaporative liquid. The rotation is stopped when the film gets a 

designed thickness. The liquid sol film is allowed drying inside the chamber for 3-5 

minutes, while the saturated solvent atmosphere gradually equilibrates with the ambience. 

This solvent evaporation process allows for the gravity and the surface tension forces 

hydrostatically plan arizing the sol film. The process is visually monitored by observing 

the multiple beam interference fringes produced by the sodium light on the drying film. 

When the fringes stop moving the sol-gel film reaches its gelation point. The sol-gel film 

deposition process is accomplished by the film drying and curing. 

The film smoothness is measured using a surface profiler. Randomly rough surfaces 

are characterized by their statistical properties. These properties usually include the 

height distribution and the height correlation function. The height probability density 

function (PDF) determines the spread of heights away from some reference plane 

(assumed to be the mean plane). The surface PDF often has Gaussian statistics (J.A. 

Ogilvy and J.R. Foster, 1989). To describe the manner in which these heights vary along 

a surface some correlation information is also needed. This is often given in the form of a 

correlation function R(u) describing the extent to which one surface point h(r) is related 

to another h(r+u), on average. The formal definition is (B.R. Frieden, 1991) 

1 
R(u)  =  —y <  h{r )h ( r  +  u )  > , ,  w h e r e  c r  i s  t h e  s t a n d a r d  d e v i a t i o n  T h e  a v e r a g i n g  i s  e a r n e d  

<j 

out over the entire surface, cris accepted as the measure of film roughness. 
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Optimization of spin coating process allows obtaining superior performance sol-gel 

films of a prescribed thickness and surface roughness below 1 nm. Results of one 

optimization experiment are shown in Fig. 42. A synthesized sol is diluted with 30, 40, 

and 60 vol% of anhydrous propanol. The rotation speed and time are varied to obtain the 

2 |j.m ultimate films thickness. The best achieved smoothness is 0.3 nm. For comparison, 

the measured roughness, 1 nm, of a wafer is shown by the horizontal dotted line. The 

deposited film is partially contracted on the wafer edges forming 1 cm ring along the 

wafer perimeter. Nevertheless, there is a smooth film over the circle of 8 cm in diameter. 
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Fig. 42. Local film smoothness (averaging over a 1 mm^ spot) optimized 

on the sol viscosity and the spinning speed. The doted line represents 
roughness of a silica-on-silicon wafer. 

After removal the short-scale irregularities in the surface, the film thickness 

imiformity has also to be imroved The long-scale non-uniformity is thought to be 

attributed to sol viscosity. The only parameters which can be varied are spinning speed 

and time. These are affecting film thickness in opposite directions. The optimization 

experiments reveal that the film thickness becomes more uniform with increasing the 

spinning speed and decreasing the spinning time. The larger centrifugal forces are 

believed to approach the hydrodynamics of the viscous sol to one of the Newtonian 

hquid. The best results are obtained with the spinning speed 6,500 rpm and the spinning 
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time 0.1 sec. The rotation acceleration is set up at 5,000 rpm/sec. Film thicknesses are 

measured by accurate scratching the sol-gel layer down to the substrate along a diameter 

line and using a surface profiler. The results are shown in Fig. 43 before and after the 

spinning optimization. The achieved thickness non-uniformity is within 3.5%. The local 

film roughness is within 1 nm. 
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Fig. 43. Effect of the coating process optimization on film 
uniformity. The data are sampled along a diameter line. 

The solvent saturated vapor environment and optimization of the spin coating process 

parameters (sol viscosity, spinning speed and time) allows the obtaining of sol-gel films 

of superior performance with surface roughness within 1 nm and with controllable 

thickness ranging from 40 nm to 6 jim. 

4.1.2. Photopatternable waveguide definition 

The photolithography and wet-etching as well as the described spin coating processes 

for fabrication of sol-gel optical waveguide are adopted from the standard semiconductor 

processing technology. A coated planar film is soft baked at 100°C for 10 minutes to 

remove excessive solvent and harden the material. The film is then brought in contact 

with a dark-field mask and exposed to UV light (i-line of Hg) using a mask aligner. To 

•- - - no optimization 
A— optimized coating 
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avoid contamination of the mask, used to pattern the waveguides, it is protected by an 

anti-adhesive thin film transparent for the UV hght. 

O - Si - (CH2)3- OC - C = CH3 

I II 
O O 

O CH, H CH3 

0-Si-(CH2)3 -  OC-C-C-C-OH 

I  1 ^ 1  I  
O ^ H CH3 

Fig. 44. Radical polymerization initiated by absorption of UV light. 

A photoinitiator molecule is activated by UV light absorption to produce alkyl radical 

that reacts with unsaturated bond of ormosil monomer. The reaction mechanism is 

illustrated in Fig. 44. Once initiated, the chains continue to propagate through successive 

additions of monomers until termination by bonding with the radical counterpart of the 

initiator molecule. A new quant of energy is required to resume the chain growth. 

Because of rather significant concentration of the photoinitiator (usually 1-5 %), the 

chain polymerization does not extend to the masked areas, thus waveguides of any shape 

can be imprinted through a mask. The process propagates in the exposed areas until the 

polymer is formed. Exposure times 5-30 minutes (depending on the photoinitiator 

concentration) are sufficient to cause photopolymerization through the full thickness of 

the sol-gel film to a substrate. 
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Fig. 45. A fragment of an MMI coupler. The process optimization has 
resulted in vertical side walls of the waveguide without noticeable 

imperfections. 

Ridge waveguides are obtained by the etching away the non-polymerized, i.e. the 

non-exposed regions of the film. The organic network due to polymerization makes the 

material non-soluble in our developing solvent. The photo-inscribed waveguides are 

thereafter developed in ethanol for a few minutes. This development step is similar to that 

of negative photo-resist process. The waveguide is finally hard baked in an oven under 

inert atmosphere at 140-170°C for a few hours. During the heat treatment the material 

structural units relax and are densified through the ultimate build up of inorganic and 

organic networks. The oven temperature is ramped up and down at l°C/min to avoid 

cracks due to thermal chocks. As an example, a fragment of an MMI coupler, an access 

channel waveguide of 4 }im width meets the MMI section, is shown in Fig. 45. The 

optimized photo-initiator concentration and photo-lithography parameters (1 wt% of 

HMPP in Si/Al sol processed by the UV irradiance of a=365 nm for 17 minutes followed 

by 15 minutes of wet-etching in ethanol) have led to the vertical side walls of the 

waveguide structure without any noticeable etching imperfections. 

The excellent planarization ability of sol-gel allows the fabricating of the embedded 

waveguides. Fig. 46 shows a scanning electron microscope (SEM) micrograph of a 
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waveguide core coated by the cladding sol-gel material of the same thickness as the core 

height. The insignificant perturbance above the core may be neglected. 

Fig. 46. SEM micrograph of the cross-section of an embedded waveguide 
fabricated exploiting the planarization ability of sol-gel. The doited line 

shows the approximate location of the waveguide core. 

HMPP 

Wavelength, ran Wavelength, nm 

Fig. 47. Absorption spectra of HMMP and Ci-1800 photoinitiators. 

When waveguides are photo-inscribed using a UV light of different wavelengths the 

spectral responses of the photoinitiator has to be taken into account. The absorptance 

spectra of the HMPP and Ci-1800 0.1% solutions in acetonitrile are shown in Fig. 47. 

The absorption of a photoinitiator is proportional to the concentration of free radicals 

produced when exposed to UV light of a particular wavelength. As can be seen in Fig. 

47, Ci-1800 is activated by a light with a wavelength below 420 nm, while for HMPP the 

activation wavelength is 380 nm. The same concentration of HMPP, when sol-gel is 
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patterned by the Hg i-line light or by 266 mm light of the same irradiance, leads to 

completely different effects. The 1 wt% of HMPP results in the well-defined waveguide 

pattern (Fig. 45) by using the 365 nm light, but fails when using the 266nm light (Fig. 

48a). According to the spectral activation characteristics of HMPP, the 266 nm light 

produces 10 times more radicals. Such high concentration leads to the domination of the 

organic polymerization over the inorganic network and ultimate disintegration the hybrid 

material. Decrease of the photoinitiator concentration 10 times resumes the concentration 

of free radical to the proper level and results to the well-defined waveguide pattern as 

shown in Fig. 48b. 

Change of the photoinitiator concentration 
according to its spectral activation characteristics 

2x2 |a,m 2x3 )jm 2>;4 juo ;.-n 

Fig. 48. Effect of the irradiance wavelength of waveguide definition, (a) 1 
wt% of HMPP, working well for the 365 nm light, fails to work for the 266 
nm light, (b) Decrease of the HMPP concentration 10 times results in well-
defined waveguides with a rectangular cross-section using the 266 nm light. 

In summary, the crucial property of hybrid materials, being photopatternable, allows 

the applying of a simple photolithography method, similar to the negative photo-resist 

process, for waveguide fabrication. Optimization of the photoinitiator concentration and 
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the processing parameters (mainly UV exposure development) lead to the rectangular 

cross-section of waveguides. 

4.1.3. UV-imprintable sol-gel waveguides and gratings 

Bragg grating, defined on a waveguide are attractive in integrated optics. Such 

waveguides gratings have widely been used in laser cavities and Bragg filters. In general, 

grating fabrication on waveguides require several steps. The fabrication processes are 

usually carried out by two main steps. The first step involves the fabrication of the 

grating structure on a photoresist thin film. The second step involves the transfer of the 

grating surface relief structure to a substrate by etching. The fabrication process to 

achieve the grey level surface relief structures is rather complicated (M.A. Fardad et al, 

2001). An attractive alternative is offered by the sol-gel technology, employing UV-

induced increase of refractive index. Both a channel waveguide and subsequently a 

grating can be UV-inscribed through contact masks making this route to be flexible and 

cost effective. Moreover, the optical response of corrugated waveguides is usually 

polarization-sensitive, whereas waveguides with UV light imprinted index-modulated 

gratings are much less polarization-sensitive (T. Touam et al, 1998). 

In hybrid sol-gel UV light irradiation initiates not only formation of the organic 

network, but also promotes formation of the inorganic network through material 

densification. Photopolymerization is believed to stimulate local relaxations and further 

condensation of siloxanes. Study of the lime evolution of the IR bands indicated that 

polymerization is accompanied by simultaneous polycondensation of the silica network. 

Free silanol and residual alkoxy groups are consumed in the process. (M.P. Andrews et 

al, 1998). 

One main objective of this research is to apply this feature for fabrication of ultra-

narrow linewidth filters. Such hybrid sol-gel material has been successfully developed 

enabling to fabricate waveguide gratings in one single step. The field of applications of 



104 

such waveguides could be widely enlarged through a combination of gratings and other 

components in the devices. 
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Fig. 49 UV induced index change using different photoinitiators. 
The dashed curves are intended just to assist to trace the data. 

Cyracure UVl-6914 [Union Carbide, 531975(21901)], Ciba IRGACURE 184 (Ci-

184), and Ciba IRGACURE 1800 (Ci-1800) (both from Ciba Scientific, Tnc) 

photoinitiators are tested targeting to produce the largest index change. An, induced by 

exposure of the material to UV light (A-=365 nm, i-line of Hg) using a mask aligner. 

Three Si/Zr sols are synthesized differing only by the photoinitiator used. One sol 

contains 5 wt% of Cyracure, another sol contains 5 wt% of Ci-184, and the third contains 

5 wt% of Ci-1800. Six films of each material are deposited on quartz disks serving as 

substrates. All samples are soft baked at 60°C for 30 minutes. The films of each material 

are UV exposed for 2, 5, 12.5, 25, and 60 minutes. One sample from each set is not UV 

cured and used as a reference sample. Then, all films are hard baked at 120°C for an 

hour. Fig. 49 shows the results of the index measurement. The highest index change 

An=0.0148 has been produced by Ci-1800. The optimal U V exposure time is found to be 

around 25 minutes. Longer exposure produces lower index change. 
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Fig.50. Spectra of material samples containing 5 wt% 

of different photoinitiators. 

The results reveal that the induced index change for all the three photoinitiators is not 

a monotonic function of UV irradiance time. The observed irregularities are believed to 

be produced by the dominant growth of the organic network resulting in the material 

porosity. This effect is investigated on samples of each material exposed to the UV light 

for 60 minutes using the FTIR spectroscopy including visible range. The measured 

spectra, shown in Fig. 50, reveal the decrease of material transmittance varying roughly 

as law in the short wavelength region. The most probable reason of such decrease in 

transmittance is though to be due to the Rayleigh scattering. The effect is more 

pronounced in the sol-gels containing Ci-184 and Ci-1800. Fig. 49 confirms this 

hypothesis. The 60 min UV exposure results in the decrease of the produced index 

change in the sol-gels containing Ci-184 and Ci-1800, whereas the material containing 

Cyracure photoinitiator does not exhibit this behavior. One may conclude that the organic 

network formation under an excessive UV exposure is believed to dominate over the 

inorganic network and results in the material porosity. 

The used soft bake temperature regime (60°C for 30 minutes), while leading to 

significant index change (An=0.0148), does not come up to harden sol-gel film enough 

for the contact UV lithography. A sol-gel film which is meant to be patterned, frequently 



106 

sticks to a mask and becomes damaged. An elevated soft bake temperature promotes the 

residual solvent evaporation and gelation processes, resulting in a suitable film condition. 

On the other hand, the hardened film may lose the ability to be UV-imprintable due to a 

lack of mobility of the polymerizing reactants and partial polymerization. Therefore, the 

optimal temperature has to be determined. 
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Fig.51. The index increase upon UV exposure in the 
sol-gel films soft baked at different temperatures. 

A Si/Zr sol containing 5 wt% of Ci-1800 photoinitiator is deposited on 5 pairs of 

silica disks. Each pair is soft baked for 30 min at different temperatures: 60, 70, 80, 90, 

and 100°C. Then, one film from the each pair is UV exposed for 5 minutes. The 

remaining film samples are tested for a mask adhesion and left without UV curing. The 

soft bake temperature 70°C and above leads to the acceptable film condition. Next, all the 

films are hard baked at 120°C for an hour. The resulted index changes in each pair of 

films are presented in Fig. 51. The 70°C soft bake regime is found to be acceptable both 

for the contact lithography and the waveguide UV-imprinting with the index contrast 

An=0.0108. 
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Fig. 52. Effect of the soft bake temperature and the Ci-1800 
concentration on the UV induced index change. 

The Ci-1800 photoinitiator concentration is varied as 3, 4, and 6 wt% to achieve 

maximum of An. The soft bake is carried out for 30 minutes at 70°C. The films of each 

set are UV exposed for 1, 3, 5, 10, 25, 40, and 67 minutes and one film without any UV 

curing, again, serves as a reference. The resulted An versus exposure time are shown in 

Fig. 52. The plot, corresponding to the 5 wt% photoinitiator concentration and to the soft 

bake temperature 60°C in Fig. 49, is included just for comparison. For all the three 

concentrations tested An reaches its plateau, 0.010 - 0.012, approximately after 5 minutes 

of UV irradiance. The plots for 3, 4, and 6 wt% monotonically increase with UV 

exposure, in opposition to the 5 wt% plot. The difference might be attributed to the 

residual solvent concentration left after the soft bake processing. The excessive solvent in 

the material increases the mobility of ormosil molecules during the UV curing and, 

therefore, favors the organic photopolymerization. The smaller solvent concentration, 

resulted from the elevated soft bake temperature, leads to the balanced growths of the 

organic and inorganic networks and to the monotonic index increase with the UV 

irradiance time. 
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Comparison of the plots, corresponding to the 70°C soft bake, leads to the 

conclusion that the optimal photoinitiator concentration is somewhat between 4 and 6 

wt%. Further experiments have given the best concentration to be equal to 4.35 wt%, 

leading to the regular increase of the induced index change with the exposure time. The 5 

minutes exposxire time is enough to produce the 0.012 index change. The exceeding times 

do not lead to any significant changes. 
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Fig. 53. Effect of the hard bake temperature on the ultimate material index. 

To pattern a sol-gel film a lithography mask is brouglit in contact with the film. The 

lateral field confinement can be achieved by the UV induced index increase. The 

unexposed film areas are in alcogel phase. Therefore, a suitable process has to be found 

to polymerize these areas, but preserve the UV-induced index contrast. That has been 

achieved by the hard bake process with the appropriate temperature regime. The 

experiment below demonstratess the influence of the hard bake temperature on the 

refractive index contrast. 

Three sets of Si/Zr sol-gel film samples are prepared using the optimized synthesis 

and processing parameters. The samples are hard baked for an hour at different 

temperatures: 120, 130, and 140°C. All the fabricated samples are consolidated and have 
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a glass-like appearance. The experiment results are shown in Fig. 53. The elevated hard 

bake temperatures lead to the increase of refractive index indicating higher material 

densification. For the samples UV cured for 10 minutes, the increase of the hard bake 

temperature from 120 to 140°C results in the index increase from 1.4987 to 1.5026. 

However, the UV induced index change completely vanishes. Therefore, the suitable hard 

bake processing parameters are found to be one hour at 120°C. Those lead to the 

sufficient consolidation of the unexposed areas and simultaneously preserve index 

contrast on the level of 1.0108. 

The optimized sol synthesis and processing parameters for fabrication of UV-

imprintable waveguides are summarized in Table 9. 

Table 9. Optimized synthesis and processing parameters for fabrication of UV-

Parameter Value 

Dopant Si/Zr molar ratio 80/20 

Photoinitiator Ci-1800, 4.35 wt% 

Soft bake regime 70°C for 30 min 

UV exposure 14 mW/cm (X=365 nm) for 15 min through a quartz mask 

Hard bake regime 120°C for 60 min 

Resulted An 0.0108 

4.2. CHANNEL WAVEGUIDE 

4.2.1. Propagation loss analysis 

The extinction coefficient of propagating light along a channel waveguide is the 

primary characteristics of the waveguide performance. The following factors contribute 

to the propagation loss: 
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1. Intrinsic absorption of sol-gel material (including cladding). The propagating light 

excites various proton vibrational modes in the residual silanol groups and the 

adsorbed water molecules, which hydrogen-bonded to them. The adsorbed energy is 

dissipated through the molecular transition to the lower vibrational levels. 

2. Volume scattering on refractive index fluctuations. Depending on the inhomogeneity 

size, p, the scattering of light in an amorphous material may be roughly divided onto 

the molecular (Rayleigh) scattering, when p « X, and the Mie scattering, when p is 

comparable to the wavelength. The Rayleigh scattering depends on the wavelength as 
A 9 

A , whereas the Mie scattering falls off as ?S . In the later case the geometric effects 

are taken into account (H.C. van de Hulst, 1957). 

3. The mode power can leak through a buffer silica layer in the high-index silicon 

substrate. 

4. Surface scattering due to roughness of waveguide interfaces. In an optical waveguide, 

radiation occurs when there is any change in cross-section along the propagation axis. 

The intrinsic material loss can be significantly reduced by insulating sol-gel from 

ambient moisture using a thin silica layer cover. The passivation layer appears to have 

additional effect in the material stability. In the absence of water, the residual silanol 

groups start to react with each other completing formation of the inorganic network. This 

is a slow (the time scale is of a few days) process results in stabilizing the material loss 

below 0.3 dB/cm. Another approach to remove the silanol is to replace it by inert capping 

groups through the silylation process. This technique also leads to considerable loss 

reduction, but affects the material densification. This is because the residual silanol 

groups, which have the potential to form extra oxo siloxane bondings (after passivation), 

have been replaced by alkyl groups. Therefore, the achieved level of the intrinsic loss 

does not exceed 0.3 dB/cm. 

As for volume scattering, the material transmission is affectcd mostly in the visible 

range of spectra, and can be safely neglected for the 1.55 |im light for both the core and 
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the cladding sol-gels. This is confirmed by the spectroscopic data presented in Fig. 34, 

35, and 50. 
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Fig. 54. Power leakage into Si substrate from a ridge channel 
depending on the thickness of the SiOa buffer layer. 

The power coupling to the high-index silicon substrate through a buffer silica layer is 

studied by 3D BPM simulation of a ridge channel waveguide. The ridge configuration is 

chosen, because the modal field distribution is slightly shifted toward the substrate, 

comparing to the buried or embedded configurations. The later are expected to have 

smaller substrateloss. The initial field distribution is obtained using the BPM mode solver 

for the ridge waveguide on a thick silica substrate of index 1.444. This field is launched 

into the waveguide on a silicon substrate of index 3.2 having a layer of silica of particular 

thickness. This substrate model is believed to simulate a real silicon wafer with a 

thermally grown silica layer. The simulation results are plotted in Fig. 54. The power loss 

exhibits almost exponential dependence on the thickness of the silica layer. For a proper 

height of the waveguide core, 2.5 jam, the thickness of the silica layer more than 5-6 )im 

sufficiently insulates the core from the silicon substrate. However, the lower refractive 

index of the core or its smaller height may not confine the field strongly enough. This can 

lead to a significant extent of the evanescent field toward the silicon, and therefore 

require a thicker buffer layer. 
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Most of waveguide components have been fabricated on silicon wafers with a 15 

thick thermally grown silica layer. According to Fig. 54, the power leakage into the 

silicon substrate can be safely neglected. 

The optical losses caused by light scattering on rough interfaces of the waveguide 

core can be regarded as "fabrication" losses. Two of the four rectangular core interfaces, 

bottom and ceiling, can be ignored, since they have negligible roughness. The bottom 

side is formed by the substrate surface with roughness of 1 nm. The roughness of the 

ceiling side also does not exceed this level due to the developed deposition process 

involving an atmosphere of solvent saturated vapors. Therefore the problem is reduced to 

the analysis of the core's side walls. 

Mask openings imperfections and contamination of a photolithography mask may 

cause the appearance of vertical striations on a waveguide's side walls, producing one-

dimensional roughness. The wet etching process may lead to the cluster-wise texture and 

other imperfections on side walls of a waveguide core. To estimate contribution of the 

side wall roughness, a numerical model describing a rough surface has been developed 

and incorporated in the 2D BPM simulation. 

Randomly rough surfaces are characterized by their statistical properties. These 

properties include the height distribution, described by a probability density function, and 

the height correlation, described by an autocorrelation function. The autocorrelation 

function 

R{u) = limy |/(z)/(z + u)dz, 

where a is the standard deviation of f(z) from its zero mean, and L is the waveguide 

length. Two models describing the surface roughness are commonly accepted: Gaussian 

and exponential. The exponential autocorrelation function, 

R ( u )  =  a ^ e  ,  
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where Lc is the correlation length, more accurately represents the high-frequency 

components of rough surfaces (J. A. Ogilvy and J.R. Foster, 1989). 
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Fig. 55. Statistics of the generated rough surface: (a) rough surface, (b) PDF, 

and (c) autocorrelation fimction. 
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The random surface function with the predefined statistics is generated by the 

weighted moving average method (J.A. Ogiivy and J.R. Foster, 1989). Fig. 55 shows a 

fragment of the generated surface, its statistical histogram approaching a Gaussian with 

an increasing number of trials, and the surface autocorrelation function approaching the 

exponential form with an increasing number of trials as well. 

(a) (b) 

Fig. 56. SEM micrographs of a waveguide side walls used for estimation of 
the side walls roughness: (a) general view, (b) side view. 

Image processing of the SEM micrographs shown in Fig. 56, results in the 

autocorrelation function plotted in Fig. 57. The exponential fit gives the standard 

deviation CT = 0.07 jim and the correlation length Lc = 0.36 )im. 

The vertical direction of striations, as can be seen in Fig. 56(a), makes it reasonable to 

assume that the light scattering depends predominantly on the longitudinal distribution of 

roughness. The waveguide core is modeled by the superposition of a constant rectangular 

cross-section core and longitudinally-distributed roughness. This enables the reduction of 

the 3D problem to the 2D estimation model without the loss of essential features of 

roughness. The effective index method leads to the lateral profile of the effective index 

given by 
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N { x , z )  =  

N „  x > W J 2  +  M z )  

N ^ ,  - W J 2  +  f , i z ) < x < W J 2 - f , { z ) ,  

N i ,  X  < - W , ,  1 2 - f , i z )  

where f(z) and/'(z) are uncorrelated stochastic functions with a zero mean. The roughness 

function f(z) represents a local deviation of the perturbed surface from the smooth side 

wall, as illustrated in Fig. 58. 
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Fig. 57. Measured autocorrelation function of side wall roughness. 

The exponential fit gives the variance cr=0.0035 )j,m^ and the 

correlation length of 0.36 jim. 

The ridge and embedded waveguide types (Table 6) are reduced to their 2D models with 

the same effective index of the cores iyf= 1.4822 and the effective indexes of the lateral 

layer of Ni= 1 for the ridge or Ni = 1.444 for the embedded structures. Both waveguides 

are simulated by 2D BPM, varying the standard deviation of the side wall roughness and 

keeping fixed the correlation length of 0.36 fa,m. The effect of the side wall roughness on 

the propagation loss of the ridge waveguide is illustrated in Fig. 59. The propagation loss 

corresponding to the measured roughness, a = 0.07 )j,m, comprises 5.02 dB/cm. The 

losses reduce to the level of about 0.1 dB/cm for half that roughness. The simulation of 

the embedded waveguide reveals negligible propagation loss (large roughness of cr= 0.1 

}am leads to losses below 0.02 dB/cm), so the results are not presented graphically. The 
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side wall roughness factor can be almost completely eliminated by burying a waveguide 

core (if there is a loss-free sol-gel cladding available), or by reducing the roughness to a 

level below 0.03 }xm. 

Ni 

Ni 

Fig. 58. Effective index distribution in a waveguide with rough side walls. 
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Fig. 59. Effect of the side wall roughness of a ridge waveguide on 
the propagation loss. 

In summary, the propagation losses, contributed by the "material" and "fabrication" 

factors, are analyzed in detail. The material absorption and the side wall roughness play 

dominant role. 
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4.2.2. Experimental results 
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Fig. 60. Schematic diagram of the waveguide characterization setup. 

A schematic diagram of the waveguide characterization setup is shown in Fig. 60. It 

allows coupling IR or visible light of any polarization state in a tested waveguide and 

capture images of either the top-view or the output facet of a sample. Beams from a 

tunable IR (1.51-1.58 |im, 3 mW, Av = 300 kHz) and a He-Ne (633 nm) lasers are lens 

coupled in the inputs of a 1/99 2x2 coupler (the 1/99 splitting ratio is optimized for the 

1.55 fim light). 99% of the IR and some part of the He-Ne light from the optimized 

output shoulder are directed through a fiber polarization controller (also optimized for 

1.55 jam light) for butt-coupling into a sample. The coupling fiber is mounted in a "5-

axes" stage {XYZ and rotations around the horizontal and vertical axes). The light from 

the other shoulder, consisting of the complementary powers of IR and He-Ne, serves for 
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monitoring the laser beam coupling and for the initial fiber alignment at the sample 

output. All interconnections are realized by using standard single mode fibers designed 

for the 1.55 |am light. 

The fiber polarization controller is adjusted to provide a horizontal state of 

polarization at the output of the coupling fiber. This orientation of the linear polarization 

axis of the probe light is regarded by analogy as the TE polarization, since it would excite 

TEu in a channel waveguide. Rotation of the half-wave plate by 45° in either direction 

from the TE marked angular position produce the TM polarization of the probe light. 

The light transmitted through a sample is butt-coupled into the accepting fiber, also 

mounted on a 5-axes stage, and directed to an optical spectrum analyzer (OSA). The IR 

tunable laser can be set in the automatic wavelength scanning regime in any range 

between 1.51 and 1.58 fim. This allows the obtaining of the spectral transmittance 

characteristics of a waveguide component, provided the OSA is also set in the "maximum 

hold" regime. However, a problem may arise due to the non-uniform spectral output 

power, Piaser(^), of the IR laser. This issue has been overcome by measuring the spectral 

power from the coupling fiber directly. The obtained spectrum is used to recover a 

sample spectral transmittance through the following data processing: 

Pmeas(^) ~ Plaser(^)^ Psample(^)i 

pimx 

"laser 

An IR vidicon camera mounted above the sample stage is used to capture the 

scattered light from a streak propagating along a channel. It is assumed that the exitance 

of is proportional to propagating mode power. The small television camera tube, in which 

incident light forms an electric charge pattern on a photoconductive surface, has a 

480x640 array of pixels spaced by 10.75 |am. The image is sent to a computer to process 

the data and determine the extinction coefficient. The camera is also used to obtain a 

mode distribution pattern of channel waveguides. The camera is placed in front of the 
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waveguide facet. The output light is imaged directly on the vidicon plane through a 

standard x 10/160 (the focal length is 16 mm) microscope objective. A measured image 

distance is used in the lens equation to calculate a magnification of the imaging system. 

The known pixel spacing of the vidicon allows to obtain the exact mode dimensions. 

(a) ridge (b) buried 

(c) embedded (d) embedded (UV-imprinted, An~O.Ol 1) 

Fig. 61. Modal power distribution in channel waveguides of different 
configurations: (a) ridge, (b) buried, (c) embedded, and (d) embedded 
with low lateral index contrast. 

Qualitative study of modal field distribution in channel waveguides of different 

structures is carried out by observing the output light captured by the IR camera. The 

imaging system is set up to provide the optical magnification of 100. Single-mode 

operation of sol-gel waveguides (excluding the UV-imprinted channel) is confirmed by 

the images presented in Fig. 61. The mode circularity of the ridge and the buried 
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waveguides is attributed to a relatively uniform cladding surrounding, compared to the 

embedded waveguides, whose modes are essentially "elliptic". The mode circularity 

maJkes the ridge and the buried waveguide configurations attractive for single-mode fiber 

coupling. The UV-imprinted waveguide exhibits the pure confinement of the 

fundamental mode as has been predicted by BPM mode solving. Numerous higher-order 

modes, with the closely spaced propagation constants, are easily excited and take power 

fi*om the fundamental mode. 

Propagation distance, cm 

Fig. 62. IR image of a streak in an embedded Si/Zr channel waveguide. 
The linear regression of the data leads to the attenuation coefficient of 
3.7 dB/cm. 

Fig. 62 illustrates the propagation loss measurement using the IR camera. The 1.55 

jam light is coupled into an embedded Si/Zr waveguide. The image reveals a considerable 

scattering at the waveguide input. This can be attributed to the mode mismatch and non-

xmiform waveguide facet produced by a simple diamond-pen cleaving. Nevertheless, after 

a distance of about 1 cm, the scattered light almost vanishes and does not hinder the 

image of the guided streak. The image, I(x,y), is integrated in the lateral direction 

considering only a narrow strip of width, 25, which includes the streak: 

+5 

P{z) = ^I{x,z)dx. 
-s 

The resulted data, being proportional to the guided power, are plotted in the logarithmic 

scale against the propagation distance. The tilt of a fitted linear function gives a power 
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extinction coefficient of 3.7 dB/cm. Since the side wall roughness effect is negligible in 

the embedded waveguides, this loss is attributed completely to the intrinsic absorption of 

the Si/Zr core and the VTES/TEOS cladding materials. The consecutive loss 

measurement of this sample has confirmed this result by the cut-back technique. 

In general, the cut-back technique is believed to be the most reliable technique for 

measuring the propagation loss of channel waveguides. The single-mode accepting fiber 

collects light exclusively from a tested channel, while in the streak image method, the 

facet-scattered light may be guided by the lateral layer and by the Si substrate introducing 

some false effects in the image. 

The propagation loss typically increases with time spent in ambient humidity due to 

the moisture adsorption by the sol-gel material. For data consistency, samples are 

characterized immediately after the fabrication or kept in an atmosphere of dry nitrogen. 

The typical ranges of channel waveguide extinction coefficients for different geometries 

are summarized in Table 10. Data analysis reveals a drastic effect of the side wall 

roughness on the waveguide losses. Comparison of the buried and embedded with the 

ridge waveguide leads to the conclusion that the roughness factor contributes about 4-6 

dB/cm in the total optical losses. Buried waveguides usually have slightly higher losses 

than embedded waveguides. The cladding material is believed to possess somewhat 

higher absorption than either Si/Zr or Si/Al core sol-gel. 

Table 10. Propagation losses (in dB/cm) in sol-gel channel waveguides of different 
configurations. 
Waveguide type Si/Zr core Si/Al 

Ridge 7.8 - 11.0 8.5-9.8 

Buried 3.5-5.2 3.7-4.7 

Embedded 3.0-4.0 3.3-4.5 
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reference wet-etched 

Fig. 63. Effect of wet-etching processing on the side wall roughness. 

Considering the high contribution of the side wall roughness on the extinction 

coefficient of the ridge waveguides, an experiment on side walls smoothening by etching 

processes is carried out. Three identical channel waveguides are fabricated out of Si/Al 

sol-gel. One serves as a reference. Another is dry-etched by the reactive ion etching (RLE) 

method for 30 sec. The third sample is wet-etched in a 1:100 solution of a HF-based 

etching agent for 15 sec. Fig. 63 demonstrates the smoothening effect of the wet-etching 

process. The dry-etching process has a similar smoothening effect. The propagation loss 

of the samples are measured by the cut-back method. The reference sample exhibits an 

optical loss of 9.8 dB/cm, whereas the losses of the dry-etched and the wet-etched 

waveguides are reduced to 5.6 and 5.2 dB/cm, respectively. The etching process effect 

results in the loss reduction of more than 4 dB/cm. Though some roughness is still 

present (Fig. 63), the effect is very strong. 

Another approach to reduce the optical loss is to decrease the material absorption by 

the developed silylation process. A ridge waveguide, fabricated out of silylated Si/Zr sol-

gel, reveals the optical loss of 1.9 dB/cm, measured by the cut-back method. The side 

wall roughness contributes to the propagation loss of at least 4 dB/cm, as has been 

determined by the corresponding BPM simulations and proved by the previous 

experiments. Therefore, the 1.9 dB/cm loss leads to a conclusion, that silylation reduces 

not only the material absorption, but also smoothens waveguide side walls. 

The SiOi passivation is not realized for the ridge waveguides, though this technique 
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has promising results for planar waveguides. The encountered obstacle is the non-

conformal coating of SiOa deposited by the e-beam evaporation. The SiOa film cannot 

coat the abrupt side walls of ridge waveguides as well as it coats planar waveguides. 

Attempts to deposit a conformal silica layer using a sputtering technique have destroyed 

the hybrid sol-gel due to high processing temperature. Silica passivation of buried and 

embedded waveguides has not led to the expected results. The reason is believed to have 

originated fi-om the inadequate loss reduction of the cladding material under passivation. 

This issue may be overcome by adapting the cladding properties for the passivation effect 

by improving the material synthesis and optimizing the processing. 

In summary, the experimental results are in good agreement with the theoretical 

predictions. The techniques for optical loss reduction in sol-gel waveguides have been 

developed. The propagation losses in the ridge configuration of channel waveguides have 

been reduced from 7.8 to 1.9 dB/cm. Adaptation of the silica passivation for the channel 

waveguides is expected to decrease the propagation losses well below 1 dB/cm. 

4.3. Y-JUNCTION 

A fabricated Y-junction splitter is characterized on the optical bench (Fig. 60). The 

spectral transmittance of an adjacent straight channel, Pchanneif^), is measured first. Then 

the probe light is coupled to the Y-junction input waveguide, and the transmitted light, 

Pmcas(^), is consecutively collected from two output waveguides. The Y-j unction spectral 

transmittance, Pshouider(^), for each output shoulder is obtained by processing the recorded 

data according to 

p — ' f \ x i o o % .  
"channel \^) 

This processing eliminates the variation in the spectral output of the IR laser and the 

wavelength dependent coupling efficiency in and out of the tested component. The power 

in each output shoulder in percent of that in the straight channel is shown in Fig. 64. Both 
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plots are essentially flat, centered at about 50%. The noise is attributed to the jitter of the 

laser power during the wavelength scanning. 
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Fig. 64. Power in the output shoulders of Y-junction 
with respect to a straight channel of the same length. 

4.4. MMI COMPONENTS 

4.4.1.1x4 and 1x12 power splitters 

Fig. 65 shows an SEM of a sol-gel MMI waveguide core and 4 access waveguides 

before deposition of the cladding layer. The core of the 1x4 splitter has a rectangular 

cross-section whose height is 2.5 j_im and width is 45 jj.m. The length of the MMI section 

is 523 p,m, according to the design. All access waveguides support only the fundamental 

TE or TM modes. The input access waveguide is a straight channel adjoining to the facet 

of the MMI waveguide. The symmetrically positioned output access waveguides are 

equally spaced by 11.7 jim from center to center, including the Goos-Hanchen correction 

(22). The waveguides are spread out in the form of S-bends, formed by conjugate arcs of 

radius 8,000 jim, to a center-to-center spacing of 250 jum for the possibility of fiber pig-

tailing. The core structure is coated by a cladding layer of thickness 2.5 jam to obtain the 

embedded waveguide. 
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Fig. 65. SEM image of a soi-gel MMI core and access waveguides. 

The fabricated splitter is characterized on the optical bench (Fig. 60) by coupling 

consecutively the TE and TM IR light into the input access channel and measuring the 

transmitted light from each of the output channels. The transmitted light from each of the 

output access waveguides is consecutively collected by a single mode fiber and directed 

to an OSA. At each measurement, the wavelength of the IR laser source is scanned in the 

range from 1.535 to 1.560 |am. The data for the TE case are shown in Fig. 66. The data 

for the TM and TE polarizations are almost identical within the measurement accuracy, 

estimated to be around 0.05 dB and attributed to the source jitter. The excess loss and 

power imbalance in the vicinity of 1.55 jam are 0.3 dB and 0.1 dB, respectively. 

The 1x12 splitter has essentially the same layout apart from the dimensions (Table 6) 

and the spacing of the outer output channels, which comprises 2,750 )j.m. The same 

characterization procedure reveals some deviation in the spectral response from the 

designed values. The device exhibits minimum excess loss in the region from 1.530 to 

1.535 jim as can be seen in Fig. 67. This effect is believed to be caused by an expansion 

of the sol-gel material during the curing processes, resulting in a slight increase of the 

MMI width. However, the self-images are formed at the same distance for the light of the 

slightly shorter wavelength, as can be seen from (18). The effect of shifting (though being 

very small) of the minimum loss and imbalance to the shorter wavelength can also be 

noticed for the 1x4 splitter in Fig. 66. In the later case, the waveguide width is three times 
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less than in the case of the 1x12 splitter, so the absolute width increase due to the 

material expansion is less. 
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Fig. 66. Spectral characteristics of 1x4 MMI splitter. 
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Fig. 67. Spectral characteristics of 1x12 MMI splitter. 

The light from the output facet of the splitter is imaged to the IR camera. Fig. 68 

shows two overlapping images corresponding to the output light from channels from the 

first to the eighth and from the fifth to the twelfth. The image of 12 output channels 

spaced by 2,750 |im does not fit in the field of view of the imaging system. All spots 
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have the circular appearance and almost equal brightness except the left most spots on the 

both captures. The fading is thought to be attributed to the vignetting effect confirmed by 

the difference in the images of the same channel, #5, in both captures. 

Fig. 68. Radiant exitance of 1x12 MMI splitter, output light from 
channels (a) # 1 - 8, and (b) # 5 -12. 

4.4.2. 4x4 coupler and optical 90° hybrid 

The 4x4 couplers are fabricated according to the design parameters listed in Table 6. 

The symmetrically positioned and equally spaced output access waveguides are spread 

out in the form of S-bends as discussed in the section 4.4.1. The input access waveguides 

are configured in two variants. In one variant (4x4 coupler), the waveguides are arranged 

identically to the output access waveguides forming a 2-fold symmetric structure. In the 

90° hybrid configuration an integrated symmetric Y-junction is employed to 

simultaneously deliver equal coherent fields to the ports 1 and 3. Port 2 has no access 

waveguide, and the port 4 is joined by a supplementary waveguide identical that of the 

4x4 coupler. The total length of the devices is 2 cm. After fabricating the waveguide 

core, the cladding layer is deposited to obtain the embedded type structure. 

The 4x4 coupler is tested on the optical bench (Fig 60). The TE and TM polarized 

light of >10=1-55 ).im is consecutively coupled into the input access waveguides. The 

output light from each of the output waveguides is consecutively collected by a single 
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mode fiber and directed to the OS A. The laser source is timed in the range from 1.51 to 

1.58 j^m. Fig. 69 show the spectral transmission of the coupler for one of these 

measurements (light is coupled in the input port 1 and collected from the output port 1). 

The corresponding power overlap integral is obtained in the BPM simulation and plotted 

in Fig. 69 for comparison. Other combinations of input-output show similar behavior. 
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Fig. 69. Simulated and experimental spectral transmittances associated 
with input port #1 and output port #1 in 4x4 MM I coupler. 

The 4x4 MMI coupler excess loss and output imbalance are plotted in Fig. 70 for the 

TE and TM states. The excess loss and imbalance around 1.55 |im do not exceed 1 dB 

and 0.2 dB, respectively. This behavior indicates that the coupler is polarization 

insensitive (within the measurement accuracy) around A,o=1.55 ^im as predicted by the 

numerical simulations. 

In the 90° hybrid modification, light from the output facet of the coupler is captured 

through a microscope objective by the IR camera. Fig. 71 shows two images 

corresponding to cases of coupling light into the input 4, and to the inputs 1 and 3 

simultaneously via an integrated Y-junction. Both images are accompanied by plots of 

the power distribution along the output facet of the chip. The bright spots correspond to 

the output waveguides spaced by 250 }xm. As shown in Fig 71 (a), when light is coupled 

in one input, its power is divided equally among the 4 outputs. In case of coupling light in 

the Y-j unction producing equal fields the input ports 1 and 3, the self-images 
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constructively interfere in the output ports 1 and 3 and destructively in 2 and 4 resulting 

in the uneven power distribution. 
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Fig. 70. Spectral response of the 4x4 MMI coupler for the TE and 
TM polarized light. 

The output power distributions for the in-phase excitation of the inputs 1 and 3, 

predicted by the analytic expression (20), BPM simulations, and experimental 

measurements are presented in Table 11 for comparison. Very good agreement between 

the simulation and experiment is observed. The slight deviation of the data can be 

attributed to the following issues. First, self-imaging effect has a finite line spread 

function originated from the finite number of guided modes and the deviation from the 

ideal mode dispersion relationship. In addition, inevitable small deviations from the 

designed parameters such as waveguide height and refractive indexes can also affect the 

device performance. 
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Fig. 71. Power distribution along the output facet of the chip for 
coupling in one input (a) and in two inputs 1 and 3 simultaneously via 
an integrated Y-junction (b). 

Table 11. Output power distribution for the in-phase excitation of the ports 1 and 3. 

method PI P2 Pi P4 

analytic solution 0.85 0.15 0.85 0.15 

simulation 0.73 0.12 0.75 0.13 

measurement 0.72 0.12 0.72 0.12 

In summary, high performance integrated optics components including channel 

waveguides, Y-junction, and MMI based couplers are successfully fabricated by sol-gel 

technology. The comprehensive analysis of propagation loss has shown that the dominant 

contributing factors are the material intrinsic absorption and the light scattering on the 

side wall roughness in ridge waveguides. A few approaches to reduce the propagation 

loss are developed and experimentally proved. 
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A series of MMI couplers based on the self-imaging effect are fabricated according to 

the novel design method described in Chapter 2. The experimental results are in good 

agreement with the predictions of nimierical simulations. Measured characteristics of the 

sol-gel derived MMI components are compared in Table 12 to analogues fabricated by 

other technologies. Table 12 demonstrates the superior performance of the sol-gel 

devices. The polarization sensitivity of all fabricated couplers well surpasses that all 

analogues. Power imbalance is also remarkably low. 

Table 12. Comparative characteristics of MMI couplers derived by different technologies. 
inputs X 
outputs 

material excess 
loss, dB 

imbalance, 
dB 

polarization 
penalty, dB 

reference 

1x2 polymer 0.95 
C.W. Hsu 
et al, 2001 

1x4 SC 0.1 0.1 
A. Ferrer as 

et al, 1993 

1x4 glass 0.3 0.2 0.1 
Q. Lai 

et al, 1997 

1x4 SC 0.83 0.47 0.4 
J.S. Yu 

et al, 1999 

1x4 sol-gel 0.3 0.1 <0.05 OSC, 2003 

1x8 SC 1.02 0.68 0.45 
J.S. Yu 

et al, 1999 

1x16 SC 2.2 1.5 0.4 
L.H. Spiekman 

et al. 

1x12 sol-gel 1.0 0.4 <0.05 OSC, 2003 

4x4 SC 1.0 0.3-0.9 
E.S.M. Pennings 

et al, 1992 
4x4 sol-gel 1.0 0.2 <0.05 OSC, 2003 

In addition, the fabricated 4x4 MMI coupler is tested as an optical 90° hybrid by the 

in-phase excitation of two input ports with the integrated Y-junction. A good agreement 

of the measured power distribution among the output ports with the design predictions is 

demonstrated (Table 11). 
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5. CONCLUSIONS AND OUTLOOK 

Organic-inorganic sol-gel tcclmology based on the wet process and low temperature 

chemistry provides a cost-effective and flexible method for waveguide fabrication. One 

unique property of sol-gel glass materials is their ability of being photopattemable. This 

feature provides one step processing, eliminating the need for photoresist lithography and 

etching. In addition, the material doping provides a wide range of refractive indexes 

critical for device optimization. Low processing temperature and the simplicity for 

waveguide and integrated optics fabrication makes sol-gel method a viable candidate for 

heterogeneous integration with the silicon technology. The limitations of sol-gel 

materials, concerning their stability and optical loss in the 1.55 f.im communications 

window, are successfully overcome by two innovative approaches: 

• chemical modification of material by silylation process, in which active unreacted 

hydroxyl and alkoxy groups are replaced by inert hydrophobic alkyl groups, 

• material passivation by coating it with a protective thin SiOa film. 

The degradation of waveguide loss over time is drastically suppressed. The results 

indicate a long-term optical loss below 0.3 dB/cm. 

The developed chemistry for doping incorporation in the host network provides a 

wide range of refractive indexes critical for device optimization. This enables a novel 

approach to design of high-performance MMI devices in low-contrast material. 3D BPM 

simulations are carried out to optimize a number of guided modes (through index contrast 

and waveguide width), which constructively interfere to form the best self-images. The 

approach is applied to design 1x4, 1x12, and 4x4 MMI couplers showing a superior 

performance in excess loss and power imbalance. The polarization sensitivity is reduced 

to the negligible level. 

Techniques for deposition of a high quality sol-gel film and photopattemable 

waveguide definition are developed. High performance integrated optics components 

including channel waveguides, Y-junction, and MMI based couplers are successfully 
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fabricated in sol-gel. The experimental results are in good agreement with the predictions 

of numerical simulations. Measured characteristics of the sol-gel derived MMI 

components are compared to analogues fabricated by other technologies. The results 

demonstrate the superior performance of the sol-gel devices. The polarization sensitivity 

of all fabricated couplers well surpasses that all analogues. Power imbalance is also 

remarkably low. 

The presented experimental results prove that the sol-gel technology is suitable for 

fabrication of high performance integrated optics components and, owing to the low 

processing temperature (below 170°C), for heterogeneous integration with optoelectronic 

technologies. 

Apart from making a new step in sol-gel micro-fabrication the dissertation provides a 

vital platform for further developments of components with new functionalities, such as 

UV-imprinted Bragg filters, MMI based wavelength division multiplexing, and 

components for signal processing. 
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APPENDIX A 

STOICHIOMETRIC CALCULATION FOR SYNTHSIS 

OF Zr -DOPED SOL-GEL 

The material is defined by the following entry parameters: 

1. molar per cents of Si host, psi, relative to Zr doping, pzr, (%), 

2. photoinitiator concentration, Cph, (wt%), 

3. condition of ZPO complexation with MAA, Q, equal to the ratio of MAA mols ZPO 

mols, 

4. excessive amount of water, AR, in %, 

5. volume of MAPTMS, VMAPJMS, governing the total amount of the sol (ml ). 

Table 13. Physical data of involved chemicals. 
Chemical Density, g/ml Molecular Number of Concentration, 

weight, g/mol alkoxy groups % 
MAPTMS 1.045 248.35 3 98 

ZPO 1.044 327.58 4 70 
MAA 1.015 86.09 99 
VTES 0.903 190.30 3 97 
TEOS 0.934 208.3 4 100 

Ci-1800 0.843 24.155 
IPA 0.785 60.10 99.5 
H2O 0.998 18.02 100 
HCl 1.200 36.46 37 

Since all chemicals during the synthesis are measured in milliliters, the stoichiometry 

design has to be given also in volumetric quantities. The following designation is 

accepted in the below calculations; 

1. / is designates a chemical, 

2. Vi is a volume of the chemical (ml), 

3. Pi is a density of the chemical (g/ml). 
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tTi 
4. Mi is a molar weight of the i substance (g/mol), 

5. Nidi number of alkoxy groups in the substance, 

6. Ci is concentration of the substance (amount of grams of the pure substance in 100 

g of the chemical). 

All necessary chemical data can be found in Table 13. The detailed synthesis 

procedure, schemically shown in Fig. 21, is as follows: 

1. Pour VMAPTMS ml of MAPTMS in a vial, 

2. Add q qIM HCl aqueous 
PH20 ^MAPTMS ^ H 20 ^ 

solution and stir for 30 minutes, 

3. Pour of IP a in another vial, 
PZPO ^ MAPTUS ^ZPO Psi 

4. Add v/j'o ~~ V//M ml of ZPO and stir for 10 minutes, 

o M C 
5. Add drop-wise = v^po Q ml of MAA, and stir 45 minutes, 

PMAA ^ ZPO Q MAA 

6. Add drop-wise VMAPTMS+VHIO ml of the prehydrolyzed MAPTMS into the ZPO/MAA 

complex (the prehydrolyzed MAPTMS in the steps 1 and 2 has to be prepared in 

excessive amoimt to compensate the solution loss for the wetting of the vial and a 

pipette tip) and stir for 45 minutes, 

7 A AA rlrnn ivi'-r v - Fv PMAPTMS ^H20 ^MAPTMS ^MAPTMS , /. Add drop-wise v^2o - iVi^^pjMs — r + 
P M O  ^  M A P T M S  ^ H 2 0  ^  

— + nJ of HaOmd stir 
PH20 ^ ZPO ^H20 ~ PH20 ^MAA ^ H20 

for 45 minutes. 
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8. Add Vp^ = —^ Y.p. ml of photoinitiator, stir 24 hours, filter, and age for 7 
Pph^ph all 

chemicals 

days. 
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APPENDIX B 

ON PROCEDURE FOR WAVEGUIDE LOSS MEASUREMENT 

USING METRICOM 2010 PRISM COUPLER 

The Metricon Model 2010 (Metricon Corporation, Pennington, NJ) allows the 

measurement of extinction coefficients in slab waveguides using the moving fiber 

method in which the exponential decay of light is measured by a fiber probe scanning 

down the length of the propagating streak (Fig. 28). The device design is believed not to 

be well though-out to provide confident optical loss measurements, unless special extra 

measures are taken, including appropriate preparation of a sample, signal refining and 

adequate processing. 

Apart from some inconvenience in the measurement procedure, the useful signal is 

hindered be the background light. This reduces the signal-to-noise ratio (SNR) well 

below unity. The described procedure is primarily targeted to improve the SNR. 

The major requirement for the confident measurements is imposed in a sample. The 

sample has to have the length of at least 7 cm and the width of at least 1 cm. The film has 

to be of superior quality (imperfection-free, thickness uniformity within 5%, and surface 

roughness within 1 nm). A strip of a black tape on the back of the sample is used to 

reduce the background light, and partially suppress the guided light in the Si substrate. 

The measurement procedure is consists of the following steps: 

1. Position the rotary table to excite the fundamental mode of the 1.55 |am light ( 

in Fig. 29). (At this moment, the guided streak can be visually observed by switching 

to the He-Ne laser. If the streak encounters film defects, reload the sample.) Adjust 

the offset and the gain of the signal amplifier and the position of the light spot to 

achieve maximum coupling efficiency. The signal versus the table rotation angle 

should be similar to that in Fig. 29. 
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2. In the loss measurement mode, move the secondary detector to the farthest position 

and adjust the spot position to achieve maximum SNR. An example of a signal from 

the secondary detector is shown in Fig. 72. Switch back to the index measurement 

mode and assure in the excitation of the fundamental mode. 

Secondary 

Primary 

U O 
ts 
4) Q 

47.5 48.0 48.5 49.0 49.5 50.0 
Internal Angle, deg 

Fig. 72. Signals of the secondary and the primary detectors 
versus the angular position of the rotation table. 

signal+background 
background 
signal 

-0.214X-7.9117 

-15 

0 1 2 3 4 5 6 
Scan Length, cm 

Fig. 73. Processing of the measured data. 

3. In the loss measurement mode, move the secondary detector to the position, where 

the exponential decay starts. Adjust the gain to set the detector signal to the "100%" 

level. Make an automatic run and save the data representing the signal and 
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background, IS+B(Z). Return the detector to the initial position and offset the angular 

position of the table by 3-4 sampling points. That comprises about 0.02°. The 

detector signal should be about the "80%" level. Again, make an automatic run and 

save the data. These data represent the background, IB(Z) (and some part of the 

signal). 

The data are processed according to the loss equation, as shown in Fig.73, 

10/og-io[/s+B(z) - h{z)] = -a*z - ao, 

where, a is the extinction coefficient in dB/cm and Oo includes is the prism coupling loss 

and a partial loss of signal undistinguishable from the background. A linear regression 

analysis gives a value of a. The measurement error is determined by a standard deviation, 

Ga, (B.R. Frieden, 1991): 

1 = 

where (x„,y„) are sampling points, N is a number of the sampling points, and y(x„) is the 

linear fit. For the considered measurement example a = 0.21 with cFa = 0.03 (dB/cm). 
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