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ABSTRACT 

The present investigation is concerned with the processing and 

characterization of sol-gel derived Polyceram materials. Polycerams, a new class of 

multi-functional materials, are organic-inorganic composite materials where the 

components are combined at or near the molecular level. In this dissertation, 

particular emphasis is attributed to the synthesis, processing and characterization of 

thin films of Polycerams. 

Numerous optical characterization techniques were performed to study the 

passive properties of Polycerams, including index of refraction, optical attenuation, 

UV tremsmission and surface embossing. Dielectric waveguides of superior optical 

quality were obtained and Polycerams proved to be surface pattemable with near-

perfect shape replication abilities. The above properties are discussed in conjunction 

with a scattering model which explains the structural homogeneity of Polycerams. 

Optical losses below 0.15 dB/cm and the simple fabrication of charmel waveguides 

and lenses via surface embossing render Polycerams highly suitable candidates for 

today's integrated optics technology. 
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1. INTRODUCTION 

Polycerams, also known as Ormosils or Ceramers, are polymer-modified 

ceramic materials, in which the organic and inorganic components are combined on 

a molecular or near molecular level. This new genre of materials has witnessed a 

sudden increase of interest in the past decade, more noticeably so during the past 

five years, in both the sol-gel and optical communities. As more and more properties 

of Polycerams are unveiled, and as the number of their potential continues to grow, 

it is no surprise that these new materials are labelled "the sol-gel multi-functional 

nanocomposites" of the nineties. 

Polycerams are the offspring of increasing demands for special materials 

where valuable properties of different types of materials are combined. Since pure 

materials rarely satisfy the requirements for particular applications, it is desirable to 

combine two or more materials with complementary properties. Fortunately, wet 

chemical techniques enable the synthesis of such composites on a molecular scale. 

In addition, these processing techniques are simple, inexpensive and reproducible on 

a large scale, thus presenting numerous advantages. 

In the present work, considerable attention has been directed to the 

processing and characterization of sol-gel derived Polyceram thin films. The 

properties of the latter were investigated primarily in the form of optical waveguides. 

It will be seen, in fact, that the performance of Polyceram optical waveguides 
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provides much insight into the structural properties of Polycerams. Hence, this study 

not only develops new opportunities for Polyceram thin films but also utilizes those 

avenues to uncover the optical as well as structural characteristics inherent to 

Polycerams. 
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2. BACKGROUND AND LITERATURE REVIEW 

The present section will begin with an introduction and a description of the 

theory of dielectric waveguides. Important issues such as prism-coupling, device 

requirements and sources of loss will be discussed as well as various kinds of gratings. 

Next, a general review of sol-gel chemistry will be presented followed by a more 

specific review of Polyceram chemistry. Finally, the literature review will discuss 

publications pertaining to waveguides and surface patterning techniques of sol-gel 

derived Polycerams. Due to the scarcity of publications in certain areas pertaining 

to Polycerams, suitable examples will be drawn from the vast pool of publications on 

inorganic sol-gel derived thin films. 

2.1 Dielectric Waveguides 

Sending information encoded into bursts of light over long and short distances, 

known as communication by lightwaves, is no longer just a fantasy. Today's 

telecommunications industry, based on glass-fiber systems, is capable of handling 

enormous amounts of information via lightwaves. As one begins to think about the 

telecommunications industry, it becomes obvious that efficient optical systems are 

needed in every aspect of the industry, and one cannot even begin to enumerate 

those applications. It is therefore not surprising that the field has witnessed rapid 

growth in the last twenty years. 
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For a message to travel over light, several components or devices are 

necessary. The essential devices are a light source and a waveguide to act as a path 

for the light. In addition, circuits to encode information onto the lightwave, to couple 

the light into the waveguide and out again, to connect one waveguide to another, to 

detect the lightwave, to convert light into electric current at the receiving end, and 

to filter the desired wavelength bands are also required. 

Similar to the early electronic circuits, which were composed of discrete 

transistors, capacitors or resistors, today's lightwave circuits are also made up of 

discrete lasers, fibers and photodetectors combined with conventional electronic 

circuit boards and chips. These individual entities are bulky, require space, are 

subject to environmental changes (i.e. temperature and humidity drifts) and need 

alignment procedures for every application. Therefore, it is advantageous to be able 

to combine all individual components on a single substrate or chip capable of 

performing a multitude of complex communications functions. 

Integrated optics is the technolo©' of integrating various optical devices and 

components for the generation, focusing, splitting, isolation, polarization, switching, 

coupling and detection of light, all on a single substrate or chip. The technology for 

building such circuits was conceived about twenty years ago [1]. The first integrated 

optical circuits were called "hybrid" because they were composed of combinations of 

materials such as organic compounds, lithium niobate, zinc oxide and magnetooptic 
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garnets to perform the desired functions. The more recent optical circuits are called 

"monolithic" integrated circuits since they are fabricated from a single family of 

semiconductor alloys all combmed on one substrate [1]. 

Today's sophisticated thin film technology enables the fabrication of numerous 

complex photonic devices integrated into compact circuits. Devices can be grown 

vertically on a chip, or they can be arranged side by side. To give an indication of the 

progress of the current integrated optics technology, examples may be drawn from 

the on-going research at Bell Laboratories. One of these technologies is the "Multiple 

Light Source" where 18 lasers are positioned side by side on a gallium arsenide chip 

about 0.27 millimeter wide [2]. Another example is a device where four active layers 

are stacked inside a vertically integrated circuit to produce simultaneously light of 

four wavelengths [2]. 

The most fundamental part of any integrated optical device is the planar 

waveguide which forms the base structure upon which all the more complex devices 

are built. Therefore, it is highly desirable to fabricate planar waveguides with low-

scatter and low-loss properties since propagation distances of several centimeters may 

be needed. In addition, for a better understanding of today's device performance and 

tomorrow's more sophisticated design, the study of planar waveguides and their 

properties will be veduable. 
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2.1.1. Theory 

Planar waveguides are the structures used to confine and to guide light in 

integrated optical circuits. This section will present a brief summary of the theory of 

planar waveguides with special emphasis on dielectric waveguides. Numerous books 

are published on this topic and the eager reader is referred to Refs. 3-5 for a 

detailed discussion of optical waveguides. 

A planar dielectric waveguide is a slab of dielectric material surrounded by 

media of lower refractive indices. In thin-film devices, the slab is called the "film" and 

the upper and lower media are called the "cover" and the "substrate", respectively. 

The inner medium and outer media may also be called the "core" and the "cladding" 

of the waveguide, respectively. 

When an electromagnetic wave is incident upon the boundary between two 

dielectric media whose refractive indices are ni and nj, then, in general, a portion of 

that wave is reflected and the remainder transmitted. Maxwell's equations require 

that both the tangential components of the electric field (E) and the magnetic field 

(B) are continuous across the boundary. Fig. 2.1 shows a wave incident on the 

interface at an angle 0; to the normal with the reflected and transmitted waves at 

angles 0^ and 0„ respectively. These angles are related by the following equations; 

6i = 0r (2-1) 

and 



/ij sin 0j = rtj sin 0t (Snell's Law) 
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(2-2) 
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Fig. 2.1: Illustration of the behavior of a light ray incident on the boundary between 
two media with refractive indices rtj and «2 where rt2 < "i- The angles of incidence, 
transmission and reflection are 0;, 0, and 0,, respectively. 

We will be particularly interested in the case when /ij > n^. Here, for angles 

greater than a certain angle 0^, the critical angle, there is no transmitted light, i.e. 

"total internal reflection" has taken place. At 0; = 0^ the angle of transmittance is 

90°. Therefore, from Eq. (2-2), we can write 

sin 0^ = rtj sin 90° (2-3a) 

or, 0c = sin"^ (2-3b) 
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Hence, only rays that have an angle of incidence less than the critical angle 

(0c) enter the second medium. Those with angles greater than 0^ are reflected back 

into the first medium. 

It is the existence of a critical angle that makes light stay inside the 

waveguide. A critical angle can exist, however, only if the surrounding media possess 

smaller refi-active indices than the waveguide itself. During the process of total 

internal reflection, the wave actually penetrates beyond the film into the outer 

medium typically a fraction of a micrometer before it turns back. The part of the 

wave beyond the film boundary is called the "evanescent" wave. While the evanescent 

wave can safely be ignored in most circumstances, it provides the mechanism for 

operation of an optical device called the prism-coupler, as discussed in more detail 

later (see section 2.1.2). 

Fig. 2.2 illustrates a typical planar dielectric waveguide. A lightwave 

constrained to travel in a waveguide does more than simply zigzag along to its 

destination. Interference phenomena arise, primarily because of the electromagnetic 

nature of light. The electric field component of a wave is directed at right angles to 

its direction of propagation, and alternates along the length of the light beam 

between positive and negative in correspondence with the crests and troughs of the 

wave. When the wave is reflected fi-om a waveguide boundary, the electrical fields 

fi-om incident and reflected waves partially overlap. Because both waves have positive 
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and negative regions, there are areas where positive regions of both waves overlap 

and reinforce each other, where both negative regions overlap and reinforce each 

other, and where positive areas of one wave overlap negative areas of the other and 

cancel one another. This pattern of positive, negative and neutral areas represents 

the interference between incident and reflected waves. Hence, for a few specific 

angles of incidence, patterns coincide with one another, adding constructively rather 

than destructively. Therefore, light can propagate through the waveguide only at 

these angles, otherwise known as waveguide modes (m). Each mode thus defines a 

possible path through the waveguide. 

y 
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Fig. 2.2: Planar dielectric waveguide [5]. 



Since the field in the slab film is in the form of a monochromatic transverse 

electro-magnetic (TEM) plane wave, the modes can have two different polarizations. 

In the transverse electric (TE) case, the electric field is perpendicular to the direction 

of propagation, while in the transverse magnetic (TM) case, the magnetic field is 

perpendicular to the direction of propagation. 

The number of modes that can exist in a waveguide depends on four factors: 

the thickness of the film, the refractive index of the film, the refractive index of the 

substrate and the wavelength of the light. The number of modes supported by the 

waveguide increases with increasing index of refraction and thickness of the guiding 

layer, decreasing index of refraction of the substrate and decreasing wavelength of 

the light. The "cut-off' wavelength of a waveguide is the longest wavelength that can 

be guided by the structure, i.e. when the total internal reflection is not met, the mode 

is said to be beyond cut-off. 

As discussed earlier, a given mode can be regarded as being made up from 

an infinite collection of rays traveling down the guide with the same value of internal 

angle 0. If we consider any particular point within the guide, only two of these rays 

can pass through it. One will be directed "upwards" and the other directed 

"downwards". Since, in general, there will be a phase difference between these two, 

they will interfere and thereby give rise to a variation in the field amplitude across 

the guide. Each mode will be characterized by a different field variation. Fig. 2.3 
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shows the variation in the electric field amplitude across a planar waveguide for TE 

modes 0, 1, 2, 3 and 8. Fig. 2.4 shows the ray paths corresponding to the first four 

modes of Fig. 2.3. 

m «0 

Fig. 2.3: Field distributions for TE guided modes in a dielectric waveguide [5]. 
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Qaddine 
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Fig. 2.4: Internal guide angles corresponding to the first four TE modes shown in Fig. 
2.3 [4]. 

As observed in the above two figures, the higher the mode number m, the 

higher will be the relative value of the electric field amplitude at the edge of the 

cladding. Hence, higher order modes carry along with them a higher proportion of 

mode energy within the cladding. In addition, we observe that the internal gmde 

angles increase with increasing mode number. These observations will become 

important in the discussion of waveguide optical loss (section 2.1.3). 

2.1.2 The Prism Coupler 

Optical power may be coupled into or out of a slab waveguide by use of a 

prism. This technique was first invented and studied in detail by Bell Labs scientists 
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[6-9]. In this technique, a prism of refractive index is placed at a distance dp 

from the slab of a waveguide of refractive indices Wj and /ij. as shown in Fig. 2.5. An 

optical wave should be incident into the prism such that it undergoes total internal 

reflection within the prism at angle 0p. The incident and reflected waves form a wave 

traveling in the z direction with a propagation constant = np cosBp. The 

transverse field distribution extends outside the prism and decays exponentially in the 

space separating the prism and the slab. If the distance dp is small enough, the wave 

is coupled to a mode of the slab waveguide with a matching propagation constant 

= iSp. Simply put, the air gap between the prism and the waveguide must be there 

to create the proper reflective boundary. But if it is kept sufficiently small, the 

evanescent wave (that small portion of the reflected wave below the reflective 

surface) can extend below the air gap, and initiate a wave in the waveguide film. 

Hence, power can be coupled into the waveguide and the prism acts as an input 

coupler. However, in order to couple light within the waveguide, the angle at which 

the light passes into the prism must be adjusted until the wave mode excited in the 

prism matches the interference pattern for one of the waveguide modes. When this 

"synchronous condition" exists, the waveguide mode in the film is excited. By varying 

the angle at which light enters the prism, all allowable waveguide modes in the film 

can be excited. 
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Incident 
wave 
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Fig. 2.5: The prism coupler [5]. 

The prism coupling technique is also useful in determining waveguide 

parameters such as the thickness and the index of refraction [9]. Strong coupling of 

light into the film occurs only when we choose 0 such that the phase velocity Vp of 

the incident wave in the prism where Vp = c//Zp sinG equals the phase velocity v„ of 

one of the characteristic modes of propagation in the waveguide (m=0,1,2.,,). By 

determining these synchronous angles of strongest coupling, we can find 

experimentally the characteristic propagation constants (N„) of a given film, relative 

to the propagation constant k = w/c of free space: 

In addition, we can also calculate theoretical values for the relative propagation 

constants from the known dispersion equation of planar dielectric waveguide: 

Nm = c / v„ = np sine„ (2-4) 

Nm = N(m/i,W,k,rto,n2.P) (2-5) 
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where n ,̂ n and are the refractive indices of the substrate, film and the air, p is 

the polarization of the laser beam (p = 0 for TE polarization and p = 1 for TM 

polarization), m is the mode number and W is the thickness of the waveguide. These 

parameters HQ, Wjj P known and can be measured separately. It is, thus, a 

computational problem to adjust the two parameters n and W until the resulting 

theoretical values match as closely as possible the experimental values N„. 

Details of this type of calculation are given in reference [9]. 

This technique is highly advantageous; it is a simple technique since it requires 

only the measurement of angles, and it is an accurate technique because if the film 

is thick enough to support more than two modes, the n and W values can be 

determined from more than two independent measurements. However, there are also 

certain limits to the applicability of this method: (1) The method is suited only for 

hard films rather than soft films because the film has to be pressed mechanically 

against the base of the prism, leaving only a small air gap. (2) The film must be thick 

enough to allow the propagation of at least two modes. If only one mode can be 

observed, the prism coupling technique can still be used to determine either n or W 

provided the other parameter is determined from a separate measurement. (3) A 

certain level of skill and experience is needed to find the coupling angles and to 

obtain modes that are not too broad due to scattering losses within the waveguide 

or the clamping pressure. (4) Finally, the refractive index of the prism must be higher 
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than that of the guide itself, which makes experimentation on high-index waveguides 

difficult 

To make a useful input coupler, the prism should be relatively small compared 

with the substrate length, such that the guided beam propagates out from under the 

prism to the rest of the film or to other devices. Therefore, the input beam is no 

longer a plane wave, but must be a bounded beam. 

Fig. 2.6 illustrates the transverse field distribution in a prism-coupler [10]. In 

the prism, the field distribution is a standing wave, while in the guide layer itself, it 

is a standing-wave pattern composed of two zig-zag waves. In the substrate, the field 

must be evanescent, and in the gap region, it is a hybrid boundary wave. If the gap 

is non-zero, then a portion of the field could be made to detach itself from the rest 

and propagate forward as a guided mode, in which case a mode is launched. 

The power transfer in a prism-coupler is bidirectional, indicating that a prism-

coupler can just as easily be used in reverse, to couple a guided mode out into free-

space. Care should therefore be taken that the guided mode does not start coupling 

back out of the coupler. 

It has been found that a halved prism coupler can convert a bounded beam 

into a guided beam with good efficiency [9,10]. Such a configuration provides a sharp 

termination to the coupling region where the guided mode has built up to a 
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reasonable amplitude. In addition, due to the short length of the prism, the coupled 

beam will not have the opportunity to couple back out. 

Prism 
Standing-wave 
panern 

Cap 

Guide 'Guided mode' 

Substrate 

E(x) 

Fig. 2.6: The transverse field distribution in a prism-coupler [10]. 

Besides the prism shape, the most important parameters of a coupling prism 

are its refractive index rip and the prism angle e. They determine the range of 

propagation constants N that can be measured with the prism. The propagation 

constant N = /ip sin 0 of the light along the prism base is related to the angle a of 

incidence on the entrance face of the prism (Fig. 2.7) by 

N = sina cose + (n^ - sin^a)^/^ sine. (2-6) 
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Fig. 2.7; Schematic cross-section through a prism coupler [9]. 

If we let a vary from -ji/2 to +Ji/2, we obtain the range of N values possible 

with a given prism. The limits N„i„ and of this range are shown in Fig. 2.8 for 

a number of prism indices. In a film of index n, deposited on a substrate rig, all 

guided modes (m = 0,1,2,...) are in the interval /Zq < < n. Therefore, in order to 

measure all modes of this film, a prism is required in general whose range covers the 

interval from to n. 

In practice, the N range read from Fig. 2.8 must even be slightly wider than 

from Ufl to n, because in the limit of grazing incidence (a ±n/2), the usable cross-

section of the beam vanishes. These considerations yield in practice prism angles 

from about 30 to 60 degrees, depending on the index. 
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Finally, for taking the final readings of the mode angles, the clamping pressure 

must be reduced with each mode as far as possible without losing the mode. The 

reason is that a high pressure (strong coupling) broadens the modes and may shift 

them. At weak coupling, however, the synchronous directions become very sharply 

defined. 
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Fig. 2.8: Range of relative propagation constants N that can be measured with a 
prism of prism angle e. Parameter at the curves is the prism index n^. For each value 
of n , there are two curves giving the lower and upper limits of the possible N range 
[9]. 

24 
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2.13 Optical attenuation 

If a beam of power Pj is launched into one end of an optical waveguide, and 

if Pf is the power remaining after a length L (cm) has been traversed, then the 

attenuation is given by the following equation with units of dB cm'^: 

Attenuation = [ 10 Log^o (Pi/Pf) ] / L (2-7) 

Unfortunately, real-world waveguides do not allow attenuation-free light 

transmission, although attempts are always made to minimize losses through careful 

synthesis and processing of waveguides. Many sources of scatter in the waveguides 

cause light to transfer some of its energy from the desired guided mode into 

undesired guided modes or into radiation modes. Such scattering sources may be 

intrinsic, including roughness of the film/cover or film/substrate interfaces, surface 

cracks or scratches, and small refractive index variations in the film layer, or extrinsic 

such as dust, inclusions, embedded foreign clusters or particles. Assuming that the 

extrinsic losses may be eliminated through careful synthesis and processing of 

waveguides, we may divide the intrinsic waveguide losses into two categories; (a) 

surface losses and (b) volume losses. 

Surface losses are due to surface roughness of the waveguide in the film layer. 

Roughness is a measure of the topographic relief of a surface. Height variations 

typically are measured from a mean square level and expressed as a root-mean-

square (rms) roughness value. If the roughness value is high, we can expect the loss 
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of the waveguide to be high. Since each transmitted ray is guided internally or 

'bounced' nimierous times from the cover/film and substrate/film interfaces during 

its path of travel down the waveguide, rough interfaces change the angle after each 

bounce, resulting in a distorted trajectory path for the ray, and ultimately causing 

power loss out of the waveguide. 

Furthermore, since the internal bounce angles are dependent on the dilfference 

in index of refraction (An) between the core and the cladding layers, a large An 

results in small bounce angles, which in turn, increase the number of ray bounces 

within the guide, and ultimately, cause a high power loss. Consequently, cladding 

layers with index of refraction values close to that of the guiding layer may be 

deposited on the waveguide to minimize attenuation. 

Volume losses are proportional to index of refraction fluctuations (An) in the 

bulk of the waveguide. If the dimensions of these fluctuations are small relative to 

the wavelength of light (<A,/20), the scattering is of the Rayleigh type. The optical 

loss coefficient is described by the following equation: 

a = ( 8nV ) {Sn?f SV (2-8) 

where (Sn^)^ is the mean-squared fluctuation in refractive index squared and «5V is 

the volume over which it occurs. Rayleigh scattering is characterized by giving rise 

to a waveguide attenuation proportional to (loss = where k is a 

proportionality constant) [4]. 



If the wavelength dependence of the attenuation is anything but then 

absorption losses are dominant. The presence of impurities, particularly traces of 

transition metal ions (e.g. Fe^^, Cu"^^) or hydroxyl (OH") ions, result in losses in the 

visible and near-infrared regions known as absorption losses. An absorptive 

waveguide will typically have a wavelength dependence of A,'* where x > > 4. The 

actual wavelength dependence is a function of the particular absorption mechanism, 

as well as the part of the absorption band where the measurement is being made. 

If the size of inhomogeneities or index of refraction fluctuations (An )  within 

the bulk of the waveguide is on the order of the wavelength, then this type of 

scattering is known as Afie scattering [11]. In Mie scattering, it is assumed that 

particles embedded within the matrix are spherical and uniform, the matrix is 

homogeneous, and that the index of refraction of the spherical particles is different 

from the matrix. This type of scattering will be discussed in more detail in section 

5.1.4. 

All the above loss mechanisms may induce performance limitations in optical 

devices. In-plane scatter is the fanning out of the guided mode power into the 

waveguide [12]. Intermode scatter is the scattering of power from the desired guiding 

mode being coupled into other undesired guided modes. This problem is eliminated 

in single-mode waveguides. Out-of-plane scatter is the result of a waveguide 

imperfection-induced coupling of guided mode power into travelling radiation fields 
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of the unguided modes (i.e. radiation modes) [13]. Therefore, out-of-plane scatter 

represents a power loss into the superstrate and substrate regions of the waveguide. 

The above losses may lead to performance degradation in integrated optic devices 

and, hence, should be minimized. 
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2.1.4 Gratings 

The low-loss interconnection of planar waveguides as well as optical fibers, 

laser diodes, and optical detectors is a central issue in the successful development 

and routine implementation of integrated optic circuits and fiber optic networks. 

Surface corrugation waveguide gratings have been demonstrated successfully as 

efficient and rugged interconnects between planar waveguides and external optical 

components, sources and detectors. In addition, waveguide gratings can provide very 

efficient coupling (near 100%) between guided-wave components, detectors and 

diode lasers in planar integrated optic circuits such as wavelength division 

multiplexers [14] and magneto-optic read/write heads [15]. 

A wide variety of methods can be used to construct a phase grating in guided 

wave optics. All that is required is that the index of refraction can be varied 

periodically. Fig. 2.9 shows one example, where the surface of a planar guide has 

been corrugated by etching through a patterned mask. The resulting changes in 

thickness of the guiding layer then give rise to the necessary variation in refractive 

index. Since small index changes are the norm in guided-wave optics, gratings are 

ideal waveguide components in this respect. We will enumerate some of the 

applications of these gratings to elucidate their importance in the field of guided 

wave optics [10]. 
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Substrate 

Fig. 2.9: A corrugated grating [10], 

2.1.4.1 Transmission Gratings 

Fig. 2.10 shows how a corrugated grating can be used as a transmission grating. 

The input is incident from the left, and gives rise to two transmitted waves, the 0 th 

and -1 th diffiraction orders, on the right. We observe that a large angular deflection 

of the input beam has been achieved using a relatively small perturbation to the 

index of refraction of the guide, because the device operates by diffraction rather 

than refraction. 

Transmitted 
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wave 
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Fig. 2.10: Transmission gratings [10]. 
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2.1.4^ Reflection Gratings 

Fig. 2.11 shows a plan view of a reflection grating formed using fringes that are 

now oriented parallel to the input boundary. The input wave is incident as before, 

but this time the two diffi-action orders emerge from different sides of the grating. 

The 0 th order is transmitted but the -1 th order is now a reflected wave. Reflection 

gratings typically require much smaller grating periods than transmission gratings. 

—'''Transmitted 
wave wave 

'''Inddem^ 
wave _ 

Gra ting 

Fig. 2.11: Reflection gratings [10]. 

2.1.4J Grating Coupler 

A grating may even be used to launch a waveguide mode, forming an 

input/ouput coupler similar to the prism coupler discussed earlier. This device is 

known as the grating coupler, and its principle of operation is shown in Fig, 2.12, 

Here a plane input beam is incident from free-space on a corrugated grating, which 

is fabricated on the surface of a planar waveguide. If the angle of incidence is 
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correct, the z-component of the first di&action order of the grating will equal the z-

component of the propagation vector of the guided mode. If this is the case, power 

will be transferred to the guided beam, much as in the prism coupler. 

Refleaed 
beam 

Input 
beam 

Grating 
nnnnn^nnnn 

Guide Guided mode 

Free propagation Coupling 
region Substrate 

Fig. 2.12; The grating coupler [10]. 

Although prism and grating couplers are functionally similar, the latter have 

several important advantages. First, they are flat, rugged and fiilly integrated with the 

waveguide. Second, it is possible to design grating couplers with a varying periodicity, 

which can perform multiple functions-i.e. they can couple a guided beam into free-

space, and focus it at the same time. 
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2.1.4.4 Binaiy Optics 

Binary optical lenses are another example of surface gratings which take 

advantage of the concept of diffraction. While mirrors and lenses have been the 

ready tools of optical designers for centuries, diffractive optics have remained a quiet 

subset. Only in recent years, has it become feasible to reliably manufacture highly 

efficient diffractive optics. 

Although other methods of fabrication have been suggested including thin film 

deposition, dry etching, photoresist pre-shaping and direct photoresist laser writing, 

binary optical lenses are typically fabricated using the same techniques used to 

fabricate VLSI circuits [16]. In this method, a designer develops an idealized 

diffractive surface structure mathematically, then using the computer, defines a series 

of precise, microlithographic masks. A mask pattern is contact printed into a 

photoresist coating using a UV light source and then transferred into the optical 

substrate by ion-milling or plasma etching. 

This process is repeated to produce a multilevel phase relief structure in the 

substrate, as shown in Fig. 2.13. The result is a discrete, computer-generated structure 

approximating the original idealized diffractive surface. For each additional mask 

used in the fabrication process, the number of discrete phase levels is doubled, hence 

the name "binary" optic [16,17]. 
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In a multilevel binary element each continuously graded groove of the surface 

relief gratings is approximated with multilevel discrete binary steps [18,19]. The 

diffraction efficiency r? of such an element is related to the number of discrete levels 

N by [20]: 

rj(N) = [ N/ji sin (n/N) f (2-9) 

The surface of the element must be etched m times in order to obtain a number of 

levels N = 2'". The proper etch depth for each etching should be 

= X / An2'» (2-10) 

where A is the readout wavelength and An is the relief-modulating refractive-index 

change for transmissive elements with A« = 2 for reflective elements. As the number 

of levels increases, the efficiency becomes higher, reaching 98.7 % at 16 levels. 

Binary optical elements have a number of advantages over conventional 

optics. Because they are computer-generated, these elements can perform more 

generalized wavefront shaping than conventional lenses or mirrors [21]. Elements 

need only be mathematically defined; no reference surface is necessary. Therefore, 

wildly asymmetric binary optics are able to correct aberrations in complex optical 

systems, and elements can be made wavelength-sensitive for special laser systems. On 

the negative side, diffractive surfaces introduce strong chromatic aberrations and 

diffract less than 100 percent of the incoming light energy to the desired order. In 

addition, manufacturing processes are still relatively expensive [22,23]. In general, it 
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is difficult to control the proper etch depth accurately because the rate of the etching 

depends on temperature, etch concentration, and oxidation effects [24-26]. 

Ideal Diftr-"' ^ Ideal Diftr—" 

Binary Optic Surface A ̂  

Fig. 2.13: Steps in producing a binary optic: (a) computer-generated microlithography 
mask is placed over substrate, (b) mask pattern is contact-printed into photoresist, 
(c) exposed photoresist is removed, (d) ion-mill or reactive-ion etch to transfer 
pattern into substrate, (e) remaining photoresist is removed. Process is repeated to 
produce multistep pattern [16]. 
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2.1.4.5 Channel Waveguides 

The planar dielectric waveguide discussed earlier confines light in one 

transverse direction (the y direction) while guiding it along the z direction. As shown 

in Fig. 2.14, two-dimensional waveguides confine light in the two transverse directions 

(the X and y directions). The principle of operation and the underlying modal 

structure of two-dimensional waveguides is basically the same as planar waveguides. 

Details can be found in specialized books [3,5]. 

Useful geometries for waveguides include the strip, the embedded-strip, the 

rib or ridge, and the strip-loaded waveguides illustrated in Fig. 2.15. The exact 

analysis for some of these geometries is not easy, and approximations are usually 

used. 

The waveguide may be fabricated in different configurations as illustrated in 

Fig. 2.16 for the embedded-strip geometry. S bends are used to offset the propagation 

axis. The Y branch plays the role of a beamsplitter or combiner. Two Y branches 

may be used to make a Mach-Zehnder interferometer. Two waveguides in close 

proximity (or intersecting) can exchange power and may be used as directional 

couplers. 
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Fig. 2.14; Geometry of a rectangular dielectric waveguide [5]. 

Fig. 2.15: Various types of waveguide geometries: (a) strip; (b) embedded strip; (c) 
rib or ridge; (d) strip loaded. The darker the shading, the higher the refractive index 
[5]. 
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Fig. 2.16: Different configurations for waveguides: (a) straight; (b) S bend; (c) Y 
branch; (d) Mach-Zehnder; (e) directional coupler; (f) intersection [5]. 

The objective of presenting the above examples is to illustrate that gratings 

are an important component of planar waveguide integrated optics. As discussed 

earlier, some applications do require the existence of gratings. It is, hence, crucial to 

synthesize waveguide materials which allow the easy fabrication of gratings or to 

develop new simple ways of fabricating gratings. 
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22 Sol-Gel Chemistiy 

This section is divided in two parts. In the first part, a brief summary of sol-gel 

synthesis of ceramics is presented, followed by a discussion of pertinent principles 

such as factors influencing reactions (temperature, catalyst, solvent, etc.), role of 

precursors, level of homogeneity, film versus bulk properties, different coating 

processes, and finally advantages and disadvantages of sol-gel chemistry as compared 

to conventional techniques. The second part focuses on the sol-gel processing of 

Polycerams. In this subsection, Polycerams are defined, reasons for the birth of- as 

well as advantages of- Polycerams are enumerated, followed by a discussion on 

various types of Polycerams and their synthesis techniques. 

22.1 Sol-Gel Processing of Ceramics 

Sol-gel processing is a chemical technique where the organo-metallic 

precursors are polymerized to form a gel via hydrolysis and polycondensation 

reactions. Subsequent drying and pyrolysis are used to obtain a solid phase material. 

A sol is a colloidal suspension of discrete particles while a gel is a three-dimensional 

network containing both solid and fluid components. 

Some of the earliest work on inorganic gels from aqueous salts dates back to 

1846 when Graham [29] showed for the first time that the water in silica gel could 

be exchanged for organic solvents. His finding supported the theory that the gel 
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consisted of a solid network with continuous porosity. In the 1930's, the network 

structure of silica gels became widely accepted, mostly through the work of Hurd 

[30], who showed that silica gels must consist of a polymeric skeleton of silicic acid 

enclosing a continuous liquid phase. 

The first metal edkoxide was prepared from SiCl4 and alcohol by Ebehnen 

[31], who found that the compound gelled on exposure to the atmosphere. Sol-gel 

materials remained of interest to chemists for almost a century until Geffcken [32], 

in the 1930's, recognized that alkoxides could be used in the preparation of oxide 

films. By 1969, Schroeder [33] had produced a classic publication on oxide layers 

deposited from organic solutions where he covered a range of single and multi-

component oxides. He also described the dip-coating, spinning and spray coating 

processes. 

Despite all the early work, the ceramics industry did not begin to show interest 

in gels until the late sixties and early seventies. There are now several 

commercialized processes and an increasing amount of research in this field. Sol-gel 

processing is likely to displace some of the more conventional glass and ceramic 

technology we are familiar with today by the end of the century. Aside from making 

solid pieces, sol-gel materials can also be coated onto substrates to yield thin films, 

precipitated to form a powder or even drawn into fibers. In most cases, an 

amorphous product is obtained. A number of fine reviews and books [34-41] exist 
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that detail the specifics of sol-gel reactions. Here, we will briefly discuss the more 

important issues of sol-gel chemistry. 

The choice of precursors is extremely important in sol-gel processing. These 

precursors include alkoxides M(OR)^ hydroxides M(OH)„, salts (i.e. chlorides 

M(Q)„, sulfates M(S04)„, etc.), acetates M(CH2COO), acetyl-acetonates 

MCCHjCOCHCOCHs)^ and alkyls MR„ where M is a metal having a valence n and 

R is an allq^l group Among these, metal alkoxides M(OR) are the most 

widely used in scientific research. The high price and the need for non-aqueous 

media (i.e. alcohols) usually limits the industrial use of metal alkoxides. 

Sol-gel processes using alkoxides are based on two basic reactions: (1) 

hydrolysis or transformation of the OR groups into OH groups, and (2) condensation 

or the linking of primary species through metal-o;tygen-metal bonds with production 

of reaction product. As the condensation ractions continue, a three dimensional 

network of an inorganic oxide begins to form through the elimination of organic 

ligands. The growing branches of the network sol, or the simple evaporation of 

solvent in the case of particles, cause the viscosity of the sol to increase sharply, 

forming the solid gel. 

A variety of factors play a role in the successful synthesis of gels. The choice 

of ligands, catalyst, solvent, and precursor concentration all have a major effect on 

the kinetics of the reactions, and, thus, the characteristics of the gel. Ligand effects 
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are typical; the strength of the metal-ligand bond depends upon the electronic 

character of both the ligand and the metal, as well as steric factors [34] - i.e. due to 

steric hindrance, methoxide ligands react faster than butoxide ligands. The choice of 

catalyst may affect the final network. In the case of silicon alkoxides, it is shown that 

acid catalysis of Si(QEt)4 produces polymers that are considerably linear or slightly 

branched, while base catalysis forms highly cross-linked clusters [35,40]. It is observed 

that under acidic conditions, hydrolysis reactions are favored while under basic 

conditions, condensation reactions proceed faster. Selection of solvent also plays a 

significant role in the reaction process by changing the solubilities of the precursors. 

In multi-component systems, if the rates of reaction of the constituent 

alkoxides are properly balanced, homogeneous mixing at the atomic level can be 

achieved. Various methods are employed to compensate for the differences in 

reaction between alkoxides, including pre-hydrolysis of slow reacting species, 

increased dilution of the rapidly reacting species and the addition of complexing 

agents which usually slow down the hydrolysis rates of the alkoxides and in some 

cases also decrease the condensation rates. If a proper balance is not achieved, 

inhomogeneities may result in the solution, which can cause compositional or 

structural inhomogeneities in the final product. 

Even if the differences in chemical rections of a multicomponent system are 

made extremely small, inhomogeneities can still occur during gelation. During this 
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process, there can be ample time for rearrangement of species, resulting in a non-

homogeneous network. The extent of this inhomogeneity depends on the length of 

the gelation process. Thus, it is sometimes preferred to perform the gelation as 

quickly as possible to freeze in the desired random network. Some gels exhibit 

spontaneous shrinkage or syneresis where bond formation or attraction between 

particles induces contraction of the network and expulsion of liquid from the pores. 

During syneresis, some soluble species tend to dissolve in the liquid component and 

as a result disrupt the homogeneity or stoichiometry of the final samples [34], 

The network structure of bulk gels, on the other hand, tends to be more 

porous than thin films, mostly due to their slower drying rate. Longer drying times 

of bulk gels allow the network to consolidate while solvent is slowly evaporating, 

hence allowing for extensive porosity. In addition, slow gelation allows the gel to 

undergo more relaxation and further condensation, resulting in a stronger gel early 

on during the process. During the final stages of drying, shrinkage becomes reduced, 

which in turn, causes an increase in porosity [34]. 

Porosity can also occur in thin films; slow drying rates provide longer times 

for solvent evaporation, and hence, longer times for condensation reactions which can 

lead to a higher level of porosity. Hence, reduced condensation rates result in denser 

films. Thin film microstnicture depends also on the type of substrates and film-



58 

substrate interactions. The substrate may affect adhesion, crystallization behavior and 

interfacial chemical reactions. 

Sol-gel thin films can be obtained by a variety of methods: spin-coating, dip-

coating, spraying, electrophoresis, thermophoresis and direct painting [34]. The first 

two methods are the most widely used with different physical phenomena dominating 

each process. Spin-coating is compatible with microelectronics processing where 

similar techniques are used for depositing photoresists. The evaporation rate is much 

faster for spin-coated films than dip-coated films due to the rapid forced convection 

during spinning. Furthermore, in spin-coated films, faster drying allows less time for 

possible structural rearrangement of the species. 

One of the limitations of spin-coating or dip-coating processes may be 

cracking problems. Cracking can result from stresses within the films; these stresses 

can be in the form of tensile stresses during drying and densification or 

tensile/compressive stresses due to the thermal expansion mismatch between films 

and substrates. These types of stresses have been heavily studied and modeled in the 

literature [42-47]. Usually films crack fi-om drying stresses rather than thermal 

expansion mismatch since thermal expansion stresses do not become significant until 

elevated temperatures (T > 500 °C) and most films are dried at low temperatures 

(T < 500 °C). Drying stresses become more pronounced where large shrinkage is 

involved and the gel network is not strong enough to accomodate the structure 
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evolution during volatilization. Cracking due to thermal expansion differences can be 

minimized by selecting film/substrate configurations with similar thermal expansion 

coefficients. Finally, high film thicknesses may be achieved by depositing multiple 

coatings, however the presence of interfaces between coatings with a different 

thermal history may become detrimental to the overall performance of the film [34]. 

Sol-gel processing offers several advantages compared with conventional 

processing of ceramics, Stoichiometry can be carefully adjusted. Molecular-level 

homogeneity can be attained by matching the rates of reaction of the precursors. 

High purity can be obtained since the chemical precursors can be purified easily. The 

microstructure can be tailored by controlling the processing parameters such as 

degree of hydrolysis, pH or drying schedules. Objects with complex geometric shapes 

can be coated with sol-gel films using techniques such as spin-coating or dip-coating. 

Finally, sol-gel processing is a low-capital cost technique compared with vacuum-

coating of films [34]. Disadvantages of sol-gel processing include longer processing 

times than vacuum-coating of films, high cost of precursors, and large shrinkage 

associated with drying and densification [34]. 

Recently, sol-gel derived films and bulk pieces have received great scientific 

and industrial attention with a growing number of applications. However, sol-gel 

chemistry offers more opportunities for progress such as the development of uniform 

coatings over large areas, pore-free films and composite coatings. 



222 Polycerams 

If one ponders the reason for the combination of materials with very different 

properties, one finds a very simple logic: neither material can satisfy the 

requirements for special applications. Increasing demands for special materials has 

led to the conception of composites where valuable properties of different types of 

materials may be combined. Examples might be: coatings on metals (corrosion, 

design); inorganic fibers in polymers (strength); glazes on ceramics (porosity, design); 

and fillers in polymers (strength, costs). Even glasses are being modified by other 

components due to special optical and mechanical demands such as special heat-

reflecting coatings. These types of modifications take place on a macroscopic scale, 

implying that two or more processing steps have to be applied (e.g. mixing is also a 

processing step). The properties of the composite material depend not only upon the 

properties of the individual components, but also upon the interfacial properties. 

According to Novak [68], another approach to combine desired properties is 

to blur the ordinarily sharp interfacial zone by synthesizing materials which show a 

high degree of mixture or interpenetration between dissimilar phases. Stated 

otherwise, materials can also be combined on a molecular scale. To this end, sol-gel 

chemistry can be used to develop new routes into hybrid materials which contain 

both organic and inorganic components intimately mixed to form new morphologies 

or new composites if desired. The degree of phase separation in these materials can 
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vary, but domain sizes are typically on the nanometer scale. In some cases, the 

domain sizes are reduced to a level such that true molecular composites are formed. 

As a result of this intimate mixing, these hybrids are often highly transparent, a 

property which renders them amenable to applications outside the boundaries of 

traditional composites. 

The scope of applications of these materials is quite vast, spanning the 

continuum from inorganic glasses modified by small amounts of organic polymers to 

inorganically modified organic polymers. Modified inorganic glasses can have a 

broader use in fiber optics, waveguides, non-linear optical materials, impact-resistant 

glasses, low-density and strong materials, inorganic adhesives and safety glasses. 

Modified organic polymers exhibit enhanced properties as compared to their pure 

organic counterparts. Some of these enhanced properties are increased toughness, 

strength, modulus, modified adhesive properties and improved scratch-resistance, all 

of which may be employed in a variety of coatings applications. 

The morphological range represented by these materials is also quite large. 

At a fixed organic/inorganic ratio, the properties of these materials depend on the 

phase behavior, degree of interpenetration, and interphase connectivity [68]. As 

mentioned earlier, one noteworthy property of these composites is their degree of 

transparency. Traditional composites tend to be opaque because of light scattering 

by the particles or fibers embedded within the continuous phase. For example, in 
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glass fiber reinforced epojqr, typical fibers may be on the order of 5-20 /xni in 

diameter, hence acting as effective scattering sites. In addition to the domain size, 

other factors important in determining the transparency of a composite are the 

shapes of the domains, and the difference between the refractive indices of the two 

phases. In the absence of refractive index matching, scattering losses will be 

minimized only for phase domains much smaller than the wavelength of light [68]. 

The interface between inorganic and organic phases plays an importEint role, 

in particular, in the anchoring of particles to the polymer matrix. As the particle size 

decreases, depending on the total volume of the inorganic phase, the interfacial 

volume increases, and interfacial structures can dominate the properties. The 

interesting range is the nanometer range (in some cases up to 10 or 20 nm), because 

in this dimension, light scattering can often be neglected, the interfacial phase can 

be dominant, inorganic bulk properties become remarkable, and if semiconductors 

or metals are used, quanmm size effects become observable [70]. 

Organic modification of inorganics via sol-gel chemistry opens an almost 

infinite number of combinations due to the variability of organic groupings and 

organic reactions. As a result, numerous types of materials with structural variations 

can be synthesized. These composites can be distinguished by their bonds between 

the organic and the inorganic phases, as well as by their phase dimensions, by the 

type of matrix or by their application-oriented properties. These new types of 
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materials are called Ormosils (ORganically Modified SILicates), Ceramers (CERamic 

polyMERS) or Pofycerams (POLYmer CERAMics). 

The notion of starting from inorganic sol-gel networks and modifying the 

inorganic backbone with the introduction of selected organic groupings, was first 

postulated in the late 70's as a new conception of modifying glasses and ceramics by 

H. Schmidt and co-workers [48,49]. Since then, the number of publications on 

Polycerams has mushroomed internationally as attested by the numerous conferences 

devoted to this topic such as the Workshops on Sol-Gel Processing, Ultrastructure 

Processing, Better Ceramics Through Chemistry, and SPIE Sol-Gel Optics. Numerous 

reviews are currently available on the synthesis and chemistry of Polycerams, and the 

interested reader is encouraged to refer to those references [50-70]. 

Conceptually, there are many ways to create organically modified ceramic 

materials. In order to systemize this discussion, these composite materials have been 

divided into three major classes based on their macromolecular structures and phase 

cormectivities. In Type A, the organic such as a dye, is mixed into the sol-gel liquid 

solution, whereupon gelation, the organic is trapped in the gel. In Type B, a porous 

oxide gel is first formed followed by impregnation by an organic. In Type C, the 

organic is added to the oxide gel liquid solution but unlike Type A, a chemical bond 

is formed between the oxide and the organic; the primary inorganic oxide gel will 

have organic groups such as CH3, CjHj or a polymeric chain chemically bonded to 
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the oxide constituent. The following sections will describe in detail the sol-gel 

synthesis and properties of each Polyceram type. 

2.2^.1 Type A Polycerams: Entrapped Organics 

This genre of organic-inorganic composite materials is formed by carrying out 

the inorganic hydrolysis and condensation reactions in the presence of a preformed 

organic component. If the synthesis conditions forbid phase separation of the organic 

component during both the gel forming and drying processes, then optically 

transparent materials can be obtained [68]. 

Many organic materials exhibit different useful properties, nominally 

interesting optical properties. Organic dyes, for instance, are sometimes unstable in 

the ambient environment, mechanically inadequate and difficult to fabricate into 

specific shapes. The usefulness of such organics, however, will be greatly enhanced 

if they can be incorporated in a transparent inorganic oxide matrix. Theoretically, one 

can mix any soluble organic in any sol-gel solution. The resultant gel, in the form of 

films, discs or rods, should be extremely useful for providing the optical, mechanical 

and chemical properties acceptable for desired applications [69]. Hence, Anvir, Levy 

and Reisfeld [71] began the pioneering work of incorporating organic dyes in SiOj 

matrices via the sol-gel process in 1984. Since then, many publications have appeared 
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concerning numerous organics, practically all trapped in the same inorganic oxide 

matrix, namely SiOz gel. Some of these organic-SiOj nanocomposites are listed in 

Table 2.1 [69]. 

Organics Applications References 

Rhodamine 6G Dye laser Avnir [71] 

Quinizarin Optical data storage Tani [72] 

Bixin Photoconduction Makishima [73] 

Poly-p-phenylene 
vinylene 

Third oder NLXD Prasad [74] 

O-phenanthrolin Chemical sensors Zusman [75] 

Enzymes Biochemical sensors Braun [76] 

N-(4-nitrophenyl)-L-
prolinol 

Second harmonic 
generation 

Toussaere [77] 

Liquid crystals Display systems Levy [78] 

Spiropyrane Photochromies Levy [79] 

Phenoxazinium Hard colored coatings Nakazumi [80] 

Table 2.1; Type A Polycerams and their applications [69]. 

The most important issue to be addressed is the structure and microstructure 

of these new materials. Almost all the samples reported so far have not been heat-

treated to temperatures in excess of 100 °C, perhaps explained by the fact that the 

organics tend to dissociate at temperatures above 200-300 ®C. In addition, in the 

table above, all the inorganic hosts used have been Si02 gel. It is well-known that 
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SiOz gels dried at temperatures below 100 °C are extremely porous and would still 

contain a substantial amount of residual OH or OR groups. Such gels are 

mechanically weak and continue to undergo shrinkage for a long period of time. 

Surprisingly enough, there is little information available on how such transformations 

would affect the mechanical, chemical and optical properties of the nanocomposites 

[69]. 

In response to the question of microstructure. Levy and Anvir [81] have 

proposed that the photochromic spiropyranes in their SiOj gels are either in the form 

of dissolved molecules within a Si02 cage or adsorbed molecules on the walls of the 

cage. It should be noted that some organic dye molecules have relatively large and 

complex shapes, hence they may be only partially trapped by the SiOj network. 

Others may be in close proximity to OH groups. For applications which do not 

require the presence of the interconnecting pores, the pores can be sealed by the 

impregnation of another gel or polymer [69], 

The issue of microstructure of Type A Polycerams may be addressed in terms 

of the solubility of the organic component. The most important adjustable parameter 

in controlling organic solubility is the solvent which may typically be of the following 

list: tetrahydrofuran (THF); acetic acid (HOAc); alcohols (methanol, ethanol, 

isoproponal, etc.); dimetho^^ethane (DME); formic acid (FA); acetone; diethylene 

glycol-dimethyl ether (diglyme); and N,N-dimethylformamide (DMF). Furthermore, 
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the ongoing hydrolysis reaction that typically liberates methanol or ethanol can 

change the solvent properties during the gel-forming process, hence, many polymers 

which are initially soluble will precipitate at later stages of the reaction. For instance, 

large amounts of poly(vinylpyrrolidone) can be dissolved in formic acid/TEOS to 

form homogeneous solutions which remain as single phase during the initial gel 

forming stages, however, polymer precipitation occurs long before the SiOj network 

formation is complete [68]. 

There exist, however, a number of soluble polymers which have been studied 

in detail, including poly(vinyl alcohol) (PVA) [82,83], poly(ethyloxazoline) [84], 

poly(methyloxazoline) [85], poly(vinyl) acetate [86], poly(methyl methacrylate) 

(PMMA) [86], poly(dimethylacrylamide) [86], bisphenol A polycarbonate [86], and 

poly (N.N'-dimethylethylenediamine-tetramethylene diisocyanate) [85]. Novak and co

workers [87] have also identified a limited number of soluble polymers which remain 

homogeneously embedded within sol-gel derived SiOj glasses at the conclusion of the 

condensation and drying processes. For instance, they have found that polymers with 

basic functional groups such as amines and pyridines are soluble in the acid catalyzed 

sol-gel solutions. Specifically, poly(2-vinylpyridine), poly(4-vinylpyridine), and 

polyaciylonitrile can be dissolved in TEOS (or TM0S)/H20 solution using organic 

acids as co-solvents. Under the proper conditions, subsequent hydrolysis and 

condensation of the TEOS produce optically clear gels containing the organic 
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polymers. Slow ambient drying results in composite materials in which the organic 

polymer remains homogeneously embedded within the Si02 network. These 

monolithic glassy materials exhibit excellent optical clarity. However, they remain 

brittle in the absence of further sintering. 

Novak et al [88] have also discovered that composites possessing remarkable 

mechanical properties can be obtained using cellulosics as the organic component. 

Using cellulose acetate, optically transparent composites with organic contents 

rsinging from ca. 2 to 96% by weight have been prepared. Although highly 

transparent, these samples exhibit phase separation at a wavelength below the 

scattering limit of visible light. By varying the volume fraction of the polymer, they 

found that it is possible to shift the morphology of these materials from a continuous 

SiOj glassy phase with phase separated polymer domains to a continuous polymer 

phase with phase-separated SiOj domains. As for the mechanical properties of these 

new composites, results indicated that composites with high cellulose contents are 

exceptionally tough and impact-resistant. 

Literature also reports the synthesis of single-phase Type A Polycerams [89-

93]. However, it is difficult at times to arrive at a definitive proof of the existence of 

a single phase. For instance, David and co-workers [84] have shown that 

poly(ethyloxazoline) can be dispersed in a SiOj matrix to form a single-phase 

material as attested by differential scarming calorimetry (DSC), transmission electron 
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microscopy (TEM) and small angle X-ray scattering (SAXS). A very similar system 

was synthesized by Saegusa [85] in which he describes the preparation of 

homogeneous hybrid materials, yet does not provide any direct evidence for this 

degree of molecular mixing. 

It is likely that Type A Polycerams will become technologically important. 

However, only a finite number of organic components are soluble in the sol-gel 

solution of these Polycerams. In addition, although many publications have appeared 

concerning numerous organics, practically all are trapped in the same inorganic oxide 

matrix, SiOj gel. Since the microstructures of Si02 gels are governed by numerous 

interdependent factors, it appears that research activities should continue to 

determine the overall usefulness of the Type A Polycerams [69]. 

2222 lype B Polycerams: Impregnated Organics 

In forming these Polycerams, a porous oxide gel is first formed, where the 

level of porosity and pore size are controlled by synthesis conditions (i.e. heating). 

An organic is then impregnated into the pores of the gel. In this way, transparent 

organic-inorganic composite materials can be prepared which contain organic 

polymers that would normally be insoluble in typical sol-gel solutions. 
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Many porous silicates with interconnecting ultrafine (<100 A) pores are 

known, including the zeolites and the porous Vycor glass [69]. The impregnation of 

various materials into the pores of these materials has been the subject of many 

interesting research activities. For instance, the intercalation of zeolites has been 

widely studied [94]. In a separate study, Elmer impregnated polyfurftiryl alcohol into 

porous glass, pyrolysed the polymer and obtained electrically conducting 

nanocomposites [95]. Since silica gels are inherently porous, the pores are 

interconnecting and their size and size distribution are controllable, porous gels can 

be exploited even further as the host for many different materials such as 

organics. 

One notable example is PMMA/Si02 composites prepared by Mackenzie and 

co-workers [55,97-99] by impregnating porous SiOj networks with PMMA. First, they 

had impregnated PMMA monomer liquid into porous Vycor glass with average pore 

diameters of 75 A and polymerized the impregnant to obtain transparent 

nanocomposites [96]. This technique was then applied to porous Si02 from gels, and 

subsequently, many transparent nanocomposites were prepared by changing the 

organic impregnant [97-99]. PMMA/SiOj nanocomposites were prepared by 

immersing pre-dried, porous sol-gel xerogels of average pore diameter of 156 A into 

PMMA, and then allowing the monomer to polymerize within and around the 

inorganic network. The resulting composite was then cut from the encapsulating 
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organic polymer. Although laborious, this two-stage approach has the advantage that 

the inorganic network can be partially densified by sintering at temperatures greater 

than 1000 "C in order to control its porosity. This thermal process increases the 

connectivity of the network, and hence increases its strength and modulus by 

promoting further condensation reactions between silanol groups in the gel. 

Nanocomposites with PMMA contents from 20 to 70 volume percent were 

obtained in this manner. The transparency in the visible region for some of these 

composites was in excess of 99%. As for the mechanical properties, it appeared that 

the Si02 phase dictates the Vickers hardness (H) and abrasion resistance. The 

density of the composites was a linear function of the composition. Since the 

densities of SiOj glass and PMMA are 2.2 and 1.2 g/cc respectively, whereas the H 

values for Si02 glass and PMMA are 600 and 20 respectively, light-weight and highly 

transparent samples with hardness much greater than that of PMMA can be 

prepared. The modulus of rupture of the samples can be increased if the pore surface 

is pretreated with bonding agents prior to impregnation. The PMMA-Si02 

composites, however, are generally brittle since the SiOj phase is continuous [99]. 

Related to, and slightly predating these Type B Polycerams is the technique 

of precipitating reinforcing Si02 filler into elastomeric polysiloxanes using sol-gel 

precursors [100,101]. These silica particles are formed in situ by swelling the 

elastomeric polymer with TEOS, and then allowing this inorganic precursor to 
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hydrolyze and condense to form SiOj. Recent extensions of this work use other metal 

alkoxides such as titanium [102], aluminum [103] and zirconium [104]. 

Hench and co-workers [105,106] have successfully developed a technique to 

accurately control pore sizes with narrow size distributions (14, 45 or 90 A) by heat-

treating SiOj gels. Such gels have been impregnated with a variety of organics. The 

impregnation of 4PyPO-MePTS, a commercially available dye into silica gel, 

demonstrated good lasing action. Such nanocomposites have also been tested as 

scintillators and wavelength shifters [107]. If the impregnated dyes do not completely 

fill up the pores, then a final gel solution can be used to seal in the pores to prevent 

exposure of dyes to the ambient atmosphere [98]. 

In tailoring the pore size. Pope recently [108] fabricated SiOj gel microspheres 

with dimensions in the order of 20 to 70 (im, and impregnated them with a number 

of organic fluorescent dyes. It was suggested that these materials can be used as 

sensors, slow release agents for medicines, fi-agrances and chemical reactants. 

Polycerams containing other polymers and co-polymers have also been 

synthesized, including composites of silica with butylacrylate, 

m e t h y l m e t h a c r y l a t e / b u t y l a c r y l a t e ,  d i m e t h y l b u t a d i e n e ,  

methylmethaciylate/dimethylbutadiene, styrene, butylacrylate/styrene, and 

silicone/styrene by in situ polymerization [55,97-99]. Co-polymerization of 
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chloromethylstyrene and divinylbenzene has also been accomplished in situ in a 

commercial silica gel, producing a composite with a 16% polymer content [109]. 

22^3 lype C Polycerams: Chemically Bonded Organics-Inorganics 

The above Types A and B composites consist of linear polymers or small 

molecules dispersed in inorganic glass matrices without the benefit of covalent links 

between the two phases. One of the important structural variations that can be 

incorporated into these materials is the introduction of covalent bonds between the 

inorganic and organic phases. This third type of possible structure for Polycerams is 

formed by chemically bonding the polymers or oligomers directly into the inorganic 

network. The polymer must bond to the network to form an uninterrupted 

multifunctional network, otherwise the solid would merely be a Type A Polyceram. 

The product can have highly homogeneous regions or organic domains may form. 

Although not the principal determinant of domain size, chemical reaction with the 

inorganic species is expected to result in domain sizes significantly smaller than in 

Type B Polycerams. 

There are two different approaches in making Type C Polycerams. In the first 

approach, the organic constituent has functional groups that participate in 

condensation reactions, including hydrojq'l and trialkoxysilyl groups. The second 

approach is to use monomer-like organically modified silanes (i.e. vinyl) that can 
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polymerize with other monomers during or following the gelation process. Although 

in both of these approaches, the synthesis of homogeneous, stable non-ciystalline 

solids with organic and inorganic characteristics is possible, the first approach is most 

commonly used. 

In the first approach, by mixing the hydroxyl-modified polymer and the 

inorganic constituent under proper conditions, a simple substitution takes place with 

the alkoxy group on the inorganic precursor, linking the inorganic and organic 

constituents. This reaction is expected to be most favorable for silanol functionalized 

polymers by forming stable Si-O-Si bonds, but it is also expected to occur for 

hydroxyl terminated polymers as well. 

Trialkoxysilyl groups form thermodynamically stronger bonds. The polymer 

may be functionalized at the ends or at other locations over the length of the chain, 

thus reacting similar to an organically modified silane. This procedure is equivalent 

to the bonding of a coupling agent to the polymer. The polymer can form strong 

covalent bonds with both the organic and inorganic networks. 

In 1985, Wilkes et al [110] reported the successful preparation of a new type 

of organic-inorganic hybrid materials by the reaction of TEOS and 

polydimethylsiloxane (PDMS). Low Tg (« -120 °C) PDMS chains were directly 

incorporated into a SiOj network by the co-condensation of silanol-terminated PDMS 

oligomers (MW = 1700 and 550) into a standard sol-gel formulation. At approximately 
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the same time, Schmidt independently also reported the successful preparation of 

new organic-inorganic hybrid materials [53]. Ravaine et al [111] dispersed lithium 

salts such as LiNOa into solutions containing TEOS and tetraethyleneglycol (PEG4), 

and obtained gels which were highly ionically conductive although the gels were very 

hygroscopic in air. A chemical reaction was shown to have occurred between the 

TEOS and PEG4 leading to the formation of the gel, resulting in a new type of 

ionically conducting Polycerams. 

For low Tg polymers capable of absorbing and dissipating energy, 

incorporating crosslinks between the inorganic and organic phases tends to increase 

both the Young's Modulus and strength [68]. The degree to which these properties 

are impacted depends upon several factors, including the molecular weight of the 

organic polymer and the number of crosslinks between the phases. 

Wilkes et al [110], in their PDMS/SiOj study, found that the properties of 

these composites depend upon their homogeneity, the weight percent and molecular 

weight of the oligomer, and the pH level and water content. They found that the 

moduli of these hybrids increase with increasing glass content. Furthermore, 

increasing the acid content decreases the modulus and increases the elongation at 

break. As evidenced by SAXS studies, this increased flexibility is attributed to a much 

greater homogeneity in samples synthesized at a lower pH. 
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Another interesting discovery was that Polycerams made from PDMS and 

TEOS could be rubbery even when the inorganic constituent was in excess of 70 

weight percent [112]. The rubbery behavior was attributed to the flexibility of 

polysiloxane chains in the presence of external stresses [113-115]. In its present stage 

of development, the compressive properties of the Polyceram rubbers are comparable 

to those of other rubbers. However, the tensile properties are inadequate perhaps 

beause of the relatively short polymer chains linking the SiOj clusters [69]. Hence, 

in order to overcome this shortcoming, longer chains need to be made. 

Mark et al [116], in a separate study, investigated the effect of molecular 

weight of the PDMS segments on hardness. Using standard hydrosilation conditions, 

they converted vinyl endcapped oligomers of PDMS to trimetho^q'silyl endcapped 

materials. Sol-gel derived glasses containing these oligomers showed a substantial 

decrease in hardness (D hardness) above ca. 50% polymer: hardness values 

decreased from 60 to 2 upon going from 52% polymer to 80%. In addition, doubling 

the molecular weight from 800 to 1600 reduced the hardness from a D value of 50 

down to 20. 

The reaction time between TEOS and PDMS in alcoholic solutions can be 

greatly reduced by ultrasonic irradiation to form "Sonogels" [117]. The "Sonogels" are 

denser than ordinary Polycerams because ultrasonic radiation is believed to increase 

condensation rates, and hence decrease porosity [117]. This increased density can 
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enhance some mechanical properties of the Polycerams such as hardness. When the 

PDMS content is less than 10 wt.%, the Polyceram loses its rubbery behavior. In fact, 

it can be deposited as transparent hard coatings on plastics. Sonogels are very much 

harder than the hardest organic plastics, and they can be deposited at room 

temperature and stabilized below 100 °C. The thermal stability of the TEOS-PDMS 

type Polycerams is somewhat limited by the decomposition temperature of the CH3 

groups. The substitution of QHj for CH3 as well as the addition of anti-oxidants to 

the Polyceram can slightly increase the stability temperatures [68]. 

Mackenzie et al [113] showed that the PDMS-TEOS Polycerams can be 

heated in a Nj atmosphere to produce new refractory materials which are in the form 

of complex oxycarbides. Such materials are potentially useful as high temperature 

insulations. Another family of Polycerams stable at high temperatures are those 

prepared from TEOS and polyimides [118,119]. These hybrid materials in thin-film 

forms have glass transition temperatures (Tg) in excess of 400 °C. The films are 

flexible although the SiOj content is 70 wt.%. SiOj particles are formed via a phase 

separation process and are dispersed in the organic matrix. It was suggested that 

these materials will be important for microelectronics [68,119]. 

Type C Polycerams possessing poly(tetramethylene oxide) (PTMO) oligomers 

(Tg = -75 °C) encapped with triethoxysilyl groups have also been fabricated [57,120-

122]. Again, it was observed that the molecular weight of the organic oligomer 
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influences the properties of these materials, with the lower molecular weights 

exhibiting the highest moduli. In comparing non-endcapped oligomers to silyl 

endcapped oligomers of comparable molecular weights, there is an increase in the 

elongation at break from ca. 11% to 24-1%, an increase in the ultimate strength from 

ca. 10 to 45 MPa, and an increase in Young's modulus from ca. 1 to 220 MPa when 

the crosslinks are incorporated [123]. 

Other studies [85,124] have shown that type A poIy(2-alkyloxazoline)/Si02 

composites can be converted to type C Polycerams by the selective incorporation of 

trimethojQfsilyl groups to both ends of the polymer chain. Specifically, the growing 

cationic chain end can be quenched by the addition of primary and secondary amines 

to produce endcapped polymer chains. Poly(methyloxazoline) capped at both ends 

with trimethoxysilyl groups have been synthesized by quenching the growing chains 

which were initiated using bifunctional oxazolinium complexes with 3-

aminopropyltrietho^Q'silane. 

The water absorption properties of the above poly(2-alkyloxazoline) 

composites were investigated [68,85,124]. Composites formed with methyl and ethyl 

side chains on the poly(2-allg'loxazoline) chains were slightly more hydrophilic than 

the silica xerogels themselves, while composites made from poly(2-alkyloxazolines) 

with butyl and octyl side chains were slightly less so. Although the reasons for such 
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a behavior are not known, interestingly, these polymers can be burned out at 600 °C, 

leaving a porous glass behind. 

Modification of the inorganic structure has also been shown to influence the 

properties of hybrid organic-inorganic materials. Composites with the mixed Si02-

Ti02 [125] and Si02-Zr02 [126] inorganic phases have been synthesized. In particular, 

mixed Si02-Ti02 oxide systems have been prepared by the in situ generation of water 

from the esterification of neat carboxylic acids in the presence of titanium 

isopropoxide [126]. It was observed that the mechanical properties of PTMO 

composites could be improved by incorporation of the highly condensed TiOj 

component into the inorganic phase [126]. 

Other examples of type C Polycerams reported include poly(3-

trimethoxysilyl)propyl methacrylate)/Si02, (poly-I/Si02), and poly(3-

(trimetho3^silyl)propylmethacrylate-co-methylmethacrylate)/Si02 materials [68,127]. 

Cross-linking between the methacrylate polymers and Si02 phase was achieved by the 

co-hydrolysis and condensation of the 3-(metho;q'silyl)propyl methacrylate moieties 

and TEOS under acid catalyzed conditions. Tg measurements of these methacrylate 

polymers in the transparent composites suggests adequate molecular dispersion 

throughout the inorganic network. 

Finally, Polycerams can be excellent matrices for nonlinear optical materials 

because of their high optical transparenqr, mechanical strength and inertness [128]. 
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Semiconductor quantum dots and metal clusters have already been dispersed in 

Polycerams exhibiting third-order nonlinear susceptibility [129,130]. It is shown 

that if organic dyes are dispersed in an organically modified silicate matrix (type C 

Polyceram), rather than in SiOj (type A Polyceram), the performance of the 

nanocomposites is remarkably enhanced [69,131,132], 

The three types of Polycerams described above constitute a new family of 

engineering materials with exciting prospects for many applications. A survey of the 

literature on Polycerams shows that these new materials are being optimized for a 

variety of applications, including antifogging [133], dust-repellent [133], colored [133], 

photochromic [133], dielectric [133], and anticorrosion coatings [134], as well as 

numerous functional optical materials [135] such as waveguides, hosts of a variety of 

organic dyes for non-linear (x^ and x^). laser, quantum dot applications, and as 

fresnel and micro-optical lenses [134]. Within the limits of optical applications, 

inorganic-organic composite coatings have been mainly investigated for the 

development of active optical systems. In the next two sections, we will discuss the 

current literature available on the waveguiding and surface patterning properties of 

Polycerams. Due to scarcity of publications on Polycerams, appropriate examples will 

be drawn from other sol-gel derived films. 



81 

23 Waveguiding Properties of Polycerams 

Passive optical waveguiding devices play an important role in optical signal 

processing. Because the waveguide is responsible for guiding light to various 

components, it is essential that the waveguide exhibits low loss. Unlike optical fiber 

commimication applications, where transit distances are measured in km, integrated 

optical applications require good signal strength over distances of only a few cm. As 

a result, planar waveguides with losses < 1 dB/cm, preferably < 0.1 dB/cm, are 

usually of sufficient quality for applications. Primary sources of loss include 

absorption, Rayleigh scattering from index inhomegeneities in the volume of the film 

and from interface/surface roughness, and Mie scattering from larger film defects 

and inclusions. 

Planar waveguides fabricated by sol-gel techniques exhibit losses in the range 

of 0.1 - 3.0 dB/cm, which are comparable to values obtained for planar waveguides 

made by conventional techniques. These losses are about lO' times larger than 

measured values for high quality silica communication fibers. In most cases, this large 

disparity can be attributed to the contribution which surface scattering makes to film 

attenuation [13]. Due to cracking problems upon drying, the thickness of sol-gel 

derived oxide waveguides is limited to a few hundred nm. Consequently, the 

difference in refractive indices An between the film and the cover and substrate must 

be correspondingly large to guide visible light. Typically, the large An's required for 
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guiding are achieved by raising the film index through chemical additions to silica, 

such as ZrOj and TiOj. The following mathematical formula shows the relation 

between the index of refraction of the film, substrate and cover, and the thickness of 

the film: 

t(ni) = 1/k [ [ mji + arctan ( - n^) / {n^ - n^) . 

(2-11) 

where is the index of the substrate, is the index of the film, «2 is the index of 

the cover layer, t is the thickness of the layer, A, is the wavelength of interest, k is the 

wavevector (k = 2ji/X), and m is the mode number. 

To obtain a physical feeling for the above relationship, Table 2.2 reports the 

thickness required t(ni) for a given index of refraction (n^) of the guiding film, 

assuming the cover layer is air (/Z2 = 1.00), the substrate is fused silica («o = 1.46), 

and only the first mode is launched (m = 0) at the He-Ne wavelength (X = 632.8 

nm). We observe that as the film thickness is decreased, the index of refraction needs 

to be raised to support the desired mode (s). 
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Film Thickness (A) Index of Refraction of Film 

25,800 1.47 

18,170 1.48 

14,770 1.49 

12,740 1.50 

11,350 1.51 

10,310 1.52 

9509 1.53 

8315 1.55 

7458 1.57 

6801 1.59 

6278 1.61 

5847 1.63 

Table 22: Illustration of the relation between index of refraction and film thickness. 

In the past decade, sol-gel synthesis of planar waveguides has attracted interest 

because of the ease with which films can be made by spin or dip-coating. Also, the 

index of refraction of the solution is easily tailored by altering the chemical 

composition of the solution, and homogeneous mixing can be obtained at the atomic 

level, which reduces volume scattering. The sol-gel process also offers a promising 

alternative to conventional techniques for the fabrication of waveguides incorporating 

surface-relief structures. Such planar waveguides are conventionally silicate-based. 



such as PbO-SiOj [136] and Si02-Ti02 [13,137,138]; but recent years have seen the 

emergence of promising organic-inorganic hybrid waveguides as well. 

SiOj-TiOj coatings are the most widely studied waveguides, with typical losses 

in the range of <0.2-3 dB/cm at the He-Ne wavelength [13,138-141]. Various 

methods and processing parameters have been studied for production of low loss 

SiOj-TiOj waveguides. Minor variations in processing were found to have a large 

impact on the ability to obtain intact films. Significant deviation from a HjOrTEOS 

molar ratio of 2:1 in the ethoxide-based system resulted in cracked or off-composition 

films [138,140]. The addition of complexing agents did not improve the homogeneity 

of the fihns, but resulted in more stable solutions [138,142]. 

Another Si02-Ti02 study [141] based on the reaction of methyltriethojtysilane 

and titanium tetrabutoxide precursors showed that the catalyst used to accelerate the 

sol-gel reaction strongly influenced the optical quality of the waveguides, HCl 

catalysis produced waveguides with propagation losses of ~ 1 dB/cm at the He-Ne 

wavelength, whereas in the case of SiCl4 catalysis, propagation losses were <0.2 

dB/cm. An examination of film surface structure and morphology by scanning 

electron microscopy and atomic force microscopy showed that the SiCl4-catalyzed 

waveguides were significantly smoother and more homogeneous on a submicrometer 

scale than the HCl-catalyzed waveguides. The use of SiCl4 is thought to retard 

formation of a microheterogeneous network containing Si-rich and Ti-rich domains. 
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which is favored with HCl catalysis and contributes to the higher observed losses. It 

is argued that water is inherently introduced into the sol when concentrated HCl is 

added as a catalyst (HC1:H20 = 0.24:0.83). The water preferentially hydrolyzes 

Ti(OBu)4 and forms Ti-rich aggregrates. When the sol is exposed to atmospheric 

moisture after dip-coating, the reaction proceeds to completion, producing a gelled 

film containing the preformed aggregates. On the contrary, except for trace amounts 

of water that are probably introduced during mixing of the components, SiC^ 

catalysis is carried out under anhydrous conditions. Thus, the catalyst is uniformly 

mixed with the alkoxide precursors without hydrolysis and condensation taking place 

simultaneously. 

Heat treatment also has a marked effect on optical loss in Si02-Ti02 

waveguides. At temperatures below 400 °C, residual carbon remains in the film and 

produces increased attenuation [138,142]. Higher heat treatments can be used to bum 

out the organics and promote densification, but crystallization must be avoided. 

Crystallization of anatase has been oberved in films heated between 450 °C and 600 

°C with nanocrystal dimensions of approximately 4.5-5 nm [142,143]. Increasing the 

concentration of Si02 inhibits the crystallization of anatase until higher temperatures. 

Weisenbach [138] promoted the densification in Si02-Ti02 films through large 

additions of AI2O3. FTIR data showed the successful formation of Si-O-Al linkages. 

The shrinkage of films of equal molar ratios of the SiOj, Ti02, and AI2O3 as a 
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fimction of heat treatment temperature was observed to plateau at temperatures less 

than those which caused crystallization; but losses were still in the 1 dB/cm range at 

the He-He wavelength, likely due to surface scattering. 

The choice of substrate is an important parameter for improving losses in sol-

gel waveguides. Among Pyrex, silica, and soda-lime substrates, waveguides on Pyrex 

have the lowest loss, while those on soda-lime substrates have the highest loss 

[13,138]. Surface roughness of the respective substrates is likely the dominant cause 

of these differences. Roncone [13] suggested the use of a low-index, sol-gel film as 

a buffer layer to reduce surface roughness associated with the substrate. 

By measuring the wavelength dependence of the loss, Weisenbach et al [143] 

determined that absorption may make a significant contribution to losses in both 

binary Si02-Ti02 and SiOj-TiOj-AljOj waveguides, and that the absorption 

component of loss may increase with the age of the waveguide, although AljOj 

additions retard the aging process. Losses in the binary waveguides were observed 

to double on a time scale of months. This aging phenomenon has not been previously 

reported and may have serious implications for implementing these types of 

waveguides. Various theories have been proposed for the origin of this aging 

phenomenon, including the reduction of Ti'^'* to Ti'^^ the existence of non-bridging 

oxygens in the film structure and the presence of amorphous carbon on the surface. 

More research is needed to characterize this behavior and determine the extent to 
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which it is impacted by waveguide composition. To this end, alternatives to SiOj-

Ti02, such as GeOj-SiOj [144] deserve further study. 

Although Si02-Ti02 waveguides exhibit good chemical, thermal, and 

mechanical stability and low optical losses, they have a major drawback; layer 

thicknesses in excess of 300 nm are difficult to make due to cracking associated with 

solvent removal. Typical thicknesses range from 100 to 300 nm, although Menning 

et al. [145] have produced crack-free films up to 800 nm with nanometer-size surface 

modified colloidal sols. Losses associated with these thick coatings were not 

discussed. 

Thicker optical layers can be fabricated if multiple coatings are employed. As 

an example, a single leakage channel grating coupler has been fabricated using sol-

gel techniques [138,146]. This multi-layer device, consisting of a 9-layer reflecting 

stack, buffer layer, waveguide layer and grating, reflects light initially diffracted by 

the grating towards the substrate back up to the cover region, leading to near 100% 

outcoupling efficiencies. 

Polycerams are attractive candidates for waveguide applications, since in these 

systems, thick layers up to several microns can be obtained without any difficulties. 

Higher thicknesses are of special interest for planar waveguides, especially if 

multimode light transmission is desired. The ability to obtain thick layers with 
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Polycerams is due to their superior relaxation property as compared to pure 

inorganic structures. 

Schmidt et al. [135,147] copolymerized methacrylate-substituted silanes with 

methacrylate acid (MA), which in turn, was linked with inorganic components (Zr), 

to obtain slab waveguides with losses of 3-6 dB/cm at 633 nm. The losses were 

attributed to scattering from dust particles in or on the coating, as seen by optical 

microscopy. The processing was optimized to obtain thick layers (up to 20 /xm in 

thickness) with losses of ~ 0.1 dB/cm or less [147]. This low loss C£ui be explained 

in terms of mode confinement: the thicker the waveguiding layer, the lower will be 

the loss, provided that volume scattering is minimal. 

Since a portion of the optical loss in a planar waveguide is due to scattering 

at the air and substrate interfaces, it is desirable to confine the waveguiding film 

between layers with a lower n - i.e. to include a buffer layer on top of the substrate, 

and a cladding layer on top of the waveguide. Using this approach, Schmidt et al. 

[135] synthesized sandwiched Polyceram planar waveguides. First, a buffer layer {n 

= 1.506) was dip-coated, photopolymerized and thermally cured. Next, a second layer 

with a higher index of refraction (n = 1.514) was dip-coated and locally polymerized 

by a focused laser beam. The non-polymerized regions were removed by butanol as 

a developing agent and the written strip waveguide was thermally post-baked. The 

thickness of this layer amounted to ~ 3 iim. Finally, a third layer with a lower index 
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of refraction (n = 1.506) was dip-coated, photopolymerized and thermally post-

baked. The above structure reported a loss of <0.5 dB/cm. 

Sorek et al [148,149] synthesized planar waveguides of Ti02-

Yglycidyloxipropyltrimethyoj^silane (GLYMO). The refractive index, n, increased and 

film thickness decreased with increasing TiOj content. Losses of 2 dB/cm were found 

for the TEq mode, and 3 dB/cm for higher (TEi-TE2) modes at the He-Ne 

wavelength, indicating that the scattering was due mainly to imperfections at the 

interfaces, and that it could be reduced by using optical quality substrates, by 

improving the processing such as the use of clean room facilities, or by depositing 

thicker waveguiding films or cladding layers. 

Prasad et al. [150] have also produced low-loss organic-inorganic waveguides. 

They mixed poly-vinylpyrrolidone (PVP) with TEOS and cast films on different 

substrates. The linear refractive index of the composite films varied linearly with 

added PVP (1.49 at 50% PVP to 1.54 100% PVP). The resulting films were optically 

transparent and of good waveguiding quality. However, they only report losses on one 

type of substrate: 0.2 dB/cm on glass microslides at the He-Ne wavelength. 

Nevertheless, the fact that these composites exhibit excellent optical quality suggests 

that the components, if they are not molecularly mixed, are restricted to domains 

which are much smaller than the wavelength of light. 
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A recent study [151] characterized the optical losses of a Polyceram material 

in the form of bulk pieces rather than thin film waveguides. Methyltrimethojq^silane 

(MTMS) and tetramethoj^silane (TMOS) were combined in 0.5 molar proportions 

and reacted at room temperature with water at low pH. Rods and discs were cast, 

gelled, dried below 100 °C, ground and polished in non-aqueous conditions. To assess 

the optical losses, a He-Ne laser beam was optically chopped and launched into 

polished specimens. The output, through a given length of sample, was amplified. 

Normalized transmittance was measured, and the Fresnel loss calculated, allowing 

the attenuation per unit sample length to be calculated. Rod/disc shaped specimens 

up to 10 mm long and 8 mm cross-sectional diameter were prepared and were 

optically polished to 1 Mm with no tendency for cracking. A He-Ne laser beam 

directed through the undoped sample was barely visible and the measured 

attenuation, taking into account reflection losses at normal incidence, was down to 

0.6 dB/cm at 633 nm. 

Another study by the same group [152] examined the optical properties of 

silica/PMMA/Rhodamine 6G composite bulk samples. Gel silica glass slabs densified 

at 800C, were initially dehydrated in vacuo for 24 hours at room temperature, and 

impregnated by immersion in a R6G/MeOH solution for days at 40 °C. The samples 

were then critically dried for a few days, followed by another immersion in a 

benzoyl/peroxide/MMA solution overnight in a sealed container. The same 
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technique of attenuation measurement as outlined above was implemented. Bulk 

attenuations of 0.04 - 0.54 dB/cm at the He-Ne wavelength were obtained. However, 

the non-PMMA impregnated samples resulted in attenuation ranges of 5.8 dB/cm 

to 8.2 dB/cm. It is clear that the in-situ impregnation of index-matching PMMA has 

a profound effect on improving the optical quality of the sol-gel composite. 

Although reported losses in the above bulk studies are low and much is 

learned in terms of index-matching and level of porosity, bulk samples should not be 

confused with conventional waveguides. The thicknesses of the rods/discs are high 

enough to confine the laser beam well within the material, hence resulting in a low 

loss. In addition, since the prism-coupling technique was not implemented, it is 

impossible to determine which modes were launched. Since the attenuation obtained 

is most likely dependent on the mode launched, it is always imperative to report the 

particular mode number. 
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2.4 Surface Patterning Properties of Polycerams 

Waveguide gratings have a multitude of applications in integrated optics. 

Surface corrugations have been demonstrated as efficient and rugged interconnects 

between planar waveguides and external optical components. In addition, waveguide 

gratings can provide very efficient coupling (near 100%) between guided-wave 

components and diode lasers in planar integrated optic circuits. 

The patterning of Si02-Ti02 waveguides has been studied via embossing [153] 

and laser processing techniques [154-162]. In the embossing of waveguides, the 

grating pattern is transferred into a soft sol-gel film on a glass substrate by pressing 

a master into the film. In a detailed study of pre-emboss heat-treatment, Roncone 

et al [153] found that the embossed grating profile and general appearance are 

strongly dependent upon the duration of the bake at 70 °C, With no pre-emboss 

bake, the embossed grating is formed through a molding process of the gel around 

the master. As the pre-emboss bake time increases, the film gradually hardens and 

becomes less deformable. The grating in this case is fabricated by a stress-induced 

fi-acturing process. They also reported a shrinkage of about 57% in the grating depths 

of the films after heat treatment and a constant grating period throughout processing. 

Embossed surface-relief gratings of 625 lines/mm with final peak-to-trough depths 

ranging firom 13 to 20 nm were successfully fabricated on SiOj-TiOj planar 

waveguides. The embossed films maintained low optical loss. 
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The major problem associated with embossing inorganic gel layers is the 

limited thickness obtainable in a single deposited step. This thickness is often too low 

to support multiple modes. In addition, the films are generally too thin to produce 

perfect replication of the master over large areas. Possible solutions are to use 

multiple coatings or coatings based on high solid content. 

Polyceram waveguides, on the other hand, can be deposited in thicknesses in 

excess of 10 /xm, and offer good mechanical properties during and after embossing 

[163,164]. Embossing in a methacrylic acid/zirconium-n-propoxide complex resulted 

in gratings containing up to 2400 lines/mm with maximum peak-to-trough values of 

3 /xm and minimal shrinkage [163]. The build-up of the inorganic backbone of such 

Polycerams takes place during the sol-gel synthesis, while the final polymerization is 

affected during a UV-curing step. Low shrinkage is important for near net-shaping, 

and Polycerams seem well-suited for such surface-patterning. Difficulties in 

patterning the patterns can arise from adhesion of the film to the embossing tool. 

Embossing of sol-gel derived fihns has been extended to optical disk 

applications, where fine grooves of submicron size have been successfully embossed 

into silicon ethoxide/polyethylene glycol (PEG) systems [165]. Stamping was 

conducted under vacuum on heated samples (60 "C), and final baking of patterned 

substrates was conducted in air to decompose the PEG. The depths of the final 

grooves were about 64% of the groove depths of the masters, while the pitch of the 
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embossed grooves coincided with that of the stamper, indicating only a vertical 

shrinkage of the material. This shrinkage resulted in different signal/noise levels in 

the stamped films and stamper. Environmental studies (85 °C, 90% R.H.) of the films 

indicated no changes in the noise level of the optical signal. Overall, the properties 

of the grooved disks correspond well to those specified by standards for optical disks. 

Laser densification of waveguides enables the fabrication of chaimel 

waveguides which provide two-dimensional confinement of the optical signal. Such 

densification permits only selected areas of the film to be densified, thus providing 

an advantage over furnace firing where the entire coating and substrate are heated 

simultaneously. Irradiating SiOj-TiO, films with a COj laser at high powers causes 

morphological damage to the coating and substrate. An optimal process would locally 

densify the coating, while leaving the underlying substrate intact. This argues against 

the use of a COj laser, which is absorbed by most substrates. The coating must, 

however, be modified to absorb at the 1.06 (j.m wavelength, as by depositing a thin 

absorbing metal layer on top of the coating which can be removed after heating 

[159,160]. While such a procedure can be used to form channels 150-600 nm wide, 

the difference in shrinkage of the substrate, coating and metal layer can result in nm-

scale cracks. Laser heating, which produces extremely rapid heating and cooling, 

leads to different shrinkage behaviors, sluggish OH removal or carbon trapping [154]. 

Although much progress has been made in the eirea of laser densification, strip 
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optical waveguides prepared in this way have a higher loss (5 dB/cm) than slab 

optical waveguides (1 dB/cm) [159], a difference which may be caused by residual 

carbon in the laser-densified films or by scattering off the side walls of the strips. 

In addition to the formation of channels, laser processing has also been 

applied to multilayer optical interference stacks of SiOj-TiOj [166]. The laser 

annealing causes a local compaction of the film such that the optical path length of 

each layer becomes smaller, resulting in a change in the color of the filter. In this 

way, laser densification was used to color-tune different regions of a multilayer stack 

to obtain novel optical filters. In this regard, laser processing appears far simpler and 

more efficient than photolithography. 

Polyceram waveguides are also laser-pattemable by the incorporation of 

photoinitiators [147,164,163,168]. Embedded strip waveguides were developed by first 

photopolymerizing a buffer layer, then depositing a waveguiding layer and locally 

photopolymerizing it with a focused laser beam, washing off the non-polymerized 

sections to leave a channel waveguide, and finally depositing and photopolymerizing 

a cladding layer. Such a configuration resulted in a channel waveguide with a low 

optical loss of < 1 dB/cm. This technique has been extended to the fabrication of 

micro-optic systems such as lens arrays, gratings and fresnel lenses [134]. The 

photopolymerization technique has been used for holographic pattern fabrication by 

laser-two-wave mixing [134,169]. It has been shown that by light-induced diffusion. 
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phase separation takes place in the films, based on the intensity fluctuation of the 

mixed laser beam. The induced gratings can be stabilized by a second polymerization 

with unmodulated light, leading to so-called buried gratings. If UV polymerization 

can be carried out during embossing, micropattems can be formed and stabilized very 

efficiently. 

Two further techniques have been used for surface patterning of Polyceram 

materials. These involve proximity and contact printing [164]. A photoinitiator is used 

along with an accelerator to permit patterns to be obtained after exposure times of 

about 3 min. at a wavelength of 400 nm. Processing parameters were optimized to 

obtain lines of 80 /im width, but optical attenuations were not reported. 

Buried chaimel waveguides have been fabricated [170] by depositing stress-

free films of greater than 10 ;xm thickness using bilayers of different TiOj 

concentrations. The films are topographically patterned into ridges by reactive ion 

etching (RIE); and the ridges are planarized with further spin-coating of dilute 

solutions of SiOj-TiOj to form buried channel waveguides. Using this method, 

channel waveguides with losses of ~2.4 dB/cm at 633 nm were obtained, A potential 

drawback of this method is damage to the Si substrate. This method has not yet been 

implemented in Polycerams. 
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3. MOTIVATION 

As attested by the small number of publications in the area of Polyceram 

waveguides and surface patterning of these materials, it is no surprise to deduce that 

these two areas are still in their infancy. To date, most smdies of Polycerams have 

focused on their structural characteristics and their thermal/mechanical properties. 

Relatively little attention has been directed to the optical properties of this novel 

class of materials. The area of Polyceram waveguides is particularly interesting. Most 

publications end their waveguiding studies short; they only establish that Polyceram 

waveguides are capable of exhibiting low losses via one or two experiments, and then 

passive Polycerams are immediately turned into active ones with the addition of a 

variety of dopants. No in-depth study of the waveguiding capabilities of Polycerams 

has yet been reported. 

The present dissertation will build on the important work of pioneers with the 

objective of filling the gaps wherever possible. First, the waveguiding capabilities of 

a number of Type C Polycerams will be analyzed in detail, followed by the 

introduction of a new surface patterning technique of these materials. It is the intent 

of the author to establish the importance of this new genre of materials in the area 

of optical applications. 
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4. EXPERIMENTAL PROCEDURES 

4.1 Solution Synthesis 

Sol-gel derived Type C Polycerams were synthesized by incorporating two 

different organic components with a variety of inorganic species. The first reactive 

functionalized polymer was (N-trietho;Q'silyl propyl) 0-poIyethylene oxide urethane 

(MPEOU)'. As shown in Fig. 4,1, the polymer contains triethoxysilylpropyl 

modification at the urethane site, and hydro^^l at the terminal end of the polymer 

chain. The polymer has an approximate molecular weight of 300-400 g/mole and is 

about 4 monomers long. Thermal analysis indicates that the polymer has a SiOj 

content of approximately 11.5 %, which corresponds to about one triethoxysilylpropyl 

group per polymer chain. Compared to other Polycerams containing triethoxysilyl 

modified l,2-pQly(butadiene) (MPBD) and trimetho;qrsilylpropyI modified 

poly(ethylene) (MPEI), MPEOU-based Polycerams have shown the highest degree 

of homogeneity as investigated by small angle X-ray scattering [171]. 

* Huls America, Piscataway, NJ. 
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O 

EtO I OEt 
EtO 

Fig. 4.1; Structure of (N-triethoj^silyl propyl) O-polyethylene oxide urethane 
(MPEOU). 

The second polymer incorporated in the Polycerams was silanol-terminated 

polydimethylsiloxane (PDMS), as illustrated in Fig. 4.2. Silanol functionalized PDMS 

is an attractive candidate for the synthesis of Polycerams because the terminal = Si-

OH groups can condense with oxide precursors to produce metal-O-Si bonds. The 

mechanical properties of PDMS Polycerams have been studied in considerable detail, 

as discussed earlier [120-122,172-177]. PDMS is known for its relaxation properties, 

and Polycerams composed of PDMS experience few cracking problems during drying 

[172-177]. The structure of PDMS Polycerams depends on the pH of reaction, water 

content and molecular weight of PDMS [121,172-175]. Small-angle X-ray scattering 

(SAXS) studies have revealed that high tetraethoxysilane (TEOS) contents and low 
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solution pH result in more homogeneous products [121,174,175], In addition, 

incorporation of titanium alkoxides in the reaction synthesis results in more rapid 

condensation and further network cross-linking [176,178-180]. 

CH3 CH3 

I I 
HO - Si ~ Si - OH 

CH3 CH3 

Fig. 4.2: Hydroxyl-terminated polydimethylsiloxane (PDMS), 

To study the effects of TEOS alone, a first set of films was synthesized with 

only TEOS and MPEOU. Table 4.1 reports the weight percent of MPEOU used to 

produce films with 20,40,60, 80 and 100 vol. % MPEOU. In calculating the volume 

percentages, densities of 2.05 g/cm^ for Si02 (the skeletal density of SiOj gel) and 

of 1.13 g/cm^ for MPEOU were used [181]. 
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Weight % MPEOU Volume % MPEOU 

7.93 20 

18.7 40 

34.8 60 

57.9 80 

100 100 

Table 4.1; Weight % MPEOU converted to volume % MPEOU. 

MPEOU-Polycerams were then synthesized using the alkoxides of Si together 

with the alkoxides of Ti, Ge, Pb, Zn or Ta as the inorganic species, and MPEOU as 

the organic constituent. The precursors used were tetraethoxysilane (TEOS), titanium 

isopropoxide [Ti(0'C3H7)4], germanium n-butoxide [Ge(0"C4H9)4], lead n-butoxide 

[Pb(0"C4H9)2], zinc n-propoxide [Zn(0"C3H7)2] and tantalum ethoxide [Ta(OC2H5)5]. 

PDMS-Polycerams were synthesized using only the alkoxides of Si (TEOS) and Ti 

(titanium isopropoxide) as the inorganic species and PDMS as the organic 

constituent. The metal alkoxide was added to the TEOS-polymer solutions in Si to 

metal molar ratios of 1 to 0.5, 1, 1.5 and 2. 
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In synthesizing the solutions, TEOS and water (acidified to 0.15 M HCl) were 

refluxed in ethanol at a EtOH:TEOS molar ratio of 35:1 and a HjOiTEOS molar 

ratio of 2:1 for 30 min. to partially hydrolyze the TEOS. The solution was then 

cooled, the polymer and metal alkoxide were added, and refluxing was carried out 

for 15 min., followed by concentration by rotary evaporation to eliminate 

approximately 50% of the alcohol content of the solution, as shown in Fig. 4.3. 

TEOS + H2O (0.15 M HCl) + EtOH 

Partial Hydrolysis 
Reflux 

T 

Polymer + Metal Alkoxide 

Reflux 

• 

Concentration 
(50% alcohol) 

• 

Polycerams 

Fig. 4J: Schematic illustration of the synthesis of Polycerams. 

Experiments were also conducted with variations on the order of mixing of 

chemicals of partially hydrolyzed Polycerams to determine the best synthesis 

conditions. Details of these synthesis conditions are enclosed in the Results & 
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Discussion section (subsections 5.1.1.2 and 5.1.1.3). Hydrolysis experiments were also 

conducted with additional water, where, before concentration by rotary evaporation, 

additional 2, 4, 6 or 8 moles of H2O per 1 mole of TEOS (besides the original 2:1 

moles of HiOiTEOS) were added. 

Chelating agents were introduced to alter the surface roughness of Polyceram 

films. Chelates employed were 2,4 pentanedione (CH3COCH2COCH3) and acetic 

acid (CH3COOH). The chelates were first mixed with the metal alkoxides (no 

solvent) for 5 min. at room temperature at a chelate to metal oxide mole ratio of 1:1, 

and then added to the rest of the solution. 

Due to numerous variations on synthesis conditions, the reader is encouraged 

to refer to the guidelines listed below in order to avoid any confusion: 

1. Moles of H2O are always compared to moles of TEOS (i.e. '2 moles of HjO' 

means '2 moles of HjO to 1 mole of TEOS'). 

2. Partial hydrolysis refers to 2 moles of H2O to 1 mole of TEOS. 

3. Unless stated otherwise, the Polvcerams are partially hydrolyzed. 

4. Unless stated otherwise, the volume percentage of polymer is 80. 

5. The loose usage of the terms metal oxides such as 'SiO.' and TiO.' does not implv 

fully converted oxides. It should be noted, however, that the amount of residual 

groups is low in vacuum-treated films as indicated by a Lorentz-Lorenz comparison 

between the measured and calculated indices of refraction. 
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6. At first, in the study of MPE0U-Si02-Ti02 waveguides, the standard synthesis 

conditions as outlined in Fig. 43 were implemented. However, in section 5.1.1.3 

(Effect of Order of Mixing), it became clear that first mixing the polymer, TEOS, 

HjO and EtOH together for 30 min., and then adding the metal alkoxide and 

refluxing for another hour (processing sequence 3 in Table 5.13) yielded waveguides 

with the lowest losses. Therefore, after section 5.1.1.3 of the dissertation, all 

MPEOU-based waveguides as well as PDMS-SiOj-TiOj waveguides were synthesized 

following this processing sequence. This processing sequence is also illustrated in Fig. 

4.4. 
TEOS + H2O (0.15 M HCl) + Polymer + EtOH 

Partial Hydrolysis 
Reflux (30 min) 

• 

Metal Alkoxide 

Reflux 
(1 hr) 

• 

Concentration 
(50% alcohol) 

• 

Polycerams 

Fig. 4.4: Schematic illustration of the synthesis of Polycerams after section 5.1.1.3 
(processing sequence 3 in Table 5.13). 
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4J2 Thin Film Processing 

Polyceram solutions, syntesized as outlined above, were passed through a 0.1 

nm syringe filter and spin-coated in a class 100 clean-room using a Headway Spinner 

at a speed of 3000 rpm for 20 sees. Chosen substrates were fused silica plates, 2.5 cm 

in diameter, which were ultrasonically cleaned in methanol for 30 sec. prior to spin-

coating. The coatings were dried in a vacuum oven for 72 hours at a temperature of 

125 "C. 

43 Thin Film Characterization 

Polyceram thin films were characterized in terms of their optical and surface 

patterning properties. The following sections present a description of the 

experimental procedures involved. 

4J.1 Optical Properties 

Polyceram thin films were optically characterized using film thickness, index 

of refraction, dispersion, optical attenuation, transmittance and surface morphology 

studies, as described below. 
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4J.1.1 Film Thickness and Index of Refraction 

First-order film thickness measurements were obtained using a Dektak HA 

profilometer. Tape was positioned on one edge of the samples prior to spin-coating, 

and then removed after spin-coating to provide a baseline for Dektak thickness 

measurements. Index of refi^action was obtained using a multi-angle Gaertner 

ellipsometer based on the Helium-Neon laser wavelength. Measurements were 

carried out at 3 different angles of 50, 60 and 65 degrees, and on three separate 

points on the surface of the film. Since the films and substrates were transparent, the 

backside reflection of the beam was covered using a sharp edge. Values of A's 

(change in phase difference) and tlr's (change in amplitude ratio) of the reflected 

beam were processed using an in-house computer program, assuming transparent 

non-absorbing films, to determine thickness and index of refraction. 

Dispersion was obtained by using standard prism-coupling techniques to 

launch laser light into the TEq and TMq modes of the waveguides (see Fig. 2.7). 

Measurements were conducted at wavelengths of 632.8, 514.5, 488 and 457.9 nm 

using helium-neon and argon lasers. 

Finally, to obtain a measure of the degree of condensation of Polycerams, 

measured indices of refraction were compared with calculated indices of refraction 

using the Lorentz-Lorenz model. Theoretical indices of refraction were obtained 
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using a simple rule of mixture between the organic and inorganic constituents based 

on both xerogels and glasses. 

43.12 Optical Attenuation 

Optical attenuation of waveguides was measured using prism-coupling 

techniques. Fig. 4.5 illustrates the loss measurement system used to conduct 

measurements. The function of each piece of equipment is described in detail in ref. 

13. Prism coupling was employed to couple laser light into a particular waveguide 

mode. The loss measurement proceeded by carefully placing a rectangular, coherent 

fiber bundle in front of the modal (scattered) streak in the waveguide. The fiber 

bundle was comprised of 6-7 fim diameter fibers with 0.66 NA. Its primary purpose 

was to act as an imaging system to transfer the scattered streak intensity distribution 

of the object to the image plane. The individual fibers in the bundle were separated 

by a light absorbing cladding to reduce the effects of cross-talk. A photomultiplier 

tube (PMT) accompanied by a precision slit (100 /xm wide by 6 mm long) were 

positioned at the image of the fiber bundle. The PMT/slit assembly was stepper-

motor driven, and was automatically scanned across 1.5 cm of the imaged streak 

using 169 (or 85) discrete samples, at 89 (or 178) ixm intervals. 

At each sample location, the detected light intensity generated a signal current 

in the PMT. This dc signal was converted to a voltage and fed into an HP5504A 
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digitizing oscilloscope, where it was continuously time-averaged to reduce electrical 

and optical noise. The resultant voltages were sent to a personal computer where 

they were converted to a logarithmic scale and least-squares curve-fitted to yield 

attenuation in dB/cm. A menu-driven QuickBASIC computer program controlled all 

aspects of the data collection and curve-fitting. To ensure repeatability of the scans, 

a limit switch was installed on the mounting platform such that all scans began and 

ended at the same horizontal position of the fiber bundle. 

Lens 

Waveguide 

Laser 
Fiber 

Bundle 

Stepper-Motor 

PMT/Slit Assembly 

Translation 

-> V 

Oscilloscope PC 

Fig. 4.5; Optical attenuation measurement setup. 
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Prior to curve-fitting, it was sometimes necessary to remove large peaks or 

valleys in the data, caused by localized point scatterers such as dust particles, in order 

to avoid skewing the calculated attenuation value. Manually removing a few points 

was found to be favorable to data smoothing algorithms, since the remaining data 

points did not get altered. Therefore, the remaining points yielded a more accurate 

representation of the true waveguide attenuation. These point scatterers did not 

occur very often since spin-coating of the solutions was conducted in a clean-room 

environment. Furthermore, although the attenuation measurements were not 

conducted in a clean-room environment, the waveguide surfaces were thoroughly and 

accurately wiped with ethanol and special lens-paper prior to each measurement to 

eliminate any dust particles. 

To measure waveguide losses accurately and repeatably, a high degree of 

parallelism was required between the waveguide and the fiber bundle face to ensure 

uniform light collection along the length of the guide. This was accomplished using 

an interferometric alignment procedure. Before moving the fiber bundle/PMT 

assembly into place, a second laser (alignment laser) was aligned such that the 

reflected beam bouncing off the waveguide reflected directly back into this laser. The 

fiber bundle was then oriented such that the part of the incident beam transmitted 

through the substrate/waveguide was reflected off its face back toward the laser. The 

entire fiber bundle/PMT assembly was translated (x,y,z), rotated, and tilted into 
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place until the reflected beams from the substrate/film and fiber bundle face 

overlapped on the laser face, to form visible interference Mnges. This indicated 

adequate parallelism between the two surfaces to ensure uniform light collection 

along the length of the waveguide. 

Optical attenuation measurements were conducted as a function of Polyceram 

composition, solution chemistry, aging of solutions, aging of waveguides, temperature 

treatments, chelation and cladding of waveguides. 

4J.U Optical Properties at Elevated Temperatures 

Index of refraction and optical attenuation studies were also conducted at 

elevated temperatures. Heat treatment of waveguides was conducted using 3 heating 

resistors attached to the prism-couling stage. Samples were heated for 1 hour prior 

to prism-coupling measurements to ensure temperature stability and uniformity along 

the film. In addition, waveguides remained heated at the desired temperature during 

prism-coupling experiments. Temperature studies were conducted in the range of 20 

°C (room temperature) to 100 °C. Two measurements were taken at each 

temperature, and each cycle was repeated to ensure temperature reproducibility of 

results. Index of refraction studies at different temperatures were used to determine 

the dn/dT of Polyceram waveguides as a function of composition. 
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4J.1.4 Transmittance 

Transmittance measurements through the film thickness were obtained using 

a Shimadzu UV 3100 Photospectrometer with a wavelength rzmge of 200 nm to 2500 

nm. In this experiment, attention was directed to the role of inorganic/organic 

content on the absorption edges of the films in the UV range. 

43.1.5 Surface Morphology 

The submicron surface roughness of waveguides was accurately measured 

using the Atomic Force Microscope (AFM). The AFM has a sharp tip attached to 

a flexible cantilever that is scanned across the surface of the sample. As the tip is 

scanned, short-range interatomic forces repel the tip and deflect the cantilever. The 

vertical deflection of the cantilever results in the deflection of a low-power diode-

laser beam, which, in turn, is converted to an electronic signal. This method is 

capable of detecting cantilever deflections on the order of 0.1 A, 

For surface roughness measurements, the AFM was used in a "contact mode", 

where the tip was in contact with the sample while scanning to achieve atomic 

resolution of surfaces. The AFM achieves such high resolution by using extremely 

small loading forces of ~10'^ -10"" N on the tip. This makes the area of contact 

between the tip and sample exceedingly small. Finally, the AFM was chosen over 

other surface roughness metrological instruments such as stylus profilometers and 
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interferometers primarily due to its extremely fine lateral resolution (<10 A). AFM 

studies of Polycerams was conducted in the mid-regions of the samples where films 

are known to exhibit the least surface non-uniformity as a result of spin-coating. 

432 Surface Patterning 

Polyceram films were patterned using an embossing technique to produce 

surface-relief gratings, chaimels, beam splitters and binary optics lenses. The 

following sections describe the embossing procedure, the Polyceram solutions and 

their viscosities, and the type of masters used. The patterns were evaluated using 

optical microscopy, scanning electron microscopy and atomic force microscopy. 

432.1 Embossing Procedure 

A schematic of the embossing apparatus is illustrated in Fig. 4.6. The surface-

relief master pattern was transferred to the Polyceram film by lowering a translation 

stage which rested on top of the master grating. This configuration effectively created 

a pressure contact over which the master was pressed into the film. This scheme 

eliminated the need for perfect parallelism of the film and master. 

Polyceram films were spin-coated on microscope slides at a speed of 3000 rpm 

for 20 sees. The spin-coated samples were then allowed to dry for 3 minutes in air, 
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followed by embossing for another 3 minutes. With decreasing viscosity of the 

solution, pre-bake treatments as well as longer embossing times became necessary 

to eliminate extraneous solvent and to enhance further film consolidation. Embossed 

samples were then dried in a vacuum oven at 125 "C for 72 hours. Comparisons were 

drawn with embossed samples dried in air. 

Translation Stage 

Substrate 

Fig. 4.6 ; Schematic Illustration of the embossing apparatus. 
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A322 Polyceram Chemistiy 

All embossing experiments were conducted on MPEOU-SiOj-TiOj Polycerams 

with a SiOj to TiOj mole ratio of 1 to 2. In addition, to study the life expectancy of 

masters, a fluorinating agent was incorporated in the Polyceram chemistry. The 

fluorinating agent was 2,2,3,3,3 Pentafluoro-l-Propanol (CFjCFjCHj-OH), and was 

added in SiOj to CFj mole ratio of 1 to 1, The fluorinating agent was added to ±e 

solution at the same time as TEOS - at the beginning of the synthesis. 

4323 Viscosity 

To emboss Polyceram films down to the bare substrate, thin films were 

required. The chemistry was therefore altered by increasing the amount of ethanol 

or decreasing concentration. The degree of dilution was determined by the viscosity 

of the solutions. Viscosity measurements were conducted with a Brookfield 

viscometer at a spindle speed of 60 rpm. 

432.4 Masters 

Experiments were conducted with three types of masters; photoresist-coated 

glass masters, ion-milled glass masters and Diamond-Like-Carbon (DLC)-coated glass 

masters. In fabricating photoresist-coated glass masters, positive photoresist was first 

spin-coated on pre-cleaned microscope slides at a speed of 3000 rpm for 10 sees. The 
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spin-coated slides were then baked in the oven at 95 °C for 30 min (soft-bake). The 

'mother-master' (original glass master) was then positioned tightly on a photoresist 

coated slide, and exposed to UV light for 3 sees. The mother-master was then 

detached, and the photoresist-coated slide was immersed in a bath of developer 

solution (1 part developer to 4 parts deionized water) for 15 sees. This procedure was 

repeated for each individual photoresist slide. The developed photoresist slides were 

then dried in the oven at 110 °C for 30 min (hard bake). The masters were then 

ready for embossing. 

To fabricate ion-milled glass masters, the above photoresist-coated masters 

were ion-milled under argon gas for 1 min. in a vacuum chamber. The photoresist 

was stripped off, and the glass slide underneath was etched in the form of the 

photoresist pattern, hence resulting in ion-milled glass masters. 

When Diamond-Like-Carbon (DLC) was deposited on ion-milled glass 

masters, we obtained DLC-coated glass masters. DLC was deposited in the same 

vacuum chamber as above by using hydrocarbon gas. The hydrocarbon gas used was 

acetylene (C^Hj), and the voltage used was 1 kV at 160 mA. The samples were 

placed in the acetylene beam at a distance of 150 mm from the source for 15 min., 

and a brown DLC film was formed on the ion-milled glass slides. The DLC coatings 

had a thickness of 0.2 fim. DLC is a designation for dense amorphous hydrocarbon 

polymers with properties whcih differ markedly from those of other hydrocarbons, 
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but in many respects resemble diamond. DLC is hard; it is transparent far into the 

infrared; it has high electrical resistivity; and it is chemically inert, impervious, and 

insoluble in reagents which dissolve graphitic and polymeric carbon structures. The 

films differ from diamond in that they are amorphous, absorb in the visible region, 

and may contain up to 50% hydrogen. Glass masters were coated with DLC with the 

hope of increasing their life expectancy. 

The different patterns studied were sinusoidal corrugative gratings, single 

channels (periods of 5 litn, 50 /xm and 100 (im), beam splitters (Y couplers) and 

binary optics lenses. 
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5. RESULTS AND DISCUSSION 

5.1 Optical Properties 

The discussion of the optical properties of Polycerams is divided in three 

categories by Polyceram composition: (1) MPEOU-SiOj-TiOj, (2) Other MPEOU-

based Polycerams including MPEOU-SiOj-GeOj, MPEOU-SiOj-PbO, MPEOU-SiOj-

TajOs and MPEOU-SiOj-ZnO, and (3) PDMS-Si02-Ti02. Particular attention is 

directed to MPEOU-SiOj-TiOj and PDMS-SiOj-TiOj Polycerams since incorporation 

of TiOj results in waveguides with larger differences in index of refraction than other 

inorganics. In addition, since the optical properties of SiOj-TiOj waveguides are 

already well established, it is simpler to draw conclusions on the role of the organic 

constituents. 

5.1.1 MPE0U-Si02-'n02 Polycerams 

In this section, the effects of composition, solution synthesis, solution aging, 

film aging and surface roughness on the optical properties of MPE0U-Si02-Ti02 

Polycerams are investigated. In addition, the optical properties of MPE0U-Si02-Ti02 

Polycerams at elevated temperatures are studied in detail. 

5.1.1.1 Effect of Composition 
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The first set of films was composed of TEOS and MPEOU alone. As shown 

in Fig. 5.1, a linear fit through the measured indices of refraction indicates that the 

index of refi^action increases linearly with increasing MPEOU volume fraction. A film 

with 20 vol. % MPEOU has n = 1.443, whereas a film with 100 vol. % MPEOU has 

n = 1.495. Extrapolation of the linear fit to the film composition with no MPEOU 

content (100% SiOj) reveals an index of refraction of 1.43. Hence, since MPEOU in 

= 1.495) has a higher index of refraction than SiOz {n = 1.43), it is expected that 

Polyceram compositions with higher MPEOU volume percentages would have higher 

indices of refraction. 
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Fig. 5.1: Measured (points) vs. calculated (dashed line) index of refi-action of Si02-
MPEOU films with polymer content. 
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The physical properties of sol-gel derived silica xerogels including their index 

of refraction have been studied in great detail [34]. Index of refraction studies of 

silica gels as a function of temperature have shown that n increases from ~ 1.33 to 

1.46 in a temperature range of 100 "C to 600 "C [34]. A refractive index of 1.46 is 

indicative of a fully dense SiOj network. IR spectra of silica gels have shown a 

reduction in the relative intensity of the -970 cm'^ band assigned to Si-OH stretching 

along with a progressive increase in the frequency of the Si-O stretching vibration 

with increasing temperature. Such a behavior is indicative of a continued 

condensation with increasing temperature. The increasing Si-O stretching frequency 

is, in general, strongly correlated with increasing density and physical properties such 

as microhardness and refractive index. In Fig. 5.1, since the extrapolated index of 

refraction of pure SiOj is 1.43, it can hence be deduced that SiOj in the MPEOU-

SiOj Polyceram is not fully condensed. 

By assuming «mpeou 1-495 and /isioa = 1-^6, the theoretical indices of 

refraction of MPEOU-SiOj Polycerams based on Si02 glass can be calculated using 

the rule of mixtures. The dashed line in Fig. 1 represents these theoretical values. 

The index of refraction of MPEOU {n = 1.495) was obtained experimentally, and 

unformnately, no other sources in literature have reported an index of refraction for 

MPEOU to be used for comparison purposes. Since MPEOU was first dissolved in 

ethanol and then spin-coated on the substrate, it is possible that a small 
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concentration of residual hydroxyl or organic groups remained within the network. 

Nevertheless, it is expected that vacuum curing for 3 days eliminated most of the 

residual groups, and that n = 1.495 is very close to the theoretical index of refraction 

of fully dried MPEOU. 

Fig. 5.1 shows that except for neat MPEOU, the calculated indices of 

refraction of Polycerams are higher than the measured ones. The difference between 

the measured and the theoretical index of refraction values are due to the density of 

the network condensation. A partially dense network may contain pores or voids 

which result in a lower index of refraction. However, a partially dense network may 

also contain residual hydroxyl and/or organic groups, which, depending on the 

polarizability of each group, will increase or decrease the index of refraction. Hence, 

we will first discuss the densities of Polycerams, and then use the density arguments 

to estimate the concentration of hydroxyl/organic groups in the Polyceram films. 

Density measurements were conducted using the Archimedes technique with 

water on bulk (2-5 mm thick) Polyceram gels. The chemical synthesis of bulk gels 

was similar to films. The processing, however, was somewhat different. The gels were 

first dried in air for a period of 1 week, and then heat-treated like films where they 

were cured under vacuum at a temperature of 125 °C for an additional 3 days. The 

measured densities were then compared to the theoretical densities of MPE0U-Si02 

Polycerams. In calculating the theoretical densities, densities of 1.13 g/cm^ for 
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MPEOU and 2.20 g/cm^ for fully condensed Si02 glass as well as 2,05 g/cm^ for 

dried skeletal Si02 xerogel were used. The slightly lower density of SiOj xerogel 

indicates the existence of ~ 1% free volume in the xerogel network. 

Unlike glasses, the skeletal phase of gels evolves through continued 

condensation reactions without melting. Hence, the skeletal structure is rarely 

equivalent to that of melted glass. In general, although drying may cause significant 

compaction, xerogels often retain their tenuous and fractal structures created during 

the gelation process. According to Brinker and Scherer [34], xerogels can generally 

be described as mass or surface fractals on the 1-10 nm length scale. On shorter 

length scales, uniform structures characteristic of the primary particles or the skeletal 

framework are observed. On sufficiently large-length scales, a crossover to uniform 

structure is also observed. By comparison, during melting of a glass, structure is 

governed by thermodynamics, producing uniform structure on all length scales greater 

than the "molecular" scale of single-phase systems. In general, the random disruption 

of the structure causes the skeletal density of most xerogels to be significantly less 

than that of the corresponding melted glass. The average dimensions of the pores 

and the thickness of the skeleton depend upon the structure that exists at the gel 

point and the extent of the collapse or distortion of this structure that results from 

drying and heat treatment. 
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Table 5.1 reports the measured versus theoretical densities of MPEOU-SiOj 

Polyceram gels based on Si02 xerogel and SiOj glass. Columns 4 and 6 show that the 

measured densities fall between 86 to 91% of the SiOj xerogel-derived theoretical 

densities and between 81 and 89% of the SiOj glass-derived theoretical densities. In 

other words, free volume or porosity occupies ~ 11 -19% of the total SiOj-MPEOU 

Polyceram network volumes. 

MPEOU 
Volume 

Percentage in 
MPEOU-SiOj 

Polycerams 

Pmcas 

(g/cm^) 

Pih 

Based on 
SiOj 

Xerogel 

Pmeas / Plh 

Based on 
SiOj 

Xerogel 

P.h 

Based on 
SiOj 
Glass 

Pmeas /Pth 

Based on 
Si02 
Glass 

(g/cm^) (%) (g/cm') (%) 

80% MPEOU 1.19 1.31 91 1.34 89 

60% MPEOU 1.31 1.50 87 1.56 84 

40% MPEOU 1.50 1.68 89 1.77 85 

20% MPEOU 1.61 1.87 86 1.99 81 

Table 5.1; Measured versus calculated densities of MPEOU-SiOj Polycerams. 
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In spite of the above density comparisons which indicate that MPE0U-Si02 

Polycerams are porous, BET surface area measurements of MPEOU-SiOj 

Polycerams [171] showed no measurable porosity. It should be emphasized, however, 

that BET measurements only detect the presence of open pores, and hence cannot 

measure closed pores. Furthermore, BET experiments are based on nitrogen 

adsorption and cannot measure micropores. Since acid-catalyzed gels usually result 

in tiny pores as a result of a low condensation rate [34], it is possible that the above 

acid-catalyzed Polycerams also contained micropores which were undetectable by the 

BET technique. 

The above density measurements were conducted on bulk Polyceram pieces 

where the gels were aged for one week prior to vacuum drying. Aging prior to 

solvent extraction can alter the porosity of the dried product. Aging gels under 

conditions in which there is appreciable solubility of the skeletal phase allows the 

structure to reorganize via dissolution-reprecipitation reactions [34]. Typically this has 

the effect of strengthening the gel so that it stops shrinking earlier in the drying 

process, causing the resulting xerogels to have a greater pore volume. In other words, 

the low evaporation rate of the bulk gel allows it to become much stiffer at an earlier 

stage of drying (through continued condensation reactions), consequently reducing 

its shrinkage during the later stages of drying, and increasing its porosity. Therefore, 



124 

it is possible that the measured bulk Polyceram gels contained a higher degree of 

porosity than the corresponding films. 

The porosity of films depends on the extent of condensation of the network. 

Hence, the above density behavior in the Polycerams is a resiilt of the level of 

interaction between MPEOU and the inorganic network. Since MPEOU is polar, it 

bonds easily with the SiOj matrix, resulting in a cross-linked structure, which in turn, 

increases the density of the Polyceram network. Earlier infrared studies [171] 

indicated a high level of interaction between MPEOU and SiOj as attested by the 

large shift of the carbonyl group. Interestingly, other density experiments on 

Polycerams composed of non-polar polymers such as MPBD (triethoj^silyl modified 

1,2-polybutadiene) [171] have shown consistently lower measured densities, which, 

combined with IR data, indicated that MPBD did not interact with the inorganic Si02 

host. 

A model can be developed for the film densification, based on the Lorentz-

Lorenz [182] relationship. The Lorentz-Lorenz equation relates the density of a film 

to its index of refraction. With the refractive index n and the density p, the specific 

refraction R then results: 

R = [(n» - 1) / (n' + 2)] • 1/p. (5-1) 

Through multiplication of R by the (average) molar weight M, one arrives at the 

molar refraction R^: 
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RM =  [ (n ' - l ) / (n^  +  2 ) ]»M/p  (5-2) 

or 

[(n^ - 1) / (n^ + 2)] = p • \RJM\ (5-3) 

The quantity R^, has the unit of volume. The term M/p represents the molar volume, 

and the term [(n^ - 1) / (n^ + 2)] represents the optical degree of efficiency of 

spacial packing. Molar refraction has the essential property that it is an additive 

property, that is, it can be analyzed for a compound or an amorphous material from 

the contributions of the individual ions: 

where Xj is the mole fraction of the constituent ions, R^j is the molar refractivity of 

the ions and Mj is the molar weight of the ions in the composition. 

The molar refraction, morever, is directly proportional to the polamability a: 

where = Avagadro's number. The polarizability measures the average dipole 

moment of an ion in an electric field. Therefore, larger ion polarizabilities result in 

larger contributions to molar refraction, and subsequently, larger contributions to the 

index of refraction. Since anions often have a substantially greater polarizability than 

cations, they chiefly determine the index of refraction. For example, in many oxide 

glasses, the oxygen ion plays the dominant role in this process. 

[(n^ -1) / (n^ + 2)] = p • [(sXjRMj) / (sXjM^.)] (5-4) 

Rm = (4nn^/3)a (5-5) 
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Table 5.2 lists the molar refractivities (Rmj) for the cations and anions of the 

Polyceram films [138]. The molar refi-activities of the cations are assumed constant 

within the changing film structure. However, the molar refi^activity of the ion 

depends on the atomic environment. The molar refractivities of bridging and non-

bridging oxygens in Ti-O are also included in the table and will be referred to later 

in the evaluation of the index of refi-action of MPEOU-SiOj-TiOj Polyceram films. 

The molar refractivity of ojQrgen in C-0 was not available in the literature, hence it 

was estimated. Published data on the trend of molar refi-activity of bridging oxygen 

with different ions [183] indicate that the molar refractivity of oxygen increases with 

increasing size and charge of bonding cation. Therefore, since the charge of C is the 

same as Si (+4), but C is a slightly smaller ion that Si, the molar refractivity of 

o>Q'gen in a O-C bond is estimated to be ~ 3.0. 

Ion Molar Refractivity 
(cm'/mole) 

Si 0.084 

Ti 0.463 

0 (Si-O, bridging) 3.66 

O (Si-O, non-bridging) 4.85 

O (Ti-O, bridging) 5.97 

O (Ti-O, non-bridging) 7.4 

0 (C-O, bridging) ~ 3.0 (estimated) 

Table 5^; Molar refractivities for the cations and anions of the film compositions. 
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By plugging in for the theoretical (based on SiOj glass) and measured density 

and index of refraction values in Eq. (5-4), the thoretical and measured values of 

[(SJ^-Rnij) / (sXjMj)] can be calculated. Table 5.3 lists and compares these values. 

Volume Percentage 
of MPEOU 

in MPEOU-SiOj 
Polycerams 

[ Imcas [].h [ Imeas " t ]ih t Imcas " [ ]|h / t Imeas 

(%) 

80 % MPEOU 0.238 0.215 0.023 9.7 

60 % MPEOU 0.211 0.182 0.029 13.7 

40 % MPEOU 0.181 0.159 0.022 12.2 

20 % MPEOU 0.165 0.139 0.026 15.8 

Table 53: Measured versus calculated [(2XjR^,j) / (sXjMj)] designated by [ ] of 
MPE0U-Si02 Polycerams with different MPEOU volume percentages. 

In all cases, the [ are higher than the [ ],h values. In deriving the 

theoretical index of refraction and density values of MPEOU-SiOj Polycerams, it was 

assumed that the Polycerams were fully cross-linked and condensed. Therefore, the 

[ ],h values include the molar refractivities of bridging oxygens and not the molar 

refractivities of non-bridging 0)(ygens. From Table 5.2, we observe that the molar 

refractivity of non-bridging Si-0 is higher than that of bridging Si-0. Hence, in a first 

order approximation, we can assume that the difference between the two [ ]„eas 

[ values corresponds partly to the molar refractivity of non-bridging oxygens. 
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However, since the molar refractivity of is assumed to be zero [27] (this is a 

reasonable assumption since consists of a single proton), we can estimate the 

molar refractivity of Si-O-H to be equivalent to the molar refractivity of the non-

bridging o^tygen in Si-O [138]. Therefore, the difference between [ ]„eaj. and [ ]th can 

be partly attributed to the presence of hydroxyl groups within the Polyceram 

networks. Furthermore, it is possible that all alkoxy groups are not hydrolyzed, in 

which case a certain number of -OR (i.e. R = Ca^s) groups still exist in the 

Polyceram network. Therefore, the difference between [ and [ ],h can also be 

partially attributed to the presence of Si-OR (i.e. Si-OCj^s) groups. 

The last column in Table 5.3 illustrates the percentage of hydroxyl and alkoxy 

groups present in the Polyceram networks. This percentage varies from 9,7 to 15.8%. 

The MPE0U-Si02 composition with 80% by volume MPEOU shows the lowest 

percentage of residual groups. Furthermore, as shown in Table 5.1, the measured 

density of the Polyceram composed of 80% by volume MPEOU is closest to its 

theoretical value among all compositions smdied. Therefore, as the polymer content 

increases, the organic component begins to play a more significant role in the 

structure of the film. High volume concentrations of MPEOU indicate a high level 

of interaction between MPEOU and SiOj, which results in a lower concentration of 

residual Si-OH and Si-OR groups and a lower free volume. Such high level of cross-
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linking was achieved as a result of the successful reaction between the functionalized 

polymer and Si02. 

Although polyurethane coatings do exhibit waveguiding properties [184,185], 

the index of 100% MPEOU (n = 1.495) is still very close to that of fused silica 

substrate (n = 1.46). For a waveguide to confine the propagated mode properly or 

to exhibit multiple modes, a larger An is desired. Thus TIP was added to the TEOS-

polymer solutions to increase n; Si to Ti molar ratios of 1 to 0.5, 1, 1.5 and 2 were 

employed to yield partially hydrolyzed (2 moles HjO) SiOj-TiOj-MPEOU Polyceram 

films. Table 5.4 converts these molar ratios to mole % TiOj in 80 volume % and 60 

volume % MPEOU Polycerams. 

Molar Ratio of 
SiO^rTiOj 

Mole % Ti02 in 
MPEOU-SiOz-TiOa 

(80 Volume % MPEOU) 

Mole % TiOj in 
MPEOU-SiOj-TiOj 

(60 Volume % MPEOU) 

1:0.5 24.2 29.2 

1:1 36.3 43.8 

1:1.5 43.5 52.5 

1:2 48.3 58.4 

Table 5.4: Molar ratios of SiOj to TiOj converted to mole % TiOj in 80 and 60 
volume % MPEOU Polycerams. 
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Polycerams made with 60 volume % MPEOU and a SiOjiTiOz mole ratio of 

1:2, as well as those made with lower MPEOU contents (40 and 20 volume %) at all 

Si02:Ti02 compositions, cracked upon drying. This aacking indicated that 60 volume 

% MPEOU with a SiOjiTiOj mole ratio of 1:2 is the limit of TiOj content at which 

crack-free films of ~ 3 nm thickness can be formed for present processing conditions. 

In general, cracking occurs as a result of pressure gradient, which in turn 

results in differential shrinkage rates, and hence in stress [34]. Silica and most other 

inorganic gels shrink spontaneously while immersed in their pore liquid. In these 

materials, electrostatic and osmotic forces are relatively unimportant, and shrinkage 

during evaporation is caused by capillary stresses. As liquid evaporates, the solid 

network is drawn into the remaining liquid to prevent exposure of the solid-vapor 

interface. The network is sucked under the surface of the liquid by the capillary 

tension, and as long as the network remains sufficiently compliant, the liquid-vapor 

meniscus remains at the exterior surface and the evaporation rate is constant. Once 

the network becomes stiff enough to withstand the pressure, evaporation drives the 

meniscus into the body and the evaporation rate begins to drop. For a time, liquid 

is able to flow along contiguous channels of liquid and evaporate at the exterior; 

later, evaporation occurs within the body and transport to the surface requires 

diffusion of the vapor. 
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If the pressure in the liquid is uniform, the network will be uniformly 

compressed and there will be no tendency to crack. However, the low permeability 

of the gel gives rise to a pressure gradient, so the tension in the liquid is greater near 

the drying surface, and the contraction of the network is consequently greater. The 

difference in shrinkage rate between the inside and outside of the body is the cause 

of drying stress. The greatest stress and highest probability of fracture occurs when 

shrinkage stops and the meniscus begins to recede into the body. 

Although the underlying physics and chemistry that govern polymer growth 

and gelation are essentially the same for films as bulk gels, several factors distinguish 

structural evolution in films [34]. (1) The overlap of the deposition and evaporation 

stages establishes a competition between evaporation (which leads to structure 

compaction) and continuing condensation reactions (which stiffen the structure, 

thereby increasing the resistance to compaction). In bulk systems, the gelation and 

drying stages are normally separated. (2) Compared to bulk systems, aggregation, 

gelation, and drying occur in seconds to minutes during dipping or spinning rather 

than days or weeks. (3) The short duration of the deposition and drying stages causes 

films to experience considerably less aging or cross-linking than bulk gels. This 

generally results in more compact dried structures. (4) Fluid flow, due to draining, 

evaporation, or spin-off, combined with attachment of the precursor species to the 

substrate, impose a shear stress within the film during deposition. After gelation. 
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continued shrinkage due to drying and further condensation reactions creates a 

tensile stress within the film. Bulk gels are not constrained in any dimension. 

In synthesizing Si02-Ti02 films, for example, Weisenbach [138] found that the 

quantity of water added to pre-hydrolyze the TEOS prior to the addition of the Ti 

ethoxide had a major impact on the ability to obtain crack-free films. Only water 

quantities near the ratio of 2:1 (moles HjO: moles TEOS) successfully produced 

crack-free films. Smaller amounts of water would decrease both the extent of the 

condensation of the TEOS and the reaction of the Ti species. The resulting weakly 

cross-linked films would be less likely to withstand the stresses induced during the 

consolidation process. 

Interestingly, inorganic films thinner than ~ 0.5 ^m do not crack, regardless 

of the drying rate, whereas films thicker than ~ 1 nm are virtually impossible to dry 

without cracks. For example, although Weisenbach [138] successfully fabricated 

crack-free SiOj-TiOj films, all film thicknesses were below ~ 2500 A. Since drying 

stresses result fi-om the difference in pressure through the thickness of the body, 

thicker films are more likely to crack [34]. Furthermore, cracking occurs when the 

strain rate is too fast for significant relaxation to occur. 

Therefore, in order to obtain thicker crack-free films, the plastic deformation 

or relaxation ability of the films needs to be enhanced. One such solution is the 

incorporation of organics. Organic materials evidently provide sufficient compliance 
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or rubberiness to prevent fracture [34]. Organic groupings can be used as network 

modifiers by blocking reactive inorganic sites and acting as flexible connections 

between inorganic units. Organic groupings can also be used as network formers 

where they can react with themselves or other organic monomers. Schmidt et al [186] 

were the leaders in incorporating organic groups in inorganic networks to obtain 

thick crack-free films. Incorporation of organics appears to be a promising route to 

preparation of thicker crack-free films. 

Here for Polycerams composed of 60% by volume MPEOU, cracking at high 

Ti contents reflects upon the strength of the film, which, in turn, depends upon the 

extent of cross-linking. If the drying rate does not permit adequate cross-linking, the 

structure will not be strong enough to withstand the stresses induced during drying 

and will crack. Another reason for the cracking of films may be that a high TiOj 

content results in a preferential association of titanate species with themselves rather 

than with the MPEOU and silicate species. In this case, a rapid condensation of the 

inorganic network produces rigid structures, which are unable to relax sufficiently to 

accomodate drying stresses. Best and Condrate [189] report that XRD and EXAFS 

studies of sol-gel derived SiOj-TiOj glass systems show that increasing the TiOj 

concentration above 11.2 mol% results in phase separation which may reflect 

preferential homocondensation of titanate species in solution. Phase separation in 

Polycerams - if it occurs - may lead to differential rates of drying within the film, 
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causing local stresses in the network, which result in the formation of cracks. For 

example, silica xerogel is known to have a strength of 19.3 MPA [187], while a silica-

PMMA network has a strength of 132 MPA [187]. It is hence obvious that capillary 

forces can easily result in cracks in the low-strength regions of the film network. 

Density measurements were also conducted on MPEOU-SiOj-TiOz Polyceram 

bulk gels (80% and 60% by volume MPEOU) and compared to the corresponding 

theoretical density values. These density values are listed in Tables 5.5 and 5.6. 

Again, bulk gels (2-5 mm thick) were synthesized in the same manner as films, but 

aged first in air for a period of one week before vacuum curing at a temperature of 

125 "C. The theoretical densities were calculated using a linear mixing rule between 

the density of MPEOU (1.13 g/cm^) and those of the SiOj-TiOj glass system [188] 

as well as the densities of dried skeletal SiOj-TiOj gels [34]. The theoretical densities 

of the SiOj-TiOj glass system vary from 2.60 g/cm^ for a system with a SiOjrTiOj 

mole ratio of 1:0.5 to 2.96 g/cm^ for a system with a Si02:Ti02 mole ratio of 1:2. The 

corresponding theoretical densities of dried skeletal SiOz-TiOj gels vary from 2.46 

g/cm^ to 2.88 g/cm^. The theoretical densities of skeletal SiOj-TiOj gels are 

approximately 3-5% smaller than those of the SiOj-TiOj glass system. This 

difference is attributed to the presence of free volume. 
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Si02:Ti02 
Mole Ratio 

in 
MPEOU-SiO,-TIO, 

Polycerams 
(80% volume 

MPEOU) 

Pmcas 
(g/cm^) 

P.h ,  
(g/cm') 

Pmeas/ Plh 
% 

P.h ,  
(g/cm^) 

Pmeas/ Pth 
% 

Si02:Ti02 
Mole Ratio 

in 
MPEOU-SiO,-TIO, 

Polycerams 
(80% volume 

MPEOU) 

Based on 
SiOj-TiOj 

Xerogel 

Based on 
SiOj-TIOj 

Xerogel 

Based on 
SiOj-TiOj 

Glass 

Based on 
Si02-Ti02 

Glass 

SiO^iTiO, = 1:03 1.28 1.39 92 1.42 90 

SiOjiTiOi = 1:1 1.30 1.43 91 1.45 90 

SiOitTiOj = 1:1.5 1.36 1.46 93 1.48 92 

SiOz-TiOi = 1:2 1.39 1.48 94 1.50 93 

Table 5.5: Measured versus theoretical densities of MPE0U-Si02-Ti02 Polycerams 
(80% volume MPEOU). The theoretical densities are based on the Si02-Ti02 dried 
xerogels and glass system. 

Si02:Ti02 
Mole Ratio 

in 
MPEOU-SiOi-riOi 

Polycerams 
(60% volume 
MPEOU) 

Pmeas, 
(^cm') 

Peh,  
(g/cm^) 

Pmeas/ Pjh 
% 

P.h ,  
(g/cm^) 

Pmeas/ Pth 
% 

Si02:Ti02 
Mole Ratio 

in 
MPEOU-SiOi-riOi 

Polycerams 
(60% volume 
MPEOU) 

Based 
SiOj-TiOj 

Xerogel 

Based on 
Si02-Ti02 

Xerogel 

Based on 
Si02-ri02 

Glass 

Based on 
Si02-Ti02 

Glass 

Si02:Ti02 = 1:03 1.53 1.66 92 1.72 89 

Si02:Ti0j = 1:1 1.59 1.75 91 1.78 90 

Si02:Ti02 = 1:13 1.64 1.80 91 1.83 90 

Table 5.6: Measured versus theoretical densities of MPE0U-Si02-Ti02 Polycerams 
(60% volume MPEOU). The theoretical densities are based on the Si02-Ti02 dried 
xerogels and glass system. 
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As shown in Tables 5.5 and 5.6, the measured densities are slightly lower than 

both calculated densities of MPE0U-Si02-Ti02 Polycerams. Columns 4 and 6 of both 

tables report the measured densities in terms of percentage of theoretical densities. 

For example, in Table 5.5, the measured density of MPEOU-SiOj-TiOj with a 

SiOjiTiOj mole ratio of 1:0.5 (p = 1.28 g/cm^) is 92% of the theoretical value based 

on SiOj-TiOj xerogel (p = 1.39 g/cm^) and 90% of the theoretical value based on 

SiOj-TiOj glass (p = 1.42 g/cm^). By comparing the measured densities with the 

calculated densities based on glass, Polycerams have a total of ~ 7 - 11% free 

volume. Furthermore, since the measured densities of all Polyceram compositions are 

also lower than the theoretical densities based on xerogels, Polycerams contain an 

even larger free volume than expected from the calculated free volume based on 

SiOj-TiOj xerogels. By comparing the measured values and the calculated values 

based on xerogels, it can be deduced that Polycerams have an additional 1 - 3% 

excess volume. 

Again, BET surface area measurements did not show any porosity in bulk gels 

[171]. As discussed earlier for MPEOU-SiOj Polycerams, possible sources of 

discrepancy may include the existence of minipores or closed pores which cannot be 

measured with nitrogen adsorption. 

To obtain a quantitative measure on the level of network condensation and 

concentration of residual hydroxyl/organic groups, a comparison study between 
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measured and calculated indices of refraction was conducted. Figures 5.2 and 5.3 

present the measured and calculated refractive indices of SiOj-TiOj-MPEOU films 

containing 80 and 60 volume % MPEOU as a function of TiOj mole percentage. The 

highest index of refraction (n = 1.675) was obtained in the 60 volume % MPEOU 

Polyceram with a Si02:Ti02 molar ratio of 1:1.5. Curve fitting of the measured values 

indicates that n increases linearly with mole % Ti02. This result is not surprising 

since the index of refraction of TiOj {n « 2.5) is much higher than the indices of 

MPEOU-SiOj Polycerams composed of 60% (n « 1.465) and 80% (n « 1.478) by 

volume MPEOU. In the above reasoning, however, the end-member value was taken 

as the n of MPE0U-Si02, therefore, the effect of titanium in promoting Si-O 

condensation was not taken into account. Hence, another approach may be to 

consider the index of MPEOU versus those of the Si02-Ti02 glass system with 

different compositions. In fact, the theoretical values were calculated using the rule 

of mixtures between MPEOU (n = 1.495) and those of the SiOj-TiOj glass system 

with different compositions. The index of refraction of the Si02-Ti02 glass system 

varies from n = 2.46 for the composition with a Si02:Ti02 mole ratio of 1:0.5 to n 

= 2.88 for the composition with a Si02:Ti02 mole ratio of 1:2 [188,189]. Hence, the 

indices of refraction of all compositions of the Si02-Ti02 glass system are higher than 

the index of refraction of neat MPEOU (n = 1.495). 
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Fig. 5.2; Measured (points) vs. calculated (dashed line) index of refraction of 
MPE0U-Si02-Ti02 (80% volume MPEOU) Polycerams plotted as a function of mole 
% Ti02. 
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Fig 53: Measured (points) vs. calculated (dashed line) index of refraction of 
MPEOU-SiOj-TiOj (60% volume MPEOU) Polycerams plotted as a function of mole 
% TiOz, 
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Figs. 5.2 and 5.3, furthermore, show that the measured indices of refraction 

are slightly lower than the theoretically derived indices of refraction. By plugging in 

for the theoretical and measured density and index of refraction values in the 

Lorentz-Lorenz relation (Eq. 5-4), a comparison can be drawn between the measured 

and calculated molar refractivities. Tables 5.7 and 5.8 report the measured and 

calculated / (sXjMj)] of MPEOU-SiOj-TiOj Polycerams composed of 80% 

and 60% by volume MPEOU. 

MPEOU-SiOj-TiOj 
Polycerams 

(80% volume MPEOU) 

[ Imeas [].h [ Imeas " t 1th t Imeas " t 1th / [ Imeas 

(%) 

MPE0U-Si02-Ti02 
(SiOz'.TiOa = 1:0.5) 

0.247 0.224 0.023 9.3 

MPE0U-Si02-Ti02 
(SiOjiTiOj = 1:1) 

0.253 0.236 0.017 6.7 

MPEOU-SiOj-TiOj 
(Si02:Ti02 = 1:1.5) 

0.252 0.232 0.020 7.9 

MPE0U-Si02-Ti02 
(Sio^mo^ = 1:2) 

0.254 0.237 0.017 6.7 

Table 5.7: Measured versus calculated [(sX^Rj^j) / (SXjMj)] designated by [ ] of 
MPEOU-SiOj-TiOj Polycerams with a volume percentage of 80. 
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MPEOU-SiOj-TiOj 
Polycerams 

(60% volume MPEOU) 

( Imeas [].h [ Imcas ' [ 1th [ Imcas * [ 1th / t Imeas 

(%) 

MPE0U-Si02-Ti02 
(Si02:Ti02 = 1:0.5) 

0.212 0.194 0.018 8.5 

MPE0U-Si02-Ti02 
(SiOjiTiOj = 1:1) 

0.220 0.202 0.018 8.2 

MPE0U-Si02-Ti02 
(Si02:Ti02 = 1:1.5) 

0.229 0.210 0.019 8.3 

Table 5.8; Measured versus calculated [(sXjRj^j) / (sJ^Mj)] designated by [ ] of 
MPE0U-Si02-Ti02 Polycerams with a volume percentage of 60, 

In all Polyceram compositions, the measured values of [(sJ^R^j) / (sXj-Mj)] 

are higher than the theoretical ones. As shown in Table 5.2, the molar refr activities 

of Si-O non-bonding ojQ'gen (R^, = 4.85) and Ti-O non-bonding oxygen (R^j = 7.4) 

are higher than the molar refractivities of Si-O bonding oxygen (R^ = 3.66) and Ti-

O bonding oxygen (R^, = 5.97). Since the theoretical index of refraction and density 
• 

values of Polycerams are based on those of SiOj-TiOj glasses, it is assumed that the 

theoretical values of [(sX^Rj^j) / (sXjMj)] correspond to the molar refractivities of 

only bonding oxygens. Furthermore, we can estimate the molar refractivities of Si-O 

non-bonding oxygen and Ti-0 non-bonding oxygen to be equivalent to the molar 

refractivities of Si-OH and Ti-OH [138]. It is also possible that all alkoxy groups are 
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not hydrolyzed, in which case, a certain fraction of -OR groups still exist in the 

Polyceram networks. Therefore, the difference between the measured and calculated 

molar refractivities can be attributed to the molar refractivities of non-bonding 

o^Q'gens (NBOs) or hydroxyl-bonded ojq'gens (-OH) as well as carbonyl-bonded (-

OR) oxygens. The last columns in Tables 5.7 and 5.8 show that the concentration of -

OH and -OR groups is in the range of 6.7 to 9.3% of the total Polyceram networks, 

and this percentage does not exhibit any dependence on composition. 

In summary, we find that the measured indices of refraction and densities of 

both MPE0U-Si02 and MPE0U-Si02-Ti02 Polycerams are lower than the 

corresponding theoretical values. Furthermore, the measured molar refractivities of 

Polycerams are higher than the theoretically expected values. In addition, in the 

Polycerams composed of 60% by volume MPEOU, the concentration of non-bonding 

ojq^gens in the MPE0U-Si02-Ti02 films (8.2 - 8.5%) is lower than in the MPEOU-

Si02 films (13.7 %), hence underlining the significant role of Ti in promoting the 

level of cross-linking in the network. In general, Ti alkoxides are known to catalyze 

silanol condensation reactions, to condense rapidly with silanols or OH terminated 

groups, and to serve as cross-linking agents for OH-terminated groups. Therefore, 

incorporation of Ti in Polycerams with 60% by volume MPEOU promoted the level 

of condensation of the MPE0U-Si02-Ti02 Polyceram films, resulting in highly cross-

linked networks. Incorporation of Ti in the MPE0U-Si02-Ti02 Polycerams with 80% 



143 

by volume MPEOU, however, did not appear to have a significant impact on the 

level of network condensation as the concentrations of hydro;^l/alko^ groups in the 

MPEOU-SiOj-TiOj (6.7 - 93%) and MPEOU-SiOz (9.7%) films are close. High 

volume concentrations of MPEOU indicate an already high level of cross-linking 

between MPEOU and Si02, in which case, the incorporation of Ti has a small effect 

on advancing the level of condensation. However, this line of argument implies that 

the actual concentrations of hydroxyl and alkoxyl groups is the same in both 

MPEOU-SiOz and MPE0U-Si02-Ti02 films. It should be noted that while the total 

concentration of hydroxyl and alkoxyl groups in both systems may be the same, one 

Polyceram system may contain more alkoxy or hydroxyl groups than the other. For 

example, since Ti alkoxide is known to condense rapidly with silanol groups to form 

Si-O-Ti bonds, it is likely that the concentration of Si-OH groups in the MPEOU-

SiOj films are higher than in MPE0U-Si02-Ti02 films. On the other hand, the 

MPE0U-Si02-Ti02 networks contain Ti-OH and Ti-OR groups, while MPE0U-Si02 

Polycerams do not. Based on the difference in molar refractivities of silicon- and 

titanium- hydroxyl and organic groups, it is not possible to determine the actual 

quantity of each residual group in the Polyceram compositions using the Lorentz-

Lorenz technique. However, the Lorentz-Lorenz relation indicates that a fraction of 

the network volume of Polycerams is occupied with non-bridging oxygens resulted 

fi-om the presence of hydroxyl groups associated with the Si and/or Ti ions as well 
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as residual alkoxy groups. As a result, it can be deduced that the level of 

condensation in Polyceram films is not complete. 

The above finding is consistent with other studies of the densification of sol-

gel derived films. For example, Weisenbach [138] successfully modelled the film 

densification and structural development of Si02-Ti02 films using the Lorentz-Lorenz 

relations. However, she conducted the densification studies as a function of 

temperature and assumed that Si02-Ti02 films cured at 800 °C were fully dense. The 

amount of water was quantified in the films by assuming all the excess volume in the 

film was associated with the presence of hydroj^ls in the structure. 

At this point, it should be emphasized that the above Polyceram Lorentz-

Lorenz film densification model was implemented by assuming separate inorganic 

and organic entities such that the addition of the two components would yield a 

composite product with the added properties. In other words, the theoretical density 

and index of refraction values of MPEOU-SiOj and MPEOU-SiOj-TiOj Polycerams 

were calculated by using the rule of mixtures between those of MPEOU and Si02 or 

SiOj-TiOj glass components. Now, let us suppose that the above Polycerams are not 

a composite containing separate organic and inorganic entites, but rather Polycerams 

are a new material where the organic and inorganic components are bonded on a 

molecular (or nearly so) level. Based on this assumption, the above Lorentz-Lorenz 

model becomes slightly flawed. Hence, another approach would be to add up all 
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molar refraction values of ions in Polycerams, but this calculation requires knowledge 

of the network structure, as the molar refraction of o^q'gen depends on its 

environment. In addition, the assumption of a single network explains the lack of 

experimental evidence of porosity in the films. Furthermore, vacuum-curing of 

Polyceram films for a period of three days leads to the elimination of most residual 

alkoxy groups, hence it is expected that the actual concentrations of residual alkoxy 

groups are much lower than the above calculated values. Indeed, as will be shown 

in detail later in the optical loss smdies, Polyceram waveguides exhibit very low 

optical attenuations which can only indicate a high level of homogeneity on or near 

a molecular level. 

Since MPEOU-SiOj-TiOj Polycerams composed of 60 volume % MPEOU and 

a Si02:Ti02 mole ratio of 1:2 cracked upon drying, the Polycerams containing 80 

volume % polymer were chosen for further analysis and tailoring of chemistry. 

Therefore, in the remainder of the dissertation, unless otherwise stated, all MPEOU-

SiOj-TiOj are composed of 80% by volume MPEOU, and the terms '80% by volume 

MPEOU' will be omitted. 

In general, the two characteristics of an optical material which are of primary 

interest to the optical engineer are its transmission and its index of refraction, both 

of which vary with wavelength. Furthermore, these two properties are inter-related 
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as it is the existence of absorption bands that determines the change in index of 

refraction of a material as a function of wavelength. Finally, for waveguiding 

applications, the transmission in the visible wavelength regime should be as high as 

possible. Here, we will first discuss the transmission properties of MPEOU-Si02-Ti02 

Polycerams over wavelength, and then correlate these results to the changes of the 

index of refraction as a function of wavelength. 

The optical properties of dielectric materials are generally of interest because 

of their good transmission in the optical part of the spectrum as compared with other 

classes of materials. At short wavelengths, this good transmission is terminated at the 

ultraviolet absorption edge, which corresponds to radiation energies and frequencies 

where absorption of energy arises from electronic transitions between levels in the 

valence band to unfilled states in the conduction band. At long wavelengths, the good 

transmission of dielectrics is terminated by elastic vibration of the ions in resonance 

with the imposed radiation which gives a frequency of maximum absorption [27]. 

UV-Vis transmission spectroscopy was used to study the transmission 

properties of partially hydrolyzed MPEOU-SiOj-TiOj Polyceram films. The UV 

transparency is often characterized by the so-called absorption edge Xg [190]. It has 

been agreed by most scientists that the absorption edge means the wavelength at 

which the transparency of a glass specimen just falls to 50% [190]. Kordes [191] 

characterized the absorption edge by Xq, the straight-line extrapolation of the steeply 
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descending area of the transmission curve to the intersection with the coordinate. It 

has been argued that, in practice, the use of Aq instead of has the advantage that 

A-o is less influenced by the quality (bubbles, surface roughness) of the sample. 

However, most presently published literature discusses the UV absorption properties 

of materials in terms of their absorption edges (Xg). 

Fig. 5.4 shows a representative transmission curve of the MPEOU-SiOj-TiOj 

Polyceram composition with a Si02:Ti02 mole ratio of 1:1. The transmission plot 

shows full transmittance in the visible range until the 500 nm wavelength. On the left 

side of the spectrum, transmittance drops rapidly to zero in the UV range. The 

absorption edge as well as the straight-line extrapolation A-g are shown on the 

Polyceram transmission curve. Here, however, we will not concern ourselves with the 

straight-line extrapolation (Aq). For simplicity, we will consider the UV cut-off 

wavelengths of Polycerams. The UV cut-off wavelength is the wavelength at which 

transmission is equal to zero and absorption is increased to 100%. All other 

MPEOU-SiOj-TiOj Polyceram compositions exhibit the same transmission behavior, 

but each composition has a different cut-off and absorption edge wavelength in the 

UV range. Although not shown in Fig. 5.4, all Polyceram compositions also exhibit 

full transmittance in the near infrared regime until the 2000 rmi wavelength, which 

is the upper limit of scaimable wavelengths of the spectrometer used in this study. 
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Fig. 5.4; Transmission curve of partially hydrolyzed MPEOU-SiOj-TiOj with a 
Si02:Ti02 mole ratio of 1:1. 
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Table 5.9 reports the UV cut-offs and absorption edges of neat MPEOU, 

MPE0U-Si02 and MPEOU-SiOj-TiOj Polycerams. Since the UV cut-off and 

absorption edge wavelengths of the Polycerams exhibit the same trend with 

composition (i.e. UV absorption edge increases when UV cut-off wavelength 

increases), it is sufficient to analyze the behavior of either the absorption edge or the 

UV cut-off with composition. Here, we will only discuss the relationship between the 

absorption edges of the Polycerams. The absorption edge (3230 A) of neat MPEOU 

is at a longer wavelength than the absorption edge (3150 A) of MPEOU-SiOj. Since 

the absorption edge of Si02 (~ 1600 A) is lower than the absorption edge of 

MPEOU (3230 A), it appears that a material composed of both SiOj and MPEOU 

exhibits an absorption edge between the absorption edges of each separate 

component, but much closer to that of the polymer (more so than implied by the vol. 

%). The absorption edge of MPEOU-SiOj is also lower than those of the MPEOU-

SiOj-TiOj compositions. Furthermore, the absorption edge of MPEOU-SiOj-TiOj 

Polycerams increases with increasing titania content, as shown in Fig. 5.5. 
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Composition UV Cut-Off 
(A) 

UV Absorption 
Edge X-

(A) 

neat MPEOU 2600 3230 

MPE0U-Si02 2525 3150 

MPEOU-SiOz-TiOj 
Si02:Ti02 = 1:0.5 

2900 3670 

MPE0U-Si02-Ti02 
SiOjiTiOj = 1:1 

2950 3700 

MPE0U-Si02-Ti02 
Si02:Ti02 = 1:1.5 

3000 3730 

MPE0U-Si02-Ti02 
Si02:Ti02 = 1:2 

3050 3765 

Table 5.9: UV cut-offs and absorption edges of neat MPEOU, MPEOU-SiOj and 
MPE0U-Si02-Ti02 (80% by volume MPEOU) Polyceram films measured by UV-Vis 
transmission spectroscopy. 
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Fig. 5.5; UV absorption edge wavelengths of MPE0U-Si02-Ti02 Polyceram films 
versus mole percent Ti02 as measured by UV-Vis spectroscopy. 
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To elucidate the above UV absorption properties of MPE0U-Si02-Ti02 

Polycerams, it is helpfiil to consider the absorption properties of oxide glasses. The 

UV absorption of oxide glasses is predominantly related to the excitation of the 

electrons of the o^Q^gen ions [190]. Strongly bonded o^qrgen ions require higher energy 

(shorter wavelength UV) radiation for the excitation of their electrons. For less 

strongly bound, for example, non-bridging oxygen ions, less energetic (longer-wave) 

UV radiation suffices. It is only in the infrared range (wavelengths « 3000 to 5000 

run) that radiation and glass interact once more. While UV radiation primarily 

excites the electrons of the o^q^gen ions, IR radiation excites entire atom groups, 

forcing the glass network to vibrate. Thus conventional silicate glasses transparent in 

the visible rsmge do not transmit radiation of higher wavelength than « 5000 nm. 

Since the absorption of light in the ultraviolet range is determined by its 

interaction with the oxygen ions of the glass, the more weakly the O'^ ions are bound, 

the more easily this excitation occurs [188]. For this reason, vitreous silica, with its 

strongly bound bridging oxygens, has a very good UV transparency [192]. The 

introduction of network modifiers brings about the formation of non-bridging oxygens 

with simply bound O"^ ions. These are more easily excited so that absorption takes 

place with light of less energy, i.e., the aborption edge is shifted into the longer wave 

region. In general, the UV absorption of silicate glasses can be divided into three 

general areas (i) 350 nm to 200 nm - impurity absorption, (ii) 200 nm to 150 nm -
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network modifier - induced absorption resulting firom the breakup of the Si-O 

network, and (iii) below 150 nm - fundamental electronic absorption characteristic 

of the Si-O network of the glass [193]. 

In studying the absorption properties of TiOj, we find that the absorption edge 

of TiOj is located at ~ 3500 A. Furthermore, TiOj produces no coloring in most of 

silicate glasses, because it is found mainly as Ti"^"*, a 3d° ion [193]. In fact, uncolored 

and transparent coatings can be produced in the whole compositional range of the 

SiOj-TiOj system. Only trivalent titanium would be anticipated to give coloration in 

glasses. Ti^^ has 1 electron in the d shell, with the ground state of the isolated ion 

designated as ^D, resulting in the color purple or violet in the sodalime silica glass 

[195]. We will refer to Ti"^^ coloration later in the study of aging of MPEOU-SiOj-

TiOj waveguides. 

In a study of sol-gel derived SiOj-TiOj glasses, West and Cheng [196] found 

that the UV cut-off increases in wavelength as the titania content of the gel 

increases. They attributed the shift in the UV cut-off to the weaker bond of Ti-O 

over Si-O. Using a molecular orbital model, they found that the average of the Si-O 

bond distances is 1.69 A while that of the Ti-O bond is 1.96 A. Hence, Ti-O bonds 

are longer than Si-O bonds by 16%. This finding indicates that upon the addition of 

titanium, the silica-titania structure dilates. Indeed, the silica-titania structure is larger 

and distorted when compared to the pure silica structure. The introduction of Ti-O 
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bonds which are of weaker character than the Si-O bonds alters the strength of the 

bonds between connected tetrahedra. Therefore, the vibrations associated with the 

siKca tetrahedra experience less resistance which leads to a lower force constant and 

shifts the absorption wavelength to higher values for titanium-doped vitreous silica. 

Based on the above arguments, it can be concluded that the incorporation of 

SiOj-TiOj in MPEOU Polycerams results in the shifting of the absorption edge to a 

higher wavelength because of the existence of the weaker Ti-O bonds. Furthermore, 

it can be concluded that the UV absorption behavior of MPEOU-SiOj-TiOj 

Polycerams is an additive property where higher concentrations of Ti-O bonds result 

in higher absorption wavelengths, as illustrated in Fig, 5.5. In addition, as shown 

earlier, a certain small concentration of non-bonding o^^gens (i.e. OH groups) still 

exists within the Polyceram networks. Hence, since non-bridging oxygen ions require 

less energetic (longer-wave) UV radiation to become excited, the longer UV 

absorption wavelengths of Polycerams can be partially attributed to the presence of 

these non-bonding oxygens. 

The transmission properties of Polycerams are also related to their index of 

refraction properties. In general, the index of refraction of an optical material varies 

with wavelength, a phenomenon known as dispersion. The index rises markedly at 

each absorption band of the material, and then begins to drop with increasing 

wavelength. As the wavelength continues to increase, the slope of the curve levels out 



155 

until the next absorption band is approached, when the slope increases again. In 

regions where the index of refraction falls with increasing wavelength, the material 

is said to follow a 'normal' dispersion. Scientists usually need concern themselves 

with only this section of the curve, since most optical materials have an absorption 

band in the ultraviolet and another in the infrared, and their useful spectral region 

lies between the two, in the visible regime. 

For most waveguide applications in integrated optics, the dispersion should 

be as low as possible. Fig. 5.6 shows the index of refraction of partially hydrolyzed 

(2 moles HjO) MPEOU-SiOj-TiOj Polycerams as a function of composition at four 

wavelengths of 632.8, 514.5, 488 and 457.8 nm. Index of refraction measurements 

were conducted using prism-coupling techniques where a He-Ne laser was used for 

the 632.8 nm wavelength, and an argon laser for the other three wavelengths. Fig. 5.7 

shows the difference in n at the two wavelengths of 632.8 and 457.8 nm (A/i) of each 

composition expressed in terms of increasing mole % TiOj. MPE0U-Si02-Ti02 

Polycerams do indeed follow the normal dispersion behavior and that dispersion (An) 

increases with increasing TiOj content of the films. 
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. A Sellmeier [185] type of dispersion equation, 

{[/ia)]2 -1}-^ = A/y? + B, (5-6) 

was employed to represent the dispersion of the waveguiding films. Constants A and 

B were determined in a linear fit fi-om the indices /i(A) measured at the four 

wavelengths. These plots are shown in Fig. 5.8. 
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Fig. 5.8; Sellmeier plots for partially hydrolyzed (2 moles HjO) MPE0U-Si02-Ti02 
Polycerams with different Si02:Ti02 ratios. 
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The results of these fits were employed to determine the Abbe number (v^) 

of each composition. Here, 

Vd = («d - 1) / («F - «c). (5-7) 

where «p and iiq are the refractive indices for the helium d line (587.6 nm), the 

hydrogen F line (486.1 nm), and the hydrogen C line (656.3 nm), respectively. 

The Abbe number of a material is inversely related to its dispersion. In other 

words, an optical material with a high Abbe number exhibits low dispersion, and vice 

versa. The Abbe number is a measure of the chromatic aberration in an optical 

material. In general, a high value of Vj and a high value of n are desirable if a single 

optical element is to serve as an effective refracting device with minimal chromatic 

aberration. However, ui practice, a large variety of glasses have been developed for 

the myriad designs of optical engineers and scientists. 

Fig. 5.9, entitled 'Abbe map' gives an indication of the variety of the presently 

available optical glasses [197]. Each glass composition is usually represented as a n^ 

versus point. Note that the values are conventionally plotted in reverse, i.e., 

descending order. Glasses are somewhat arbitrarily divided in two groups, the crown 

glasses and the flint glasses. Crowns have a v,, value of 55 or more if the index is 

below 1.60, and 50 or more for an index above 1.60; the flint glasses are 

characterized by values less than these limits. The "glass line" is the locus of the 

ordinary optical glasses made by adding lead oxide to crown glass. The addition of 
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lead oxide to crown glass causes its index to rise and its value to decrease along 

the glass line. The glass line is made up of the glasses of the type K, KF, LLF, F and 

SF. These glasses are relatively cheap, quite stable, and readily available. 
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Fig. 5.9: An example of the Abbe diagram for Schott glasses [197]. 
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Immediately above the glass line are the barium crowns and flints; these are 

produced by the addition of barium oxide to the glass mix. This has the effect of 

raising the index without markedly lowering the value. The rare-earth glasses are 

a completely different family of glasses and are based on the rare earths instead of 

silicon dioxide (which is the major constituent of the other glasses). In general, most 

optical glasses transmit well from 0.4 to 2.0 ^m. The heavy flints tend to absorb more 

at the short wavelengths and transmit more at the long wavelengths. The rare earth 

glasses also absorb in the blue region. 

Glasses more specific in composition can appreciably exceed the limits shown 

in Fig. 5.9. In a recent review paper, Feltz et al [198] revisited the present limits of 

and of optical glasses. Today, the lowest refractive indices (down to about 1.3) 

and highest Abbe numbers (above 100) correspond to fluoroberyllate glasses. The 

limiting case of the lowest refractive index is vitreous beryllium fluoride with of 

1.27475 and of 106.9. The upper limit of refractive indices of glasses is about 2.1 

with their Abbe numbers extending to low magnitudes of about 5 to 10. However, the 

maximum refractive index among commercial optical glasses is known to correspond 

to a Russian tellurite glass STF 3 with of 2.18626 and of 16.89. 

Fig. 5.10 shows the map of MPE0U-Si02-Ti02 Polycerams with different 

compositions. The glass line is also included for comparison purposes between 

Polycerams and glasses. We observe a large change in between MPEOU-SiOz 
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Polycerams with no TiOj and those containing Ti02. In comparison with Schott 

glasses, the MPE0U-Si02-Ti02 Polycerams fall somewhat below the glass line, while 

the v<, of MPEOU-SiOj exceeds the currently available of glasses. The high Abbe 

number of MPE0U-Si02 as compared to the other MPE0U-Si02-Ti02 Polycerams 

of different Ti02 concentrations indicates that the incorporation of TiOj in the 

MPEOU-SiOj composition increases the dispersion of the Polyceram dramatically, 

and that this dispersion increases with Ti02 content. 
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Fig. 5.10: Plot of - v,, of MPE0U-Si02-Ti02 Polycerams (80% MPEOU) with 
different Si02:Ti02 compositions: 1. Si02:Ti02 = 1:0, 2. Si02:Ti02 = 1:0.5, 3. 
Si02:Ti02 = 1:1, 4. Si02:Ti02 = 1:1.5, 5. SiOj-TiOz = 1:2. 
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As mentioned earlier, there exists an intimate connection between dispersion 

and absorption; the refractive index rises to high values as the absorption band is 

approached from the long-wavelength side and falls to low values on the short-

wavelength side of the band. In fact, the theory of dispersion shows that the complete 

dispersion curve as a function of wavelength is governed by the absorption bands of 

the medium. 

Fig. 5.11 illustrates a schematic of the influence of the absorption band on the 

dispersion curve of a material. Shifts in UV or IR absorption bands directly affect 

the slope of the dispersion curve (ti vs. A), thus increase or decrease index 

differences, which in turn changes the value of the Abbe number (vj. It is hence the 

location and intensity of absorption bands that determine the dispersion behavior of 

a material. 

The above theory has been studied extensively and experimentally proved in 

the glass literature [199]. Ultraviolet resonances generally can be explained by means 

of the energy band model [190] mechanism which is the band-to-band transition of 

electrons. Optically excited electrons move from the valence to the conduction band 

(interband transitions) and from the ground state to the excited states. Because of 

their disordered structure, glasses show overlapping or blurred uv bands. With 

increasing content in heavy metal oxides, the absorption edge is shifted from about 

0.160 fiin for fused silica to the edge of the visible spectrum for high lead silicate 
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("heavy flint") glasses. In addition, impurities strongly affect the U\' absorption edge. 

UV absotpfion 3R absorption 

UV absorption ̂  A.23R absorption 

Fig. 5.11: Influence of the location of the absorption band on the dispersion curve 
of a glass [199]. 
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Infrared resonances are caused by the vibrations of molecules associated with 

a change of the electrical dipole. Most significant are asymmetrical valence and 

asymmetrical bending vibrations. For pure SiOj glass, the asymmetric valence 

vibration lies at 9 nm^ the bending deformation vibration at 21.5 /xm. These bands 

are assigned to vibrations of the SiOj tetrahedra. The incorporation of the network 

modifiers, particularly heavy metals (i.e. alkali or lead), shifts the location of these 

bands toward longer wavelengths. 

Here, transmission studies of the MPE0U-Si02-Ti02 Polycerams showed that 

all compositions exhibit 100% transmission to the 2000 nm wavelength. Furthermore, 

the indices of refraction of Polycerams were determined in the wavelength range of 

457.8 - 632.8 nm, a range whose lower limit is very close to the absorption edge 

wavelengths of Polycerams (315.0 - 376.5 nm). Therefore, the dispersion behavior of 

Polycerams as a function of composition can be explained in terms of the location 

of their UV absorption bands. When SiOj-TiOj is first introduced in the MPEOU 

matrix at a SiOjiTiOj mole ratio of 1:0.5, the absorption band of the MPE0U-Si02-

TiOj system appears at the long-wavelength UV regime (~ 3670 A). As shown in Fig. 

5.11, the location of the absorption bands affects the slope of the dispersion curve 

(n vs. A,). Therefore, the slope of the dispersion curve of the MPE0U-Si02-Ti02 

(Si02:Ti02 = 1:0.5) becomes steeper than the slope of the dispersion curve of 

MPE0U-Si02 (see Fig. 5.6). This higher slope of the n vs. k curve translates into a 
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higher An (Fig. 5.7). Since the Selhneier plots are obtained from the n vs. X plots, 

and the Abbe numbers are obtained from the slopes of the Selhneier plots, the Abbe 

number of MPE0U-Si02-Ti02 (SiOjiTiOj = 1:0.5) falls lower than that of MPEOU-

SiOj. Similarly, with increasing TiOj content, the absorption edges of the MPEOU-

SiOj-TiOj Polycerams are shifted to longer wavelengths in the UV regime. Longer 

absorption edges result in steeper slopes for the n vs. k plots, and eventually in 

smaller Abbe numbers. 

As shown in Fig. 5.10, there exists a large difference in Vj between MPEOU 

Polycerams with no TiOj and those containing Ti02- This large change in Vj results 

from a large absorption edge difference between MPE0U-Si02 and the MPEOU-

Si02-Ti02 Polycerams. As reported in Table 5.9, the absorption edge of MPEOU-

SiOj is at A. = 3150 A, while the absorption edges of the other MPE0U-Si02-Ti02 

compositions range between k = 3670 A and k = 3765 A. Since Ti^^ has one 

absorption edge in the blue region (540 nm), this sudden shift in the UV absorption 

edge cannot be attributed to the presence of Ti^^ impurities. Furthermore, this gap 

is not caused by defects such as oxygen vacancies in the Ti02 structure as they also 

occur in the visible and near-infrared regions (465 to 1262 nm) [261,262]. It is, 

however, plausible that the large shift is caused by differences in structure between 

MPE0U-Si02 and MPE0U-Si02-Ti02 Polycerams such that by adding TiOj to 

MPEOU-SiOj, it cannot be automatically assumed that the absorption properties of 
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TiOj and MPE0U-Si02 are also being added. In fact, the structure of MPEOU-SiOj 

is different from those of MPE0U-Si02-Ti02 compositions; MPE0U-Si02-Ti02 

Polycerams contain Ti-O bonds. As discussed earlier, Ti-O bonds are much weaker 

than Si-O bonds, therefore they require less excitation energy and result in a system 

with a much higher absorption edge. This structural difference explains the large 

variation in absorption edges between MPE0U-Si02 and the MPE0U-Si02-Ti02 

systems. 

Finally, from the n^-v^ diagram of MPE0U-Si02-Ti02 Polycerams (Fig. 5.10), 

it can be deduced these Polycerams cover a small but significant range on the Abbe 

map. Therefore, provided that materials with optical properties in this particular 

range are needed, MPE0U-Si02-Ti02 Polycerams become attractive candidates. 

The waveguiding capabilities of Polycerams were also studied in detail. Table 

5.10 reports the refractive index and optical attenuation of MPE0U-Si02-Ti02 

Polycerams as functions of Ti02 content. All films were synthesized and processed 

in the same manner (see Fig. 4.3). Furthermore, all waveguides were single-mode 

with thicknesses ranging from 6500 A for the highest index composition (MPEOU-

Si02-Ti02 with a Si02:Ti02 mole ratio of 1:2) to 2.3 /xm for the lowest index 

composition (MPE0U-Si02). Loss measurements were conducted by use of the TEq 

mode line at A, = 632.8 nm. All losses are less than 1.68 dB/cm; no apparent trends 
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are seen with film composition, despite the fact that the refiractive index of the films 

varies over a wide range - from 1.478 to 1.634. 

Molar Ratio of Refractive Loss ± SD 
SiOjtTiOj Index (dB/cm) 

1:0 1.478 0.69 ± 0.10 

1:0.5 1.548 1.68 ± 0.21 

1:1 1.571 1.39 ± 0.15 

1:1.5 1.601 0.53 ± 0.12 

1:2 1.634 1.49 ± 0.19 

Table 5.10; Refractive index and loss of partially hydrolyzed (2 moles HjO) MPEOU-
Si02-Ti02 Polycerams as a function of SiOz.TiOa molar ratio. 

To evaluate whether the optical loss is mainly due to bulk attenuation or 

surface scattering, we conducted loss measurements on different TE modes. The film 

chosen was a partially hydrolyzed MPEOU-SiOj-TiOj Polyceram with a SiOjiTiOs 

mole ratio of 1:1. With a thickness of 2.89 nm, the waveguide supported five modes 

(TE0-TE4). Measurements were conducted on TEq, TE2, and TE4 modes. Fig. 5.12 

shows a decreasing optical loss with increasing mode nimiber. The loss decreased 

from 1.39 ± 0.15 dB/cm at TEq to < 0.25 dB/cm at TE4. 
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Fig 5.12: Optical loss versus TE number for TEq, TEj and TE4 modes of a MPEOU-
Si02-Ti02 Polyceram with a Si02:Ti02 mole ratio of 1:1. 

Fig, 5.13 shows calculated transverse electric field profiles of the TEq, TE2 and 

TE4 modes. As the mode number increases, the electric field amplitudes at the two 

waveguide interfaces increase, and the portion of the mode energy propagating 

outside the guiding region dso increases. Thus, the higher-order modes tend to probe 

the surface regions of the guide to a greater extent than the lower-order modes, 

which have low field amplitudes at the interfaces and generally have nearly all their 



170 

modal energy confined within the guiding film layer. Hence, because attenuation 

decreases with increasing mode number, it appears that volimie scattering or 

absorption within the film represent the dominant sources of loss in these films, 

rather than scattering at the interfaces. The next sections will investigate ways to 

decrease this volume scattering. 
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Fig. 5.13: Calculated electric field (E field) profiles of TEq, TEj and TE4 modes in 
a film of MPE0U-Si02-Ti02 (SiOj-.TiOa = 1:1) with a refractive index of 1.571 and 
thickness of 2.89 jLim on a substrate with a refractive index of 1.46. 
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5.1.1^ Effect of Hydrolysis 

The level of hydrolysis is important in sol-gel chemistry because it directly 

affects the extent of reaction. Here, hydrolysis with a total of 4-10 moles of water was 

conducted on SiOj-TiOj-MPEOU Polycerams with a Si02:Ti02 mole ratio of 1:1. 

Since TEOS has 4 reactive groups, 4 moles of HjO to 1 mole of TEOS is considered 

full hydrolysis. Therefore, 6-10 moles of H2O to 1 mole of TEOS is considered excess 

hydrolysis. These hydrolysis processing sequences are summarized in Table 5.11. 

Table 5.12 compares the optical properties of a partially hydrolyzed (2 moles of HjO: 

1 mole TEOS) Polyceram with a fully hydrolyzed (4 moles HjO: 1 mole TEOS) one. 

Both waveguides supported single modes with a thickness of 8500 A. Although the 

index of refraction of the two films stayed constant (fluctuations are within 

experimental error), the loss of the fully hydrolyzed Polyceram was much higher than 

that of the partially hydrolyzed one. The modal streak in the fully hydrolyzed 

Polyceram fihn was observed to fan out in the plane of the waveguide (in-plane 

scatter), while for the partially hydrolyzed films, the streak stayed well confined 

within the length of the guide. Fanning out of the streak and the attenuation data in 

the fully hydrolyzed guide indicate clearly that the addition of water to effect 

complete hydrolysis results in increased volume inhomogeneities in the coatings 

compared with the use of only enough water for partial hydrolysis. 
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Sequence 1 Sequence 2 Sequence 3 Sequence 4 

Step 1 EtOH 
+ 

TEOS 
+ 

H2O 
2 moles per 

1 mole TEOS 

EtOH 
+ 

TEOS 
+ 

H2O 
2 moles per 

1 mole TEOS 

EtOH 
+ 

TEOS 
+ 

H2O 
2 moles per 

1 mole TEOS 

EtOH 
+ 

TEOS 
+ 

H2O 
2 moles per 

1 mole TEOS 

(30 min) (30 min) (30 min) (30 min) 

Step 2 MPEOU 
+ 

Metal 
Alkoxide 

MPEOU 
+ 

Metal 
Alkoxide 

MPEOU 
+ 

Metal 
Alkoxide 

MPEOU 
+ 

Metal 
Alkoxide 

(15 min) (15 min) (15 min) (15 min) 

Step 3 H2O 
2 moles per 

1 mole TEOS 

H2O 
4 moles per 

1 mole TEOS 

H2O 
6 moles per 

1 mole TEOS 

H2O 
8 moles per 

1 mole TEOS 

( Ih r )  (1 hr) (1 hr) (1 hr) 

Table 5.11; Processing sequence of Polycerams (Si02:Ti02 = 
10 moles of HjO to 1 mole of TEOS. 

1:1) hydrolyzed with 4-
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Hydrolysis Refractive Index Loss ± S.D. 
(dB/cm) 

Partial 1.571 1.39 ± 0.15 

FuU 1.569 2.16 ± 0.20 

Table 5.12: Refractive index and optical loss of partially hydrolyzed (2 moles HjO) 
and fully hydrolyzed (4 moles HjO) Polycerams with a Si02:Ti02 molar ratio of 1:1. 

Additional water can change the solubility of the reacting species by making 

the solvent more polar. It can also increase the level and rate of cross-linking of the 

network, exhibited by a higher viscosity and a shorter gelation time. This cross-linking 

is caused by a higher number of hydrolyzed alkoxide groups. With increasing cross-

linking, the coated films will have slower relaxation behavior; this results in increased 

surface roughness and less homogeneous films. In addition, high water contents may 

cause inhomogeneities in the TIP-containing films, because of rapid hydrolysis and 

condensation of the Ti species with inadequate opportunity for relaxation. It should 

be noted, however, that surface roughness does not contribute significantly to 

waveguide losses in MPEOU Polycerams. Therefore, the high loss of the fully 

hydrolyzed Polyceram is mainly due to increased volume inhomogeneities as a result 

of additional water. In other words, films with high water contents are likely to 

contain high-Ti regions, hence causing large index of refraction fluctuations within 

the film network, which in turn, increase the loss of the film. 
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Loss measurements were conducted within 24 hours of waveguide preparation. 

During these 24 hours, waveguides were stored in a dessiccator jar under vacuum. 

Therefore, it is safe to assume that later hydrolysis from exposure to the atmosphere 

in the case of the partially hydrolyzed Polyceram did not contribute to the waveguide 

loss of the partially hydrolyzed Polyceram. Loss studies, however, were conducted as 

a function of aging of the Polycerams in ambient atmosphere, and will be discussed 

in detail in section 5.LL7. 

Ellipsometry and loss measurements were difficult to conduct on films 

hydrolyzed with 6-10 moles of HjO because of the cloudy appearance of the films 

and the intense scattering of the He-Ne laser beam. The cloudy appearance of the 

films was caused by the presence of numerous small cracks on the surface as well as 

through the thickness of the film. A possible explanation for this cloudy appearance 

is that a high water content resulted in a faster rate of cross-linking as compared to 

the rate of drying. As a consequence, the high rate of cross-linking prematurely 

stiffened the structure, trapping solvent inside the film. As the fihns were dried under 

vacuum, the trapped solvent turned into vapor based on internal nucleation of 

boiling, hence increasing the stress of the network structure beyond its strength. As 

a result, the surface ruptured, allowing the escape of the solvent vapor, but providing 

a high concentration of cracks on the surface which explain the cloudy appearance 
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of the films. Similar observations have been reported by Weisenbach [138] in a study 

of formation of SiOj-TiOj waveguides under high humidity conditions. 

5.1.13 Effect of Order of Mixing 

In sol-gel chemistry, the processing procedure and sequence of steps are 

important in tailoring the final properties. Consequently, the effects of the order of 

mixing of the components as well as the refluxing time of the solutions on the index 

of refraction and optical loss were studied. The partially hydrolyzed (2 moles H2O: 

1 mole TEOS) Polyceram for this experimentation had a SiOjiTiOj mole ratio of 1:1. 

Table 5.13 describes four processing sequences employed in synthesizing Polycerams. 

Table 5.14 reports the effects of the processing sequences on the refractive 

index and optical loss of the resulting films. All films constituted single-mode 

waveguides with a thickness of 8500 A. The variation in refractive index remained 

within experimental errors, and all measured losses were below 1 dB/cm. Streaks in 

films produced by use of processing sequences 3 and 4, however, were more uniform 

and had noticeably fewer hot spots than those in films produced by use of sequences 

1 and 2, thus resulting in lower loss values as well as lower standard deviations, A 

standard deviation in a loss value indicates the uniformity of the streak; the fewer the 

hot spots in a streak are, the lower is the standard deviation. 
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Sequence Sequence Sequence Sequence 
1 2 3 4 

Step 1 EtOH EtOH EtOH EtOH 
+ + + + 

MPEOU TEOS MPEOU MPEOU 
+ + + + 

HP H,0 TEOS TEOS 
+ + 

H2O H2O 
(15 min) (15 min) (30 min) (15 min) 

Step 2 TEOS MPEOU TIP TIP 
(15 min) (15 min) (1 hr) ( Ih r )  

Step 3 TIP TIP 
(1 hr) ( Ih r )  

Table 5.13; Processing sequence of partially-hydrolyzed Polycerams with a SiOziTiOj 
mole ratio of 1:1. 

Processing Refractive Loss ± SD 
Sequence Index (dB/cm) 

1 1.570 0.52 ± 0.15 

2 1.572 0.51 ± 0.23 

3 1.571 0.25 ± 0.05 

4 1.573 0.35 ± 0.04 

Table 5.14: Effect of processing sequence of partially hydrolyzed (2 moles H2O) 
MPE0U-Si02-Ti02 Polycerams with a Si02:Ti02 mole ratio of 1:1 on the refractive 
index and loss. 
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In processing sequences 3 and 4, MPEOU and TEOS were refluxed together, 

whereas in sequences 1 and 2, MPEOU and TEOS were added at different times. 

Since both MPEOU and TEOS contain ethoxy groups (TEOS has 4, while MPEOU 

has 3 ethojty groups at one end of the chain), the rate of hydrolysis/condensation of 

the etho;q^ groups of MPEOU and TEOS is approximately similar. Minor differences 

in the rates of reaction of the ethoxy groups of MPEOU and TEOS may be due to 

the fact that the etho^q^ groups are attached to an amine group in MPEOU. 

Refluxing together the MPEOU and TEOS leads to more uniform 

hydrolysis/condensation, whereas adding one component (MPEOU or TEOS) at a 

time results in a competition between the rates of reactions. In this case, in addition 

to co-condensation, the reactants may undergo self-condensation, hence causing 

inhomogeneity in the network. It is this inhomegeneity in the network which explains 

the higher losses and standard deviations obtained in processing sequences 1 and 2, 

Processing sequence 3 resulted in a waveguide with a lower loss than 

processing sequence 4. Since TEOS has a slower rate of hydrolysis than TIP, TEOS 

is usually added first and hydrolyzed for quite some time before the addition of TIP. 

Here, it appears that a TEOS reflux time of 30 min. (processing sequence 3) resulted 

in a more advanced hydrolysis level of the TEOS functional groups before the 

addition of TIP. In other words, in processing sequence 4, hydrolysis of TEOS was 

only partially advanced before condensation with TIP started. Therefore, this 
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incomplete hydrolysis of TEOS in processing sequence 4 resulted in a higher degree 

of self-condensation of HP, hence increasing volume heterogeneities within the film 

and resulting in a higher loss (although still low). 

It should be noted that loss measurements were also conducted as a function 

of mode number in the Polyceram waveguide synthesized using processing sequence 

3. Again, the loss decreased with increasing mode number, indicating that volume 

inhomogeneities are still the dominant source of loss in the MPE0U-Si02-Ti02 

waveguides. In addition to the three ethoxy groups, MPEOU possesses an -OH group 

at the other end of the polymer chain (see Fig. 4.1). Hence, the rate of condensation 

of the hydroxyl end is kinetically more favorable than the opposite end of the chain 

occupied with the ethoxy groups. This difference in rates of reaction between the two 

ends of the polymer chain may constitute the cause of volume heterogeneities, which 

in turn, contribute to the waveguide loss. Nevertheless, since the processing sequence 

3 in Table 5.13 resulted in the lowest waveguide loss, all future studies of MPEOU-

Si02-Ti02 waveguides were conducted on waveguides synthesized following this 

processing sequence. 

5.1.1.4 Effect of Solution Aging 

The effects of solution aging on attenuation were investigated in an optical 

loss study of aged solutions. Fig. 5.14 shows the index of refraction and optical loss 
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of a partially hydrolyzed (2 moles HjO; 1 mole TEOS) MPEOU-SiOj-TiOj 

waveguide (SiOjrTiOj mole ratio of 1:1) as a function of aging time. Aging is defined 

here as the time span between synthesis of solutions and spin-coating. Although the 

index of refraction remained substantially unchanged (fluctuations are within 

experimental error), the optical loss increased significantiy from 0.25 ± 0.05 dB/cm 

to 4.00 ± 0.41 dB/cm after 51 hrs of aging time. More precisely, the loss remained 

constant for the first 28 hrs, but increased significantly between 28 and 51 hrs. 

5.00 

4.00 

I 3.00 
m 
•a 
cn 0) 
Q ® 2.00 

1.00 

0.00 

J 
L-J a 

• • 

10 20 30 40 50 
Aging Time of Solutions (Hours) 

1.620 

1.600 

1.580 I 
o 
2 

1.560 ir 

X 

1.540 "I 

-1.520 

60 
1.500 

Loss Index of Refraction 

Fig. 5.14; Effect of aging time of solutions on the index of refraction (•) and loss (•) 
of partially hydrolyzed (2 moles HjO: 1 mole TEOS) Polycerams with a SiOjrTiOj 
mole ratio of 1:1. 
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According to Brinker and Scherer [34], gelation occurs in three stages: 

1. Polymerization of monomer to form particles. 

2. Growth of Particles. 

3. Linking of Particles into chains, then networks that extend throughout the liquid 

medium, thickening it to a gel. 

Clusters grow by condensation of polymers or aggregation of particles until the 

clusters collide; then links form between the clusters to produce a single giant cluster 

that is called a gel. The giant spanning cluster reaches across the vessel that contains 

it, so the sol does not pour when the vessel is tipped. During the evolution of the gel, 

many clusters will be present in the sol phase, entangled in but not attached to the 

spanning cluster; with time, they progressively become connected to the network and 

stiffness of the spanning cluster increases. According to this picture, the gel appears 

when the last link is formed between two large clusters to create the spanning cluster. 

This bond is no different from the iimumerable others that form before and after the 

gel point, except that it is responsible for the onset of elasticity by creating a 

continuous solid network. At this point, viscosity rises abruptly and elastic response 

to stress appears [34]. 

Here, the loss remained constant after the first 28 hours and there was no 

significant increase in the viscosity of the solution as observed by eye, hence 

indicating that the growth of the clusters was slow during this initial phase. The 
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solution viscosity as well as the waveguide attenuation, however, increased suddenly 

after 51 hours of aging. The sudden increase in viscosity was likely due to the 

impinging and linking of the grown clusters. In other words, after 51 hours, bonds 

were being formed between the nearly clusters, linking them together. At this point, 

a broad range of cluster sizes existed in the solution. These assorted clusters were 

spin-coated on the substrate, resulting in a film with higher density fluctuations, and 

consequently, increased attenuation. It can also be argued that as a result of the 

higher solution viscosity, the spin-coated film experienced a slower relaxation 

behavior, which resulted in a higher waveguide loss. Measurements at longer aging 

times could not be conducted because the solutions gelled 24 hours later (~ total of 

3 days). 

5.1.1.5 Surface Roughness 

AFM was used to study the submicrometer-scale surface morphology of 

partially hydrolyzed (2 moles HjO: 1 mole TEOS) and fully hydrolyzed (4 moles 

HjO: 1 mole TEOS) MPEOU-SiOj-TiOj Polyceram films with a SiOjiTiOj mole 

ratio of 1:1. On a scan area of 1 lim x 1 /xm, increasing the amount of HjO from 2 

moles to 4 moles increases the average roughness from 1.2 to 11.0 A, and the root-

mean-square roughness from 1.4 to 13.9 A. Thus, from the AFM data, it can be 
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concluded that increasing the added water from 2 moles to 4 moles causes increased 

surface roughness. 

2,4-pentanedione was introduced to study the effect of chelation on the surface 

roughness and optical loss. Again, partially hydrolyzed (2 moles HjO) and fully 

hydrolyzed (4 moles HjO) MPE0U-Si02-Ti02 (SiOjiTiOj = 1:1) Polycerams were 

used. The TIP was chelated by prior reaction with 2,4-pentanedione at a 

chelate:Ti(0R)4 mole ratio of 1:1 (stirring at room temperature for 5 min). 

Fig. 5.15 illustrates AFM micrographs of the surface structure of non-chelated 

(part a) and chelated (part b) fully hydrolyzed films. On a scan area of 1 nm x 1 /Ltm, 

addition of chelate decreases the root-mean-square roughness from 13.9 A to 4.0 A, 

and the average roughness from 11.0 A to 3.0 A. The chelating agent increases the 

coordination number of the titanium by adding functional groups to titanium. 

Therefore, the degree of cross-linking of the polymer-inorganic network is decreased. 

This lower degree of cross-linking allows easier relaxation of the spin-coated films, 

and thus results in smoother films. Although the chelating agent had a significant 

effect in decreasing the surface roughness of fully hydrolyzed (4 moles H2O) films, 

it did not have a noteworthy effect on the already smooth partially hydrolyzed (2 

moles HjO) Polyceram; the addition of 2,4-pentanedione decreased the average 

roughness of a partially hydrolyzed Polyceram from 1.2 A to 1.1 A and the root-mean-

square roughness from 1.4 A to 1.2 A on an AFM scan area of 1 x 1 ixm. Both 
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Fig. 5.15; AFM micrograph of non-chelated 1:1 Si02:Ti02 fully hydrolyzed (a); AFM 
micrograph of chelated (2,4 pentanedione) 1:1:1 Si02:Ti02:chelate MPE0U-Si02-
TiOj Polyceram (b). 
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chelated and non-chelated fiilly hydrolyzed (4 moles H2O) films still exhibited larger 

surface roughnesses than the chelated and non-chelated partially hydrolyzed (2 moles 

HjO) films of the same composition. 

It was observed that the addition of 2,4-pentanedione contributes an undesired 

dark orange color to the solution as a result of absorption by the Ti-acac complex. 

Because it is important for optical waveguides to have minimal absorption, 

experiments were conducted with acetic acid (CH3COOH) as the chelating agent. 

This chelating agent did not lead to absorption in the visible portion of the spectrum. 

Acetic acid in a TiOjrHAc molar ratio of 1:1 was added to a partially hydrolyzed (2 

moles H2O) solution of MPEOU-SiOj-TiOj with a SiOjiTiOj molar ratio of 1:1. 

Again, AFM studies revealed only a minor effect on the surface morphology; acetic 

acid decreased the average roughness firom 1.2 to 1.0 A and the root-mean-square 

roughness from 1.4 to 1.2 A on a scan of 1 nm x 1 urn. Table 5.15 compares the 

surface roughness of all the films described above. It should be noted that additional 

experiments on the effect of acetic acid on Polycerams hydrolyzed with 4 moles of 

H2O were not conducted since the objective of this study was to obtain Polyceram 

compositions with the least surface roughness; partially hydrolyzed (2 moles HjO) 

Polycerams with or without chelates were found to exhibit the smoothest stirfaces. 



185 

Hydrolysis & 
Chelating Conditions 

of 
MPEOU-SiOj-riOj 

Polyceram 

Average Roughness 
(A) 

Root-Mean-Square 
Roughness (A) 

Partial Hydrolysis ' 1.2 1.4 

Full Hydrolysis ^ 11.0 13.9 

Full Hydrolysis '' 
2,4-pentanedione 

3.0 4.0 

Partial Hydrolysis" 
2,4-pentanedione 

1.1 1,2 

Partial Hydrolysis' 
Acetic Acid 

1.0 1.2 

® A partially hydrolyzed solution is 2 moles HjO. 
'' A fully hydrolyzed solution is 4 moles H2O. 

Table 5.15: Surface Roughness of MPE0U-Si02-Ti02 (Si02:Ti02 = 1:1) Polycerams 
of different degrees of hydrolysis, with and without chelating agent, measured with 
AFM. 

Table 5.16 illustrates the refractive index and loss of the single-mode 

(thickness = ~ 8500 A) chelated partially hydrolyzed (2 moles HjO) Polyceram 

waveguides. The properties of the non-chelated film are also included for comparison 

purposes. The attenuation of the partially hydrolyzed MPEOU-SiOz-TiOj film 
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chelated with 2,4-pentanedione (TiOjrchelate molar ratio of 1:1) is much higher than 

that of the same film chelated with acetic acid. The high loss in the former case is 

due to the absorbing character of the film containing 2,4-pentanedione. The acetic 

acid containing film, in contrast, results in low scatter, low absorption, and hence low 

optical attenuation. In fact, the optical loss of the acetic-acid chelated Polyceram is 

similar to that of the non-chelated film. It should be noted that earlier waveguide 

attenuation results indicated that the loss of a MPEOU-SiOj-TiOj Polyceram 

waveguide is mainly due to volume scatterings, and that surface roughness plays a 

non-significant role. Therefore, the fact that the surface roughness of the chelated 

film is only slightly lower than the non-chelated film is not important. Furthermore, 

since volume scattering is important in these MPEOU-SiOj-TiOj Polycerams, the 

similarity between the chelated and non-chelated films indicates that incorporation 

of acetic acid in MPE0U-Si02-Ti02 did not affect the level of network volume 

homogeneity. This deduction of volume scattering as the main source of MPEOU-

SiOj-TiOj waveguide losses is tested once again in the next section when 

investigating the effect of cladding layers. 
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Chelate Refractive Index Loss ± SD 
(dB/cm) 

No Chelate 1.571 0.25 ± 0.05 

2,4 Pentanedione 1.569 11.95 ± 0.29 

Acetic Acid 1.568 0.24 ± 0.08 

Table 5.16: Refractive index and optical loss of pjirtially hydrolyzed (2 moles HjO) 
MPEOU-SiOj-TiOj Polycerams chelated with 2,4 pentanedione and acetic acid with 
a Si02:Ti02 molar ratio of 1:1. 

Since the optical characteristics of partially hydrolyzed Polycerams are far 

superior to those of their fully hydrolyzed counterparts, the former were chosen for 

further study. From this point forward, all experiments were conducted on partially 

hydrolyzed compositions (2 mole of HjO; 1 mole TEOS), and the term "partially 

hydrolyzed" will be omitted in the description of MPE0U-Si02-Ti02 Polycerams. 

5.1.1.6 Effect of Cladding Layers 

Since the loss of a waveguide is dependent on the difference in index of 

refraction between the waveguide and the substrate or cladding layer, it is possible 

to lower the loss by incorporating cladding layers. However, the interface between 



188 

the waveguide and the cladding layers should be as smooth as possible to minimize 

losses, provided interfacial roughness contributes significantly to the loss. Here we 

found that surface roughness does not contribute significantly to the losses in 

MPEOU-SiOj-TiOj Polycerams. In fact, volume scattering constitutes the main 

source of attenuation in these waveguides. Hence, incorporation of cladding layers 

should not result in noteworthy loss reduction in the MPE0U-Si02-Ti02 waveguides. 

This hypothesis was tested as described below. 

Based on results fi-om the previous section (section 5.1.1.5) which indicated 

that incorporation of acetic acid (HAc) as a chelating agent results in waveguides 

with the lowest surface roughness, multilayer structures were fabricated with 

MPE0U-Si02-Ti02-HAc Polycerams as cladding as well as waveguiding layers. All 

chelated layers were composed of a chelate:Ti(OR)4 mole ratio of 1:1. Cladding 

structures were also fabricated without the chelating agent for comparison purposes. 

Fig. 5.16 shows 4 different configurations of MPE0U-Si02-Ti02 waveguides 

with or without chelates. The first configuration (part a) is a simple layer of 

MPE0U-Si02-Ti02 (Si02:Ti02 = 1:2) with a refi-active index of 1.64 on a fused silica 

substrate with a refractive index of 1.46. The second configuration (part b) is a layer 

of chelated MPE0U-Si02-Ti02-HAc (Si02:Ti02 = 1:2) with a refractive index of 

1.64 on a fused silica substrate. The third configuration (part c) incorporates a buffer 

layer and a cover layer of MPE0U-Si02-Ti02 (Si02:Ti02 = 1:0.5) with a refractive 
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index of 155 below and over the guide layer of MPE0U-Si02-Ti02 (Si02:Ti02 = 

1:2). Finally, the fourth configuration (part d) is composed of a chelated guide layer 

of MPE0U-Si02-Ti02-HAc (Si02:Ti02 = 1:2) between a chelated buffer layer and 

a chelated cover layer of MPE0U-Si02-Ti02-HAc (Si02:Ti02 = 1:0.5) with n = 1.55. 

It should be noted that in all four cases the guiding layer is the MPE0U-Si02-Ti02 

(Si02:Ti02 = 1:2) or the MPE0U-Si02-Ti02-HAc (Si02:Ti02 = 1:2) layer with the 

highest index of refi-action (n = 1.64). 

Air, n = 1.0 

Layer 2; MPE0U-Si02-Ti02 (Si02:Ti02 = 1:2) 
n = 1.64, A = 7000 A 

Layer 1: FUSED SILICA SUBSTRATE 
n = 1.46 

(a) 



Air, n = 1.0 

Layer 2; MPEOU-SiOo-TiOo-HAc (SiOjiTiO, = 1:2) 
n = 1.64, A = 7000 A 

Layer 1: FUSED SILICA SUBSTRATE 
n = 1.46 

(b) 

Air, n = 1.0 

Layer 4: MPEOU-SiOj-TiOz (SiOjiTiO, = 1:0.5) 
n = 1.55, A = 3.2 nm 

Layer 3: MPEOU-SiOz-TiOj (SiO,:TiO, = 1:2) 
n = 1.64, A = 7000 A 

Layer 2; MPEOU-SiOz-TiOj (Si02:Ti02 = 1:0.5) 
n = 1.55, A = 3.2 nm 

Layer 1: FUSED SILICA SUBSTRATE 
n = 1.46 

(c) 



Air, n = 1.0 
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Layer 4; MPEOU-SiOz-TiOj-HAc (SiOz-TiOj = 1:0.5) 
n = 1.55, A = 3.2 /xm 

Layer 3: MPEOU-SiOj-TiOj-HAc (SiOj.'TiOj = 1:2) 
n = 1.64, A = 7000 A 

Layer 2; MPE0U-Si0,-Ti02-HAc (Si0,:Ti02 = 1:0.5) 
n = 1.55, A = 3.2 /xm 

Layer 1; FUSED SILICA SUBSTRATE 
n = 1.46 

(d) 

Fig. 5.16: Four different cladding configurations. 

The cladding layers had a large thickness of 3.2 to behave as layers with 

infinite thickness. The waveguide layer thicknesses, however, are calculated using Eq. 

(2-11) and are reported in Table 5.17. Since the index of refraction of a chelated 

MEPOU-SiOj-TiOj film is similar to the index of refraction of a film with the same 

composition but non-chelated (i.e. «MPE0u-si02-Ti02(si02:Ti02 = ui) ~ '^MPEou-sioa-rioa-HAc 

(Si02;Ti02 = i:2))» ^hc thickness of the waveguide layer of configuration (a) is similar to 

that of configuration (b), and the thickness of the waveguide layer of configuration 

(c) is similar to that of configuration (d). 
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The minimum thicknesses for the TEq and TEj modes define the lower and 

upper limits on the thicknesses required to propagate only the first mode (TEq) in 

the two waveguide configurations. In other words, as long as the thickness of the 

waveguide layer is lower than the minimum thickness required for the launch of the 

TEj mode, the waveguide only propagates the TEg mode, hence constituting a single-

mode waveguide. The thickness required for the propagation of TEq in the 

configuration where the waveguide is deposited directly on the substrate (parts a and 

b) is lower than that of the other two configurations where the guide is bounded by 

two cladding layers (parts c and d). In general, in order to support the desired 

mode(s), a waveguide should either have a higher index of refraction than the dads 

(i.e. large A/i) or a large thickness. Here, since the A/z on each side of the waveguide 

layers in configurations (a) and (b) are higher than the An on each side of the 

waveguide layers in configurations (c) and (d), the thicknesses required for the 

waveguide layers in configurations (c) and (d) are higher. Here, we chose the 

thickness for all waveguides to be 7000 A, a thickness which falls between the lower 

and upper limits of all configurations. Finally, the processing in all four cases was 

kept constant so that any changes in loss could be attributed to the effect of the 

cladding layers. 
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Cladding Configuration Minimum Waveguide 
Layer Thickness (A) 
for TEg propagation 

Minimum Waveguide 
Layer Thickness (A) 
for TEj propagation 

Configurations (a) and (b) 5527 9762 

Configurations (c) and (d) 6252 12500 

Table 5.17: Calculated minimum waveguide thicknesses for the cladding 
configurations. 

Table 5,18 reports the optical losses of these waveguides. We observe that all 

four Polyceram films exhibit similar waveguide attenuation, and that within error bars 

all losses are the same. 

Configuration Loss (dB/cm) 

Type a 0.39 ± 0.05 
(No Chelate, No dads) 

Type b 0.38 ± 0.02 
(Chelate, No Clads) 

Type c 0.40 ± 0.02 
(No Chelate, Clads) 

Type d 0.39 ± 0.02 
(Chelate, Clads) 

Table 5.18: Optical Losses of the four different cladding configurations of Fig. 5.16. 
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Fig. 5.17 illustrates the propagation of the TEq mode in the two non-cladded 

(schematic part a) and cladded (schematic part b) waveguide configurations. In the 

non-cladded configuration, where the An on each side of the waveguide has a large 

value (Anair^ide = 0.64 and A/igu,,,e^bstrate = 0.18), the internal angles of refi^action of 

the propagated mode are small. Therefore, the propagated mode experiences 

numerous internal reflections from the interfaces. On the other hand, in the cladded 

configuration (schematic part b), the An on each side has a small value of 0.09. Such 

a low An value results in larger angles of reflection, and hence fewer internal 

reflections from the boundaries. If interfacial roughness constituted a dominant 

source of attenuation in the waveguides, fewer internal reflections from the interfaces 

would result in a smaller interfacial effect, and hence a lower loss. We observe, 

however, that the losses are similar in all four configurations. This finding confirms 

that the level of interfacial roughness does not constitute a significant source of 

attenuation. 

Although many extensive studies on the cladding of slab waveguides have been 

reported in the literature [200-202], all configurations are designed such as to take 

advantage of the difference in index of re&'action between the waveguide and the 

cladding layers as well as the relative smoothness of the interfaces to yield low 

attenuations. The above study of the cladding of MPE0U-Si02-Ti02 waveguides 

presents further evidence that waveguide losses originate from volume scattering 
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Air{n = 1.0) 

Waveguide (n = 1.64) 

Substrate (n = 1.46) 

(a) 

Air (n = 1.0) 

Clad (n = 1.55) 

Waveguide (n = 1.64) 

Buffer (n = 1.55) 

Substrate (n = 1.46) 

(b) 

Fig. 5.17: Illustration of mode propagation in the non-cladded waveguide (part a) and 
cladded waveguide (part b). 
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or absorption. Hence the existence or lack of cladding layers in this case does not 

present smy advantages unless the volume scattering or absorption can be reduced. 

However, as will be demonstrated later in the study of PDMS-Si02-Ti02 waveguides, 

if surface roughness is the dominating source of waveguide loss, cladding layers can 

indeed contribute to the reduction of such loss. 

5.1.1.7 Effect of Film Aging 

For applications in integrated optics, it is mandatory for waveguides to 

maintain their low losses over time. In other words, they have to exhibit acceptable 

aging properties. The loss of MPEOU-SiOj-TiOj Polyceram waveguides was tested 

as a function of aging time. Waveguides were stored in a slide box under ambient 

conditions, and during each loss measurement, care was taken not to scratch or 

damage the surface of the waveguides. 

Table 5.19 reports the optical losses of two compositions of MPEOU-SiOj-

TiOj waveguides, one with a SiOjrTiOj molar ratio of 1:0.5, and the other with a 

molar ratio of 1:2. All losses were measured at A. = 632.8 nm. The initial loss was 

performed within 24 hours of vacuum curing of the films. 
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Composition Unaged Aged 
1 month 

Aged 
3 months 

Aged 
6 months 

MPE0U-Si0,-Ti02 
(1:0.5) 

0.32 ± 0.05 0.72 ± 0.13 0.80 ± 0.20 1.8 ± 0.05 

MPE0U-Si02-Ti02 
(1:2) 

0.39 ± 0.05 1.89 ± 0.13 2.0 ± 0.10 2.3 ± 0.10 

Table 5.19: Optical loss of MPE0U-Si02-Ti02 (Si02:Ti02 = 1:0.5) and MPEOU-
Si02-Ti02 (Si02:Ti02 = 1:2) Polycerams at A, = 632.8 nm versus aging time. 

We observe that the losses in both cases increase as a function of aging time, 

exhibiting an approximate 4-6 fold increase after 6 months. The increased loss was 

not due to dirt settling on the surfaces of the waveguides, as the waveguides were 

thoroughly cleaned before each measurement. In addition, the surfaces of the 

waveguides were examined under a microscope to verify the absence of dirt. The 

variation of loss with time is different for the two compositions studied. The 

MPE0U-Si02-Ti02 Polyceram with Si02:Ti02 mole ratio of 1:0.5 showed a relatively 

small increase in loss during the first three months followed by a large increase in 

the sixth month. The Polyceram with the Si02:Ti02 mole ratio of 1:2, on the other 

hand, exhibited a large increase in attenuation after the first month, and smaller 
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increases thereafter. Hence, the Polyceram composition with the higher TiOz content 

deteriorated faster at the He-Ne (X = 632.8 nm) wavelength. Despite this variation 

in the increase in attenuation, the loss values of the two compositions became much 

closer after 6 months of aging time. However, the loss of the MPEOU-SiOj-TiOj 

Polyceram with the higher TiOj content still remained higher than the loss of the 

Polyceram composition with the lower TiOj content. Similarly, Weisenbach et al 

[138] found that the waveguide with the higher Ti02 content deteriorated faster in 

the red region (A. = 632.8 nm) after 1 month of aging time. 

It should be noted that the 'aging effect' in these waveguides was evaluated 

at only one wavelength. Additional information about the waveguides was obtained 

by measuring the wavelength dependence of loss as a function of time. Figs. 5.18 and 

5.19 exhibit the time-dependent losses of the two Polyceram waveguides at four 

different wavelengths. As discussed earlier in the Background section (section 2.1.3), 

if the attenuation of a waveguide is limited by the intrinsic or Rayleigh scattering, the 

wavelength dependence of the loss should be of the form of attenuation = kA'*, 

where x = 4 and k is the proportionality constant. If absorption effects are important, 

then X will be much greater than 4. Figs. 5.18 and 5.19, hence, show a power curve 

fit of the losses and Table 5.20 summarizes the coefficients from the fit data. 
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Fig. 5.18: Plot of the wavelength dependence of the attenuation of MPEOU-SiOj 
TiOj (Si02:Ti02 = 1:0.5). The curves show the best power fit. 
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Composition Unaged Aged 
1 month 

MPE0U-Si02-Ti02 
(1:0.5) 

MPE0U-Si02-Ti02 
(1:2) 

A-®' 

Table 520; Attenuation coefficients (A.'*) of MPE0U-Si02-Ti02 (SiOj'.TiOj = 1:0.5) 
and MPE0U-Si02-Ti02 (Si02:Ti02 = 1:2) Polycerams versus aging time from Figs. 
5.18 and 5.19. 

We observe that the coefficient of the wavelength dependence (x) for the two 

compositions in their first week of synthesis was x = 4.3, indicating that the losses 

were initially limited by the intrinsic scattering over the wavelength range 

investigated. The deviation firom x = 4 in these films can be explained in terms of 

measurement errors. After 1 month of storage, the wavelength dependence shifted 

dramatically from the Rayleigh limited value. The coefficients obtained were x = 9.8 

for MPE0U-Si02-Ti02 (1:0.5) and x = 8.9 for MPE0U-Si02-Ti02 (1:2) 

compositions. The attenuations measured at the shorter wavelengths appear to have 

a steeper X dependence thzin indicated by the best fit curve plotted for the entire 

spectrum, indicating that an absorption band is approached. Unfortunately, due to 
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equipment limitations, it was impossible to conduct measurements at smaller 

wavelengths to further elucidate the location and intensity of the absorption bands. 

In addition, although the MPE0U-Si02-Ti02 (1:2) composition deteriorated faster 

than the MPE0U-Si02-Ti02 (1:0.5) after the first month as revealed by loss data 

taken at A. = 632.8 nm, the attenuation coefficients as a function of wavelength of 

the two compositions are overall remarkably similar. 

As discussed earlier, absorption appears to be the cause of the increase in 

attenuation. Although transition metal impurities are a dominant source of 

absorption, they are neglected in this case. If they constituted a source of absorption, 

the waveguides would not initially display a wavelength dependence of ~ for the 

loss, but would rather exhibit a greater wavelength dependence during the first 24 

hours after vacuum-curing of the waveguides. 

One likely absorption source may be the reduction of to Ti'^^ in which 

case Ti"^^ ions will act as impurities. A bulk sample of MPE0U-Si02-Ti02 with a 

composition of 80% by volume MPEOU and a Si02:Ti02 molar ratio of 1:2 mmed 

dark blue (Xg^s = 450-500 nm) after long exposure to the ambient atmosphere, 

implying possible reduction of Ti"^"* to Ti"^^. It is known that only trivalent Ti (Ti^Os) 

gives blue/purple coloration in glasses [182,203]. Furthermore, titanium in the 4+ 

valence state is an efficient electron trap, and the behavior of Ti-doped glasses under 

irradiation has been reported by Bishay [204] and Arafa [205]. Following exposure, 



202 

a Ti^"* glass takes on a deep blue coloration due to the presence of a band at 2,4 eV 

arising from the (Ti"*"* + e") center, that is, a Ti"^^ on a site normally occupied by a 

Ti"^"* in the glass. This reduction mechanism is the likely cause of the increase in 

attenuation of MPE0U-Si02-Ti02 Polyceram waveguides. 

In fact, optical studies of glasses have shown that most of the first series of 

transition metal ions (titanium to copper) produce a strong color when present in an 

oxide glass at small concentrations [206]. When incorporated in oxide glasses, the 

transition metal ions are each surrounded by oxygen anions. The color is due to the 

excitation of electrons in the incomplete 3d shell of the ion to higher energy levels. 

The energy differences between the ground state of the ion and its various excited 

states are affected by the electric field which the ion experiences due to the 

surrounding oxygen ions (the ligand field). This field varies according to the number 

of coordinating oxygen ions, and this in turn depends upon the glass composition. 

Consequently, the color produced by a given transition metal ion is affected by the 

composition. 

In general, the following dependencies have been established for glasses 

colored by ions [190]: 

1. The absorption at a definite wavelength in a colorless glass is deepened by the 

concentration of a 3d dopant. 
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2. Change in coordination of one 3d element also brings about considerable changes 

in the absorption bands. 

Hence, if Ti^^ is the source of loss in the blue region in the above Polyceram 

films, then the MPE0U-Si02-Ti02 Polyceram composition with the higher TiOj 

content (Si02:Ti02 = 1:2) should exhibit a higher absorption level. On the contrary, 

as illustrated in Figs. 5.18 and 5.19, the power fits of the loss data show a smaller 

power fit coefficient for MPE0U-Si02-Ti02 with a SiOjrTiOj mole ratio of 1:2 (A,"''®) 

than for the composition with a Si02:Ti02 mole ratio of 1:0.5 (A"®'). However, the 

loss at A, = 457.8 nm of the Polyceram composition with the higher Ti02 content 

(~ 18.5 dB/cm) is slightiy higher than the loss of the composition with the lower 

Ti02 content (~ 17.5 dB/cm). It may also be argued that the same fraction of Ti'^'* 

ions were reduced in the two Polyceram compositions, hence causing the close 

similarity in loss in the blue region. Furthermore, due to laser limitations, loss 

measurements could not be conducted at wavelengths lower than 488 nm. Therefore, 

it was impossible to obtain the exact location as well as the intensity of the 

absorption peaks in order to comment on the concentration of Ti^^ ions in each 

composition. However, in a similar aging study of sol-gel derived Si02-Ti02 

waveguides, Weisenbach et al [143] did not observe any difference in attenuation in 

the blue region between the waveguides of high and low Ti02 contents (in contrast 

to the behavior in the red region). 
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Weisenbach et al [143] argue that another possible source of absorption in 

their Si02-Ti02 glasses may be the presence of non-bridging oxygens (NBOs). Such 

a source may also be the cause of the high absorption seen in Polycerams. The band 

for SiOz glasses with high OH concentration is centered at 2.0 eV, with tails 

extending from 1.7 to 2.7 eV, corresponding to a wavelength range of 731-460 nm 

[207]. This range of wavelengths is clearly in the range of interest in the current 

study. 

Based on the Lorentz-Lorenz calculations, we deduced that the ~ 6.7 - 9.3% 

of the Polyceram volume networks are partially occupied with non-bonding o^qrgens. 

The deterioration of the Polyceram waveguide quality over time suggests that the 

structure of the waveguide is changing such that the number of non-bonding oxygens 

are increasing. A possible mechanism may involve the reaction of water in the form 

of humidity with the film. 

The reaction of water and atmospheric gases with SiOj glass, which results in 

the breaking or modification of the glass structure, is well known [208-213]. The 

dissolution of SiOj by water is represented as: 

-Si-O-Si- + H2O = -Si-OH + HO-Si- (5-8) 

The above reaction in Si02 glasses is diffusion-limited, hence it requires the gas 

molecules to dissolve or diffuse into the glass surface, reacting with the network 
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bonds. The rate of reaction, therefore, depends on the density and porosity of Si02 

glass. 

The reaction of Polyceram films with humidity may be similar to the above 

corrosion reaction. As the exposure time of the films to the humidity of the 

atmosphere is prolonged, gas molecules become adsorped to the surface of the 

Polyceram film and break the bridging o^tygen bonds. The molecules then slowly 

diffuse in the volume of the film, breaking more bridging oxygen bonds, hence 

increasing the concentration of defects (NBOs or hydroxyl groups) in the structure. 

Therefore, as the concentration of defects increases, the absorption level in the 

Polycerams increases, resulting in high attenuation values. 

One possible solution to the above aging problem may be the incorporation 

of aluminum species. Weisenbach et al [143] found that the addition of AljOj to 

Si02-Ti02 compositions appeared to slow down the aging process. They were 

successful in synthesizing Si02-Ti02-Al203 waveguides whose losses at the He-Ne 

wavelength remained constant for 5 months. They argue that the addition of AI2O3 

improves the aging characteristics of the waveguide by altering the surface chemistry, 

forming Si-O-Al or Al-O-Ti linkages that may be more resistant to attack. Another 

explanation involves the level of acidity of the surface. As the relative amount of 

Si02 in the compositions is reduced, the acid character of the film is increased. A 

surface of higher acidity is more resistant to acid attack of the atmosphere. This may 
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be the reason why a composition of 34Si:33Ti:33Al waveguide with the lowest 

concentration of SiOj among all waveguides studied was the most resisteint to 

deterioration. To this end, fabrication of Polyceram waveguides containing AI2O3 

becomes deserving of study. 

5.1.1.8 EfTect of Elevated Temperatures 

TGA measurements indicate that MPE0U-Si02-Ti02 Polycerams have a 

higher thermal stability than their organic component. Table 5.21 indicates that neat 

MPEOU polymer starts decomposing at 150 "C, followed by MPE0U-Si02 at 185 °C. 

The MPE0U-Si02-Ti02 Polyceram, however, does not start losing weight until 250 

°C. This shows a 65-100 °C increase in thermal stability, rendering the Polycerams 

suitable for higher temperature applications. 

Composition Temperature of Onset of 
Decomposition 

rc) 

MPEOU 150 

MPEOU-SiOj 185 

MPE0U-Si02-Ti02 (SiOziTiOz =1:1) 250 

Table 5.21: Decomposition temperatures of MPEOU, MPEOU-SiO, and MPEOU-
Si02-Ti02 Polyceram obtained by TGA. 
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The increase in the decomposition temperature is based on the degree of 

condensation of the network. Condensation results in the formation of Metal-O^tygen-

Metal bonds and decomposition requires energy to break these bonds. Therefore, a 

highly condensed material requires a higher level of energy - hence a higher 

temperature - to break these bonds. 

Incorporation of SiOj in MPEOU results in a more condensed structure 

composed of more Si-O-Si bonds relative to neat MPEOU, hence causing a higher 

temperature of decomposition (T = 185 °C). Incorporation of Ti02 MPEOU-

Si02 system increases the condensation of the network even more, as revealed by an 

even higher temperature of decomposition (T=250 °C). The addition of Ti(OR)4 to 

partially hydrolyzed silicon alkoxides results in Ti-O-Si bonds and Ti is a known 

condensation catcdyst for Si-OH. Therefore, the MPE0U-Si02-Ti02 Polyceram has 

more Metal-Ojq'gen bonds than MPE0U-Si02, requiring a higher energy of 

decomposition. Finally, it should be underlined that if the MPE0U-Si02 or MPEOU-

Si02-Ti02 networks were not homogeneous on a molecular level, TGA studies would 

have shown decomposition starting at the weakest link (MPEOU), 

The change in index of refraction as a function of temperature (dn/dT) is an 

important parameter in device performance. A large value of dn/dT can be severely 

detrimental to the optical performance of a given device, especially in electro-optical 

applications and self-focussing of laser beams. In addition, large changes in dn/dT 
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may cause stress-related physical damage to the device during operation. Thus, 

knowledge of dn/dT for different waveguides is important in designing devices with 

minimal sensitivity to temperature fluctuations in the temperature range of operation. 

It must also be pointed out that dn/dT varies with the wavelength of light. Here, the 

dn/dPs of the Polycerams are investigated at the He-Ne (A = 632.8 nm) wavelength. 

Although MPE0U-Si02-Ti02 Polyceram waveguides can withstand 

temperatures near 250 °C as attested by TGA, heating experiments were conducted 

only in the range of 20-100 °C since higher temperatures would result in an overall 

heating of the measurement set-up. To obtain the correct index of refraction of the 

Polyceram waveguides at different temperatures, the refractive indices of the fused 

silica substrate and the prism were also evaluated for various temperatures. The 

above indices had to be determined because both the substrate and the prism were 

in contact with the film during heating experiments. The dn/dT of the fiised silica 

substrate was determined to have a value of 1.15 x 10'^ /°C in the linear regime of 

20-100 °C [214]. The change of index vs. temperature of the prism (SFL6 glass), on 

the other hand, was not linear in the temperature range of interest and was obtained 

from existing literature [215]. 

Heat treatment of waveguides was conducted using 3 heating resistors 

attached to the prism-coupling stage. Samples were heated for 1 hour prior to prism-

coupling measurements to ensure temperature stability and uniformity along the film. 
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In addition, waveguides remained heated at the desired temperature during prism-

coupling experiments. Temperature studies were conducted in the range of 20 °C 

(room temperature) to 100 °C. Two measurements were taken at each temperature, 

and each cycle was repeated to ensure temperature reproducibility of results. Heating 

experiments were not conducted on the MPE0U-Si02 composition because of the 

broadening of the modes during prism coupling which did not permit accurate 

measurements of the index and thickness. A possible source of this behavior may be 

the lack of mechanical stif&iess of the film to support the weight of the prism, and 

hence the lack of a suitable contact angle between the prism and the film. A study 

of the mechanical properties MPE0U-Si02-Ti02 Polycerams [216] has indicated that 

the Polyceram films containing Ti02 are harder than Polycerams without Ti02. 

Fig. 5.20 exhibits the change in index of refi"action of MPE0U-Si02-Ti02 

Polycerams as a function of temperature. Linear fits through the plots indicate that 

the index of refraction decreases with increasing temperature for all four 

compositions. 

The slopes of the linear fits in Fig. 5.20 yield the corresponding dn/dTs. Note 

that all are negative. Table 5.22 reports the calculated dn/dTs for the different 

compositions of MPE0U-Si02-Ti02 Polycerams, and Fig. 5.22 shows the plot of 

drt/dT versus the index of refraction (n) of the compositions. The dw/dTs decrease 
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appreciably in magnitude (become less negative) with increasing TiOj content and 

hence increasing index of refraction. 

1.650 

1.640-

1.630-

1.620 Si02:Ti02 = 1:2 
1.610-

1.600-

1.590-

Si02:Ti02 =1:1.5 1.580-

1.570-

1.560-

1.550-

1.540 

1.530 

1.520 

Temperature (C) 

Fig. 5.20; Index of refraction of MPEOU-SiOj-TiOj Polycerams as a function of 
temperature ("C). 
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Mole % HOj in 
MPEOU-SiOj-TlOj 

Polycerams 
dn/dT (/°C) 

24.2 -1.8 X 10-3 

363 -4.7 X 10-^ 

43.5 -1.2 X 10"^ 

48.3 -3.9 X 10-^ 

Table 5.22: Measured values of dn/dT for MPE0U-SiO2-TiO2 Polycerams as a 
function of mole % TiOj. 
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Fig. 5.21: Measured d«/dT as a function of index of refraction {n) for MPE0U-Si02-
TiOj Polycerams. 
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To gain an appreciation for the above trend in dn/dT values of Polycerams 

as a function of composition, we need to refer back to the Lorentz-Lorenz equation: 

where is the molar refraction, the term M/ p represents the molar volume, and 

the term (n^ - l)/(n^ + 2) represents the optical degree of efficiency of spatial 

packing. The molar refraction is directly proportional to the polarizability a: 

where = Avagadro's number. From the Lorentz-Lorenz equation, it follows that 

the refractive index depends on refraction and density. Therefore, in the 

differentiation, one must differentiate with respect to the temperature T as well as 

the density p: 

dn/dT =(a«/aT)p + (aw/ap>r dp/dT = idn/Bl)^ - ^p(o^/ap)T (5-ll) 

where ^ is the cubic coefficient of expansion. Here ain/6T represents the dependence 

of index of refraction on temperature at constant density and is thus dependent only 

on refraction, that is, polarizability. In oxide glasses, since the influence of the cations 

on the O^" ions becomes less as temperature rises, the polarizability slightly increases; 

the coefficient (8fi/aT) is thus positive. With increasing density, n likewise increases, 

for which reason the coefficient {dn/dp) is also positive. However, /3 can be either 

positive or negative. Therefore, dn/dT can be either positive or negative. 

Rm = [(«' - !)/(«' + 2)] (M/p) (5-9) 

RM = (4nNA/3)a (5-10) 
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Equation (5-11) can be further manipulated to yield the famous Prod'Homme 

equation [217]. By introducing 0 as the temperature coefficient of the polarizability 

a in the differentiated Lorentz-Lorenz equation (equation 5-11), where 

The first three factors on the right side of equation (5-13) can be viewed as constant 

to a first approximation. The temperature coefficient is then only dependent on the 

difference (0 - fi). Therefore, it can be deduced that the change in index with 

temperature is controlled by two factors which normally compete with each other. 

First, the volume of the glass changes with temperature, normally increasing with 

increasing temperature, causing a decrease in the number of polarizable species per 

unit volume and therefore a decrease in the refractive index. Second, with increasing 

temperature, polarization of the individual species increases, moving the UV 

absorption edge to longer wavelengths, hence resulting in an increase in the 

refractive index. 

In normal oxide glasses, <p > that is, the polarization properties outweigh 

the thermal expansion, therefore the index increases over the temperature field. An 

example is Si02. In most complex, especially most non-oxide glasses such as heavy 

cation fluoride glasses, <t> < p, that is, the polarization coefficient is smaller and less 

0 = (1/a) • (da/dT), (5-12) 

the following Prod'Homme expression is obtained: 

drt/dT = (l/6n)(n^ - l)(n2 + 2)(0 - ^) (5-13) 
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temperature dependent than the cubic coefficient of expansion, and the index 

decreases with increasing temperature. In fluorophosphate glasses, 0 « ^ which 

results in dn/dT « 0. 

Other glass scientists [190] express dn/dT in terms of the thermooptic constant 

G, where 

G = CTE (n - 1) + dn/dT (5-14) 

and CTE = Coefficient of Thermal Expansion w /3/3. The G values of ordinary 

glasses are on the order of 10"^ K'\ A glass with a temperature-independent optical 

path-length must have G = 0. Since CTE is usually positive, the dn/dT for such a 

glass must be negative. Such glasses usually have phosphorus as a network former 

[190]. 

In organic materials, the index of refraction usually decreases with 

temperature, indicating that the thermal expansion properties outweigh the 

polarization properties. Table 5.23 lists the dn/dT values of a few common polymers. 

In addition, Moshrefeadeh et al [218] have reported that for temperatures less than 

Tg, the dn/dT of polymers usually decreases with increasing molecular weight. This 

indicates that films composed of higher molecular weight polymers are less sensitive 

to temperature fluctuations. Although no explanation was offered for this type of 

behavior, it is hypothesized that the decrease in dn/dT of polymers with higher 

molecular weights is a result of their lower coefficients of thermal expansion. 
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Polymer dn/dT (/"O References 

Polymethylmethacrylate (PMMA) -8.5 X 10-5 [219] 

Polystyrene (PS) -1.2 X KT* [219] 

Polycarbonate (PC) -1.2 to -1.4 X 10"^ [219] 

Polyurethane (PU) -6.32 X 10'^ [220] 

Table 5^3: The dn/dT values of a few common polymers. 

According to the Prod'Homme equation, d«/dT is also an additive property 

where the dn/dTs of the individual components in a multi-component system can be 

added to obtain the dn/dT of the whole system: 

dw/dT = 2 Xi dn/dT; (5-15) 

where i is a component and Xj is the mole percentage of component i. 

Table 5.24 lists the d«/dT values of the organic and inorganic components 

used in this study. First, by taking the individual dn/dT values of each component, 

it can be argued that since the dw/dT of MPEOU is negative while those of SiOj and 

Ti02 positive, as the amount of Ti02 increases, the Polyceram films with the 

same MPEOU and Si02 content incorporate more of the Ti02 characteristics, thus 

resulting in smaller I dn/dT I values. Of course, the above deduction assumes that 

each component maintains its individual property in the final product. In the case of 

Polycerams, where the final product is obtained through numerous condensation 
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reactions, the components do not necessarily maintain their individual properties. 

Hence, it is ideal to compare the measured dn/dT values of Polycerams with those 

of MPEOU and sol-gel derived SiOj-TiOj systems. Unfortunately, the dn/dT values 

of sol-gel derived SiOj-TiOj systems are not available in the literature. Instead, the 

dn/dT values of the SiOj-TiOj glass system with different TiOj concentrations are 

listed in Table 5.24. Although the dn/dTs of Si02-Ti02 glass compositions up to only 

9 mole % TiOj are available, we observe that the trend is upward; the dn/dT of 

SiOj-TiOj increases with increasing TiOj content. Hence, by extrapolation, it can be 

deduced that the dn/dTs of SiOj-TiOj compositions of interest (Si02:Ti02 mole 

ratios of 1:0.5, 1:1, 1:1.5 and 1:2) also increase with increasing TiOj content. 

According to the additive property of the Prod'Homme equation, the dn/dT of the 

Polyceram should be the summation of the dn/dTs of Si02-Ti02 compositions and 

that of MPEOU. Indeed, since the dn/dTs of Si02-Ti02 systems increase with 

increasing Ti02 content while the dn/dT of MPEOU stays constant (dn/dT = -1.37 

X 10"^), the I dn/dT I of the MPE0U-Si02-Ti02 Polycerams becomes smaller (less 

negative) with increasing Ti02 content. 
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Material d#i/dT (/°C) References 

MPEOU - -1.37 X W [221] 

Si02 1.15 X 10"^ [190] 

Ti02 - 3.17 X 10-^ [222] 

Si02-Ti02 (2 mole % Ti02) 1.18 X 10'^ [188] 

Si02-Ti02 (3 mole % Ti02) 1.20 X 10-^ [188] 

Si02-Ti02 (5 mole % Ti02) 1.25 X 10-^ [188] 

Si02-Ti02 (7 mole % Ti02) 1.28 X 10"^ [188] 

Si02-Ti02 (9 mole % Ti02) 1.33 X 10*^ [188] 

Table 5^4: The dn/dT values of the organic and inorganic components of MPEOU-
Si02-Ti02. 

Fig. 5.22 shows the thickness of the waveguides as a function of temperature 

in the above Polyceram compositions. The thickness increases with increasing 

temperature for all four waveguides. In addition, the change in thickness over the 

temperature range (At) decreases with increasing TiOj content; The At of MPEOU-

SiOj-TiOj with a Si02:Ti02 mole ratio of 1:0.5 is the highest, while the At of 

MPE0U-Si02-Ti02 with a Si02:Ti02 mole ratio of 1:2 is the lowest. 
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Fig. 522: Film Thickness of MPE0U-Si02-Ti02 Polycerams as a function of 
temperature ("C). 

The coefficient of thermal expansion of MPEOU is ~ 9 - 10 x 10'^/°C, and 

Table 5.25 shows the coefficients of thermal expansion of SiOj-TiOj glasses 

[188,223,224]. In the 0 to 7.5 mole % Ti02 range, the thermal expansion coefficient 

becomes linearly more negative as the Ti02 content increases. 
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Mole % TiOi in SiOz-TiOj CTE (X lO'VC) 

2.6 27.6 

4.6 1.66 

5.5 -8.83 

5.7 -3.89 

6.4 - 13.8 

7.3 -22.9 

Table 5^5; The coefficient of thermal expansion of Si02-Ti02 glasses versus TiOj 
content [188,223,224]. 

This negative expansion of SiOj-TiOj glass with increasing TiOj content has 

been the topic of study of many scientists [225-229]. It is believed that the transverse 

vibrations of the oxygen atoms constitute the basic origin of the negative expansion 

observed in these glasses. Furthermore, negative expansion coefficients are to be 

expected from open structures rather than closed ones. Indeed, Greegor et al. [230] 

and Morikawa et al. [231] have shown a Ti-O-Si bond angle of 159° and a Ti-O 

distance of 1.96 A compared to the 152° Si-O-Si bond angle and 1.69 K Si-O bond 

distance. Therefore, the incorporation of Ti02 results in more Ti-O-Si bonds, which, 

in turn, cause the 'opening' of the network structure. The opening up of the structure 

imposes less restrictions upon the transverse vibrations of oxygen ions, thereby 
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increasing the negative contribution to the linear thermal expansion coefficient of 

SiOj-TiOz. 

The thermal expansion of MPEOU (10"^) is much larger than those of the 

SiOj-TiOj glasses (lO"^). Based on the rule of mixtures, it can be argued that as the 

amount of inorganics within the same volume of polymer increases, the Polycerams 

incorporate more of the oxide characteristics, hence resulting in films with lower 

therrad expansions. However, it can also be argued that as the amount of TiOz in 

MPE0U-Si02-Ti02 Polycerams increases, the level of network cross-linking increases 

since TiOj is a known catalyst in silanol condensation. A more cross-linked network 

would therefore be more rigid and would exhibit lower expansion capabilities. 

Since n decreases with increasing temperature (i.e. dn/dT is negative) in 

MPE0U-Si02-Ti02 Polycerams, the Prod'Homme equation where dn/dT = C (0-/3) 

dictates that 0 < yS in all compositions. Therefore, the coefficient of thermal 

expansion in the Polycerams is the decisive factor in the magnitude of the 

temperature coefficient of the refractive index. Furthermore, among all compositions 

studied, the MPE0U-Si02-Ti02 (Si02:Ti02 mole ratio of 1:2) with the lowest 

I dn/dT and At values is closest to the ideal Polyceram composition where dn/dT 

= At = 0. Consequently, the optical path-length of MPE0U-Si02-Ti02 (Si02:Ti02 

= 1:2) Polyceram should be the least affected by temperamre fluctuations. 
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All four Polyceram films were brought back to room temperature and 

remeasured. The index of refraction as well as the thickness of the films 

corresponded well with the values obtained prior to heating, thus indicating that the 

behavior is reversible. 

The optical losses of the waveguides were also determined at different 

temperatures. Fig, 5.23 shows the loss of a MPEOU-SiOj-TiOj Polyceram waveguide 

(Si02:Ti02 mole ratio of 1:1) as a function of temperature. The loss remains constant 

over the temperature range covered by the measurements (up to 125 °C). The 

fluctuations are within experimental error, A low loss is a result of total confinement 

of the excited mode within the guiding layer provided the layer is of high optical 

quality (high purity and homogeneity). Total confinement is dependent upon the An 

between the guiding layer and the substrate, as well as the thickness of the guiding 

layer. It is therefore possible to obtain the same loss in a low index-high thickness 

waveguide. Here, the thickness of the waveguide is 8500 A. For the waveguide with 

an index of n = 1.571 to propagate the first mode (TEq), the thickness should be a 

minimum of 7315 A. Therefore, the actual thickness of the waveguide is higher than 

the minimum thickness required. However, with increasing temperature, the index 

of the waveguide decreases. In this case, if the thickness stayed constant with 

increasing temperature, the mode would extend more in the substrate and air 

regions, and hence would result in a high loss. However, as observed earlier (Fig. 
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5.22), the thickness of the waveg^ides increases with increasing temperature. In fact, 

the constant attenuations in the MPE0U-Si02-Ti02 Polyceram indicate that the 

propagated mode remains confined with increasing temperature as a result of the 

opposite behavior of the refractive index and thickness. 
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Fig. 5.23: Measured optical loss (dB/cm) of a MPE0U-Si02-Ti02 (Si:Ti mole ratio 
of 1:1) waveguide as a function of temperature (°C). 
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The above MPEOU-SiOj-TiOz Polyceram was held at 100 "C for 72 hours, 

and the index of refraction and loss were measured at different intervals (Figs. 5.24 

& 5.25). Both index of refraction and loss remained constant within this time interval. 

The fluctuations are within experimental error. The waveguide was cooled back to 

room temperature and remeasured. Again, no difference was observed between the 

pre and post heating values, indicating that the behavior is reversible and that the 

network stnirture did not suffer from any permanent damage. 
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Fig. 5^4: Index of refraction of a MPE0U-Si02-Ti02 (SiiTi mole ratio of 1:1) 
waveguide as a function of time (hr). 
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Fig. S2S: Measured optical loss (dB/cm) of a MPE0U-Si02-Ti02 (Si:Ti mole ratio 
of 1:1) waveguide heated to 100 "C as a function of time (hr). 

Measurements of the index of refraction and thickness of MPEOU-SiOj-TiOj 

Polycerams indicate that the chemistry of the waveguides can be easily altered 

through wet chemical techniques to yield compositions with low dn/dT values. In 
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addition, optical loss values remain insensitive to temperature up to more than 100 

°C. Further, these waveguides can withstand a temperature of 100 °C for a minimum 

of 72 hours with no changes in index of refraction or loss. These results render 

Polycerams attractive candidates for maity passive or active optical devices. 

It should be underlined that although the objective of the above study was to 

obtain small dn/dT values by suitable balance of the organic to inorganic content and 

the chemistry and condensation of the inorganic species, those compositions with 

higher dn/dTs should by no means be discarded as materials with no practical 

applications. In fact, although most scientists have focussed on lowering the dn/dT 

values of materials to minimize aberration, a few have decided to make use of the 

high dn/dT values. Glasses with high thermo-optic coefficients have been used for 

quite some time to fabricate deflectors, modulators and switches [232,233]. In 

general, thermally-induced index changes for light deflection are provided in glass 

waveguides by applying an appropriate voltage to a small film heater deposited on 

the glass surfaces. Other recent devices take advantage of the thermo-optic 

coefficients of glasses as well as those of polymers. For example, Akkari et al [234] 

have demonstrated thermo-optic mode extinction modulation in polyurethane 

waveguides (d«/dTpo,yun;,hane = -6.32 x 10"^ /°C). Mode extinction occurs due to the 

counteracting effect which arises from a polymeric waveguide with a negative thermo-

optic coefficient and a glass substrate (BK-7) with a positive coefficient. Essentially, 



226 

a thermo-optic mode extinction modulator is a weakly guiding waveguide section to 

which a strip heater is added to control the guidance by means of the thermo-optic 

effect. Complete mode extinction occurs when the waveguide is brought to cut-off via 

thermally induced refractive index changes in both the guiding polymer thin film and 

the glass substrate. Similarly, high dw/dT Polycerams of the present study can be 

employed in modulator or switch applications. 
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5.1̂  Other MPEOU Polycerams 

The objective of this section is to introduce other novel Polyceram systems 

based on the MPEOU polymer and other SiOj-Metal Oxide inorganic components 

as attractive candidates for waveguiding applications. Since MPEOU is also 

incorporated in these new systems, the optical behavior of these waveguides is 

expected to be similar to that of MPE0U-Si02-Ti02 waveguides. Therefore, many 

lessons learned from the chemistry and processing of MPE0U-Si02-Ti02 waveguides 

are employed in the synthesis of these new Polyceram systems. Furthermore, only 

one composition of each Polyceram system is presented. It is assumed that the 

variation of the inorganic content in each system will present behaviorial trends 

similar to the MPE0U-Si02-Ti02 system with different compositions. Therefore, 

unlike the previous MPE0U-Si02-Ti02 study, the present section will not analyze 

each Polyceram system in great detail, but will present an overall picture of the 

optical properties of new MPEOU Polyceram systems. Hence, the intent is that 

together with the MPE0U-Si02-Ti02 waveguides, the following systems will present 

a plethora of MPEOU-Polycerams suitable for optical applications. 

Using MPEOU as the organic component and the oxides of Si, Ge, Pb, Zn 

and Ta as the inorganic species, sol-gel chemistry was used to yield MPE0U-Si02-

Ge02, MPE0U-Si02-Pb0, MPE0U-Si02-Zn0 and MPE0U-Si02-Ta205 Polyceram 
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systems. The Polycerams were synthesized following the processing sequence 3 of 

MPE0U-Si02-Ti02 Polycerams which resulted in waveguides with the lowest losses 

(section 5.1.13); EtOH, MPEOU, TEOS and H2O (acidified to 0.15M HCl) were 

first refiuxed together for 30 min., followed by the addition of the metal alkoxide and 

a subsequent refluxing of 1 hr. Each Polyceram composition was composed of 80% 

by volume MPEOU, and a Si02:x„0o mole ratio of 1:1 assuming full conversion of 

TEOS and metal alkoxide to Si02 and metal oxide. Similar to the processing of 

MPE0U-Si02-Ti02 Polyceram thin films, these solutions were passed through 0.1 nm 

pore filters, and spin-coated in a clean-room environment onto ultrasonically pre-

cleaned fused silica substrates. Spin-coated films were then vacuum cured at 125 °C 

for 3 days. Bulk samples of 2 - 5 mm thickness were also prepared where the gels 

were first dried in air for a period of 1 week, and then heat-treated like films where 

they were cured under vacuum at a temperature of 125 °C for 3 days. 

Using the Archimedes technique with water, densities of the MPE0U-Si02-

X„0„ Polyceram bulk gels were obtained. The measured densities were then 

compared to the theoretical densities. In calculating the theoretical densities, density 

of 1.13 g/cw? for MPEOU and those of the Si02-X„0n glasses [188] were used in the 

rule of mixtures. Since the xerogel densities of some of these systems are not 

available in the literature, only the densities of glasses were employed for comparison 
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purposes. The densities of Si02-X„0„ (1:1 mole ratio) glasses are h'sted in Table 

5.26. 

Glass System Density (p) g/cm' 

Si02-Ge02 2.96 

S{02-Zn0 3.90 

Si02-Pb0 6.05 

Si02-Ta205 6.20 

Table 5^6: Densities of Si02-X„0„ glasses at a SiOjiX^On mole ratio of 1:1 [188]. 

Table 5.27 compares the measured densities with the calculated densities of 

MPE0U-Si02-Xn,0„ Polycerams. We observe that the measured density values fall 

within 91 - 93% of the theoretical values. Therefore, 7 - 9 % of the volumes of the 

Polyceram networks is occupied by free volume. Furthermore, the density 

measurements were conducted on bulk gels where the gels were air-dried for 1 week 

prior to vacuum curing. As discussed earlier in the case of MPE0U-Si02 and 

MPE0U-Si02-Ti02 Polycerams, due to a different drying process, bulk gels may 

contain a higher level of porosity than films. Therefore, the MPEOU-SiOj-X^On thin 
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films which will be characterized for waveguiding applications may indeed contain 

denser networks. 

Polyceram Composition Pth Pmeas Pmeas/Plh (^) 

MPEOU-SiOz-GeOz 1.50 1.40 93 

MPE0U-Si02-Zn0 1.69 1.53 91 

MPE0U-Si02-Pb0 2.11 1.94 92 

MPEOU-SiOz-TaA 2.14 1.99 93 

Table 5JJ7: Comparison between theoretical and measured densities of MPEOU-
Si02-X„0„ Polycerams. The theoretical densities of Polycerams are based on those 
of SiOj-X^On glasses. 

Table 5.28 shows the index of refraction of SiOj-X^On glasses used in deriving 

the theoretical indices of refraction of MPEOU-SiOj-X^On Polycerams. The 

theoretical indices of refraction of the Polycerams are calculated using the rule of 

mixtures between the index of MPEOU (n = 1.495) and those of the Si02-X^0„ 

glasses. Table 5.29 shows the measured versus theoretical indices of refraction. The 

measured indices of refraction are lower than the corresponding theoretical values 

in all four Polyceram cases. 
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Glass System Index of Refraction (n) 

Si02-Ge02 1.535 

Si02-Zn0 1.654 

SiOz-PbO 2.155 

Si02-Ta205 2.198 

Table 5.28: Index of refraction of SiOj-X^O^ glasses at a Si02:X„0„ mole ratio of 
1:1 [188]. 

Polyceram Composition "meas «th 

MPE0U-Si02-Ge02 1.498 1.504 

MPE0U-Si02-Zn0 1.495 1.527 

MPEOU-SiOj-PbO 1.622 1.628 

MPEOU-SiOa-TajOj 1.631 1.636 

Table 5.29: Measured versus theoretical indices of refraction of MPE0U-Si02-X^0n 
Polycerams. The theoretical indices of Polycerams are based on those of Si02-Xj„0„ 
glasses [188]. 
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To be able to correlate these measured refractive indices to the densities -

hence the network structures- of the Polycerams, we need to refer again to the 

Lorentz-Lorenz relation: 

[(n^ -1) / (tf + 2)] = p • [(sJ^Rm,) / (zJ^Mj)] (5-16) 

By substituting for the theoretical and measured densities and indices of refraction, 

the theoretical and measured values of [(sXjRMj) / can be obtained. Table 

5.30 shows the [ ]„eas and [ ]th values as well as the difference between the two 

values. We observe that in £ill four cases, the [ are higher than the [ ],h values. 

Polyceram 
Composition 

C Imeas [ 1 t h  [ Imeas " C 1th C Imcas * [ llh / C lm«as 

(%) 

MPE0U-Si02-Ge02 0.209 0.198 0.011 5.3 

MPE0U-Si02-Zn0 0.191 0.182 0.009 4.7 

MPE0U-Si02-Pb0 0.182 0.168 0.014 7.4 

MPE0U-Si02-Ta205 0.179 0.168 0.011 6.1 

Table 530: Measured versus calculated [(2)^R^,j) / (sX^Mj)] designated by [ ] of 
MPE0U-Si02-X„0„ Polycerams. 
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Table 531 shows the molar refractivities of the ions present in the Polyceram 

compositions. Since the molar refractivity of an ion is directly proportional to its 

polarizability (R^ = 4 jiN^/S a), we need to consider the polarizabilities of the 

constituent ions of the Polyceram systems. In general, the polarizability of an ion 

depends on the ion size and the ion negative charge. The polarizability increases with 

increasing ion size and negative charge because the outer electrons are less tightly 

bound in a larger ion as well as a negative ion. Although the polarizabilities of 

cations are assumed to be independent of the network, the polarizabilities of anions 

are dependent on the immediate surroundings and environment. For example, the 

polarizability of O'^ is found to vary depending on the glass network. In fact, the 

polarizability of O"^ in glass has been a popular topic of study [235-242], In general, 

it is found that the polarizability of oxygen is related to important properties of glass 

such as (i) ultraviolet transparency, (ii) the wavelengths at which charge transfer 

bands of dissolved metal ions (i.e. impurities) commence, (iii) the magnitude of the 

negative charge borne by the oxide (-2) species in the glass, and finally (iv) the 

basicity of the glass [235]. 
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Ion Molar Refractivity 
(cmVntole) 

Reference 

Si 0.084 [138] 

O (Si-O, bridging) 3.66 [138] 

0 (Si-O, non-bridging) 4.85 [138] 

Zn 0.8 [236] 

0 (Zn-O, bridging) 8.70 [138] 

0 (Zn-O, non-bridging) 9.50 [236] 

Ge 1 [237,238] 

O (Ge-O, bridging) 9 [237,238] 

O (Ge-O, non-bridging) 10.5 [237,238] 

Pb 9.13 [239-242] 

0 (Pb-O, bridging) 16.46 [239-242] 

0 (Pb-O, non-bridging) 18.52 [239-242] 

Ta 2.7 [241,242] 

Ta (Ta-O, bridging) 13.0 (estimated) 

Ta (Ta-O, non-bridging) 14.5 (estimated) 

O (C-O, bridging) 3.0 (estimated) 

Table 5J1: Molar refractivities for the cations and anions of the Polyceram 
compositions. 

Here, we observe that the molar refractivity of Pb is the highest because Pb 

is the largest ion among the four ions. Furthermore, the molar refractivities of the 

non-bridging oxygens in the case of Si, Zn, Ge and Pb are higher than those of the 
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bonding oxygens because of the higher negative charge of the non-bonded o;qfgens. 

Unfortunately the molar refractivities of the bridging and non-bridging oj^gens of 

tantalum are not available in the literature. However, by following the trend 

exhibited in the other systems, we can deduce that the molar refractivity of oxygen 

in bridging Ta-O should be lower than the molar refractivity of oxygen in non-

bridging Ta-O. Although the exact values of the bridging and non-bridging oxygens 

of Ta-O are not required for the current study, these values can be estimated to be 

close but lower than the corresponding values for Pb because Ta is in the same 

period in the periodic table than Ta but is smaller than Pb. It should be noted that 

although the molar refractivities of Pb and bridging oxygen in Pb-0 are higher than 

the corresponding Ta values, the theoretical index of refraction of MPEOU-SiOj-

TajOj is higher than the index of refraction of MPEOU-SiOj-PbO because for every 

Pb-O bond, there are 6 Ta-O bonds. Finally, as before, the molar refractivity of 

ojQ'gen in bridging C-O is estimated to be ~ 3.0. 

Our calculations in Table 5.30 showed that the measured molar refractivities 

of the Polycerams are higher than the theoretical values. Here again, by taking the 

molar refractivity of H"^ as zero [27], we can assume again that the molar refractivity 

of the hydroxyl group associated with each ion has the same value as the molar 

refractivity of the non-bridging o;tygen of the same ion. A second assumption may be 

that all alkoxy groups were not hydrolyzed during solution synthesis. Therefore, the 
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difference between the measured and theoretical molar refractivities can be 

attributed to the presence of hydro;qrl as well as alkojg^ groups in each Polyceram 

network. According to these calculations and assumptions, the last column in Table 

530 illustrates that 4.7 to 7.4 % of the total network volumes are occupied with 

residual groups. 

The reactivities of the metal alkoxides in solution depend on the 

electronegativity of the central metal atom, the stability of the metal-alkoxy bond in 

the solvent system and on the identity of the alkoxy ligand. In general, metal 

alkoxides with low electronegativities and few alkoxy groups are hydrolyzed faster, 

and vice versa. Here, the alkoxides used were [Ge(0"C4Hg)4], [Pb(0"C4H9)2], 

and [Ta(OC2H5)5]. Based on the difference in the identity as well as 

the number of alkoxy groups, it is difficult to guess the rates of reaction of each 

metal alkoxide. Both the electronegativity and number of alkoxy groups of Zn are 

lower than the electronegativity and number of alkoxy groups of Ge. Therefore, it 

may be expected that the rates of hydrolysis and condensation of Zn alkoxide are 

faster than those of Ge alkoxide. However, the electronegativity of Pb is the highest, 

but it only has two alkoxy groups, while the electronegativity of Ta is the lowest but 

it has five alkoxy groups. To this end, detailed rates of reaction studies are needed 

to compare the rates of condensation of MPE0U-Si02-X„0„ Polyceram networks. 

Furthermore, the present MPEOU-SiOj-X^On Polycerams exhibit approximately the 
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same percentage of residual organic/hydro^^l groups as the MPEOU-SiOj 

Polycerams composed of 80% by volume MPEOU (7.1%). Again, since the molar 

refractivity of oxygen varies over a wide range depending on the bonding cation, it 

is not easy to determine the exact quantity of each residual group and to determine 

the role of the metal oxide (X^On) when added to the MPE0U-Si02 network. 

However, it can be deduced that in all the above systems, the final product contains 

few residual groups, attesting to the presence of a network with an advanced level 

of condensation. 

Similar to the analysis of the MPE0U-Si02-Ti02 Polycerams, it should be 

emphasized that in the above Lorentz-Lorenz modeling, the theoretical density and 

index of refraction values were obtained based on the rule of mixtures between the 

organic and inorganic components of Polycerams. The Lorentz-Lorenz study was 

conducted as such in order to investigate the differences between the measured 

values of Polycerams and those of glasses. However, as will become elucidated in the 

Mie scattering study (section 5.1.4), Polycerams are not necessarily composites of 

organic and inorganic entities, but rather the components are homogeneously bonded 

on a molecular level forming a new single network. Therefore, the above calculated 

concentrations of residual groups are most likely higher than the actual 

concentrations within the Polyceram networks. In other words, the true level of 

network condensation is expected to be more advanced than the theoretically derived 
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level in the above densification model, hence supporting the remarkably low losses 

of these waveguides as will be discussed later. 

From Table 5.29, we observed that the indices of refraction of the Polycerams 

increase in the following order: w^jp£ou-sio2-zno '^MPE0u-si02-Ge02 '^MPEou-sioa-Pbo 

''MPE0u-si02-Ta205- To be able to correlate the index of refraction of Polycerams to 

their transmission properties, the dispersion properties of the Polycerams were 

investigated. Dispersion was obtained with prism-coupling techniques, except for 

MPEOU-SiOj-ZnO where the index of refraction of the film (n = 1.495) was too 

close to the index of refraction of the fused silica substrate (n = 1.46) to detect 

changes of coupling angles by eye. 

Fig. 5.26 shows that the index of refraction of the Polycerams decreases with 

increasing wavelength, hence exhibiting a 'normal' dispersion. Furthermore, as shown 

in Table 5.32, the change in index of refraction. Art between wavelengths k = 632.8 

nm and k = 457.9 nm increases following the sequence Ge02- < TajOs- < PbO-

SiOj-MPEOU. Note that the index of refraction at the He-He wavelength of these 

Polyceram systems increases following the sequence Ge02- < PbO- <Ta205-Si02-

MPBOU. Usually, a material with a high index of refraction exhibits a high 

dispersion because the UV absorption bands of such a material are located at longer 

wavelengths. This anomaly between the index of refraction and dispersion of Ta205-
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Si02-MPE0U and PbO-SiOz-MPEOU can be explained by considering their UV 

absorption properties. 
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Fig. 526: Index of refraction of MPEOU-SiOj-Metal Oxide Polycerams (SiOziMetal 
Oxide of 1:1) versus wavelength. 
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Polyceram Composition Dispersion (An) 

MPEOU-SiOz-GeOa 0.011 

MPE0U-Si02-Pb0 0.028 

MPEOU-SiOz-TajOs 0.027 

Table 5J2: Dispersion (An) of MPEOU-Si02-X„0„ Polycerams obtained using prism-
coupling. 

Fig, 5.27 illustrates the transmittance spectra of the Polycerams in the low UV 

region. Unfortunately, with the spectrometer's limitations on scannable wavelengths, 

only the UV cut-off wavelength of the MPE0U-Si02-Ta205 was obtained (X = 234 

nm). The UV cut-off wavelengths of the other Polyceram systems are lower than 190 

nm. Therefore, to provide a comparison basis of the UV properties for the 

Polycerams, the UV absorption edges of the Polycerams were obtained. As described 

earlier, the UV absorption edge (Ag) of a Polyceram is the wavelength corresponding 

to a transmission loss of 50%. As shown in Fig. 5.27, the UV absorption edge is 

obtained by drawing a straight line at 50% transmittance to the falling transmittance 

curve of the Polyceram, and then extrapolating another straight line from the point 

of intersection to the wavelength abscissa. 
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Fig. 5.27; UV Transmittance Plots of Polyceram Waveguides. 

Table 5.33 shows the absorption edge wavelengths of the Polycerams obtained 

using the above method. We observe that Xg increases following the sequence ZnO-

< GeOj- < TajOs- < Pb0-Si02-MPE0U Polycerams. Similar to oxide glasses [1991], 

the UV absorption of these Polycerams is predominantly related to the excitation of 
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electrons of the oxygen ions. Strongly bonded 0)^gen ions require higher energy 

(shorter UV wavelength radiation) for the excitation of their electrons. For less 

strongly bound o^gen ions, less energetic (longer wavelength) UV radiation suffices. 

In fact, the smaller the size of the metal ion is, the more tightly the ojQrgen is bonded 

to the metal, resulting in a shorter bond distance. Here in the Polyceram systems, we 

observe that Xg indeed decreases with decreasing size of metal, indicating that the 

oxygen ions are the least strongly bound in the PbO system and the most strongly 

bound in the ZnO system. 

Polyceram Composition Absorption Edge (A.g) 
(nm) 

MPE0U-Si02-Zn0 198 

MPE0U-Si02-Ge02 202 

MPEOU-SiOj-TajOs 260 

MPE0U-Si02-Pb0 278 

Table 5J3: Absorption edges of MPE0U-Si02-X^0n Polycerams. 

Although the UV Aborption edges of Polycerams behave similarly to those 

of oxide glasses, a closer look at the transmittance plots of Polycerams (Fig. 5.27) 

indicates that the UV behavior of the PbO and Ta205 systems is quite peculiar. 
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Although the A,g of PbO is higher than the A.g of Ta205, the cut-off wavelength of 

Ta205 is higher than that of PbO. In other words, the UV transmission of PbO begins 

to fall at a longer wavelength but does not reach zero until a very short wavelength. 

The transmission curve of TajOj, on the other hand, shows a straight falling edge. 

Therefore, it can be deduced that the peak of the absorption band of PbO is located 

at a shorter wavelength than that of TajOj, but the PbO band is wider than the 

TazOs band. We also know that the dispersion behavior of a Polyceram is intimately 

related to the location of its UV absorption band. A UV absorption band located at 

a long wavelength results in a steep dispersion curve, while a UV absorption band 

located at a short wavelength results in a flat dispersion curve (see Fig. 5.11). Hence, 

it is the wide shape of the PbO absorption band that results in a smaller index of 

refraction at the He-Ne wavelength, but a sharper increase in index of refraction at 

shorter wavelengths. This sudden increase in index of refraction at shorter 

wavelengths results in a higher dispersion value (Aw) for PbO than for TaaOs (Table 

5.32). 

The refractive indices plotted in Fig. 5.26 were fitted with the Sellmeier 

dispersion equation, as shown in Fig 5.28. The above calculations were then utilized 

to determine the Abbe number of each composition. These Abbe numbers are shown 

in a n^-Vj map in Fig. 5.29. The Abbe number of ZnO-SiOj-MPEOU was obtained 

using an Abbe monochromator, and the Abbe number of MPEOU-SiOj-TiOj 
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(Si02:Ti02 mole ratio of 1:1) is also incuded in the n^-Vj map for comparison 

purposes. A high Abbe number corresponds to a low dispersion and vice versa. Here, 

Polycerams labelled 1 and 2, corresponding to MPE0U-Si02-Ge02 and MPEOU-

SiOj-ZnO compositions have the highest Abbe numbers but lowest indices of 

refraction. By contrast, Polycerams 3,4 and 5 conesponding to MPE0U-Si02-Ti02, 

MPE0U-Si02-Pb0 and MPE0U-Si02-Ta205 compositions have the lowest Abbe 

numbers but highest indices of refraction. As discussed earlier, less strongly bound 

oxygens result in longer-wavelength absorption edges, which in turn, result in higher 

dispersion values (A/i), further translated in low Abbe numbers. Therefore, the Ti02, 

PbO and Ta205 Polyceram systems have the lowest Abbe numbers because of their 

less strongly bound oxygen ions, while the Ge02 and ZnO Polycerams have the 

high 
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Polyceram Abbe limits by simply altering the organic to inorganic or SiOz to metal 

oxide compositional ratios of the Polyceram systems. 

X Ge02 a Ta205 PbO 

Fig. 5.28: Sellmeier plots for MFEOU-SiOj-X^On Polycerams. 
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Fig. 5.29: Plot of of MPEOU-SiOj-Metal Oxide Polycerams: 1, MPEOU-SiOj-
GeOj; 2, MPEOU-SiOz-ZnO ; 3, MPEOU-SiOz-TiOz; 4, MPEOU-SiOa-PbO; 5, 
MPE0U-Si02-Ta205. 
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Since the indices of refraction of all the Polyceram systems (n = 1.498 -1.631) 

are higher than that of the fiised silica substrate (n = 1.46), and since they are all 

transparent in the visible regime, the Polyceram-on-silica structures are suitable for 

waveguiding. Table 534 shows the index of refraction and optical loss of the above 

Polyceram films. The films with an average thickness of approximately 1 nm are all 

single-mode waveguides. The optical loss of the waveguides ranges from 0.72 ± 0.03 

to 0.91 ± 0.05 dB/cm. The presently observed low losses are indicative of high 

volume homogeneity as well as low surface roughness. 

Polyceram Index of Loss 
Composition refraction ± 

S.D. 
(dB/cm) 

MPEOU-SiOj-GeOj 1.498 0.72 ± 0.03 

MPEOU-SiOj-ZnO 1.495 0.75 ± 0.02 

MPEOU-SiOj-PbO 1.622 0.88 ± 0.03 

MPEOU-SiOj-Ta^Os 1.631 0.91 ± 0.05 

Table 5.34: Measured index of refraction and optical loss of MPEOU-SiOj-X^jOn 
Polyceram waveguides. 

More specifically, the losses of MPE0U-Si02-Ge02 and MPEOU-SiOj-ZnO 

systems are noticeably lower than the losses of MPE0U-Si02-Pb0 and MPEOU-

SiOj-TajOj systems. The indices of refraction of MPEOU-SiOj-PbO and MPEOU-
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SiOj-TajOs Polyceram systems are much higher than those of MPE0U-Si02-Ge02 

and MPEOU-SiOj-ZnO systems, while the thicknesses of the four systems are 

approximately the same. In general, a waveguide with a higher index of refraction 

confines the propagated mode better than one with a lower index of refraction, as 

schematically illustrated in Fig. 5.30. Here, however, we observe that the losses in the 

waveguides with the lower indices of refraction are lower. Therefore, since the 

propagated modes in the waveguides with the higher indices of refraction are better 

confined in the volume of the films, it can be concluded that volume scatterings are 

the dominant source of loss in these waveguides. 
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Fig. 530: Electric field profiles as a function of film refractive index, when n^^ = 
1.00, nsubs,„,e = 1.46, d = 0.25 fim and k = 0.6328 nm. 
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The loss behavior of these Polyceram systems is similar to that of the 

MPE0U-Si02-Ti02 system where the loss was also dominated by volume scattering. 

Volume scattering, in turn, results from index of refraction fluctuations within the 

waveguide. Therefore, by assimiing separate inorganic and organic regions within the 

guide, the loss would be expected to increase with inaeasing index of refraction of 

the inorganic species. However, this hypothesis also indicates that by increasing the 

concentration of the inorganic content, the loss should also increase accordingly. As 

will be shown in the study of Mie scatterings of the MPE0U-Si02-Ti02 waveguides, 

the measured loss stays constant as a function of increasing TiOj content, therefore 

refuting the above hypothesis and indicating that the two organic and inorganic 

phases are intimately mixed. 

Furthermore, the chemical synthesis and processing of the MPEOU-SiOj-TiOj 

Polyceram system were studied in great detail to determine the optimal conditions 

of waveguide fabrication of that particular system (section 5.1.1). The same synthesis 

and processing conditions were applied to the present Polyceram systems. It is, 

however, likely that different Polycerams with different metal oxides require different 

synthesis and processing conditions to optimize their properties. To this end, it can 

only be concluded that the present Polycerams are homogeneously mixed at the level 

required to produce waveguides with losses below 1 dB/cm. Further elucidation 
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requires extensive investigation of waveguide losses as a function of chemical 

synthesis, processing and compositional ratios of each system. 

Interestingly, literature search on sol-gel derived Ge02-, Ta205-, ZnO- and 

PbO-SiOj indicates that only the waveguiding properties of SiOj-GeOj [243,244] and 

Si02-Pb0 [136] have been investigated. Structural studies of sol-gel derived SiOj-

GeOj waveguides [243,244] exhibited the formation of Si-O-Ge linkages without 

phase segregation. However, the waveguides showed a propagation loss of 3.31 

dB/cm. The authors attributed the loss to a poor processing technique; the 

waveguides were prepared in an open environment without special substrate 

preparation, solution filtration and clean room facilities. As for the PbO-SiOj study 

[136], a film with a Si02:Pb0 mole ratio of 1:2.5 resulted in a waveguide loss of 0.5 

dB/cm. Without further waveguiding investigation, the PbO-SiOj films were used as 

hosts for active materials. Systems composed of ZnO and TajOs either not 

derived via the sol-gel method or are used in a different combination for other 

applications. Although it is understandable that a Zn0-Si02 system is not specially 

suitable for waveguiding applications due to its low index of refi-action, it is surprising 

that the waveguiding properties of sol-gel derived Ta205-Si02 have not been pursued 

since TaaOj-containing films have a high index of refi-action. 
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5.U PDMS-Si02-'n02 Polycerams 

In the previous two sections, Polycerams were synthesized using only one type 

of polymer (MPEOU) but different inorganic systems. By modifying the nature of the 

inorganic components, we were able to investigate the role of inorganics in the 

Polyceram networks. Here, Polycerams are synthesized with a different polymer 

(PDMS) but with the same SiOj-TiOj inorganic component. Polycerams with a 

different polymer component will provide insight into the role of the orgemic 

components in the Polyceram systems studied. Therefore, the discussion of this 

section will focus mostly on the difference in behavior between the present 

Polycerams and MPEOU-SiOj-TiOj Polycerams, and not so much on the properties 

of the Si02-Ti02 inorganic component as this topic was analyzed thoroughly in the 

study of MPE0U-Si02-Ti02 Polycerams. 

Silanol-terminated PDMS oligomer (molecular weight = 400-700 g/mole) and 

the alkoxides of silicon together with titanium were employed to synthesize sol-gel 

derived PDMS-Si02-Ti02 Polycerams. The precursors used were titanium 

isopropoxide (Ti(0'C3H7)4) and tetraethoxysilane (81(002^5)4). In the synthesis of 

solutions, TEOS, PDMS and H2O (acidified to 0.15 M HQ) were first refluxed 

together for 30 min. After cooling, Ti alkoxide was added and the solution was 

further refluxed for another hour. The solutions were then passed through 0.1 /xm-

pore filters, and spin-coated in a clean-room environment on pre-cleaned fused silica 
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substrates. The films were then dried under vacuum at 125 °C for 3 days. All 

Polycerams were composed of 80% by volume PDMS with Si02:Ti02 mole ratios of 

1:0.5, 1:1, l:lii and 1:2. Table 5.35 converts these mole ratios to mole% Ti02 in 

PDMS-SiOj-TiOj Polycerams. 

Molar Ratio of Si02:Ti02 Mole % TiOj in 
PDMS-SlOj-TiOj 

(80% volume PDMS) 

1:0.5 27.5 

1:1 41.3 

1:1.5 48.4 

1:2 55.2 

Table S3S: Mole ratios of Si02:Ti02 converted to mole % Ti02 in PDMS-Si02-Ti02 
films. 

Similar to MPEOU Polycerams, the densities of bulk PDMS-Si02 and PDMS-

Si02-Ti02 Polyceram gels (2-5 mm thick) were obtained using the Archimedes 

technique with water. The gels were first dried in air for a period of 1 week, and 

then vacuum-cured, similar to fihns, at a temperature of 125°C. The measured 

densities were then compared to the theoretical densities of PDMS-SiOj and PDMS-

Si02-Ti02 Polycerams. The theoretical densities were calculated using the densities 

of the fully dense Si02 and Si02-Ti02 glass systems [188] as well as the densities of 

sol-gel derived fully dried skeletal Si02 and Si02-Ti02 xerogels [34]. As discussed 
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earlier, the theoretical densities of Si02 and Si02-Ti02 xerogels are approximately 

3 - 7% smaller than those of the Si02 and Si02-Ti02 glass systems. 

Tables 536 and 537 show the measured and calculated densities of PDMS-

Si02 and PDMS-Si02-Ti02 Polycerams. The measured densities fall within 91 - 93% 

of the theoretical densities based on xerogels and within 89 - 91% of the theoretical 

densities based on glass. By comparing the measured densities with the calculated 

densities based on Si02 and Si02-Ti02 glasses, we observe that Polycerams have a 

total free volume of 9 - 11%. 

Pmeas P.h, Pmeas/ Pth P.h, Pmeas/ Pth 
(^cm^) (g/cm') % (g/cm^) % 

Based Based Based Based 
on on on on 

Si02 SiOj SiOj SiOj 
Xerogel Xerogel Glass Glass 

PDMS(80%)-Si02 0.975 1.06 92 1.09 89 

Table 536; Measured versus theoretical densities of PDMS-SiOj Polyceram (80% 
volume PDMS). The theoretical densities are based on the Si02 dried xerogel and 
glass. 
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Si02:Ti02 
Mole Ratio 

in 
PDMS-SiOj-nO^ 
Polycerams 
(80% volume 

PDMS) 

Pm««s 
(g/cm') 

Pfh, 
(g/cm') 

Pmeas/ Plh 
% 

P.h, 
(g/cm') 

Pmeas/ Plh 
% 

Si02:Ti02 
Mole Ratio 

in 
PDMS-SiOj-nO^ 
Polycerams 
(80% volume 

PDMS) 

Based on 
SiOj-TiOz 

Xerogel 

Based on 
SiOj-TiOj 
Xerogel 

Based on 
SiOj-TiOj 

Glass 

Based on 
Si02-Ti02 

Glass 

SIO^tTlOt = 1.04 1.14 91 1.17 89 

SiO^zTiOi = 1:1 1.09 1.19 92 1.20 91 

SiOjrTiO, = 1:1 J 1.10 1.21 91 1.23 89 

SIO,:TIO, = 1:2 1.14 1.23 93 1.25 91 

Table 537: Measured versus theoretical densities of PDMS-SiOj-TiOj Polycerams 
(80% volume PDMS). The theoretical densities are based on the Si02-Ti02 dried 
xerogels and glass system. 

A planar dielectric waveguide requires that the refractive index of the film be 

higher than that of the substrate or the cover. Here, Si02-PDMS alone has a 

refractive index of 1.417 which is lower than that of a fused silica substrate, and thus 

does not exhibit waveguiding when deposited on SiOa- Hence incorporation of a 

refractive index increasing ion is necessary to obtain a waveguide. Here we chose to 

incorporate TiO^ in the PDMS-Si02 system to raise the index of refraction of the 

films, as well as to be able to draw comparisons with the MPE0U-Si02-Ti02 system. 

Fig. 5.31 shows the measured (plotted points) indices of refraction of the PDMS-

Si02-Ti02 compositions. 
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PDMS-SiOj-TiOj (80% by volume PDMS) Polycerams plotted as a function of mole 
% TiOz- The calculated indices of refraction are based on the SiOz-TiOz glass system. 

The measured index of refraction increases linearly with increasing mole 

percent TiOj. The highest index of refraction obtained in the PDMS-SiOj-TiOj was 

1.562 for the Polyceram with a SiOjiTiOz mole ratio of 1:2. Note that n = 1.562 is 

by no means the highest index achievable in PDMS-SiOj-TiOj Polycerams. On the 
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contrary, the mole percentages of PDMS can be lowered to yield waveguides with 

much higher indices of refraction. It is interesting to note that the indices of 

refraction of the PDMS-Si02-Ti02 Polyceram films (« = 1.417 - 1S62) are lower 

than those of the MPE0U-Si02-Ti02 system (n = 1.495 -1.634) with corresponding 

compositions. Although the inorganic to organic compositional ratios are similar in 

both systems, the index of refraction of PDMS (n = 1.417) is lower than that of 

MPEOU (n = 1.495), hence causing the notable gap. 

Also shown in Fig. 5.31 are the calculated (straight line) indices of refraction 

based on the rule of mixtures between the index of PDMS (n = 1.417) and the index 

of the Si02-Ti02 glass system with different compositions [195]. We observe that the 

measured indices of refraction fall slightly lower than the theoretical ones. 

To correlate the above measured and calculated indices of refraction to the 

measured and calculated densities of the films, Lorentz-Lorenz calculations were 

performed. Table 5.38 compares the measured and calculated concentrations of 

molar refractivities [(SXjR^j) / (sXjMj)] in the PDMS-Si02 and PDMS-Si02-Ti02 

compositions. In all cases, the [ is greater than the [ ]„,. As illustrated in Table 

5.2, the molar refractivities of non-bridging oxygen in Si-O (4.85 cmVmole) and Ti-O 

(7.4 g/cm^) are greater than the molar refractivities of bridging oxygen in Si-O (3.66 

g/cm^) and Ti-O (5.97 g/cm^). Assuming that the molar refractivities of Si-OH and 

Ti-OH are similar to those of non-bridging Si-O and non-bridging Ti-O, and that a 
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certain fraction of residual alkoxy groups (-OR) still persists in the network, the 

difference between the measured and calculated molar refractivities in the present 

Polycerams can be attributed to the presence of Si-OH, Si-OR, Ti-OH and Ti-OR 

species. The last column in Table 5.38 shows that between 6.3% and 9.1% of the 

total networks is occupied by residual hydro;grl jmd alkoxy groups. 

Composition [ Imcas [].h [ Imeas ' t 1th [ Imeas * t llh / [ Imeas 

(%) 

PDMS(80%)-Si02 0.254 0.232 0.022 8.7 

PDMS-Si02-Ti02 
(Si02:Ti02 = 1:0.5) 

0.278 0.251 0.027 9.7 

PDMS-Si02-Ti02 
(Si02:Ti02 = 1:1) 

0.283 0.261 0.022 7.8 

PDMS-Si02-Ti02 
(Si02:Ti02 = 1:1.5) 

0.290 0.265 0.025 8.6 

PDMS-Si02-Ti02 
(Si02:Ti02 = 1:2) 

0.284 0.266 0.018 6.3 

Table 5J8: Measured versus calculated [(2XjRj^«) / designated by [ ] of 
PDMS-Si02 and PDMS-Si02-Ti02 Polycerams with a PDMS volume percentage of 
80. 
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The measured densities and molar refractivities of PDMS-SiOj and PDMS-

SiOj-TiOj Polycerams indicate that the extent of network condensation is not 

complete. Furthermore, the concentration of residual groups in the PDMS-SiOz-TiOz 

networks does not show any dependence on composition. Based on the difference on 

molar refractivities of Si and Ti hydroxyl and alko^Q^l groups, it is not possible to 

determine the exact quantities of each residual group. It should be noted, however, 

that the chemistry of the terminal Si-OH on the oligomer is analogous to that of Si-

OH from the hydrolyzed Si alkoxide. Furthermore, Ti alkoxides are known to 

condense rapidly with monomeric silanols, to react rapidly with OH-terminated 

PDMS, and to serve as cross-linking agent for OH-terminated PDMS [176]. 

Therefore, the use of Ti alkoxide is expected to enhance the incorporation of PDMS 

by condensing with its terminal OH [177]. 

Furthermore, the levels of network condensation in PDMS-SiOa and PDMS-

SiOj-TiOz Polycerams compare well with those of MPEOU-SiOj and MPEOU-SiOj-

Ti02 Polycerams. PDMS and MPEOU-based Polycerams exhibit a similar level of 

network condensation because both MPEOU and PDMS are functionalized. It is the 

functionality of the polymers which permits a high level of organic/inorganic cross-

linking. However, the two functionality groups are different; MPEOU contains three 

ethoxy groups and one hydroxyl group, while PDMS contains two silanol groups. 

Therefore, unlike MPEOU, PDMS does not need to undergo hydrolysis. It is hence 
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likely that the rate of reaction of PDMS is higher than the rate of reaction of 

MPEOU, in which case, given the same synthesis conditions, PDMS may undergo a 

certain level of homocondensation. The relative rate of PDMS homocondensation 

with respect to co-condensation with TEOS and TIP is crucial in determining the 

final network structure. If co-condensation is the dominant reaction, it should lead 

to a more uniform structure. On the other hand, domination of self-condensation will 

most likely produce a system displaying either macro- or microphase separation of 

the oligomer from the TEOS and TIP precursors. 

As it will become clear in the study of the waveguiding properties of PDMS-

Si02-Ti02 materials, the level of network homogeneity of these hybrids is indeed very 

high. Hence, PDMS-Si02-Ti02 Polycerams are not necessarily composites of organic 

PDMS and inorganic Si02-Ti02 components, but most likely new materials where the 

components are bonded on or near a molecular level. Hence, it is expected that the 

actual concentrations of residual groups in the networks are less than those obtained 

theoretically using the above Lorentz-Lorenz model. 

Fig. 5.32 shows the index of refraction of PDMS-Si02-Ti02 Polycerams versus 

wavelength measured using prism-coupling techniques. Measurements could not be 

conducted on the PDMS-Si02-Ti02 Polyceram with a SiOj.'TiOj mole ratio of 1:0.5 

because the TEq and TMq mode lines were overlapping and they could not be 

distinguished even with a magnifying lens. 
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Similar to other Polyceram systems studied, the PDMS-Si02-Ti02 

compositions follow the normal index of refraction dispersion behavior where the 

index of refraction decreases with increasing wavelength. Table 5.39 shows that the 

dispersion (An) increases with increasing TiOj content 
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Fig. 5.32: Index of refraction of PDMS-SiOz-TiOj Polycerams versus wavelength. 
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Molar Ratio of 
8102:1102 in 

PDMS-SiOj-TiOj Polycerams 

Dispersion (An) 

1:1 0.022 

1:1.5 0.024 

1:2 0.028 

Table S39t Dispersion (A/z) of PDMS-Si02-Ti02 Polycerams. 

The above index of refraction dispersion trend needs to be considered in 

conjunction with the optical absorption behavior of PDMS-Si02-Ti02 Polycerams. 

UV-Vis transmission spectroscopy was used to obtain the absorption edge wavelength 

in the UV region of the PDMS-Si02-Ti02 Polyceram films. Fig. 5.33 shows the 

transmission spectra of the Polycerams and Fig. 5.34 illustrates the wavelengths of 

absorption edge as a function of mole % Ti02 content. The UV absorption edge 

wavelengths of neat PDMS and PDMS-Si02 are not included because they both 

transmit well beyond 190 nm, the wavelength limit of the spectrometer. 

We observe that the absorption edge wavelengths increase with increasing 

Ti02 content. It appears that since the absorption edges of Si02 (160 nm) and PDMS 

are lower than the absorption edge of Ti02 (350 nm), as the amount of TiOj 
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increases, the Polyceram incorporates more of the TiOj characteristics and shows an 

increase in absorption edge. 
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Fig. 5 J3: UV transmittance spectra of PDMS-SiOj-TiOz Polycerams. 
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Fig. 5J4: Absorption edge wavelengths of the PDMS-SiOs-TiO, Polycerams as a 
function of mole % TiOj. 
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It is this absorption trend with Ti02 content that dictates the above index of 

refraction dispersion behavior. As the amount of TiOj increases, the absorption edge 

moves to longer wavelengths, indicating that the absorption band is moving to longer 

wavelengths. We know that the dispersion of a Polyceram is intimately related to the 

location of the absorption band; the closer the absorption band is, the steeper is the 

index of refraction dispersion. Therefore, with increasing TiOj content, the dispersion 

increases. 

Fig. 5.35 compares the absorption edge behavior of PDMS-SiOj-TiOj with that 

of MPE0U-Si02-Ti02 Polycerams as a function of Si02:Ti02 mole ratio. The slopes 

of the two plots are approximately similar because of the same variation in Ti02 

content. The absorption edges of the PDMS-Si02-Ti02 Polycerams, however, are 

located at lower wavelengths than those of the MPE0U-Si02-Ti02 materials. In fact, 

there is a difference of 60 - 70 nm between the two sets of absorption edges. The 

difference between the two Polyceram systems is due to the difference in absorption 

edges of the two organic components; neat MPEOU has an absorption edge of 323 

nm while the absorption edge of PDMS is lower than 190 nm. Interestingly, most 

commercial optical glasses exhibit 100% transmission between 400 to 2000 nm, of 

which some compositions of the BaK, BK, SK and F Schott optical glass systems have 

the lowest UV absorption edges [246]. Here, 100% transmission of the PDMS-Si02-

Ti02 Polycerams starts at approximately 350 nm (see Fig. 5.33), rendering the 
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PDMS-SiOj-TiOj Polyceram system an attractive candidate for applications in the 

near UV range. 
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Fig. 535; Absorption edges of MPEOU-SiOj-TiOj and PDMS-Si02-Ti02 Polycerams 
as a function of Ti02 content. 
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The above index of refraction values were again fitted with the Sellmeier 

dispersion equations to obtain the Abbe number for each composition. Fig. 5.36 

shows the Sellmeier plots of the Polycerams, and Table 5.40 reports the Abbe 

numbers (v^) of PDMS-Si02-Ti02 Polycerams obtained as described earlier (see 

section 5.1.1.1). 
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Fig. 536: Sellmeier plots of PDMS-SiOj-TiOj Polycerams. 
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Molar Ratio of 
SiOjrTiOj 

Vd 

1:1 31.52 

1:1.5 28.21 

1:2 24.31 

Table 5.40; Abbe numbers (vj) of PDMS-Si02-Ti02 Polycerams. 

Fig. 5.37 shows the n^-Vj map of PDMS-SiOj-TiOj Polycerams. Corresponding 

compositions of MPEOU-SiOj-TiOj Polycerams are also plotted for comparison. 

Furthermore, the glass line is shown on the map to provide a comparison baseline 

between glasses and Polycerams. The Abbe numbers of PDMS-SiOj-TiOj Polycerams 

(Vj = 24.31 - 31.52) are in the higher range while those of MPEOU-SiOj-TiOj (v^ 

= 23.85 - 16.16) are in the lower range of commercial optical glasses (v^ = 20 - 90). 

Furthermore, PDMS Polycerams have lower indices of refraction than MPEOU 

Polycerams. It is the difference in indices of refraction that results in the difference 

in Abbe numbers between the two systems. In these two systems, compositions with 

higher indices of refraction exhibit higher dispersion. A higher dispersion corresponds 

to a lower Abbe number. 
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Fig. 5.37: - v^, of some compositions of PDMS-SiOz-TiOj plotted in comparison 
with those of MPEOU-SiOj-TiOj Polycerams; 1. MPEOU-SiOj-TiOj (Si02:Ti02 = 
1:2), 2. MPE0U-Si02-Ti02 (Si02:Ti02 = 1:1.5), 3. MPEOU-SiOj-TiOz (Si02:Ti02 
= 1:1), 4. PDMS-Si02-Ti02 (Si02:Ti02 = 1:2), 5. PDMS-Si02-Ti02 (Si02:Ti02 = 
1:1.5), 6. PDMS-Si02-Ti02 (Si02:Ti02 = 1:1). 

Note that both the MPEOU and PDMS Polycerams fall below the glass line 

in the flint regime (flint = Abbe number < 55). The range covered by the MPEOU-
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Si02-Ti02 and PDMS-Si02-Ti02 is not particularly noteworthy. However, by 

incorporating low-index inorganic groups (i.e. Ge02 and ZnO) in the MPEOU system 

(see Fig. 5.28), it is possible to synthesize Polyceram systems with Abbe numbers in 

the crown-flint and crown regimes (Abbe number > 55). Although the present study 

does not show that Polycerams can be synthesized with optical properties spanning 

the entire glass map, it does show that within the limited examples studied, 

Polycerams offer a notable degree of flexibility in tailoring the optical properties. 

Furthermore, one of the main objectives of the present study is to fabricate 

waveguides; and since waveguides require a higher index of refraction than the 

substrate, most of the research effort is directed toward the synthesis of high-index, 

hence low-Abbe-number, waveguides. To obtain Polycerams with high Abbe 

numbers, it is simply sufficient to synthesize low-index Polyceram systems. 

In addition to a high index of refi-action, Polycerams need to exhibit low 

optical attenuation to become suitable candidates as optical waveguides. Table 5.41 

summarizes the refractive index and optical attenuation at the He-Ne wavelength (k 

= 632.8 nm) of the PDMS-Si02-Ti02 waveguides. The thickness of the waveguides 

ranged from 1.5 /im for the low-index composition (PDMS-Si02-Ti02 with a 

Si02:Ti02 mole ratio of 1:0.5) to 8500 A for the high-index composition (PDMS-Si02-

Ti02 with a Si02:Ti02 mole ratio of 1:2) to yield single-mode waveguides. The 

optical attenuations of the waveguides range from < 0.15 to 0.23 dB/cm, showing no 
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correlation with composition (and hence no correlation with n). The optical losses 

of PDMS-SiOj-TiOj waveguides are very low considering the number and disparate 

nature of the constituents. A loss of <0.15 dB/cm is comparable with that of the best 

planar waveguides ever synthesized. 

Molar Ratio of 
SiOjtTiOz 

Refractive Index Loss ± S.D. 
(dB/cm) 

1:05 1.490 0.18 ± 0.02 

1:1 1.528 < 0.15 

1:1.5 1.552 0.21 ± 0.01 

1:2 1.562 0.23 ± 0.03 

Table 5.41: Refractive index and loss of PDMS-SiOj-TiOj Polycerams. 

In order to determine the source of scattering in the PDMS-Si02-Ti02 

waveguides, a study of loss versus mode number was conducted. The sample chosen 

had a SiOjiTiOj ratio of 1:1, and losses were measured for the TEq and TE^ modes. 

Table 5.42 shows that the loss increased noticeably from < 0.15 dB/cm for TEq to 

3.52 dB/cm for TE^. 
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Mode Loss ± S.D. 
(dB/cm) 

TEo < 0.15 

TE^ 3.52 ± 0.207 

Table 5.42; Loss versus TE mode number of a PDMS-SiOj-TiOa Polyceram 
waveguide with a SiOjiTiOj mole ratio of 1:1. 

To correlate this 'higher mode - higher loss' relationship to surface or volume 

scattering, the electric field profiles of the above PDMS-Si02-Ti02 composition were 

calculated. Fig. 5.38 shows the electric and magnetic field profiles of the Polyceram 

waveguide with an index of 1.528 and a thickness of 1.4 nm as measured 

experimentally. We are only interested in the electric field profiles because the 

measured loss data corresponds to the TE modes. As the mode number increases, 

the portion of the electric field profile propagating outside the guiding region also 

increases. The TEj mode probes the surface of the film to a higher extent than the 

TEq. The lower-order mode has more of its energy confined within the guiding layer. 

Hence, the increase of loss with increasing mode number implies that most of the 

losses in PDMS-Si02-Ti02 system originate from surface scattering. This does not 
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mean that volume scattering is zero, it simply indicates that any change in the volume 

scattering loss is masked by a larger surface scattering effect. 
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Fig. 5 J8: Field profiles of a PDMS-Si02-Ti02 Polyceram with a SiOjiTiOj mole ratio 
of 1:1. 
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PDMS-Si02-Ti02 waveguides stand in contrast with MPE0U-Si02-Ti02 

waveguides where losses appear to be caused by volume inhomogeneities. MPEOU 

contains three ethojq? groups at one end and one hydroxyl group at the opposite end 

of the chain, while PDMS contains two silanol groups on both ends of the chain. 

While PDMS undergoes the same rate of condensation from both ends, MPEOU 

experiences different rates of reaction based on the presence of different identities 

as well as different numbers of functional groups on the two ends. Therefore, the 

MPE0U-Si02-Ti02 network is more likely to form organic and inorganic 

heterogeneities. These network heterogeneities, in turn, result in index of refraction 

fluctuations which contribute to the optical loss of the waveguide. 

Surface scattering is caused by surface roughness. In the surface roughness 

study of MPE0U-Si02-Ti02 Polycerams, we discovered that the surface of the 

partially hydrolyzed (2 moles of HjO) Polyceram was already quite smooth (average 

roughness = 1.2 A), and that the addition of acetic acid as a chelating agent did not 

improve the surface quality by a large factor (average roughness = 1.0 A). 

Furthermore, a cladding study of the MPE0U-Si02-Ti02 waveguides supported 

volume scattering as the dominant source of loss, since the cladded waveguides 

exhibited the same loss as the non-cladded ones. Here, if the loss of PDMS-Si02-

Ti02 waveguides is indeed governed by surface scattering, waveguides with a lower 

surface roughness as well as cladded waveguides should exhibit a lower loss. 
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All PDMS-Si02-Ti02 waveguides were synthesized using 2 moles of HjO to 

1 mole of TEOS. Therefore, they were all partially hydrolyzed. Acetic acid in a 

TiOjiHAc molar ratio of 1:1 was added to the PDMS-Si02-Ti02 with a Si02:Ti02 

molar ratio of 1:1 to study the effect of a chelating agent on the surface roughness 

of the PDMS-Si02-Ti02 waveguides. Table 5.43 compares the surface qualities of the 

non-chelated and chelated PDMS-Si02-Ti02 (Si02:Ti02 mole ratio of 1:1) 

waveguides as measured by AFM. The average roughness decreases from 1.3 to 1.0 

A and the root-mean-square roughness from 1.5 to 1.2 A. The surface roughness of 

PDMS-Si02-Ti02 waveguides is already low, and the addition of acetic acid improves 

the surface quality of the Polyceram only slightly. The chelating agent allows easier 

relaxation of the film on the substrate by acting as intermediary cross-links between 

the organic and inorganic networks. It should also be noted that the addition of 

acetic acid did not change the index of refraction of the waveguide, as the index of 

refraction of both chelated and non-chelated layers was 1.528 ± 0.02. 

The surface roughness of the non-chelated PDMS-SiOj-TiOj is only slightly 

higher than the surface roughness of the MPE0U-Si02-Ti02 waveguide (average 

roughness = 1.2 A and RMS roughness = 1.4 A). Therefore, the surface roughnesses 

of these two Polyceram systems can be assumed to be similar. Since the surface 

roughnesses are similar, but volume scattering is dominant in the MPEOU-
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PDMS-Si02-Ti02 
Si02:Ti02 = 1:1 

Average Roughness 
(A) 

Root-Mean-Square 
Roughness (A) 

No Chelate 1.3 1.5 

Chelate 1.0 1.2 

Table 5.43: Surface Roughness of PDMS-Si02-Ti02 (Si02:Ti02 = 1:1) Polycerams 
with and without chelating agent (acetic acid) measured with AFM. 

Si02-Ti02 system, while surface scattering is important in the PDMS-Si02-Ti02, it 

can be deduced that the level of volume homogeneity of PDMS-Si02-Ti02 

waveguides is noticeably higher. The same level of surface roughness is the major 

contributor to loss in one system, while it is masked by volume inhomogeneities in 

the other. Fiuthermore, it should be emphasized that both the MPE0U-Si02-Ti02 

and PDMS-Si02-Ti02 waveguides were processed in the same manner (i.e. clean-

room, 0.1 /xm filters, etc.). Therefore, the level of volume scattering in the MPEOU 

system is not a function of the processing parameters, as the same parameters 

resulted in highly homogeneous PDMS-Si02-Ti02 films. Consequently, it can be 

concluded that the volume scattering in the MPE0U-Si02-Ti02 system are indeed 

caused by index of refiraction fluctuations within the guide. 

To investigate more thoroughly the above thesis that losses in the PDMS-Si02-

Ti02 system are predominantly due to surface scatterings, waveguides with cladding 



276 

layers were synthesized. Fig. 5.39 shows the four different waveguide configurations 

used in the study. The first configuration (part a) is a simple layer of PDMS-SiOj-

Ti02 (Si02:Ti02 = 1:2) with a refi-active index of 1.56 on fused silica substrate with 

a refractive index of 1.46. The second configuration (part b) is a layer of chelated 

PDMS-Si02-Ti02-HAc (Si02:Ti02 = 1:2) with a refiractive index of 1.56 on fused 

silica substrate. The third configuration (part c) incorporates a buffer layer and a 

cover layer of PDMS-Si02-Ti02 (Si02:Ti02 = 1:0.5) with a refractive index of 1.49 

below and over the guide layer of PDMS-Si02-Ti02 (Si02:Ti02 = 1:2). Finally, the 

fourth configuration (part d) is composed of a chelated guide layer of PDMS-Si02-

Ti02-HAc (Si02:Ti02 = 1:2) between a chelated buffer layer and a chelated cover 

layer of PDMS-Si02-Ti02-HAc (Si02:Ti02 = 1:0.5). In all four configurations, the 

guiding layer is the PDMS-Si02-Ti02 (Si02:Ti02 = 1:2) or the chelated PDMS-SiOj-

Ti02-HAc (Si02;Ti02 = 1:2) with the highest index {n = 1.56). Furthermore, the 

chelated and non-chelated cladding layers have an index of refraction of 1.49. 

Air, n = 1.0 

Layer 2; PDMS-Si02-Ti02 (Si02:Ti02 = 1:2) 
n = 1.56, A = 1 nm 

Layer 1; FUSED SIUCA SUBSTRATE 
n = 1.46 

(a) 



Air, n = 1.0 

Layer 2: PDMS-SiOj-TiOz-HAc (SiOzrTiOz = 1:2) 
n = 1.56, A = 1 /im 

Layer 1: FUSED SIUCA SUBSTRATE 
n = 1.46 

(b) 

Air, n = 1.0 

Layer 4; PDMS-SiOj-TiOj (SiOjiTiOj = 1:0.5) 
n = 1.49, A = 3 (im 

Layer 3; PDMS-SiOj-TiOj (Si02:Ti02 = : 1:2) 
n = 1.56, A = 1 /im 

Layer 2: PDMS-SiOj-TiOj (SiOjiTiOj = 1:0.5) 
n = 1.49, A = 3 jLim 

Layer 1: FUSED SILICA SUBSTRATE 
n = 1.46 

(c) 
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Layer 4: PDMS-Si02-Ti02-HAc (SiOjrTiOz = 1:0.5) 
n = 1.49, A = 3 tim 

Layer 3: PDMS-SiOz-TiOz-HAc (SiOziTiOa = 1:2) 
n = 1.56, A = 1 nm 

Layer 2: PDMS-SiOz-TiOj-HAc (SiOziTiOz = 1:0.5) 
n = 1.49, A = 3 fim 

Layer 1: FUSED SIUCA SUBSTRATE 
n = 1.46 

(d) 

Fig. 5J9: Four different cladding configurations. 

The claddings were 3 nm in thickness to behave as layers with infinite 

thickness. The waveguide layer thicknesses, however, were calculated and are 

reported in Table 5.44. The thickness required for the propagation of TEq in the 

configuration where the waveguide is deposited directly on the substrate (parts a and 

b) is lower than the other two configurations where the guide is bounded by two 

cladding layers (parts c and d). A thickness of 1 nm was chosen for all waveguides 

since it falls between the lower and upper limits of all configurations. Furthermore, 
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the processing in all cases was identical such that any variation in loss could be 

attributed to the cladding or chelated layers. 

Cladding Configuration Minimum Waveguide 
Layer Thickness (A) 
for TEq propagation 

Minimum Waveguide 
Layer Thickness (A) 
for TE  ̂propagation 

Configurations (a) and (b) 7761 13517 

Configurations (c) and (d) 6846 13693 

Table 5.44: Calculated minimum waveguide thicknesses for the cladding 
configurations. 

Table 5.45 shows the optical losses of these waveguides. We observe that the 

losses of configurations (a) and (b) are similar, while the losses of configurations (c) 

and (d) are similar. It appears that the incorporation of acetic acid does not present 

any benefits since the loss of the non-chelated waveguide is approximately the same 

as the loss of the chelated one in the same cladding configuration. This finding 

indicates that since the incorporation of the chelating agent reduced the surface 

roughness by only a small factor (20%), the optical loss was not affected. To this end, 

it should be underlined that the average roughness was reduced from 1,3 A for a non-

chelated surface to 1,0 A for a chelated surface. Therefore, a surface roughness 

reduction of 20% in this case does not amount to a significant absolute difference. 

Such a small contribution to the surface quality does not translate in a major 
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contribution to loss. Therefore, since a surface roughness reduction of 20% did not 

result in detectable loss reduction in PDMS-Si02-Ti02 waveguides, it should not be 

considered a universal behavior among all waveguides. In other words, a surface 

roughness reduction of 20% in a waveguide with a highly rough surface is likely to 

contribute significantly to the loss reduction. 

Conflguration Loss (dB/cm) 

Type a 0.23 ± 0.03 
(No Chelate, No Clads) 

Type b 0.22 ± 0.07 
(Chelate, No Clads) 

Type c 0.18 ± 0.02 
(No Chelate, Clads) 

Type d 0.17 ± 0.03 
(Chelate, Clads) 

Table 5.45: Optical Losses of the four different cladding configurations of Fig, 5.39. 

The more interesting finding of this study lies in the behavior of waveguides 

with cladding layers. Note that the losses of both chelated and non-chelated but 

cladded waveguides are lower than the losses of the non-cladded ones. It is hence 

possible to reduce the loss in PDMS-Si02-Ti02 waveguides by incorporating cladding 

layers on both sides of the guiding layer. This finding indicates that losses in the 

PDMS-Si02-Ti02 system are indeed dominated by the surface roughness. 
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Fig. 5.40 illustrates the propagation of the TEq mode in the two non-cladded 

and cladded waveguide configurations. In the non-cladded (schematic part a) 

configuration, where the An on each side of the waveguide has a large value 

guide = 0-56 and A/Zguye-substiate = 0.10), the internal angles of the propagated mode are 

small. As a result, the propagated mode experiences many internal reflections from 

the interfaces. In the cladded configuration (schematic part b), the An on each side 

has a small value of 0.07. Hence, the internal angles of the propagated mode are 

larger in this waveguide, resulting in fewer internal reflections fi-om the boundaries. 

Since losses are dominated by the interfacial surface quality, fewer internal 

reflections result in a smaller interfacial effect, and thereby, a lower loss. 

In the above system, the contribution of cladding layers to loss reduction was 

much more significant than the presence of chelated interfaces. As discussed earlier, 

the interfaces were smooth even in the non-chelated layers, therefore, the chelation 

of the surfaces did not impact the loss. However, in general, if surface roughness is 

the most significant contributor to loss, care should be taken to synthesize layers with 

small surface roughness to minimize interfacial effects on the optical loss. In addition, 

the thickness of the guiding layer and the index of refraction of both the guiding and 

cladding layers should be designed accurately for applications of choice (e.g. single-

mode waveguides). 
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Air(n = 1.0) 

Waveguide (n = 1.56) 

Substrate (n = 1.46) 

(a) 

Air (n = 1.0) 

Clad (n = 1.49) 

Waveguide (n = 1.56) 

Buffer (n = 1.49) 

Substrate (n == 1.46) 

(b) 

Fig. 5.40; Eustration of mode propagation in the (a) non-ciadded and (b) cladded 
waveguides. 
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The notion of incorporating cladding layers in waveguides is quite common 

in the literature. For example, polyimide waveguides have been fabricated with a 

buffer and a cover layer of PMMA, resulting in waveguide losses of 0.4 dB/cm [247]. 

All layers were spin-coated and were believed to exhibit a low level of surface 

roughness. This loss, however, was not compared to the loss of a non-cladded 

waveguide. Krug et al [167] fabricated a Zr/Methacylate Acid waveguide-clad 

configuration where the waveguide with an index of refraction of 1,524 was cladded 

with a buffer and a cover layer of n = 1.514. Although chelating agents were not 

incorporated, smooth layers were obtained by dip-coating the sol-gel solutions. The 

waveguide losses, however, were only ~ 0.5 dB/cm, but this value was not compared 

with the loss value of a non-cladded waveguide. The losses of the PDMS-Si02-Ti02 

cladded waveguides reported in the present study are currently among the lowest 

losses reported in the literature. 
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5.1.4 Scattering Model of Polyceram Waveguides 

So far, the present study has established that multicomponent Polycerams 

exhibit a low optical attenuation over a wide range of compositional and index of 

refraction variation. In fact, the experimentally obtained losses do not show any 

correlation with the composition nor with the index of refraction. Furthermore, the 

Polycerams, more specifically the MPEOU-SiOj-TiOj Polyceram waveguides show 

a Rayleigh-type scattering, as attested by the -k'* dependence of the attenuation. If 

t h e  d i m e n s i o n s  o f  t h e  i n h o m o g e n e i t i e s  a r e  s m a l l  r e l a t i v e  t o  t h e  w a v e l e n g t h  ( < k / 2 0 ) ,  

the scattering is of the Rayleigh type. Rayleigh scattering follows from small 

refractive-index fluctuations inevitably present in the medium. The resulting optical 

loss becomes: 

a = (Sji^ / SW (5-17) 

where is the mean-squared fluctuation m refractive index squared and 5V is 

t h e  v o l u m e  o v e r  w h i c h  i t  o c c u r s  [ 2 4 8 ] .  N o t e  t h e  d e p e n d e n c e  o f  a  o n  { S r i f .  

Mie theory is a mathematical approach toward the scattering of light by 

spherical particles [249]. For particle sizes much smaller that the wavelength of light, 

Mie scattering behaves similar to Rayleigh scattering. To compare the experimentally 

obtained optical losses of Polycerams with the mathematically predicted values, a 

Mie scattering model was implemented. As explored here, in Mie scattering, it is 

assumed that the host is embedded with foreign particles. The particles are assumed 
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to be spherical, imifonn in size and non-conducting, and the host medium is assumed 

to be homogeneous. Here, a computer code was used to calculate the Mie scattering 

coe£6cients of Polycerams [249]. These calculations were based on single scattering 

of particles, assuming no interference between scattered fields and no surface 

scattering. This implied that the scattered field from a given particle did not rescatter 

off another particle, and that all scatterers were independent of one another. 

The Mie scattering calculations were carried out for MPE0U-Si02-Ti02 (80% 

MPEOU) Polycerams with different mole ratios of Si02:Ti02. Here, the host was 

assumed to be MPEOU with an index of refraction of 1.495, and the particles were 

assumed to be composed of SiOj or SiOj-TiOj glass. Table 5.46 shows the index of 

refraction values of Si02 and Si02-Ti02 glass systems used in the calculations. 

Embedded Spherical Particle Index of Refraction 

Si02 1.46 

Si02-Ti02 (SiOjiTiOz = 1:0.5) 1.52 

Si02-Ti02 (Si02:Ti02 = 1:1) 1.72 

SiOj-TiOj (Si02:Ti02 = 1:1.5) 1.85 

Si02-Ti02 (Si02:Ti02 = 1:2) 1.92 

Table 5.46; Index of refraction of Si02 and Si02-Ti02 particles used in the Mie 
scattering calculations. 
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In implementing the Mie scattering code, the embedded scattering particles 

are assumed to have a specific particle size and occupy a specified volume fraction 

of the total medium. Here, we assumed that the host occupies 80% while the 

embedded spherical particles occupy 20% of the total volume. Therefore, 

f = ( S Vi) / V = 20% (5-18) 

where f is the volume fi-action of scatterers, Vi is the volume of each spherical 

scatterer and V is the total volume of scatterers and host. 

Within this specified 20% fractional volume, we varied the size of the 

embedded particles. By assuming a small particle size, the volume occupied by each 

particle becomes small, while the number of particles increases, and vice versa. In 

other words, the number density of small scattering particles is higher than the 

number density of large particles. 

Fig. 5.41 shows the loss of each Polyceram composition as a function of 

particle radius. Loss calculations were conducted with particle radius ranging from 

10 to 100 A. We observe that the loss increases parabolically with particle radius in 

each system. This finding indicates that the scattered field is higher with a few large 

particles than with a larger number of small particles occupying the same total 

volume fraction. 
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Fig. 5.41: Loss as a function of particle radius in the MPEOU Polycerams. 

Here, we are not concerned as much with the size of the scatterers, as we are 

with the behavior of the scattered field with particles of different compositions within 

one particle size regime. For example, let us select the particle radii 50 A and 100 

A of Fig. 5.41, and explore the behavior of loss as a function of particle composition. 
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Within these two families of particle radii 50 A and 100 A, we observe that loss 

increases much faster with TiOj content for larger particles. To elucidate the above 

finding. Fig. 5.42 shows the expected loss of Polycerams with SiOz-TiOz particles of 

radii 50 A and 100 A as a function of Si02:Ti02 mole fraction. 
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S 15-
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1.0 2.0 
Ti02 mole fraction in Sf02-TI02 

3.0 4.0 0.5 2.5 3.5 

• —  l O O A  — 5 0  A  

Fig. 5.42: Calculated loss of MPE0U-Si02-Ti02 Polycerams containing Si02-Ti02 
particles of 50 A and 100 A radii as a function of Si02:Ti02 mole ratio. 
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It was shown above that by varying the mole fractions of Si02:Ti02, the 

density of the SiOj-TiOj network varies. Based on the densities of SiOz-TiOj glasses, 

the density of SiOi-TiOj varies from 2.46 g/cm^ for a system with a SiOaiTiOi mole 

ratio of 1:0.5 to 2.88 g/cm^ for a system with a SiOjiTiOj mole ratio of 1:2. Fig. 5.43 

shows the calculated loss of MPEOU-SiOj-TiOz Polycerams containing SiOz-TiOa 

particles of 50 A and 100 A radii as a function of the SiOj-TiOj density. Here, the 

density of pure SiOj is taken as 2.2 g/cm^ (density of SiOj glass). 
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Fig. 5.43; Calculated loss of MPEOU-SiOj-TiOj Polycerams embedded with SiOj-
TiOj particles of 50 A and 100 A radii as a function of Si02-Ti02 density. 
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Furthermore, Fig. 5.44 shows the caloilated losses of MPE0U-Si02-Ti02 

Polycerams as a function Si02-Ti02 index of refraction. The Si02-Ti02 index of 

refraction values were taken from Table 5.46. In both Figs. 5.43 and 5.44, we observe 

that the calculated loss increases parabolically with Si02-Ti02 density as well as index 

of refraction. 

25-

20-

Si02>Ti02 index of Refraction 

•— lOOA 50 A 

Fig. 5.44; Calculated loss of MPEOU-SiOj-TiOz Polycerams embedded with SiOz* 
Ti02 particles of 50 A and 100 A radii as a function of SiOj-TiOj index of refraction. 
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In Mie scattering, it is assumed that a sharp interface exists between the 

density and index of refraction of the matrix and those of the embedded particles. 

Hence, let us plot Figs. 5.43 and 5.44 in terms of loss versus the dijference in density 

and index of refraction between the matrix and particles. Fig. 5.45 illustrates the 

calculated loss of MPE0U-Si02-Ti02 Polycerams versus iSp where <Sp = Ppattide • 

Pmatrix Fig* 5.46 shows the calculated loss versus Sn where Sn = npar„cie - ^matrix-

The density and index of refraction of MPEOU were taken as 1.13 g/cm^ and 1.495 

respectively. 

30 

04— 
1.00 1.20 1.40 1.60 1.80 2.00 

^ P - P (particle) - p (matrix) 

• —  l O O A .  — 5 0  A  

Fig. 5.45: Calculated loss of Polycerams embedded with 50 A and 100 A-radii SiOj-
TiOj particles as a function of difference in density between matrix and particle. 



292 

25-

E 20-

CQ 
2. 15-
<0 

5 10-

0.10 0.20 
s= n (particle) - n (matrix) 

0.30 0.40 0.00 0.50 

•— lOOA —^ 50 A 

Fig. 5.46: Calculated loss of Polycerams embedded with 50 A and ICQ A-radii Si02-
Ti02 particles as a function of difference in index of refraction between matrix and 
particle. 
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We observe from Figs. 5.45 and 5.46 that the calculated loss increases 

parabolically with the difference m both density and index of refraction between 

MPEOU and Si02-Ti02 particles. In other words, loss exhibits a (5p)^ as well as a 

{Snf dependence. It should be noted that since there exists a linear relationship 

between density and index of refraction of Si02-Ti02 particles, it is not surprising 

that the {Snf dependence follows the (5 p)^ dependence. More importantly however, 

the above findings indicate that as the density or index of refraction of the embedded 

particles increases, the optical loss of the total network is expected to increase 

parabolically. 

The measured losses, however, do not show a correlation. Fig. 5.47 

compares the measured losses with the calculated losses as a function of 6n, and Fig. 

5.48 compares the measured with the calculated losses as a function of Polyceram 

index of refraction. Here, only the calculated losses of Polycerams embedded with 

Si02-Ti02 particles of 50 A are shown to match more closely the scale of the 

measured losses. In fact, the measured losses do not show any correlation with 

composition. The measured losses remain low with fluctuations within experimental 

errors. For example, based on the Mie theory of embedded particles with a radius 

of 50 A, a Polyceram with an index of refraction of 1.634 should exhibit a loss of ~ 

3.5 dB/cm, however, the experimentally obtained loss remains low at 0.39 dB/cm. 
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Fig. 5.47; Measured and calculated loss of Polycerams embedded with 50 A-radii 
Si02-Ti02 particles as a function of difference in index of refraction between matrix 
and particle. 
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Fig. 5.48; Measured and calculated loss of Polycerams embedded with 50 A-radii 
SiOj-TiOj particles as a function of MPEOU-SiOz-TiOa Polyceram index of 
refraction. 

The Mie scattering calculations were based on the assumption of spherical 

particles of SiOj-TiOz glass in the MPEOU polymer matrix. Consequently, the lack 

of correlation between experimental and calculated losses leads to the conclusion 

that SiOj-TiOj is not added as embedded spherical particles, but rather it has 

homogeneously bonded with the polymer host, resulting in a single network. 
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In Mie scattering calculations, it is assumed that all scatterings originate from 

volmne inhomogeneities and that surface scattering is negligible. Nevertheless, Mie 

scattering calculations were also conducted for PDMS-Si02-Ti02 compositions (where 

surface roughness was found to be the dominant source of attenuation) to compare 

the measured losses with the predicted values. The loss of PDMS-Si02-Ti02 

Polycerams showed the same parabolic behavior with density and index of refraction 

of Si02-Ti02, as well as with difference in density (<Sp)^ and index of refraction {SnY 

between matrix (PDMS) and particles (SiOj-TiOj). Fig. 5.49 shows the calculated 

versus measured optical losses of PDMS-Si02-Ti02 Polycerams as a function of 

Polyceram index of refraction. The calculated losses were obtained by assuming SiOj-

Ti02 spherical radii of 50 A. The calculated losses of PDMS-Si02-Ti02 Polycerams, 

however, are higher than the corresponding calculated losses in the MPE0U-Si02-

Ti02 system because of the large difference in index of refraction between the two 

polymer hosts. The index of refraction of MPEOU is 1.495 while the index of 

refraction of PDMS = 1.411. We also know that the index of refraction of Si02-Ti02 

with different Si02:Ti02 mole ratios varies from 1.52 to 1.92. Therefore, the 8n 

between the PDMS host and the Si02-Ti02 particle in each case is higher than the 

corresponding Sn between the MPEOU host and the Si02-Ti02 particle. According 

to Mie theory, films with larger index of refraction differences (<Sn) between host and 

embedded particles should exhibit higher attenuations, hence explaining the predicted 
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higher loss of PDMS-Si02-Ti02 Polycerams in relation to those of MPE0U-Si02-

TiOj Polycerams. 
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Fig. 5.49; Measured and calculated loss of Polycerams embedded with 50 A-radii 
SiOj-TiOj particles as a function of PDMS-Si02-Ti02 Polyceram index of refraction. 
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The measured losses of PDMS-SiOa-TiOz compositions, also, do not follow the 

parabolic predicted behavior. Similar to the MPE0U-Si02-Ti02 system, the 

measured losses of PDMS-Si02-Ti02 Polycerams remain low and do not show any 

compositional dependence, as shown in Fig. 5.49. For example, based on Mie theory 

of embedded particles of 50 A-radii, a Polyceram with an index of refraction 1.562 

is expected to result in a loss of 4.2 dB/cm, however, the measured loss remains low 

at 0.23 dB/cm. Here again, it can be deduced that Si02-Ti02 is not present as 

embedded spherical particles, but rather it has homogeneously incorported into the 

PDMS network. Hence, the constant low loss is a result of scattering from one single 

network. 

The most important conclusion that can be drawn from the above comparisons 

between the measured and predicted optical losses of MPEOU-SiOj-TiOj and 

PDMS-Si02-Ti02 Polycerams is that it appears that the multicomponent Polycerams 

are simply molecular mixtures of their independent components. In other words, the 

Polyceram networks are not composed of phase separated organic and inorganic 

regions such that upon change in index of refraction of one component, the scattering 

loss would be expected to increase accordingly. On the contrary, with increasmg 

inorganic content, although the index of refraction of the overall Polyceram network 

increases, the index of refraction fluctuations within the network which give rise to 
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scattering remain constant. Therefore, the loss of the Polycerams as a function of 

increasing inorganic content stays constant. 

Furthermore, we established earlier that volume scattering is the main source 

of loss in MPEOU-SiOj-TiOj waveguides while surface scattering dominates the 

process in PDMS-Si02-Ti02 waveguides. Therefore, it can be estimated that the 

index of refraction fluctuations which give rise to the intrinsic scatterings are lower 

in the PDMS-Si02-Ti02 network than in the MPE0U-Si02-Ti02 system because they 

have to be lower than the loss due to surface scattering. 

Interestingly, other studies of optical loss as a function of waveguide 

composition do not necessarily agree with the experimental results obtained here. 

Since detailed loss studies of Polyceram waveguides are not available in the 

literature, the only choice is to draw from loss studies performed on pure inorganic 

waveguides. For example, Weisenbach et al [138] found that the loss of Si02-Ti02 

waveguides with a Si02:Ti02 mole ratio of 65:35 (0.5 ±0.1 dB/cm) is lower than the 

loss of a composition with a Si02:Ti02 mole ratio of 50:50 (1.4 ± 0.1 dB/cm). 

However, based on structural studies of the waveguides, it was concluded that both 

compositions are homogeneous. Although many structural studies of Si02-Ti02 films 

have been reported, the work of Best and Condrate [189] appears the most thorough. 

Using Raman spectroscopy on SiOz-TiOj gels heated to 700 °C, they found that 

increasing the TiOj concentration above 11.2 mole% causes a progressive reduction 
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in the 952 and 1100 cm'^ bands associated with Si-O-Ti bonding. This observation 

indicated a preferential association of titanate species with themselves rather than 

with silicate species, and was interpreted as evidence for phase separation which 

precedes crystallization of anatase at 700 °C. Unfortunately, waveguides of these 

solutions were not prepared to provide a correlation between attenuation and 

structure of the film. 

Now let us follow the above line of reasoning. In other words, let us assume 

that the Polycerams are not homogeneous, but rather composites of the organic and 

inorganic components. Hence, based on this assumption, the measured losses can be 

compared to the calculated losses to predict the particle size of the embedded 

particles. In the case of MPE0U-Si02-Ti02 Polycerams, we observe that the particle 

radius ranges between 15 to 100 A with the smaller size corresponding to the high 

n Si02-Ti02 (Si02:Ti02 mole ratio of 1:2) particle and the larger size corresponding 

to the low n Si02-Ti02 (Si02;Ti02 mole ratio of 1:0.5) particle. A similar study was 

conducted for PDMS-SiOj-TiOj Polycerams, leading to the conclusion that the Si02-

Ti02 particle size ranges between 10 to 55 A, The particle size range is lower in the 

PDMS-Si02-Ti02 system due to the lower measured losses. Hence, the above logic 

indicates that in order to obtain low-loss waveguides, the higher the Sn between the 

matrix and the particle is, the lower the particle size should be. 
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Tiefenthaler et al [250], however, obtained results similar to Polycerams. They 

fabricated a variety of SiOj-TiOj waveguides with different TiOj contents (33,50, 67 

and 75 mole %), and observed that the loss did not vary strongly with Ti02 content, 

except for the 75 mole % TiOj waveguides which were most likely partially 

ciystalline. 

Parallel to Tiefenthaler's results, the Polyceram waveguide attenuations 

measured in the present study indicated that the optical loss stays constant with 

increasing TiOj content up to 53 mole % TiOj (MPEOU-SiOj-TiOj (Si02:Ti02 = 

1:2)). However, it should be noted that Polycerams incorporate three different 

components (organic + SiOj and TiOj) while SiOj-TiOj films contain only two 

components. In this light, the low losses of multicomponent Polycerams are even 

more remarkable. 
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52 Surface Patterning 

As described earlier in the experimental procedure section (section 4,3.2), 

surface patterning studies were conducted on Polyceram films using an embossing 

technique. Embossing studies were conducted on MPEOU-SiOj-TiOj (80% by 

volume) and PDMS-Si02-Ti02 (80% by volume PDMS) with Si02:Ti02 molar ratios 

of 1:0.5, 1:1, 1:1.5 and 1:2. The PDMS-SiOj-TiOj Polycerams presented more 

embossing challenges than MPE0U-Si02-Ti02 compositions, even with pre-

embossing heat treatments. When embossing on PDMS-Si02-Ti02 Polycerams was 

conducted at room temperature, master features could not be replicated. Although 

embossed features did become apparent on the surface of PDMS-Si02-Ti02 

(Si02:Ti02 = 1:2) films after pre-embossing heat-treatments at T = 40°C for a time 

period of 6 mins, the patterns were still very shallow and exhibited numerous flaws 

including non-uniformity of the features. Longer heating times as well as higher 

temperatures resulted in even shallower features, indicating that the film had become 

too rigid for embossing. Furthermore, solutions with lower viscosities did not permit 

a uniform embossing of features. PDMS is known for its superior relaxation abilities. 

It is therefore possible that once the master is separated fi-om the surface of the film, 

the PDMS component of the Polyceram 'relaxes' back into its original position, hence 

preventing the successful replication of surface features. 
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All compositions of MPE0U-Si02-Ti02, on the other hand, were successfully 

embossed. However, the MPEOU-SiOj-TiOj composition with a SiOjiTiOj mole 

ratio of 1:2 required the least amoimt of pre-embossing processing (3 min. in air). 

Since MPEOU-SiOj-TiOj (Si02:Ti02 = 1:2) had the highest solid content per 

volume, the rate of condensation was the most advanced. Consequently, it required 

the shortest drying time prior to embossing. Therefore, the MPE0U-Si02-Ti02 

composition with a Si02:Ti02 mole ratio of 1:2 was chosen for optimization of the 

embossing technique, as well as all studies pertaining to solution flow. 

This section will first describe the effect of master type including composition, 

shape and size on embossed features of MPE0U-Si02-Ti02 (Si02:Ti02 = 1:2), 

followed by a proposed model of solution flow. Next, the effects of embossing 

pressure and solution dilution on embossed features will be investigated. Third, 

engineering issues critical for the commercialization of the embossing technique such 

as master lifetime and Polyceram masters as 'daughters' will be discussed. This 

section will last close with a comparison between a prism-coupler and a grating 

coupler. 

5 .̂1 Effect of Master Type 

MPE0U-Si02-Ti02 Polycerams with a Si02:Ti02 mole ratio of 1:2 and 80% 

by volume MPEOU were embossed with masters of three different materials: 
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photoresist, ion-milled and Diamond-Like-Carbon (DLC)-coated glass masters. As 

discussed earlier, DLC is hard, chemically inert, impervious, and insoluble in reagents 

which dissolve graphitic and polymeric carbon structures. Furthermore, a DLC 

surface has a low surface energy and hence is released easily. Glass masters were 

hence coated with DLC to increase their life expectancy. The embossed features 

included gratings, channels (100 pim, 50 nm and 5 pim width-size), Y-splitters and 

binary optics micro-lenses. 

The first pattern tested was that of diffi-action gratings. The masters were 

prepared using a holographical technique and later ion-milled to eliminate the 

photoresist layer. The first master had a period of 0.4 (im and a peak-to-trough depth 

of 80 A, while the second master had a period of 0.4 nm with a peak-to-trough depth 

of 400 A. Embossing was conducted at a pressure of 80 psi for a duration of 3 

minutes. Figs. 5.50 and 5.51 show the two replicated Polyceram gratings as observed 

by atomic force microscopy (scan of 1000 nm x 1000 nm). The first embossed grating 

shows a period of 0.4 nm and a depth of ~ 40 A (Fig. 5.50), while the second 

embossed grating shows a period of 0.4 /xm with a depth of - 200 A (Fig. 5.51). 

Although the embossed gratings exhibited a near-perfect (± 0.005 nm) width 

replication, the peak-to-trough depths corresponded to ~ 1/2 of those of the masters. 

Besides the depth difference, the embossed gratings showed a near-perfect 

replication of the sinusoidal shape of the masters. The discontinuity in Fig. 5.50 is 
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caused by the AFM equipment during operation and is not physically present on the 

surface of the Polyceram. The waves in the pattern in Fig. 5.51, on the other hand, 

are real and have been replicated from the glass master. An AFM scan of 4 /xm x 4 

/im of the above Polycerams showed a uniform embossing over a larger area with no 

depth variation. 

Fig. 5.50: A 1000 x 1000 nm AFM scan of a replicated Polyceram grating with a 
period of 0.4 and a peak-to-trough depth of 40 A. The discontinuity feature in the 
middle of the channels is not real. 
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Fig. 5.51 A 1000 X 1000 nin AFM scan of a replicated Polyceram grating with a 
period of 0.4 nm and a peak-to-trough depth of 200 A, 

Embossing experiments were next conducted with binary optics lenses. An 8-

level binary optic lens was coated with a thin layer of Diamond-Like-Carbon material 

and embossed onto a MPE0U-Si02-Ti02 (1:2) Polyceram film for 3 minutes at 80 

psi. Fig. 5.52 shows the surface pattern of the embossed binary optic element. The 

widths of the embossed steps match the widths of those of the master (± 0.05 moi), 

and the depths of the embossed steps in the middle of the lens approach 100 nm 

which correspond to ~ 1/2 of the depths of the steps of the master (depth of master 

» 200 nm). 
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Fig. 5.52; An AFM surface profile of an 8-level binary optic lens embossed 
Polyceram, 

The depths of the embossed binary steps, however, show a certain level of 

non-uniformity especially at the edges of the lens. Fig. 5.53 shows the top 

transmission view of the embossed Polyceram and the DLC-coated used master as 

seen through an optical microscope. Although the overall pattern of the master 
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appears replicated onto the Polyceram, a more detailed AFM study of the surface 

of the binary lens highlights the flaws more throrougly. Fig. 5.54 shows the surface 

profile of 4 sets of steps of the binary element. It is apparent that the level of non-

uniformity in the steps becomes more prominent toward the edges of the lens. It is 

possible that the embossing pressure is not distributed uniformly over the entire 

surface area of the master (1x1 cm^), and that the pressure decreases toward the 

edges of the stamper. Since the width of the steps becomes smaller with increasing 

distance from the center of the lens, any small fluctuations in the replication of steps 

translates into a significant error. 

For a diffractive element of this size to function properly, it is important for 

the steps to have a uniform surface and a precise depth. A small deviation in the step 

profile results in a large phase distortion. Hence the above embossed binary optics 

lenses did not exhibit a uniform phase front. Although embossing was also conducted 

for different time periods at a pressure of 80 psi, the binary steps toward the edges 

of the lenses were still not replicated uniformly. It is, however, possible that smaller 

binary optics lenses would result in more uniform replication of the steps. Since the 

embossing pressure is more uniformly distributed over a small area in the middle of 

the stamper, smaller lenses positioned in this area may have a higher probability of 

being successfully replicated. 
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(b) 

Fig. 5.53: Optical microscope (20x) transmission pictures of (a) an embossed 
Polyceram and (b) the used master. 
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Fig. 5.54; An AFM surface profile of the steps of an embossed binary optic lens. 
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A third configuratioii tested was a tree (Y) coupler. Tree couplers are 

miiltimode couplers having one input port and multiple ouput ports (1 x n) with 

equal power splitting. They are bidirectional in that they can be used as combiners 

as well as splitters. Tree couplers can be fabricated in various designs with different 

numbers of output ports. The most standard implementation involves using a 1 x 2 

port coupler as a combiner/splitter where the light source and detector are attached 

to the dual ports and the sensor head to the single port. The sensor acts upon the 

source emission and returns it down the other leg of the coupler for detection and 

interpretation. Current beam splitter fabrication technology is based on methods such 

as ion-exchange techniques with glass waveguides, but these are costly. Surface 

embossing appears as a reliable and time/cost-efficient method of fabricating such 

splitters. 

Fig. 5.55 shows the replication of a photoresist-coated Y splitter. The master 

had a channel depth of 4 /im and a width of 170 nm. The embossed Polyceram 

splitter showed a channel depth of ~ 2 nm and a width of ~ 170 nm. Again, the 

width of the chaimel was nearly-perfectly replicated (± 5 nm) and the depth 

corresponded to ~ 1/2 of the depth of the master. There exist, however, elevated 

walls in the middle of the branches of the splitter as well as at the origin where the 

three branches meet (see Fig. 5.55). These elevated walls possibly indicate the 

direction of movement and the location of the accumulation of solution during 
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embossing. The reason for the development of these walls becomes clearer in the 

discussion of the solution flow modeling (section 52.2). 

Fig. S.SS: The surface profile of an embossed Y splitter. 
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To study the replication capabilities of other patterns as well as to study the 

mechanics of solution flow, experiments were conducted on the embossing of single 

channels. Figs. 5.56 - 5.60 show the surfaces of Polycerams embossed with three 

different sizes (100 fim, 50 /im and 5 ^^m period) of photoresist-coated masters and 

their corresponding used masters (AFM micrograph of the 5 nm period master is not 

available). As evident by the micrographs, the widths of the 5 ptm period channel 

master are replicated within ± 0.05 /im, those of the 50 fxm period channel master 

are replicated within ± 0.5 /xm, and those of the 100 nm period channel master are 

replicated within ± 1 /im in the embossed Polycerams. In all cases, the widths appear 

to be replicated within ~ 1% of the widths of the original masters, hence indicating 

highly promising width replication. 

The embossed channels, however, exhibit a certain level of non-uniformity 

which becomes more noticeable as the channel width increases. This non-uniformity, 

which consists of a dip in the middle of the embossed channel is almost completely 

eliminated in the case of 5 /xm-width channels. The used photoresist masters, 

however, do not reveal any dipping, as shown in Figs. 5.57 and 5.59. It should be 

noted that the debris seen on the surface of some of the channels (i.e. Fig. 5.58) is 

due to dust or dirt which settled on the masters or the spin-coated surfaces during 

the time elapsed between the cleaning of the masters and the embossing. 
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Fig 5.56: AFM surface profile of a 100 Aim-period Polyceram chamiel embossed with 
a photoresist-coated master. 

Fig 5.57; AFM surface profile of a 100 /xm-period photoresist-coated channel master. 
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Fig 5.58: AFM surface profile of a 50 /xm-period Polyceram chamiel embossed with 
a photoresist-coated master. 

Fig 5.59: AFM surface profile of a 50 /im-period photoresist-coated channel master. 
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Fig 5.60: AFM surface profile of a 5 /zm-period Polyceram channel embossed with 
a photoresist-coated master. 

Figs. 5.61 - 5.66 exhibit the surfaces of Polycerams embossed with ion-milled 

glass masters and their corresponding used masters. Again, three different periods 

were tested and they were replicated in the embossed chaimels with error margins 

of approximately ± 0.05 to 1 ̂ m in width size, similar to the error margins obtained 

in the photoresist embossed charmels. The above 'dipping* problem does not exist in 

Polycerams embossed with ion-milled masters. However, a different mechanism 

seems to be dominant; the edges of the channels appear to have elevated walls. Note 

that the depths of the channels embossed with ion-milled masters are much lower 
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( < 1/2) than those produced with photoresist-coated masters. The reason for the lack 

of dips in these channels becomes clear in the modeling of solution movement 

discussed in section 5.2.2. Again, the used ion-milled masters appear intact. 

It should be noted that embossed Polyceram channels obtained from 

photoresist-coated masters are considerably cleaner and smoother than those 

produced from ion-milled masters (compare Fig. 5.60 and Fig. 5.65). This result is 

expected since ion-milling of the glass masters results in a rough and non-uniform 

surface, which, in turn, is replicated on the surface of the Polycerams, hence 

explaining the debris on the surface of some of the channels. We also observe that 

the quality of ion-milled glass masters decreases with decreasing period. For example, 

the ion-milled glass master with a period of 5 nm exhibits numerous sharp 'peaks'. 

It is possible that troughs of 2 /xm-widths are too narrow for uniform glass ion-milling 

such that the comers cannot be etched smoothly. It is also possible that once etched, 

the debris become entrapped within the troughs, resulting in such a non-uniform 

appearance. 

Experiments were also conducted with a 50 /xm period DLC-coated channel 

master. Although the DLC master stayed intact as expected, the embossed films 

revealed dips in the middle of channels quite similar to the dips observed in the 

middle of channels embossed with photoresist-coated masters. Note that the depths 

of Polyceram channels embossed with DLC-coated glass masters are similar to those 
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produced with photoresist-coated glass masters of the same period. The existence of 

these dips will become clearer in the discussion of the modeling of solution flow 

mechanics in section 5.2.2. It should be underlined that the objective of embossing 

with DLC-coated glass masters was not to check for the existence (or lack of) dips 

in the middle of the channels, but rather to investigate the DLC-Polyceram adhesion 

issues. These adhesion results will be presented and discussed later in section 5.2.5 

entitled 'Master Lifetime'. 

Fig 5.61: AFM surface profile of a 100 Mm-period Polvceram channel embossed with 
an ion-milled master. 
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Table 5.47 summarizes the depths of the embossed chamiels and their 

corresponding masters. The embossed depths in most cases correspond to 

approximately half the depths of their masters. The widths of the master channels, 

however, are replicated within ± 1% in the embossed channels. 

Master Type and Width Depth of Master (A) Depth of Channel in 
Polyceram (A) 

Photoresist, 100 nm ~ 2000 ~ 1000 

Photoresist, 50 nm ~ 4000 ~ 2000 

Photoresist, 5 ptm ~ 5000 ~ 3000 

Ion-Milled, 100 nm. ~ 1000 ~ 500 

Ion-Milled, 50 nm ~ 2000 ~ 1000 

Ion-Milled, 5 nm ~ 1500 ~ 650 

Diamond-Like-Carbon 
Ion-Milled 

50 nm 

- 4000 ~ 2000 

Table 5.47: Summary of the depths of channel masters with three different 
compositions and three different periods and the depths of their corresponding 
embossed Polyceram channels. 



323 

S22 Solution Flow Model 

Careful analysis of the depths of the Polyceram channels as summarized in 

Table 5.47 in relation to their physical shapes (Figs 5.56 - 5.66) indicates that solution 

displacement is dependent on master depth. The effect of embossing masters of 

different depths with the same pressure on the physical shape of the Polyceram 

channels is schematically illustrated in Fig. 5.67. Part (a) of Fig. 5.67 illustrates the 

evolution of a channel while part (b) shows the evolution of a trough via embossing 

as the master is gradually pressed onto the Polyceram film. In stage 1 of part (a), the 

solution is displaced in the volume underneath the bridge of the master and 

accumulates on the edges of the embossed channel, resulting in a concave 

configuration. In stage 2, the master is pressed further down into the solution, and 

more solution is displaced toward the edges of the embossed channel. The channel 

profile obtained has rounded edges indicating the direction of solution movement. 

Finally, in stage 3, more solution is displaced to the top of the edges of the embossed 

channel, moving toward the middle of the channel. Such embossed profiles were 

observed directly through experimental studies conducted with 100 /zm-width masters 

of 2000 A and 1000 A depths (Figs. 5.56 & 5.61), as well as 50 /xm-width masters of 

4000 A and 2000 A depths (see Figs. 5.58 & 5.63). This channel evolution was more 

difficult to see in the 5-/[xm width channels because the surface of the ion-milled 

channels was covered with numerous small peaks. 
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Fig. 5.67: Evolution of an embossed channel (part a) and a trough (part b). 
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In part (b), the same mechanism of solution flow takes place but in reverse. 

As the master is pressed down inside the film, solution needs to be displaced to the 

surroundings. The movement of solution begins from the edges of the trough to both 

sides; the solution on the right side of the trough is displaced to the right, and the 

solution on the left side of the trough is moved to the left (stage 1). With further 

travel inside the trough, more solution is displaced to the sides (stage 2), until only 

a small amount of solution is left in the middle of the trough (stage 3). This bump 

sits on the plane of symmetry, and can be referred to as the stagnation plane. Such 

bumps were best observed experimentally on the Polyceram channels embossed with 

a 100-/im width and a 2000 A-depth master (see Fig. 5.56), and the Y splitters (Fig. 

5.55). 

The above proposed model of channel evolution was based on the appearance 

and depth of embossed channels as observed directly with atomic force microscopy. 

The position of the master relative to the embossed Polyceram surface, however, is 

slightly more difficult to determine due to lack of direct experimental evidence such 

as real-time embossing of a channel and the relative position of the master with 

respect to the channel. However, by examining the position of embossed channels in 

relation to the thickness of the film, further insight into the dynamics of embossing 

can be obtained. To this end, edge studies of embossed Polyceram films were 

conducted. Prior to spin-coating, a piece of tape was glued to one edge of the 
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substrate. After spin-coating of the Polyceram solution, the tape was peeled off, 

revealing the bare substrate. Embossing was then conducted at a location on the film 

very close to the boundary between film and substrate. SEM and surface profilometry 

(Dektak) studies revealed that the top of the embossed charmels is more elevated 

than the thickness of the film, while the troughs of the embossed channels are 

positioned lower than the thickness of the film. Fig. 5.68 shows the relation of the 

embossed channels with respect to the film thickness. 
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Fig. 5.68: Profile of embossed channels in relation to film thickness. 
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This observation confirms the law of conservation of mass and indicates that 

the master does not penetrate all the way into the film. Furthermore, it can be 

deduced that the distance penetrated inside the film with respect to the original film 

thickness (distance between 1 and 2) should be equivalent to that portion of the 

height of the channel which is higher than the original film thickness (distance 

between 1 and 3). We also observed earlier that the depths of the embossed charmels 

are always ~ 1/2 the depths of the master channels (Table 5.47). Based on these 

facts, we can propose that there should always be a considerable distance between 

the top of the embossed channel and the top of the master charmel, as schematically 

shown in Fig. 5.69. The depth of the embossed channel increases with increasing 

depth of master channel, but more importantly, in all three cases, the depth of the 

embossed channel amounts to half the depth of the master channel. This model also 

indicates that the equality between the upward and downward pressure is reached 

when solution is displaced a distance equivalent to 1/2 the depth of the master. At 

this point, the downward pressing master and the upward pressing embossed channel 

have reached a stable pressure point which does not permit further solution 

displacement. From a different perspective, it can also be argued that ~ 1/2 the 

depth of the channel master is never filled with solution, hinting to the possible 

presence of entrapped air which forbids the master from further travel inside the 
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film. This possibility will be discussed in more detail in the next section (Effect of 

Embossing Pressure). 

Fig. 5.69; Relative position of master with respect to embossed channel as a function 
of master depth. 
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523 Effect of Embossing Pressure 

To study in detail the effect of pressure on the evolution of channels, 

embossing experiments were conducted with DLC-coated ion milled masters of 50 

fim period and ~ 4000 A depth channels. Fig. 5.70 exhibits the depth of channels as 

a function of embossing pressure. We observe that the channel depth remains 

constant from pressures of 30 psi to 80 psi. This result indicates that channel depths 

have a limit and that limit is reached at 30 psi. 
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Fig. 5.70: Air-dried and vacuum-dried channel depth versus embossing pressure of 
Polycerams embossed with DLC-coated glass masters. 
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As described earlier, a dip develops in the middle of embossed channels. The 

effect of embossing pressure on these dips is noteworthy. Fig. 5.71 shows the depth 

of the dips of the above channels as a function of pressure. The dips are deeper at 

low pressures and gradually decrease in depth as the embossing pressure increases. 
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Fig. 5.71: Air-dried and vacuum-dried depth of channel dip versus embossing 
pressure of Polycerams embossed with DLC-coated glass masters. 
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The effect of pressure on the channel depths and size of channel dips as 

described above is best summarized in Fig. 5.72. At 30 psi, the channel depth is ~ 

2600 A and the dip is ~ 375 A (shown in a). At 50 psi, the channel depth remains 

constant while the channel dip is decreased to ~ 250 A (shown in b). Finally, at a 

pressure of 80 psi, the size of the dip is decreased to ~ 150 A while the channel 

depth still remains constant (shown in c). It can therefore be deduced that as the 

embossing pressure is increased and as the master is pressed further down into the 

Polyceram film, solution is displaced to the middle of the channels. As a result, 

displaced solution only fills up the dips, but does not affect the channel depths. 

(a) 30 psi (b) 50 psi 

Fig. 5.72: Giannel appearance with increasing pressure. 

(c) 80 psi 
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A comparison was drawn between air-dried and vacuum-dried embossed films 

to determine the effect of the drying medium on the appearance of channels. 

Embossed samples were first dried ia air for 3 days, after which the depth of the 

channels was determined, followed by a second drying under vacuum for an 

additional 3 days, and another channel depth analysis. Figs. 5.70 and 5.71 also 

compare the depths and dips of channels dried in air with those dried under vacuum. 

While the widths of the channels remain intact, the depths and the dips of the 

channels shrink down by ~ 15 - 20% when dried under vacuum. Since film 

densification occurs only in the direction perpendicular to the interface between film 

and substrate [251], it is not surprising that the widths of the channels did not change 

after vaccum drying. Vaccum drying, however, eliminates all free volume, voids and 

pores, and further enhances film condensation as well as structural relaxation. As a 

result, the level of film densification increases, resulting in the reduction of channel 

depths. 

It is interesting to note that, here too, the depths of the embossed channels 

never reach the charmel depths of the master. More precisely, regardless of the 

embossing pressure over the range 30 - 80 psi, the depths of the embossed channels 

are always about half the depths of the master chaimels. At first, it appeared that 

entrapped air between the master and the film surface may have been the cause of 

the short channel depths. In other words, as the master is gradually pressed inside 
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the film, the empty space between channels becomes filled with solution as well as 

entrapped air, hence prohibiting the master from further travel inside the solution. 

The patterning of Polycerams via embossing is similar to the compression 

molding of polymers in many ways [252,253], with the difference that in embossing, 

the master is pressed firmly onto the gel film, while in compression molding, the 

mold is filled with polymer. In molding processes, however, an orifice on the mold 

is left open for the escape of air to prevent the formation of any flaws in the molded 

shapes as a result of entrapped air. 

To check the validity of the entrapped air hypothesis, an experiment was 

conducted where the stamper projected beyond the sample. The length of the 

chaimels of the master was 1 cm while the length of the sample was 0.5 cm. In this 

configuration, the ends of the embossed channels were open to allow the escape of 

air. Embossing experiments were conducted at a pressure of 80 psi for time durations 

of 3, 5, 10 and 20 mins. We observed that leaving the channel sides open to air did 

not increase the embossed depths; the embossed channel depths still remained half 

the depths of those of the master. Furthermore, the open channels revealed the same 

dips and bumps as observed previously for closed channels. 

According to the Hagen-Poiseuille law [254] of transport phenomena, the 

volume flow rate Q through a tube can be expressed as: 

Q = Ji (AP) R" / 8ML (5-19) 
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where (AP) = Pq - Pl with Pq being the pressure inside the tube and Pl being the 

pressure outside the tube, R is the radius of the tube, n is the viscosity and L is the 

length of the tube. This flow law can be applied to our channel where A P is the 

difference between the pressure of the embossing apparatus (i.e. 80 psi) and the 

ambient pressure (1 atm = 14,7 psi), L is the length of the channel (0.5 cm), and R 

is the distance under the bridge of the master which is not filled with solution. By 

collecting all constant terms in one constant term C, we obtain the following 

simplified relation between (AP) and R"*: 

(AP) R'^ = C (5-20) 

Here, we wish to minimize R, as R is the distance between the top of the embossed 

channel and the bridge of the master, assumed to be filled with air. However, since 

R is quadrupled, any small decrease in R requires a much larger pressure drop. For 

example, by going from R = 2 to R = 1, (AP) has to increase by a factor of 16, 

which means that the embossing pressure has to increase by a factor of 16. Hence, 

to obtain a very small R, an extremely large pressure drop is required, which is 

impossible given that 90 psi is the upper pressure limit of the embossing equipment. 

Another possible approach to checking the entrapped air hypothesis would 

involve drilling holes at small intervals in the channels of the masters to provide 

openings for air suction. By providing holes in the middle of the channels, entrapped 

air would not need to travel the whole length of the channel to escape, but would 
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rather travel the smaller distance and hence flow out of the holes. Yet another 

possibility would involve conducting the embossing processes under vacuum. It should 

be noted, however, that one of the objectives of the embossing study is to propose 

a patterning technique suitable for industrial practice. To this end, drilling holes or 

conducting experiments under vacuum are not practical for mass volume production 

because they add another processing step to the overall surface patterning, and can 

be quite expensive and laborious. 

Hence, in order to obtain deeper embossed channels, other alternatives 

should be investigated. As discussed in section 5.2.1, one possibility would be to 

emboss with deeper masters. In the next section, we will investigate a second 

possibility which involves the reduction of the viscosity of the solution. 

5^.4 EfTect of Solution Dilution 

In order to design any optical component, especially channel waveguides, it 

is necessary to be able to control the depths of the channels and to minimize the 

residual thickness of the film remaining under the troughs. Since increasing the 

stamping pressure did not affect the depth of the channels over the range 

investigated, experiments were conducted with the level of dilution of the Polyceram 

solution. Dilution studies were carried out by increasing the amount of solvent 

(ethanol) in solution. 
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Fig. 5.73 shows the viscosity of the solution as a function of percentage 

ethanol added. The original Polyceram formula is taken as a composition with 100% 

ethanol, and all other solution compositions are calculated using this baseline. For 

example, the original MPE0U-Si02-Ti02 (Si02:Ti02 = 1:2) with a solid content of 

21.68% in 55.81 g of EtOH corresponds to a solution with 100% EtOH. All other 

compositions are calculated with respect to this original EtOH composition (i.e. a 

200% EtOH solution corresponds to a composition with twice as much as or 111.62 

g of EtOH). 
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Fig. 5.73: Viscosity (centipoise) of embossing Polyceram solution versus ethanol 
content. 
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We observe that the viscosity decreases with increasing solvent. At 600 % 

ethanol, the viscosity of the Polyceram solution approaches that of water. Fig. 5.74 

shows that the thickness of the films spin-coated under the same conditions decreases 

with increasing alcohol content This finding is expected since as the solution 

becomes more dilute, the solid content decreases. Again, vacuum drying results in a 

shrinkage of ~ 15-20 %. 
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Fig. 5.74; Spin-coated film thickness versus alcohol content. 
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The physics of spin-coated films has been studied in detail for quite some time 

[255-260]. The process of spin-coating is divided in four stages: deposition, spin-up, 

spin-off, and evaporation. The second may overlap the first but the first three stages 

are sequential, and the fourth proceeds throughout the process. An excess of liquid 

is dispensed on the surface during the deposition stage. In the spin-up stage, the 

liquid flows radially outward, driven by centrifugal force. In the spin-off stage, excess 

liquid flows to the perimeter and leaves as droplets. Finally, in the fourth stage, 

evaporation takes over as the primary mechanism of thinning. 

The most significant stage in determining the thickness of the film is the spin

off stage. As the film thins, flow of the remaining liquid slows. One reason is that as 

the film thins, the relative resistance to flow increases. The other reason is that as 

the film thins, the effect of evaporation in raising viscosity by concentrating the 

nonvolatile constituents increases. Indeed, spin-off must slow to the extent that 

evaporation takes over as the chief mechanism of thinning. Evaporation generally 

continues after spin-off has been totally halted by solidification brought about by the 

concentrating of nonvolatile solutes and particles. 

Here, we observe that with increasing viscosity, the Polyceram film thickness 

decreases, but more importantly, the change in film thickness is much higher than the 

change in viscosity. This is due to the fact that a small decrease in viscosity causes 

a big change in the spin-off stage of the spin-coating process. In other words, during 
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the spin-off stage, since the solution has a lower viscosity, hence less resistance to 

flow, a higher amount of excess liquid flows to the perimeter. As a result, the film 

thins down more. At the same time, since the film is thinner, the rate of evaporation 

becomes higher, which also enhances thickness reduction. Therefore, the film thins 

down even more. It is hence easy to visualize how a small decrease in solution 

viscosity can result in a large reduction in film thickness. 

Finally, it should be noted that the viscosity of the Polyceram solutions was 

measured within 24 hours after synthesis, and solutions were spin-coated shortly 

thereafter. By keeping the time elapsed between the synthesis, viscosity measurement 

and spin-coating as short as possible, any increase in viscosity due to further solution 

condensation was avoided. Furthermore, in most of the solutions, the amount of 

alcohol was so high that the actual gelation of the solution did not become apparent 

imtil approximately 6 months after synthesis. 

Embossing on the films was carried out using a DLC-ion milled master 

composed of 50 /xni period channels at a pressure of 80 psi for a duration of 3 min. 

As the solution became more dilute, it was necessary to conduct pre-embossing heat 

treatments. Starting with the 250 % ethanol composition, pre-embossing heat-

treatments of 1,3 and 5 min. at a temperature of 36 °C were implemented. Fig. 5.75 

shows that the channel depth of the 250% diluted solution decreases as a function 

of pre-embossing time. In all diluted solutions (250% to 600%), 1 min pre-embossing 
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time resulted in the tallest and most uniform channels. Finally, shorter pre-erabossing 

times (i.e. 30 sec) did not permit uniform replication of the channels. 
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Fig. 5.75; Qiannel depth of the 250% diluted solution versus pre-embossing time at 
T = 36 "C. 
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We know that spin-coating causes dilute, non-interacting polymeric species 

that make up the coating bath to become concentrated on the substrate surface by 

gravitational draining, vigorous evaporation and further condensation reactions. The 

solution concentration increases tremendously forcing the initially dilute precursors 

into close proximity. Correspondingly, the viscosity progressively increases due both 

to the increasing concentration and further condensation reactions promoted by the 

increasing concentration. 

The packing efficiency depends on the extent of branching or aggregation and 

on the condensation rate. Here, the packing efficiency in the diluted Polyceram 

solutions was very low, and, as a result of high relaxation, the films could not be 

embossed. Therefore, pre-embossing heat treatments were conducted to hasten the 

drying and consolidation of the film. In general, the most obvious physical change 

that occurs when an amorphous gel is heated above room temperature is shrinkage. 

The shrinkage curve is usually divided into three temperature regions defined by the 

accompanying weight loss [34]. In region I (low temperature), weight loss occurs with 

little shrinkage. In region 11 (higher temperature), both shrinkage and weight loss are 

substantial. In region HI, which commences in the vicinity of Tg, shrinkage occurs 

with little weight loss. Here, we are only interested in regions I and 11. The weight 

loss in region I corresponds primarily to desorption of physically adsorbed water and 

organics (i.e. solvent). Concurrent weight loss and shrinkage in region n are 
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attributed to removal of organics, polymerization and structural relaxation. Here, by 

heating the spin-coated Polyceram films for 1 min at T = 36 °C, some concentration 

of organics was removed, and, as a result of closer proximity, the rate of 

polymerization of the species was enhanced. This advanced level of film condensation 

resulted in a higher viscosity, and hence permitted surface embossing. Longer pre-

embossing heating times consolidated the solution further such that the master was 

prohibited from penetrating deeper into the film. Shorter embossing times (30 sees), 

on the other hand, did not permit uniform replication of the channels due to the 

existence of extraneous ethanol and hence low viscosity. 

Fig. 5.76 shows the channel depths, and Fig. 5.77 reports the film thicknesses 

remaining under the troughs for all diluted solutions. Starting with the 250% diluted 

solution, the reported values correspond to the 1 min pre-embossing heat-treated (T 

= 36 "C) channels. Since fihn thickness decreases with increasing dilution, the depth 

of charmels as well as the thickness of Polyceram film remaining under the channels 

also decrease monotonically with increasing solution dilution. 
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Fig. 5.76: Channel depth versus alcohol content. 
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Fig. 5.77: Thickness of film remaining under channels versus alcohol content. 
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Even in the most diluted case, a certain film thickness remains under the 

troughs. Hence, for applications such as channel waveguides or beam splitters where 

the thickness of fihn remaining under the troughs should be minimal to prevent any 

power loss, it becomes mandatory to control the index of refraction of the film. 

However, since all parameters are inter-related (e.g. index of refraction depends on 

solid content, which, in turn, affects the thickness), obtaining a balancing medium 

between the thickness and index of refraction is not at all trivial. Spin-coating at 

faster speeds results in thinner films, but causes pronounced striations on the surface 

of the film; embossing on striated surfaces results in extremely non-uniform channels. 

Although dip-coating was not studied in the current investigation, it may be a 

solution to obtaining thin films. However, the edge effects of dip-coated films may 

present a problem; in order to obtain very thin films, the speed of the dip-coater 

should be very slow, and the level of non-unformity at the edges of dip-coated 

samples increases with decreasing dip-coating speed. 

To gain a more throrough understanding of the effect of alcohol content on 

the depths of channels, it is essential to account for the thickness of the films. In 

other words, the channel depths should be normalized with respect to the thicknesses 

of the corresponding films. Fig. 5.78 shows the normalized channel depths as a 

function of solution dilution, where 

normalized channel depth = (channel depth/film thickness) x 100 (5-21) 
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We observe that the normalized depth increases with increasing alcohol content in 

both air-dried and vacuum-dried channels. As the amount of alcohol increases, the 

viscosity of the solution decreases. Therefore, it becomes easier to displace solution 

during stamping because solution flows with less resistance, and the master is able 

to penetrate further down into the film, thus resulting in deeper channels. The 

change in the normalized channel depths in the 100-250% ethanol range is greatest 

because the viscosity change in this regime is highest (see Fig. 5.73). Furthermore, 

the channel depth does not change appreciably after 350% ethanol content. It 

appears that after the 350% ethanol point, the concentration of solid content in the 

deposited film decreases parabolically, hence preventing any appreciable reduction 

in film thickness as well as any increase in channel depth. 
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More interestingly, the channel depth never exceeds 60% of the film thickness. 

In other words, even in the most diluted case, 40% of the film thickness remains as 

residual thickness under the trough of the embossed chaimel and cannot be 

eliminated. This finding indicates that two-dimensional channel waveguides with zero 

residual film layer between the embossed channel and substrate are unlikely to be 

obtained by solution dilution. 

5^.5 Master Lifetime 

For the embossing technique to be commercially applicable especially during 

high levels of production, masters need to be used more than once. Therefore, it is 

essential for the masters to have a long life expectancy and minimal sticking 

problems with the film during replication. 

Embossing experiments were conducted on the regular MPE0U-Si02-Ti02 

(1:2) Polyceram solution (100% ethanol) where one single master coated with 

photoresist and another one coated with DLC were each used for 15 stampings. The 

number 15 was selected because changes in masters and embossed Polyceram films 

became apparent after 15 stampings. Embossing was performed at a pressure of 80 

psi for a duration of 3 min, and both masters had a channel period of 50 ^ni. 

While the DLC-coated master stayed intact, the photoresist master dipped in 

the middle after 15 stampings. Since photoresist is maleable, it is not surprising that 
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the photoresist-coated master deformed imder pressure. It may be deduced that at 

first, the photoresist was elastic enough to regain its original shape after embossing. 

But as the number of stampings increased, the deformation in the photoresist became 

gradually more pronounced until it became noticeable and permanent after the 15th 

stamping. The DLC master stayed intact due to DIX's high hardness. In addition, the 

photoresist master started to stick to the Polyceram fihn at the 10th stamping, while 

the DLC master did not reveal any sticking even after the 15th stamping. 

Another approach to increasing master lifetime is to alter the solution 

chemistry. A fluorinating agent, 2,2,3,3,3 Pentafuoro-l-Propanol with a formula unit 

of CF3CF2CH2-OH, was added to the Polyceram solution in SiOj to CF, mole ratio 

of 1:1. Again, stamping experiments were conducted 15 times each with a DLC-

coated master and a photoresist master. The DLC master stayed intact as expected, 

while the photoresist master deformed noticeably after 15 stampings. The 

deformation of the photoresist master in this case appeared more like a ripping of 

the photoresist from its glass substrate, hence indicating a possible dissolution of the 

photoresist (propylene glycol monomethyl ether acetate) in the fluorinated Polyceram 

solution. The DLC-master did not reveal any sticking to the fluorinated Polyceram 

film even after 15 stampings. 

Overall, it can be concluded that the best master composition for high-volume 

stampings -at least of those investigated- is the DLC-coated one which exhibits the 
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longest lifetime and no sticking problems. Another possibility not investigated in the 

current study is to fluorinate the photoresist masters, and conduct master lifetime 

comparisons between DLC-coated glass masters and fluorinated photoresist masters. 

However, it should be noted that fluorinating the master does not decrease the 

number of processing steps. 

5^.6 Polyceram Masters 

In addition to increased master lifetime and minimal sticking problems, it is 

also possible to decrease the number of processing steps in fabricating stamped 

channels for the purposes of efficient high volume production. One step toward such 

an objective is to develop 'daughters' from the original 'mother' master. Such 

fabrication process leads to the capability of producing more end-products from one 

original master as well as reducing processing costs. 

A DLC-coated master of 50 fim period channels was first stamped onto a 

Polyceram film to obtain embossed Polyceram channels. After thorough vacuum 

drying, the embossed Polyceram film itself was used as a master for embossing other 

Polyceram films; hence a 'daughter'-master. The daughter-master was used for 15 

stampings of Polyceram films. All 15 stampings were successfully completed with no 

master-film sticking problems. Since the daughter-master had dips in the middle of 

the channels, the dips were replicated in all the other 15 stamped films. Furthermore, 
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besides the original mid-channel dips, the daughter-master did not reveal any other 

flaws after 15 stampings; it kept its original pattern. Although it is not surprising that 

the daughter-master did not suffer mechanical damage due to the higher hardness 

of cured Polyceram as compared to photoresist (Polyceram masters were cured under 

vacuum at T = 125 °C for three days), it is surprising that the daughter-master did 

not exhibit traces of dissolution or adhesion as a result of coming into contact with 

ethanol from the Polyceram film. It is possible that 15 stampings were not sufficient 

to reveal any dissolution or eroding of the daughter-master, and that additional 

repeated embossing may reveal such damage. 

Although Polyceram masters contain dips in the middle of the channels, the 

fabrication of Polyceram masters (daughters) from one original DLC-coated master 

(mother) minimizes the steps in the processing of embossed Polycerams and reduces 

the cost of coating the masters with a layer of DLC material. Hence, provided that 

Polyceram masters have the desired pattern, embossing with Polyeram masters is 

quite practical for high volume productions. 

5.2.7 The Grating Coupler 

To study the device performance of the gratings, a grating coupler was 

fabricated on a MPE0U-Si02-Ti02 (1:2) Polyceram thin film. The grating coupler 

was composed of channels with a 5 fxm period and was embossed onto the film for 
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3 minutes at a pressure of 80 psi. As discussed earlier, a grating coupler functions 

similar to a prism coupler. If the angle of incidence of the laser beam is correct, the 

z-component of the first diffraction order of the grating will equal the z-component 

of the propagation vector of the guided mode. If this is the case, power will be 

transferred to the guided beam, much as in the prism coupler. 

Loss measurements of the Polyceram film were conducted using the grating 

coupler, and were compared to losses of the same film obtained using the regular 

prism coupling technique. Table 5.48 compares the two losses. 

Composition Grating Coupler 
(dB/cm ± S.D.) 

Prism Coupler 
(dB/cm ± S.D.) 

MFEOU-SiOj-TiOz 
(1:2) 

0.43 ± 0.07 0.39 ± 0.05 

Table 5.48: Comparison between the optical loss of a Polyceram film obtained using 
the grating coupler and the prism coupler. 

The two losses reported in Table 5.49 are each the average of three separate 

measurements. Although very close in value, the loss obtained using the grating 

coupler is slightly higher than that obtained using the prism coupler. It can be argued 

that the higher loss of the grating coupler may be due to the non-uniformity of the 

embossed channels which decreases the coupling efficiency of the mode. Based on 
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the above resiilts, it can be deduced that within ± 10% error, embossed channels can 

function successfully as a grating coupler. Grating couplers facilitate the performance 

of an optical waveguide by eliminating the need for prisms and complicated prism 

coupling setups. 
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6. CONCLUSIONS 

An intriguing novel class of materials, termed Polycerams, was described in 

detail for applications in integrated optics. Polycerams, also known as Ormosils or 

Ceramers, represent a novel class of materials that results from the combination of 

organic and inorganic moeities at the molecular level. Polycerams are synthesized at 

low (i.e ambient) temperatures by wet-chemical techniques, and the resulting 

products can be produced with exceptional purity and homogeneity. The chemistry 

of Polycerams typically involves chemical reactions (hydrolysis/condensation) 

between metal alkoxides and functionalized polymers. The structure of the 

Polycerams may be varied, depending on the nature of the constituents and 

processing parameters. In some preformed systems, organic polymers can be bonded 

to inorganic groups at only one site. Other Polycerams are composed of two 

interpenetrating networks that are connected. Alternatively, the materials can be 

synthesized such that the organic and inorganic species are mutually connected to 

form a single interpenetrating network. 

The last type of synthesis was illustrated in this dissertation. The superior 

optical properties of Polyceram thin films obtained in this study are a result of a high 

degree of network homogeneity. Although the synthesis conditions (chemistry of 

precursors, solvent, catalyst, etc.) are of extreme importance, careful processing steps 
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such as spin-coating in a clean room environment and post-deposition curing 

conditions are equally valuable in obtaining the final exceptional optical properties. 

The organic components included a siloxy-functionalized polyurethane [(n-

trietho:Q'silyIpropyl) O-polyethylene oxide urethane (MPEOU)] and a silanol-

terminated polydimethylsiloxane (PDMS). The metal alkoxides included Ti, Zn, Pb, 

Ta and Ge alkoxides, each incorporated together with the alkoxide of Si (TEOS). 

Emphasis was placed on MPEOU-SiOj-TiOz and PDMS-Si02-Ti02 compositions due 

to the ease of tailoring of these systems to obtain a wide range of optical properties. 

According to the Lorentz-Lorenz film densification modeling, the level of 

network condensation is well advanced in all Polyceram compostions, and only a 

small amount of residual hydro:;^'! and organic groups persists in the films. The index 

of refraction of the films increases with increasing inorganic content. Furthermore, 

higher inorganic contents result in the shifting of the UV absorption edge to longer 

UV wavelengths, hence higher dispersion values (An) and lower Abbe numbers (vj). 

Partial hydrolysis (2 moles HjO) of solutions is shown to yield exceptionally 

smooth films, whereas full hydrolysis (4 moles HjO) increases the surface roughness. 

AFM studies show that the addition of a chelate to partially and fiilly hydrolyzed 

films decreases the surface roughness. 

Loss data taken for different modes indicate that the scattering in MPEOU-

Si02-Ti02 is mainly due to volume inhomogeneities, while in PDMS-Si02-Ti02, it is 
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attributed to surface roughness. Therefore, the incorporation of cladding layers in 

MPE0U-Si02-Ti02 waveguides does not affect the loss, while it results in lower 

losses in PDMS-Si02-Ti02 waveguides. Overall, all Polyceram compositions exhibit 

optical losses below 1 dB/cm, with a loss of <0.15 dB/cm bemg the lowest value 

obtained in the above compositions. 

The Mie scattering model dictates that, assuming the inorganic component 

(i.e. Si02-Ti02) is embedded in the organic matrix (i.e. MPEOU) as spherical 

particles, the loss of the waveguide should increase parabolically with increasing 

index of refraction of the inorganic component. However, the experimentally 

obtained losses do not show any dependence on the inorganic content. Consequently, 

it is concluded that the inorganic component is not added as embedded spherical 

particles, but rather it has homogeneously bonded with the organic host, resulting in 

a single Polyceram network. 

Measurements of the index of refraction and thickness of waveguides at 

elevated temperatures indicate that the composition of the waveguides can be easily 

altered to yield compositions with low dw/dT values. Furthermore, loss values remain 

insensitive to temperature up to more than 100 °C. More importantly, these 

waveguides can withstand a temperature of 100 °C for a minimum of 72 hours with 

no changes in index of refraction and loss. 
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One unfortunate property of the Polycerams is the degradation of the optical 

quality with the aging of the film. The rayleigh scattering of the Polyceram film is lost 

after only 1 month of aging. It is hypothesized that the reduction of Ti^"* may be the 

source of absorption. 

In addition to having low optical attenuation, it is important for the waveguide 

to be connected to other optical components. Surface corrugation gratings can serve 

as interconnects between different components of planar integrated optic circuits. 

Because of the extensive relaxation demonstrated by these materials, it seemed a 

priori unlikely that waveguide gratings could be embossed successfully in these 

materials. 

The patterning of Polycerams was conducted with an embossing technique, 

where a surface-relief master grating was pressed onto the film. Surprisingly, it is 

found that Polyceram films can be embossed easily to produce gratings with varying 

peak-to-trough depths. The patterning of Polycerams was extended to Y beam 

splitters, binary optics lenses and channels of various depths with more attention 

directed to the latter case. 

The depth of the embossed chaimel is always approximately half the depth of 

the master, and shows a dip in the middle of the channel which is hypothesized to 

illustrate the direction of solution flow as well as the presence of entrapped air. The 

channel depth does not exhibit any dependence on the embossing pressure, whereas 
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the channel dip decreases with increasing pressure. The channel depth increases with 

increasing solution dilution, at which point, pre-embossing heat-treatments become 

mandatory. Even in the most diluted Polyceram composition, 40% of the film 

thickness remains under the trough of the embossed channel. Diamond-Like-Carbon 

coated masters exhibit the longest master lifetime due to their mechanical hardness 

and chemical inertness. Furthermore, Polycerams themselves, can act as masters, 

hence reducing the number of processing steps. Finally, embossed channels can act 

effectively as a grating coupler to couple the input beam inside the film. 

From results such as those presented above, Polycerams appear highly 

attractive for use in passive waveguiding applications. The underlying property which 

enables the achievement of such remarkable waveguides is the high chemical 

homogeneity of the networks. The ease of fabrication of Polycerams, either as thin 

films or thick bulk materials, with tailored optical properties using a wide range of 

inroganic/organic chemistry opens a new vista of opportunity and application of these 

hybrid multi-functional materials. 
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7. FUTURE DIRECTIONS 

The optical properties of MPE0U-Si02-Ti02 and PDMS-SiOj-TiOj 

Polycerams were studied in detail in the present dissertation. Detailed optical 

characterization of other Polyceram systems (i.e. MPEOU-SiOj-PbO, MPEOU-SiOj-

Ta205, etc.) as a function of chemistry and processing will provide further insight in 

the behavioral trends of each Polyceram system. It is hence possible to extend the 

optical boundaries of present glasses and plastics by introducing a myriad of 

Polycerams for various optical applications. 

The most important issue to be addressed, however, lies in the aging of the 

films. As observed earlier, the optical quality of MPEOU-SiOj-TiOj Polyceram 

waveguides degrades rapidly in time. Similar aging studies need to be conducted on 

other Polyceram systems to determine the exact source of this optical decay. 

Measures can then be taken to prolonge the optical durability of the waveguides such 

as the incorporation of AljOj which has proved to slow down the aging process in 

Si02-Ti02 waveguides [143]. 

The ability to emboss onto Polyceram films has introduced many new 

opportunities, however, this study is far from completion. For the embossing 

technique to become practical, the elimination of the dip in the middle of channels 

is crucial. To this end, embossing studies should be directed toward providing a 

pathway for the escape of entrapped air (i.e. drilled holes in the channels). 
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Preliminaiy experiments on 2-dimensional channel waveguides indicate that 

low-loss chaimel waveguides may be obtained using the embossing technique. Since 

it is impossible to eliminate the residual film under the troughs, the embossed 

channel waveguides are in the form of rib waveguides. The design of rib waveguides 

is particularly challenging, since the residual film beneath the trough needs to be thin 

enough such that the total summation of the depth of the channel plus the residual 

film add up to the exact thickness required to support the desired mode. If the total 

thickness is too low, the supported mode will easily lose power to the surroundings. 

Furthermore, the index of refraction of the waveguide needs to be accurate. Since 

film thickness and index of refraction are co-dependent, and the current embossing 

technique does not provide much freedom in varying one variable without affecting 

the other, certain limitations are met in fabricating low-loss rib waveguides via 

embossing. Hence, it becomes essential to use intermediary buffer layers between the 

substrate and the embossed film to confine the desired modes. The above study will 

determine whether the embossing technique can be successfully implemented to 

produce low-loss Polyceram channel waveguides. 

Finally, other optical properties of sol-gel derived Polyceram films need to be 

determined. Polycerams offer potential as hosts for active materials such as lasing 

elements or dyes, non-linear materials, quantum-dots, etc. It is obvious that each area 

of study will present endless research and application possibilities. 
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