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ABSTRACT 

In this thesis, the microscopic and macroscopic mechanisms for 

photosensitive grating formation in germania-doped silica optical waveguides 

are investigated. The wavelength dependent response of grating growth is 

examined in doped-core optical fibers and correlated to defect generation in the 

material. In addition photosensitive grating studies carried out in a series of 

compositionally pure germanosilicate sol-gel thin-film waveguides are evaluated. 

The effects of both sample composition and controlled atmosphere heat 

treatments on the photosensitivity, UVabsorption and fluorescence of the films 

are analyzed. Finally, ultraviolet bleaching experiments are conducted on the 

films and the observation of band growth and bleaching is evaluated in light of 

existing models for photosensitive effects in these materials. Based upon the 

experimental results, a microscopic model is proposed to explain 

photosensitivity and photosensitive Bragg grating formation in the germania

silica system. 
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CHAPTER I 

INTRODUCTION AND STATEMENT OF PROBLEM 

In the 1970's, the development of high-quality, low-loss optical fibers 

made possible, for the first time, studies involving non-linear interactions 

between fields guided over long distances in a fiber core. Since then, many 

theoretically proposed processes such as stimulated Raman and Brillouin 

scattering, self-phase modulation and soliton propagation have been observed. 

In addition, however, experimental studies have brought to light unexpected 

effects in these fibers as well. 

The discovery by Osterberg and Margulis [Osterberg, 1986] that a 

germania-doped-silica fiber (so doped to produce a desired index of refraction 

ratio between the fiber core and clad) pumped at 1.06 pm for several hours 

would produce fairly efficient second harmonic radiation (SHG) at 0.53 pm was 

surprising considering that such second order effects are prohibited in 

centrosymmetric media. Models explaining these observations must address 

both the breakage of symmetry in the fiber core and phase matching constraints 

for the production of efficient SHG, and much work has been done to try to 

address these issues. A similarly startling discovery was the observation by Hill 

and co-workers [Hill, 1978] that exposure of a germano-silicate fiber to counter-
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propagating beams of coherent blue-green radiation could turn the fiber from 

being totally transmissive to highly reflective at the wavelength of exposure. 

The results of the latter experiment seemed to indicate that a refractive index 

grating had been photoinduced in the fiber core, thus turning the fiber into a 

narrow-band reflection filter. While the sources of the SHG in the first example 

and the refractive index change in the second are still heavily debated, most 

models agree upon the importance of the presence of defect centers in the fiber 

core. Both these effects have spurred a great deal of research due to their 

implications with regard to signal decay in optical fiber telecommunications, as 

well as broad device possibilities. 

While both of the above observations are interesting, the purpose of the 

research reported in this dissertation was to study photosensitive processes in 

germania-silica waveguides. Although a large quantity of work has been done 

in the area of photosensitivity by other groups, little direct evidence has been 

given to date for the specific materials related processes involved. The present 

study, therefore, attempts to elucidate the underlying mechanisms of 

photosensitivity by conducting, for the first time, a systematic study ofthe effects 

of both optical excitation and materials composition in photosensitive glasses. 

Toward that end, a variety of experiments were conducted in both fiber and 

planar waveguide geometries. Both optical and materials related studies were 
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conducted in order to understand the role of defects in these processes. 

Although some recent researchers have demonstrated photosensitive grating 

effects in alternate materials such as Eu3
+ -doped silicates and phosphates 

[Durville, 1986], germanosilicates co-doped with both alumina and Erbium 

[Meltz, 1991], Ti02-doped silica [Hibino, 1991], Ce3
+ -doped silica [Broer, 1991, 

Dong, 1991], and x ray treated silicate glass [Williams, G. M., 1992], work has 

primarily focused on germania-doped-silica. Hence, while it is increasingly clear 

that photosensitivity in these diverse materials also relies strongly on preexisting 

or induced defect states, the purpose of the work contained in this dissertation 

is to investigate photosensitive processes occurring in the germania-silica 

system only. 

There exist a variety of spectroscopic techniques which may be utilized 

to identify and characterize defect structures in glass. Among these techniques 

are optical absorption, Raman and fluorescence spectropies at ultra-violet, 

visible and infra-red wavelengths, nuclear magnetic resonance (NMR), and 

electron paramagnetic resonance (EPR). With the exception of NMR, all of the 

spectroscopies listed above were employed in the present body of work in an 

attempt to identify the source of the observed photosensitivity in 

germanosilicates described previously. For this reason, following this brief 

introduction, chapter 2 will include not only a review of work done in 
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photosensitivity in the last two decades, but it will also include sections on 

absorption, luminsecence, and spin-resonance of defects pertinent to the work 

reported in this dissertation. 

Chapter 3 will present an introduction to the theoretical considerations of 

fiber and planar waveguiding. Following this will be a discussion of coupled

mode analysis for counter-propagating waves and a review of the general theory 

of distributed feedback Bragg reflectors with respect to proposed photosensitive 

grating formation processes. Next a review of several theoretical models for 

photosensitivity will be presented and experimental evidence in support or 

contrast to the models will be discussed. Finally, a brief examination of some 

experimental techniques which are utilized to resolve remaining questions about 

the causes and effects of photosensitivity will be reviewed. 

In chapter 4, the technique for writing photosensitive gratings in a 

germania-doped silica core optical fiber by exposure to visible radiation, in the 

same manner as the Hill experiment [Hill, 1978], will be reviewed. In addition, 

research addressing the wavelength dependence of photosensitive grating 

growth in the single-mode fiber will be presented. Furthermore, the results of 

electron spin resonance spectroscopy, used to identify paramagnetic defects 

present in these materials, will be examined. Finally, a correlation between the 
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wavelength-dependent photosensitive response and defect generation in the 

samples will be identified and discussed with respect to the local bleaching 

model of photosensitivity. 

A systematic study of the effects of germania concentration and UV 

absorption on sample photosenstivity will be presented in chapter 5. Here, the 

results of a variety of experiments carried out in germanosilicate sol-gel planar 

waveguides will be discussed. The chapter will begin with a brief introduction 

to wet-chemical processing and sol-gel thin films. Following this, sample 

fabrication and post-fabrication, atmospheric-exposure techniques, as well as 

measurement of linear optical properties, such as index, thickness, scattering 

loss, and absorption loss, in the films will be addressed. In addition, the results 

of Raman spectroscopy studies, which help to identify the bonding geometry of 

germanium and silicon in the films, and of photoluminescence (PL) 

measurements, used to probe optically active defect states, will be revealed. 

Photosensitive grating experiments carried out in the films will be described and 

grating growth will be inspected both as a function of germania concentration 

in the films and as a function of post-fabrication, thermal exposure, which is 

observed to influence UV absorption band strengths. Finally, the procedures, 

the method of data anaiysis, and results of a series of UV bleaching 

experiments done on a set of hydrogen-treated samples will be discussed and 
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conclusions will be drawn based upon all of the data and analysis presented in 

the chapter. 

Finally, chapter 6 will draw together the results of all of the experiments 

described in the dissertation and will summarize the major conclusions of the 

research. A microscopic model for photosensitivity in germanosilicate materials 

will be presented based upon these conclusions. Lastly, directions for future 

research in the field will be addressed and some still unanswered questions will 

be discussed. 
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As stated in the introduction, photosensitive grating effects in fibers were 

first observed by Hill in 1978. In those experiments, exposure of the germania

doped core material of a low-mode-number silica fiber to intense 

contradirectionally propagating beams from an Ar-ion laser was proposed to 

result in the development of an induced periodic index change in the material. 

Experimentally, it was observed that the transmitted light intensity of the guided 

radiation through the fiber decreased with prolonged exposure while the 

reflected intensity increased. It was proposed that the standing wave pattern 

produced by the interference between the counter-propagating beams resulted 

in the formation of the periodic perturbation in the fiber core. This perturbation 

comprised the distributed feed-back reflection filter. Filters with efficiencies of 

up to 50% reflection and bandwidths of approximatly 200 MHz were produced. 

In additional experiments [Kawasaki, 1978], the researchers were able to write 

multiple gratings in a single fiber and to demonstrate that the gratings could be 

easily tuned by heating the fiber or by stretching it. 
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Bures et al. were able to improve on the efficiencies measured by the Hill 

group, obtaining reflectivities of up to 90% in gratings that were found to be 

permanent over a period of at least a month [Bures, 1980]. In this experiment, 

single-mode fiber was used and it was found that only one beam was necessary 

to induce the grating. The backward traveling wave was presumed to have 

grown from the Fresnel reflected light at the end-face of the fiber. A steady

state coupled mode approach was proposed for modeling the light interaction, 

and an expression was found for the electric field in the fiber core showing a 

90° phase shift between the index grating structure and the standing wave light 

pattern. This led to an interpretation that the effect was photorefractive in 

nature such that the fundamental mechanism was associated with an energy 

gradient rather than with energy itself. 

Other early experiments indicated that photosensitive phenomena in 

these fibers may be linked to two-photon absorption (TPA) processes [Lam, 

1981]. In these experiments, the strength of the induced index perturbation was 

found to increase with the square of the writing power. Because of these 

observations it was proposed that the source of the induced grating was due to 

TPA of the laser radiation into some absorption band of the glass which lay in 

the UV region of the spectrum. Since similar effects could not be observed in 

pure silica-core fibers, the researchers went even further to say that the 
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pertinent UV band was a result of the germania dopant. This supposition was 

further evidenced when researchers [Yin, 1983] demonstrated an ability to write 

photosensitive gratings by guiding counter-propagating beams from an Argon 

ion laser into a thin film waveguide made of pure sputtered Ge02• 

Meltz et al. [Meltz, 1987] further refined the TPA theory by proposing a 

model whereby the dielectric constant is locally bleached by TPA of the laser 

beam into a UV absorption band of the GeO species. This Kramers-Kronig

based model assumes that induced changes in the absorption spectra in the 

ultraviolet portion of the spectrum result in a change in index of refraction in the 

visible. In those experiments, researchers were able to write volume holograms 

in bulk, fused germania samples. These gratings were shown to be excellent 

temperature and strain sensors. 

Quite apart from these experiments, many early studies revealed the 

existence of a strong absorption band in fused germania centered around 245 

nm which was attributed to absorption by a germanium impurity in a reduced 

state [Cohen, 1957, Garino-Canina, 1956]. This work demonstrated that the 

species responsible for the band was the same as that responsible for the 242 

nm band found in samples of fused silica containing trace amounts of Ge 

impurities. In addition, bleaching measurements illustrated the fact that the 
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band could be easily bleached by exposure to ultraviolet radiation [Cohen, 

1958]. Yuen, in studying the UV absorption characteristics of germanium 

silicate fiber preforms, located a similar band, 35 nm in width and centered at 

a wavelength of 242 nm, which was attributed to a GeO molecular defect [Yuen, 

1982]. The presence and importance of the 242 nm absorption in germania

doped silica as well as its bleaching behavior has been strongly debated in 

recent years and will be discussed more fully later in this chapter. However, it 

remains the basis of evidence in support of all models for photosensitivity which 

rely on defect formation and multiphoton absorption. 

The importance of germanium and of germania related defects has been 

studied by several groups. One study, though qualitative and largely 

inconclusive, did indicate that, in general, fibers with higher concentrations of 

germanium in the core were more strongly photosensitive [Stone, 1987]. In 

addition, it was observed experimentally that gratings could not be written in 

photosensitive fibers by exposure to wavelengths longer than 550 nm, 

corresponding to half the energy of the 242 nm absorption band thought to be 

involved in photosensitive processes [Kuo, 1990]. Another group measured the 

visible loss induced in a series of fibers by exposure of the core material to 

blue-green laser radiation, and found that such loss scaled with the germanium 

concentration in the fiber core. In addition, it was observed that the greatest 
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losses resulted from exposure of the fiber core to 480 nm radiation. These 

findings appeared to support the TPA models of Lam and Meltz discussed 

above [Poyntz-Wright, 1988]. The authors further proposed that two-photon 

bleaching of the ultraviolet GeO band must lead to the formation of additional 

color centers. Although they were unable to obtain electron spin resonance 

data in support of their thoery, the authors suggested that three specific 

paramagnetic Ge centers might be involved in photosensitive processes. Later 

work in which it was seen that the rate of increase in the fiber loss, following the 

end of exposure to 488 nm radiation, could be fit by a three term exponential 

was interpreted as evidence for trapping and bleaching processes involving 

these multiple defects [Poyntz-Wright, 1989]. The three defect model was 

further investigated by researchers who used a three term Sellmeier expression 

to predict population densities for the three Ge defects [Hand, 1990]. This 

model proposed that partial bleaching of the 242 nm band led to breakage of 

Ge-Si bonds, a release of charges, and subsequent retrapping at neighboring 

Ge sites to form additional centers in the glass. Finally, the first real evidence 

for the existence of the proposed paramagnetic defects and the importance of 

their role in photosensitive processes was given in 1991 by Simmons et. al. 

[Simmons, 1991]. This work will be discussed in detail in the experimental 

section of this dissertation, however, in essence, the research demonstrated that 

the growth rate of the reflectivity of a photosensitive grating, induced in the core 
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of a germania-doped silica fiber, exhibited a wavelength dependence which 

corresponded well with the 242 nm absorption band in a model of TPA. In 

addition, through use of electron spin resonance spectroscopy, it was seen that 

paramagnetic Ge E' defect center concentrations displayed a similar wavelength 

dependence. The authors proposed a model in which local bleaching of the 242 

nm absorption band via TPA resulted in the ionization of oxygen-deficient, 

substitutional germania defects which resulted in the formation of the Ge E' 

center as well as other trap sites. 

At about the same time, several models for the evolution of 

photosensitive Bragg gratings emerged. Payne developed a model based on 

photorefractive effects involving electron diffusion and the development of a 

space charge field in the fiber core [Payne, 1989]. As in photorefractive 

processes, local index changes were generated through the quadratic Pockel's 

effect. Mizrahi et. al. refined the Kramers-Kronig local bleaching model and 

demonstrated that such a model could lead to sustained growth of a grating 

[Mizrahi, 1991, LaRochelle, 1990a]. Furthermore, the authors demonstrated 

close agreement between expected growth dynamics and experimental 

observations. Several subsequent publications presented detailed studies of 

both the growth dynamics [de Sterke, 1991] and the polarization aspects [An, 

1992] of photosensitive gratings within the framework of this local bleaching 
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model and found good agreement with experiment as well. Although recent 

research has claimed that the amount of UV bleaching observed in germano

silicate fibers accounts for only about 16% of the measured induced index within 

the Kramers-Kronig model [Atkins, 1992b], these experiments were limited to 

wavelengths longer than 200 nm and, therefore, were unable to take into 

account the apparently substantial contribution arising from bands created at 

higher energies. In fact, two newly published studies, which do take into 

account the absorption changes induced at higher energies (215 nm and above) 

by 242 nm band bleaching, show rather close agreement between induced 

index values calculated using Kramers-Kronig theory and those measured in 

photosensitive fiber grating experiments [Williams, 1992, Atkins, 1993]. An 

alternate model for the periodically induced index perturbation, characteristic of 

fiber photosensitivity, was proposed in which changes in local density are 

produced by photoinduced bond breakage causing high-order ring structures to 

collapse or compact [Bernardin, 1990]. Early evidence that the 242 nm band 

in drawn fibers is smaller than expected [Williams, D. L., 1991] seemed to 

support this theory. Despite the fact that recent studies have refuted the 

findings of Williams [Gallagher, 1992, Atkins, 1992a], compaction remains a 

possible mechanism involved in photosensitive processes. A more in depth 

discussion of these models will be presented in Chapter 3. 
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Much of the initial interest in photosensitive fiber gratings arose as a 

result of the narrow-band quality of the filters. The earliest application took 

advantage of this fact, using a photoinduced grating as an output coupler for an 

argon laser [Hill, 1978]. The small bandwidth of the filter forced the laser to 

operate single-mode, and the tunability of the filter allowed some tunability of 

the laser cavity. 

Early theoretical and experimental studies demonstrated the effectiveness 

of these fibers for numerous pulse shaping applications including pulse 

compression [Winful, 1985], dispersion compensation [Lam, 1982, Ouellette, 

1987, Ouellette, 1991 a], and dispersion tailoring [Kuo, 1988]. In these 

experiments, the wavelength dispersion of the optical fiber filter was used to 

counteract the inherent material dispersion of the fiber. The advantage of 

devices such as these lies in the fact that the filters are fiber based and, 

therefore, may be integrated into device systems which are compatibile with 

existing laser and telecommunications technologies. 

The development of possible applications for photosensitive effects in 

fibers was severely restricted for many years by an inability to access the 

photosensitive filter effect at wavelengths other than Argon laser wavelengths. 

Reading and writing wavelengths for the filter were, therefore, necessarily 
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identical. It was not until 1989, when Meltz demonstrated the ability to produce 

these gratings by exposing the fiber core from the side to two interfering 

coherent UV beams [Meltz, 1989, Morey, 1990], that it became possible to write 

such narrow-band grating structures for operation at any desired wavelength, 

including telecommunications wavelengths. In these experiments, the frequency 

doubled beam from a dye laser was split and recombined at a desired angle to 

create an interference pattern at the fiber core. The fringe spacing at the fiber 

core determined the periodicity of the grating induced in the photosensitive fiber. 

The above technique has been used to develop a variety of devices such 

as narrow-band reflectors for fiber amplifiers [Davey, 1991, Farries, 1992] and 

for IR wavelengths [Kashyap, 1990], Moire grating structures for optical data 

storage [Legoubin, 1991] and unbalanced Mach-Zehnder fiber interferometers 

[Malo, 1990]. In addition, both in-line and side-writing techniques have been 

utilized to produce intermodal fiber couplers [Park, 1989, Ouellette, 1991 b, 

Bilodeau, 1991, Shi, 1992], polarization mode converters (rocking filters) [Hill, 

1991] and couplers [Kanellopoulos, 1991, Kamal, 1992], and switching devices 

[Saifi, 1989, LaRochelle, 1990b]. Finally, the narrow-band nature of the Bragg 

filters, taken in conjunction with the inherent sensitivity of low-mode number 

fibers to environmental influences, has enabled the demonstration of their 

unique advantages for such military sensing applications as vibration 
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[LaRochelle, 1990b], temperature [Meltz, 1987], and strain sensors [Meltz, 1987, 

Vengsarkar, 1991, Melle, 1992, Kersey, 1993, Koh, 1993]. 

2.2 Discussion of Color Centers and Paramagnetic Defects in Silica and 

Germania-Doped Silica Glasses. 

Since the discovery of photosensitivity, an understanding of color centers, 

and their pivotal role in photosensitive processes, has been of paramount 

importance. Therefore, this section will present a broad discussion of defect 

centers as they pertain to studies of photosensitivity. For this reason, the 

review will restrict itself to defects in silicate and germanosilicate glasses. 

Specifically, section 2.2.1 will furnish a brief, general review of color centers and 

of common defect structures found in such glasses and section 2.2.2 will 

present a fairly detailed look at the technique of electron spin (or electron 

paramagnetic) resonance and of relevant paramagnetic defects. 

2.2.1 Color Centers 

Color centers are the general name given to defects which exist in glassy 

or crystalline structures and which give rise to absorption bands below the 
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fundamental absorption edge of a material. The creation of these new bands 

results in changes in the transmissive properties of the material and are, 

therefore, said to give it color. Although, the concentration of color centers in 

a material rarely exceeds 0.01 % of the available sites [Nassau, 1983], the 

absorption can be quite strong since the transitions involved are generally 

favored by selection rules. While it is usually quite straightforward to identify 

color center defects in an ordered system, such as in crystalline structures, it 

is not always so simple in such random, nonperiodic structures as glass which 

contains no long-range order. In this case it is common to look at the local 

density around an atom. If the density is higher or lower than the average then 

the site is said to contain a defect. 

The most fundamental glass structure, silica glass, is made up of Si4+ 

cations, each bonded to four 0 2
- ions, forming a network of SiO 4 4- tetrahedra. 

Within the structure, the silicon atoms are termed "network formers" since they 

have sufficient anion bonds that a continuously connecting structure can be 

formed [Kingery, 1976, Zallen, 1983]. Each oxygen atom within a tetrahedron 

is shared between two network formers, and, for this reason, they are termed 

bridging oxygens. Figure 2.1 illustrates the difference between ordered and 

disordered silica structures. 
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• = network 
former (Si) 

• = bridging 
atom (0) 

Figure 2.1: Silica structures. (a) Ordered crystalline silica. (b) Disordered 
glassy silica. Note that the fourth oxygen (bridging atom) for each 
tetrahedron would be either above or below the plane of the page 
[after Kingery, 1976]. In germanosilicate glasses, Ge would 
substitute for Si in the network. 
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In the case of germania-doped silica glass, germanium also exists in a 

Ge4
+ state and can, therefore, substitute easily into the silica network as an 

alternate network former. The ionic size of germanium (O.53A), however, is 

slightly larger than that of silicon (0.41A) [Friebele, 1974b], and, thus, leads to 

a larger Ge-O distance (1.739 ± 0.004A) than the Si-O distance (1.611 ± 

0.007A), as determined from neutron diffraction data [Wright, 1987]. The closer 

proximity of oxygen to silicon in the glass network means that the oxygen atoms 

are bound more tightly to silicon sites than to germanium sites. The result of 

this is that, generally, fused silica exhibits smaller intrinsic defect concentrations 

and, therefore, weaker defect absorptions than either doped-silica or pure

germania glasses. 

As opposed to the perfect silica glass described above, which is made 

up of a continuous network of SiO 4 tetrahedra, most glasses contain a certain 

number of defect structures. Among possible defects are oxygen or silicon 

vacancies or interstitials, non-bridging oxygen (NBO) sites, Si-Si and 0-0 

bonding (so called "homobonds") and a variety of others [Griscom, 1991]. 

These defects may be electrostatically neutral or they may become charged by 

trapping holes. Singly charged, or paramagnetic, defects will be discussed in 

greater detail later in this section. 

There are a variety of ways to create color centers in glasses both during 
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the material formation process as well as afterward by exposure to some form 

of radiation. In general, the radiation damage processes can be divided into 

three classifications: radiolysis, displacement, or knock-on, damage and 

electron rearrangement [Griscom, 1985]. Radiolytic processes are those in 

which nonradiative recombination of electrons and holes results in atomic 

rearrangement. Displacement occurs as a result of a direct transfer of energy 

and momentum from an incident particle to an atom in the glass network. In 

this case, the energy transferred is sufficient to break bonds and propel an atom 

out of its position in the glass matrix and into an interstitial position. This type 

of process requires high energies, on the order of ionic or covalent bond 

energies. Electron rearrangement develops when preexisting defects, formed 

during material fabrication or via radiolysis or displacement, serve as traps for 

excited electrons. For the purposes of the work presented in this paper, in 

which defects are influenced only by visible or ultraviolet laser radiation, 

electronic rearrangement is the fundamental process of interest. Figure 2.2 

presents a diagram of the energy levels, formation and bleaching of a typical 

color center. 

Much research has been conducted to study the effects of processing 

conditions on the formation of defects in glasses. In the case of fibers, such as 

those used in photosensitive grating writing experiments, it has been shown that 
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Figure 2.2: Energy levels, formation and bleaching of a color center. (a) Color 
center formation - excitation and trapping; (b) light absorption and 
fluorescence; (c) bleaching; (d) a shallow trap - unstable color 
center [after Nassau, 1983]. 
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photobleachable defects are often formed during preform fabrication and fiber 

drawing. Gur'yanov demonstrated that diffusive redistribution of germanium 

occurs during drawing [Gur'yanov, 1979]. Hibino, and his colleagues, have 

produced a sUbstantial amount of evidence to show that rapid quenching during 

the fiber draw process results in oxygen vacancies which may be formed into 

paramagnetic E' centers (these centers will be discussed in detail later in this 

chapter) [Hibino, 1983, Hanafusa, 1985, Hibino, 1985]. In those experiments 

it was seen that E' center concentrations increased with elevated fiber draw 

velocity and temperature. Watanabe developed a model for the formation of 

these E' centers based on stress assisted bond cleavage [Watanabe, 1986]. 

Finally, several groups have observed increased loss induced at 630 nm due 

to fiber drawing. This loss is related to OH content in the glass and has been 

attributed to Rayleigh and surface scattering increases [Kaiser, 1974] as well as 

absorption losses arising from paramagnetic non-bridging oxygen centers 

(designated non-bridging oxygen-hole centers, or NBOHC) [Hibino, 1986a]. 

In addition to the impact of fiber drawing on defect formation in glasses, 

atmospheric conditions present during preform fabrication and drawing have 

also been shown to significantly affect defect concentrations. Silicate fiber 

preforms are typically made by the CVD or MCVD (modified chemical vapor 

deposition) method. In this process, chemical deposition of oxides from the gas 
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phase occurs on the internal surface of an axially rotating vitreous silica tube. 

Because chlorides are used as raw materials and chlorine gas is used as a 

dehydrating agent in this process, silicate fibers commonly contain small 

amounts of chlorine. To illustrate, table 2.1 lists the distribution of oxides found 

in a standard "Hill" fiber which is identical to those used in the early 

photosensitivity experiments. The data was obtained using microprobe analysis 

at the Naval Research Laboratories. The results in table 2.1 confirm the 

findings of Hanafusa that CI content increases with Ge content [Hanafusa, 

1984]. Although the CI concentrations in the table are relatively small, Hanafusa 

studied a variety of fibers and found that concentrations could be as high as 

several tenths of a mol percent. In that work the authors determined that the 

CI content increased linearly with Ge content and, therefore, proposed that CI 

binds to Ge with a higher probability than to Si in silicate fibers. This work was 

opposed by Gur'ynov who found no such correlation [Gur'yanov, 1987]. Other 

researchers have studied the effects of chlorine on defect center concentrations 

[Hibino, 1988] and on the absorption spectra of Ge02-doped silica fibers 

[Shibata, 1985]. Their findings indicate that chlorine tends to decrease the 

number of preexisting electron deficient defects in a fiber. 

In addition to chlorination effects, it has been seen that exposure of 

silicate glasses to oxidizing or reducing conditions can lead to substantial 
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Table 2.1 

Distribution of constituents in a germanosilicate photosensitive "Hill" fiber. 
Evidence of CI content in regions with higher Ge content. The core region 
extends approximately from point number 4 through point number 8. 

Point Number Si02 Ge02 CI 

(1pm/step) (wt. %) (wt. %) (wt. %) 

1 100.00 0.00 0.00 

2 100.00 0.00 0.00 

3 100.00 0.00 0.00 

4 99.34 0.66 0.00 

5 81.91 18.07 0.02 

6 73.69 26.31 0.00 

7 73.07 26.92 0.02 

8 90.71 9.27 0.02 

9 99.87 0.12 0.01 

10 99.97 0.03 0.00 

11 99.99 0.01 0.00 

12 100.00 0.00 0.00 
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changes in both the defect concentrations and the optical properties of the 

material. The former process will be reviewed here while the latter, the effects 

of oxygen and hydrogen on absorption and luminescent bands, will be 

addressed fully in section 2.3. Friebele, in studying the effects of atmospheric 

treatments on radiation hardness in optical fibers, demonstrated that exposure 

of high-purity, silica core fibers to hydrogen resulted in the creation of oxygen 

vacancies in the glass [Friebele, 1974a]. This led to the formation of Si-Si 

bonds which were able to trap holes and form paramagnetic defects known as 

Si E' centers. Although it was observed that oxygen had little influence on 

defect formation or healing in these fibers, it was demonstrated that both oxygen 

and hydrogen had a much greater affect on silica fibers doped with germania 

in the core. In this case, the researchers reported that H2 acted to create 

oxygen vacancies, as in pure silica fibers, while O2 acted to heal such 

vacancies. This research was confirmed in bulk fused silica by NMR 

spectroscopy [Levy, 1992], and in oxidized silicon wafers by ESR [Zvanut, 

1992]. In related research, it was observed that exposure of a pure silica fiber 

preform to oxygen resulted, through the healing of pre-existing oxygen-vacancy 

defects, in a diminished number of drawing-induced Si E' centers and an 

increase in other paramagnetic defect types [Hibino, 1986b]. Finally, molecular 

cluster calculations demonstrated the feasibility of atomic hydrogen binding to 

a silicon atom in oxygen vacancy sites in amorphous silica [Dianov, 1988]. 
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2.2.2 Electron Spin Resonance and Paramagnetic Defects in Silica and Ge-

doped Silica Glass. 

Electron spin resonance (ESR) spectroscopy studies the interaction 

between electronic magnetic moments and magnetic fields. Through magnetic 

excitation it allows the observation of direct transitions of unpaired electron 

spins between electronic Zeeman levels. In ESR spectroscopy, a sample is 

placed in a rectangular microwave waveguide situated between two magnetic 

coils. These coils are capable of generating a strong magnetic field at the 

sample. Generally the technique employs a fixed frequency microwave probe, 

typically produced by a klystron generator, and a tunable magnetic field. As the 

strength of the magnetic field is stepped, the electronic Zeeman splitting of an 

atom is altered. When the splitting energy is resonant with the microwave probe 

energy, energy from the probe will be absorbed by the sample. This absorption 

will be detected by the spectrometer. Since the level splitting for a particular 

defect is intrinsically dependent upon the defect structure, it is possible to 

deduce, from the strength and position of an absorption, both the identity of the 

excited defect species as well as its concentration in the sample. In addition, 

interactions between unpaired spins and nuclear spins, called hyperfine 

interactions, can be evaluated from ESR data and can yield additional 

information on defect structure identification. Finally, samples are often kept at 
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liquid nitrogen temperatures in order to reduce thermally activated noise. 

The mathematical theory describing electron paramagnetic resonance 

spectroscopy is quite complex. For the purposes of the interpretation of defects 

in this dissertation it will be necessary to understand only the rudiments of the 

theory. Therefore, the following paragraphs will present a basic introduction to 

ESR. A full discussion of ESR spectroscopy can be found in several sources 

[Poole, 1983, Griscom, 1990, Griscom, 1993, Zhidomirov, 1985]. 

The energies of the Zeeman levels are written: Ez = -p. H, where p is 

the total electron spin magnetic moment in the case where there are negligible 

contributions from the orbital angular momentum operator (a reasonable 

assumption for a solid in which electron motions are highly localized and 

confined), p = -gpS, and H is the local magnetic field. In the expression for the 

magnetic moment, g is the dimensionless spectroscopic splitting factor for 

electrons (g=2.0023 for free electrons), p = ehl4mnc is the Bohr magneton 

defined by the speed of light (c), Plank's constant (h), and the electronic charge 

and rest mass (e and m respectively), and S is the electron spin angular

momentum operator. Therefore, it may be written for a resonant transition that 

hv = gpS-H. A diagram of ESR resonance absorption schemes is given in 

figure 2.3 [after Griscom, 1990]. As Griscom points out, the probability of 
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Figure 2.3: Energy levels and ESR resonance absorption scheme for the 
Zeeman interaction of a single electron of spin S = 1/2 [after 
Griscom, 1990). 
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inducing an upward vs. a downward transition is equivalent. It is only because 

of the validity of Maxwell-Soltzman statistics, that the lower state population is 

greater than that of the upper state, that a net absorption of energy from the 

microwave field is observed. For completeness, it will be pointed out that the 

hyperfine interaction energy is defined by: Ehfs = S-A-I, where A is the hyperfine 

coupling matrix and I is the nuclear spin vector. 

The goal of E8R analysis is to solve the terms of the spin Hamiltonian for 

the Zeeman and hyperfine interactions using perturbation theory. The derivation 

of the Hamiltonian will not be discussed here, however, it can be shown that for 

the case where 8=0.5 and 1=0, for axially symmetry Hres = hvlgp describes the 

resonance condition where 

(1) 

In the above equation, 8 is the angle between the symmetry axis and the 

direction of the applied magnetic field. In general, g is not a single number but, 

rather, a tensor which takes into account the symmetry properties of the solid. 

For a specific symmetry class, the g tensor may be diagonalized in terms of its 

gn components and then substituted into the resonance equation. In the above 

case of axial symmetry, g.L =g1=g2' and gll=g3' 

Whereas in a single crystal the resonant signal depends on the angle 
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between H and the symmetry axis, in a glass, which lacks symmetry, the signal 

depends upon the averaged angular distribution present in the sample. In 

addition, the discrete gn and An values used to characterize a crystal must 

themselves be replaced by statistical distribution functions which take into 

account the disordered nature of glass. For these reasons, in glassy-state ESR, 

it is necessary to fit experimental spectra to a function called a "powder pattern" 

in order to measure the desired spin Hamiltonian parameters. The derivation 

of the powder pattern function is described in detail elsewhere [Griscom, 1990]. 

In computer lineshape simulation work, the obtained powder pattern is 

convolved with a single crystal absorption function (generally a Gaussian or 

Lorentzian) in order to obtain fits to experimental ESR absorption spectra. 

There are a variety of paramagnetic defects in silica which have been 

identified using ESR spectroscopy. Among the most studied of these is the E' 

center which was first described many years ago as an electron trapped at an 

unrelaxed oxygen vacancy site [Nelson, 1960]. Comparison of the ESR spectra 

of quartz and silica glass showed that E' defects in the two materials were 

closely related [Weeks, 1960]. Several years later an alternate model for the 

Si E' center was proposed [Feigl, 1974], and substantiated through theoretical 

modeling [Yip, 1975], in which highly asymmetric relaxation of two adjacent 

silicon atoms at an oxygen vacancy site caused the unpaired spin to be 
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localized on a single silicon rather than on both. Analysis of the hyperfine and 

superhyperfine structure of silica glass later demonstrated conclusively that the 

identification of an E' center as an unpaired spin in a dangling Sp3 orbital of a 

single silicon atom was accurate [Griscom, 1974, Griscom, 1980]. Further 

evidence for the oxygen vacancy model was provided in a study by Nagasawa 

in which a variety of glasses were examined and it was found that Si E' 

concentrations were highest in oxygen deficient silica [Nagasawa, 1987]. 

Finally, evidence for the existence of three distinct E' center variants in 

amorphous silica was given by Griscom [Griscom, 1985, Griscom, 1986]. The 

defects were shown to depend on a variety of factors, including OH content of 

the glass and post-fabrication radiation conditions. The structural models for 

these Si E' defects are given in figure 2.4 and the defects are briefly described 

in the figure caption. 

A similar assignment has been given to singly charged oxygen vacancies 

localized on Ge atoms. These defects are known as Ge E' centers and were 

first investigated in Ge-doped silica fibers by Friebele et. al. using ESR 

spectroscopy. In addition to observing Si E' centers in the fiber samples, the 

researchers identified four possible germanium centers corresponding to 

electrons trapped at oxygen vacancy sites in the Sp3 orbitals of germanium ions. 

The defects were labeled Ge(O), Ge(1), Ge(2) and Ge(3) (Ge(3) is another 



(a) E~ 

(b) E'~ 

(c) Ey 

't-~, I \ 
\ I 

" / 

+ 
+ H 

+ e 

53 

Figure 2.4: Models for three E' center variants in amorphous silica [after 
Griscom, 1985]: (a) radiolytically produced E'a' network oxygen 
moves out of its bonding site to bond with a near neighbor oxygen 
-defect stable to 100 K; (b) Hydrogen associated E'p- stable to 300 
to 400 K; (c) E'y defect, hole trapped at the site of an oxygen 
vacancy - stable to 700 to 900 K. Fig. 2.4(c) is the standard 
representation of the Si E' center. The large spheres represent Si 
atoms, the small spheres 0 atoms. 



54 

name for Ge E') where the number in parentheses denoted the number of next 

nearest neighbor germaniums [Friebele, 1974b]. The model for Ge(1) and 

Ge(2) centers was later shown to be incorrect when it was observed that the 

hyperfine structure (hfs) data was more consistent with an electron trapped on 

a 4-coordinated germanium substitutional for a silicon in the network [Kawazoe, 

1985]. Use of more sensitive detection techniques later confirmed the 

substitutional nature of Ge in these centers [Friebele, 1986]. Although, in this 

work, the hfs of the Ge(1) and Ge(2) centers were found to be virtually identical, 

thermal anneal experiments made clear the distinction between the two centers. 

It was seen that Ge(1) centers anneal out at about 350 K whereas the Ge(2) 

centers are more stable and remain until almost 650 K. Ge E' centers, found 

to be the most stable, did not anneal out until more than 750 K. In addition, 

results of hydrogen atmosphere treatments on the fibers verified the 

identification of the Ge E' as an oxygen vacancy defect, and of Ge(1),(2) as 

substitutional in nature. It was observed that the concentration of E' centers 

increased with the slightest H2 exposure while the Ge(1),(2) concentrations 

remained unaffected. Tsai et. al. refined the models for the structures of the Ge 

associated defects after comparing the ESR spectra of high-purity germanium 

dioxide and germania-doped silica glasses [Tsai, 1987a, Tsai, 1987b]. These 

studies showed that the Ge(O) and Ge(3) defects in doped silica had the same 

g matrices as Ge E' in the pure Ge02 • For this reason, the three defects are 
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Figure 2.5: Schematic diagrams of (a) Ge(1), (b) Ge(2) and (c) Ge E' centers 
in Ge-doped silica glass [after Tsai, 1987a and Friebele, 1986]. 
The large, shaded spheres are Ge atoms, the large, open spheres 
are Si atoms and the small, shaded spheres are oxygen atoms. 
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presently considered to be the same. The models for the Ge E', Ge( 1) and 

Ge(2) centers are given in figure 2.5 [after Friebele, 1986 and Tsai, 1987a]. 

Finally, quantum mechanical cluster calculations have demonstrated the 

substitutional nature of Ge in amorphous silica [Dianov, 1991]. These studies 

reveal that singly substitutional germanium defects are likely to exist only in the 

neutral or (-1) charge state, whereas diatomic Ge centers must be neutral but 

are capable of trapping electrons. 

In addition to the above defect types, there are a number of other 

paramagnetic defect structures which exist in silica and germania-silica glasses. 

Among these defects are peroxy (or superoxide) radicals and non bridging

oxygen hole centers (NBOHC). Excellent reviews of these can be found in a 

number of sources [Griscom, 1985, Griscom, 1986, Friebele, 1986, Griscom, 

1990]. These defects will not be discussed here as they are not associated with 

the processes of interest in photosensitivity. One final study of interest, from the 

standpoint of polarization studies in photosensitive fibers, was conducted by 

Stathis who showed that it is possible to generate oriented paramagnetic 

defects in glass through exposure to polarized light [Stathis, 1987]. 
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2.3 Optical Phenomena: Absorption, Luminescence and Bleaching. 

Many absorption and luminsecence bands have been identified in both 

silica and doped silica glasses. In silica, for example, at least six distinct 

absorption bands in the visible and ultraviolet and five related luminescence 

bands have been observed under a variety of fabrication and excitation 

conditions. Among these bands, it has been demonstrated that some are linked 

with paramagnetic defect centers while others have been shown to be ESR 

inactive. The following section will review research pertaining to absorption and 

luminescence in silica and Ge-doped silica glasses. In addition, the effects of 

temperature and radiation on induced bleaching of the bands will be discussed. 

In silica there are a number of bands which correspond to paramagnetic 

defect centers. For example, ESR and photoluminescence (PL) studies have 

demonstrated a correlation between the silica E' defect and a radiation induced 

absorption band at 213.8 nm (5.8 eV) which produces 282 nm (4.4 eV) emission 

under ArF excimer laser radiation [Kuzuu, 1991, Griscom, 1985]. In addition, 

an absorption band at 620 nm (2.0 eV) has been identified as a non-bridging 

oxygen (NBO) defect which yields red luminescence at 653 nm (1.9 eV). Some 

early research attributed this defect band to neutral NBO center absorption and 

fluorescence [Silin, 1980, Skuja, 1984a, Skuja, 1986], however, alternate studies 
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have indicated that at least part of the 2.0 eV band arises from paramagnetic 

NBOHC defects [Sigel, 1981, Frieble, 1985, Munekuni, 1990]. By contrast, 

there are several bands in irradiated silica which are related to diamagnetic 

centers. The most important of these are the bands at 248 nm (5.0 eV) and 

163 nm (7.6 eV). Research has shown that the strengths of these bands 

increase with reducing atmosphere thermal treatments, indicating that the bands 

are associated with oxygen-deficient centers [Imai, 1988a, Imai, 1988b]. The 

band at 7.6 eV has been attributed to Si-Si bonding while the 5.0 eV band 

(possibly comprised of a combination of two defect bands [Tohmon, 1989, Pio, 

1990]) has been identified as the unrelaxed oxygen vacancy defect which is the 

precursor to the Si E' center [Griscom, 1985]. Finally, Kohketsu showed that 

exposure of silica glass to hydrogen resulted in the formation of a weak 

absorption band at 240 nm (5.17 eV) [Kohketsu, 1987a] and a fluorescence 

band at 400 nm (3.1 eV) [Kohketsu, 1989a]. 

Similarly, in Ge-doped silica a variety of bands have been studied and 

identified using ESR, PL and PLE (photoluminescence excitation) 

spectroscopies. As discussed in section 2.1, early research demonstrated the 

existence of an optical absorption band in fused germania at 245 nm [Cohen, 

1957, Garino-Canina, 1956], and in Ge-doped silica at 242 nm [Cohen, 1958]. 

These bands were identified as reduced germania impurity absorptions. 
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Comparison of optical loss spectra in pure Si02 and Ge-doped Si0 2 showed the 

242 nm absorption the latter material to be more than 100x greater in intensity 

than the similar band at 240 nm, discussed in the previous paragraph, in pure 

Si02 [Kohketsu, 1987b]. A later study identified three distinct ultraviolet 

absorption bands in germanium silicate fiber preforms located at 185 nm (6.7 

eV), 242 nm (5.12 eV), and 325 nm (3.82 eV) [Yuen, 1982]. The high energy 

band was assigned to a Ge02 molecular defect, the 242 nm band was ascribed 

to a singlet-singlet transition in an iterstitial GeO molecular defect, and the 325 

nm band, observed to be 1000 times less intense than the higher energy bands, 

was identified as a triplet-singlet transition in a GeO molecular defect. Jackson 

also observed the related 245 nm absorption band in fused germania and 

showed that its strength declined with increasing oxygen partial pressure during 

material fabrication [Jackson, 1985]. This lead to the conclusion that the defect 

responsible for the UV absorption arises from a neutral oxygen vacancy or 

complex of vacancies. While no attempt was made to model the defect as such 

an oxygen vacancy, molecular diffusion modeling did indicated that the 5.12 eV 

band could not result from a GeO molecular defect, and researchers proposed 

an antistructural defect (Ge atom at an ° site) as a possible solution [Rau, 

1987]. 

In 1986, Friebele and Griscom presented the results of extensive ESR, 
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optical absorption, and thermal anneal studies on fabrication and radiation 

induced defects and bands in germania-doped silica optical fibers [Friebele, 

1986]. Four primary absorption bands were distinguished from the data at 517 

nm (2.4 eV), 282 nm (4.4 eV), 242 nm (5.12 eV) and 213.7 nm (5.8 eV) arising 

from paramagnetic oxygen-hole centers, Ge(1) centers, ESR inactive neutral 

oxygen vacancies at substitutional Ge sites, and Ge(2) centers respectively. No 

optical transition was identified for the Ge E' center, however, radiation damage 

studies clearly demonstrated that the ODe responsible for the 242 nm band is 

the neutral precursor to the paramagnetic Ge E' center. Additional ESR and 

optical absorption data confirmed the assignments of 214 nm to Ge(2) 

absorption and of 282 nm to Ge(1) center absorption [Gur'yanov, 1988, Anoikin, 

1991]. These authors also noted some similarity between the radiation induced 

absorption behavior of a band located at 6.2 eV (200 nm) and Ge E' center 

concentrations, implying a link between the two. Neustreuv conducted further 

research, using similar experimental techniques, to quantify the effects of UV 

and 'Y irradiation on optical loss and color center formation [Neustreuv, 1989]. 

Again the Ge(1) and Ge(2) center identifications of Friebele were corroborated, 

and, again, evidence indicated a relationship between the 6.2 eVabsorption and 

the Ge E' center. Moreover,it was shown that photobleaching of the Ge(1) band 

at 282 nm using 4.66 eV (266 nm) radiation resulted in increases in the 

concentrations of Ge(2) and Ge E' centers. This result was also reported by 
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Schwartz who, using simultaneous observation of ESR and optical absorption 

signals, found that irradiation of a germanosilicate fiber bundle by 4.88 eV (254 

nm) radiation yielded increases in Ge E' center concentrations [Schwartz, 1989]. 

Finally, it has been demonstrated that the neutral oxygen-vacancy defect 

absorption band at 5.12 eV, in germanosilicate glasses and fibers, can be 

bleached by long-term, low-power, or short-term, high-power exposure to 

radiation at 5.12 eV [Cohen, 1958, Neustruev, 1989, Atkins, 1992b, Williams, 

1992]. This band bleaching results in the formation of higher energy bands 

located at or above 215 nm, where some of the absorption increase may, 

possibly, be attributed to Ge(2) center formation. Additional research has 

established that the 5.12 eV band can also be depleated by annealing the glass 

in air at 1200 DC [Malo, 1992]. 

The validity of the loss measurements, with respect to photosensitive 

processes in fibers, was cast into doubt when research appeared to substantiate 

only a slight correlation between the strengths and positions of bands found in 

preforms vs. as-drawn fibers [Williams, 1991]. This work was proven incorrect 

in several more careful, studies which later confirmed the presence of strong 

absorption bands at 242 nm and at 325 nm in both preforms and fibers 

[Gallagher, 1992, Atkins, 1992]. These studies concluded that there was no 

significant difference in optical loss spectra between the two geometries. 
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Absorption studies in sol-gel germanosilicate thin films also demonstrated the 

existence of the 242 nm band [Simmons, 1993]. This work affirmed the reduced 

nature of the band as it was seen that the band strength increased significantly 

with exposure to reducing atmosphere thermal treatments. This work will be 

discussed in further detail in chapter 5. 

Studies of germanium associated luminescence bands in fibers, preforms 

and in bulk glasses have also been conducted. Presby demonstrated that a 

preform core would fluoresce at 420 nm with excitation at wavelengths shorter 

than 350 nm [Presby, 1981]. The radiation intensity was seen to be proportional 

to the Ge content and profile in the rod. Additional studies of germanosilicate 

fiber preforms showed that UV irradiation of the material resulted in the 

appearance of luminescence bands at about 295 - 300 nm and 390 - 400 nm 

[Gur'yanov, 1982, Gebala, 1983, Awazu, 1990]. In this research, PLE studies 

also revealed that the 390 - 400 nm emission could be excited by exposure to 

325 - 337 nm radiation (the uncertainty in the band locations arises from 

differences in data presented by the above referenced authors). The signals 

were seen to be highly dependent upon the environment under which the 

material was sintered, such that exposure of the preforms to a reducing 

atmosphere increased, and exposure to oxygen decreased, the UVabsorption 

and related PL intensities measured [Skuja, 1984b, Kohketsu, 1987b, Awazu, 
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1990]. These results suggest the conclusion that the 390 nm PL band is a 

consequence of pumping the oxygen deficient defect band at 5.12 eV. 

Extensive fluorescence studies of germanosilicate fiber preforms have been 

conducted by Kohketsu et. al. who have identified and clarified a series of 

additional bands using PL and PLE spectroscopies [Kohketsu, 1989b]. Their 

PLE results show that the band around 5 eV is asymmetric in shape and they 

suggest it is comprised of two bands. Using gaussian deconvolution of the PLE 

spectrum, the authors were able to distinguish a peak at 5.17 eV (240 nm) and 

another at 4.77 eV (260 nm). In addition, reducing atmosphere thermal 

treatments showed increases in the intensities of the 5.17 eV and the 3.76 eV 

bands, in agreement with work cited above. In support of some previous work 

[Uesugi, 1984], two red luminescence bands, located at 620 and 680 nm, were 

also observed in the reduced preform under exposure to 514.5 nm radiation. 

It was noted that no such red luminescence features are present in pure Si02 

waveguides, and, therefore, the bands were attributed to germanium and 

hydrogen defects. Table 2.2 summarizes the salient results of Kohketsu's 

findings. 

As a final note, contrary to the vast body of ESR, PL and PLE work 

presented above, a recent study has proposed that the bleachable defect 

responsible for the absorption band at 242 nm does not significantly fluoresce 
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Table 2.2 

Characteristic energies of photoluminescence and photoluminescence excitation 
bands of germanosilicate fiber preforms [after Kohketsu, 1989b). The band 
denoted by an (*) is extremely small at room temperature. 

PL excitation PL emission 

eV (nm) eV (nm) 

5.17 (240) 3.1 (400) 

3.76 (330) 3.1 (400) 

4.77 (260) 4.13 (300)* 

3.0 (413) 

3.18 (390) 2.0 (620) 

2.67 (465) 1.82 (680) 
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at 400 nm [Mizrahi, 1992]. In this experiment, 242 nm radiation is used to 

bleach the UV absorption band in a Ge-doped silica core fiber. It is observed 

that, even in a significantly bleached sample, the 400 nm fluorescence remains 

approximately constant and does not bleach. The conclusion the authors draw 

is that the two bands are not related. Although it is clear that caution must be 

exercized when using the 400 nm luminescence to characterize the bleaching 

behavior of the 242 nm band, it is not at all certain that the bleachable defect 

and the luminescent band may be altogether dissassociated. It has not been 

established where the luminescence of the 6.7 eVabsorption band, discussed 

previously, is located and, thus, mulitphoton effects and energy transfer between 

defects cannot be ruled out as contributing to the observed luminescence. In 

addition, Tsai has shown that while one-photon absorption of a UV pump in 

Ge02:Si02 glasses leads to bleaching of the 5.12 eV band, and creation of Ge 

E' centers, two-photon absorption of the radiation leads to bleaching of the Ge 

E' defect [Tsai, 1992]. What sort of structure the E' center bleaching leads to 

has not been reported. Furthermore, experiments have shown that the 

bleaching process in germanosilicates at 242 nm leads to the formation of 

strong bands at higher energies [Cohen, 1958, Neustruev, 1989, Atkins, 1992b, 

Williams, 1992, also Ch. 5 in this thesis] whose luminescence bands have yet 

to be determined (and may lie in the 400 nm range). Therefore, while evidence 

supports the correlation between 242 nm absorption and 400 nm luminescence, 
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the effect of UV band bleaching on defects in the glass, and on the UV 

emission, requires more study. 



CHAPTER III 

THEORETICAL BACKGROUND 
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In the following chapter the basic principles of waveguiding and of light

matter interactions relevant to photosensitive processes will be reviewed. 

Section 3.1 will introduce the subject of guided radiation in planar and fiber 

guide structures. Next, since photosensitive processes have been observed to 

result from interactions between contra-directional beams, section 3.2 will 

describe coupled-mode analysis for counter-propagating waves and will address 

the theoretical considerations specific to Bragg reflectors. Following this, 

section 3.3 will introduce the three prevalent theories for photosensitive 

processes and will present experimental results which appear to either support 

or contradict the theories. Finally, in section 3.4 a discussion of the 

experimental method pursued in the thesis will be given in which the 

advantages of a variety of analysis techniques will be examined. 

3.1 Waveguiding 

A simple picture for radiation guiding is given by the ray interpretation of 

waveguiding. In this case, the principle of optical confinement in a dielectric 
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material is based upon the phenomenon of total internal reflection (TIR). Here, 

the guided wave is incident upon both the film-clad and film-substrate interfaces 

at an angle which is greater than the critical angle for both boundaries. Thus, 

the light is totally internally reflected and the confined radiation propagates down 

the length of the waveguide. Since the critical angle, Bc' is given by the 

expression sin(Bc) = n/ni' it is clear that solutions exist only for situations in 

which the refractive index of the guiding material exceeds the index of the 

surrounding media. This general TIR picture is valid regardless of waveguide 

geometry. 

3.1.1 Asymmetric Slab Waveguide. 

In this section the details of wave propagation in planar, thin-film 

waveguides will be presented. Since all experiments in this thesis were 

conducted using radiation in the transverse electric (TE) configuration, only that 

geometry will be considered in the analysis. A more complete discussion of 

planar waveguiding can be found in several sources [Yariv, 1985, Tamir, 1985, 

Lee, 1986]. 

The asymmetric slab waveguide generally consists of a substrate region, 

which may be considered essentially infinite, above which is a thin guiding layer 
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of higher refractive index. Typically the term "thin" implies that the film 

thickness is limited to a few wavelengths. On top of the film region is a region 

of low refractive index which is typically air. This geometry is pictured in figure 

3.1 (a) in which the three layers are labeled as regions 3, 2 and 1 respectively. 

Starting from Maxwell's equations it is possible to derive the electromagnetic 

field expressions for the substrate, film and clad as well as the thin-film 

guidance condition for the discrete waveguide modes which can be excited in 

the guide. 

From Maxwell's curl equations for time dependent, source free fields 

(equations 3.1) and given a generalized electric field of the form E(t) = E 

exp(iwt) + E* exp(-iwt), it is possible, through direct substitution, to obtain the 

relationships given in equations 3.2. 

'Yx E = as 
at 

'YxE = -iwlJ.H 

aD 'YxH = -
at 

'Yx H = iweE 

(3.1) 

(3.2) 

For propagation in the z direction and assuming that the fields maintain their 

transverse spatial distributions, it is possible to rewrite the electric and magnetic 

fields such that E(x,y,z) - E(x,y)e·ik(Z)Z and H(x,y,z) - H(x,y)e·ik(z)z, where k(z) is 

the propagation constant. If y is taken to be the transverse axis, it is clear that 
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Figure 3.1: (a) Geometry of asymmetric slab waveguide. (b) Cross section 
and refractive index profile of a step index optical fiber waveguide. 
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field variations will lie only in the xz-plane and, thus, the equations may be 

written independently of y. Furthermore, in a TE geometry Ez is taken to be 

zero which implies that Hy is also zero. 

Now, assuming that the fields are exponentially decaying in the cladding 

and substrate it is possible to propose field expressions for the structure of the 

form given in equations 3.3 through 3.5 in which the transverse wavenumbers 

are defined by the dispersion relations given in equations 3.6 for each of the 

regions. 

a1x = Jk/-w2~1e1 I ~x = Jw2~2e2-k/ 

a3x = Jkz
2 

- w2~3e3 
(3.6) 

Similar expressions for the magnetic field in regions 1, 2 and 3 can be derived 

using equations 3.2. In addition, manipulation of the field equations by applying 

the boundary conditions requiring continuity of the tangential components of E 
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and H at ±d/2 allows the determination of the field coefficients, An' as well as 

the guidance condition for the waveguide. This guidance equation is given in 

3.7 where v represents the waveguide mode number which takes on discrete 

integer values greater than or equal to zero. 

3.1.2 Optical Fiber Waveguides 

The step index optical fiber waveguide guides radiation following the 

same principles as the slab waveguide with the exception that guided radiation 

in a fiber structure is confined in two dimensions rather than in only one. 

Generally, the structure consists of a core region surrounded by a cladding 

region of lower refractive index. A protective polymer jacket is typically coated 

onto the outside of the fiber for strength as well as for protection from both 

radiation-induced and physical damage. A schematic diagram of a standard 

circular-core, step-index optical fiber is given in figure 3.1 (b). 

Such circular-core step-index optical fiber is not only the most general 

fiber configuration but it is also the simplest to analyze and, thus, will be the 

main topic of discussion in this section. Despite this, the optical fiber selected 
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for use in the experimentation described in this thesis was elliptical-core 

polarization-preserving fiber which was specifically chosen because of its 

extremely high germanium doping in the fiber core. Therefore, in the ensuing 

paragraphs, a concise discussion of wave propagation in circular-core optical 

fibers will be presented followed by a brief introduction to the significant 

differences in wave propagation imposed by an elliptical geometry. In particular, 

discrete eigenmodes of propagation will be determined for the circular-core fiber 

geometry from Maxwell's equations. More detailed treatments of wave 

propagation in fiber optic guides may be found in a number of sources 

[Marcuse, 1981, Agrawal, 1989, Yeh, 1962]. 

From Maxwell's equations, 3.1 and 3.2, and using the relation D=£oE+P, 

it is possible to obtain the generalized expression for light propagation in optical 

fibers known as the wave equation 

1 cf2E cf2p 
'VxVxE = ----j.L-

c2 at2 0 at2 
(3.8) 

where J.lo£o=1/c 2
• Clearly, the symmetrical two-dimensional confinement of 

radiation in circular-core optical fibers means that the eigenmodes of 

propagation which satisfy the wave equation are degenerate for the two 

orthogonal polarization orientations. For this reason, the assignment of x and 

y axes within the plane normal to the propagation direction in the fiber is 
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arbitrary. 

Although the expression for the polarization in equation 3.8 is generally 

a combination of terms arising from both linear and nonlinear sources, far from 

resonance contributions to the polarization expression from higher-order, non-

linear components may be treated as slight perturbations. Thus, the polarization 

may be written as a linear expression in the electric field as is given in equation 

3.9. 

per, t) = eo J X{1}(t-t' ) E(r, t') dt' (3.9) 

Thus, in the Fourier domain the simplified wave equation becomes 

<..>2 
'V x 'V x E(r, <..» + e(<..»-E(r, <..» = 0 

c2 
(3.10) 

where the dielectric constant is frequency dependent and is defined by e(w) = 
1 + i 1)(w). Finally, since it can be shown that the real and imaginary terms of 

X(1) are related to the material refractive index and absorption coefficient through 

the relations 

1 n( <..» = 1 + - Re [x(1) ( <..> )] 
2 

(3.11 ) 

and 
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(3.12) 

it is possible to further simplify equation 3.10 to the form 

(3.13) 

In order to find discrete solutions to the wave equation in cylindrically 

symmetric optical fibers it is convenient to rewrite equation 3.13 in cylindrical 

coordinates using standard notation such that 

cPE + ..! aE + _1 cPE + cPE + n2 
e»2 E = 0 . 

ap2 p ap p2 alj>2 az2 c2 
(3.14) 

It is now possible to solve this equation by proposing an electric field of the form 

given in equation 3.15 in which A is a normalization constant, P is the 

propagation constant, and m is an integer. 

E(r, e») = A(e») F(p) e'(mlfJ + P4 (3.15) 

Direct substitution of the above expression into equation 3.14 leads to the 

relation for the function F (P) 

d
2
F +..! dF +[K2- m2]F = 0 

dp2 P dp p2 
(3.16) 

where ,;- = (n1kO)2 - p2. Equation 5.16 can be recognized as the differential 
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equation for Bessel functions whose solution is given by F(P)=Jm{Kp) for p<a 

where a is the core radius. In the cladding region, where p>a, it is clear that the 

electric field must decay exponentially and, thus, the solution F(P) becomes the 

modified Bessel function F(P)=Km{yp) where y2 = p2 - (n2kot 

Expressions may be similarly determined for the magnetic field strengths 

in the fiber core and clad by starting from the magnetic field Maxwell equations. 

Application of the boundary condition of continuity of the tangential components 

of the E and H fields at p=a leads to an eigenvalue equation which identifies the 

propagation constants, p, for the fiber modes. The derivation of the eigenvalue 

equation can be found in Marcuse [Marcuse, 1981] and is given by 

[ 
JI m{Ka) n/ K' m{Y a) ] 

KJm(Ka) + n/ Y Km(Y a) 

= [m P lea (n/ - n/) ]2 
aK2y2n1 

(3.17) 

in which the prime notation indicates differentiation with respect to the argument. 

Since the eigenvalue equation may have several solutions for each 

integer value of m, the standard notation for the propagation constant becomes 

Pmn' where both m and n take integer values, corresponding to each mode 

supported by the fiber. The equation, then, yields the modal field distribution for 
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a specific guided mode. Two types of exact fiber modes have been identified 

using this formalism and they have been designated HEmn and EHmn. For m=O 

these modes are analogous to the TE and TM modes of the planar guide, 

however for m>O it is found that the modes are superpositions of the fields. An 

approximate notation based upon this superposition which yields approximately 

linearly polarized fields has also been developed and these modes are 

commonly referred to as LP mn modes. For comparison, the fundamental HE11 

mode is designated LP01 in the alternate notation. Finally, the number of modes 

supported by a fiber waveguide can be determined from a normalized frequency 

parameter known as the V-number which is defined: V = koa[n/-n/]1I2. For 

step-index fibers the total number of guided modes in both polarizations is 

N=(1/2)V2. 

The extension of this theory to elliptical core fibers is non-trivial and an 

exhaustive discussion may be found in Yeh [Yeh, 1962]. The most significant 

distinction is that the degenerate eigenmodes of propagation found in the 

circular core fiber are non-degenerate in the elliptical core structure as a result 

of the large difference in propagation constants for the two orthogonal 

waveguide modes. Hence, radiation guided along one of the principle axes will 

maintain its polarization down the length of the guide. Radiation guided off axis 

will result in the simUltaneous excitation of the two orthogonal modes and the 
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radiation will periodically exchange between the modes with a beat length given 

by Ls=2nl(Px-py). Alternately, the beat length may be written Ls=.A/B where the 

modal birefringence, B, is defined by B = IPx-Py I/ko = I nx-ny I. 

3.2 Coupled-Mode Analysis for Counter-Propagating Waves and Bragg 

Interactions. 

The earliest experimental evidence has linked the development of 

photosensitive Bragg reflection gratings in germania-doped silica fibers to the 

presence of contradirectional propagating waves in the fiber cores [Hill, 1978, 

Bures, 1980, Lam, 1981]. For this reason the following section will review the 

coupled-mode theory fundamental to such interactions. Solutions to the 

differential coupled-mode equations will be found and the steady-state reflective 

properties of the induced Bragg filters will be examined. A discussion 

concerning possible sources of the induced index perturbation which leads to 

the growth of the Bragg fiber filters will be left for section 3.3. 

As discussed previously, the photosensitive fiber experiments carried out 

in the present body of research were conducted using homogeneous, isotropic, 

single-mode polarization-preserving fiber. Thus, in the following discussion it 
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is reasonable to ignore the transverse profiles of the electric fields in the 

waveguide and treat the waves essentially as plane waves. The electric field 

in the fiber core is written with forward and backward propagating components 

such that the total electric field may be expressed as 

E(z,~ = x[E+(z,~exp(i(pz-w~) 
(3.18) 

+ EJz,~exp(i(-pz- w~)] + c.c. 

where p=nowlc is the wavevector inside the material and w is the optical angular 

frequency. A similar expression may be written for the polarization induced in 

the media as a result of the weak perturbation of the material refractive index 

(Ae) which results from the interaction of the light fields. 

P(z,~ = x[PJz,~exp(i(pz- w~) 
(3.19) 

+ PJz,~exp(i(-Pz- w~)] + c.c. 

In addition, for a slowly growing phase grating the dielectric constant may be 

written e=eb +Ae, where eb signifies the background dielectric constant. The 

perturbation of the dielectric constant may be written 

~e (z) = e
2

(z) elPgz-/wt + e
2
*(z) e-/Pgz-/wt 

where Pg is the grating wavevector. 

(3.20) 

Coupled equations describing the propagation of the forward and 

backward electric field envelope functions may now be determined by 
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substituting the electric and polarization fields into the relation P w(z,t) = eo Ae 

Eo(z,t) and applying the slowly varying envelope approximation which is valid if 

it is assumed that the fields vary slowly in both time and space compared with 

the optical frequency and wavevector. A set of coupled-mode equations are 

obtained 

aEJz) -- = -iK(z) E-<z) e2/~11 z 
az 

aE-<z) = iK*(z) EJz) e-2/~1l z 
az 

(3.21) 

in which AP=p-nIA, where A represents the grating period, and K(z) is the 

coupling coefficient given by K(z)=pe2(z)/2(no)2. Solutions to equations 3.21 may 

be obtained by applying the appropriate boundary conditions i.e. E+(0)=1 and 

E_(L)=O, where L is the length of the grating. Letting S2= I K I 2_(AP)2, for the 

case of weak detuning where K >AP, this gives 

E (z) = -E (0) ei~llz [is cosh(S(z-L» + ~ p sinh(S(z-L»] 
+ + -is cosh(SL) + ~ p sinh(SL) 

(3.22) 

E - E 0 K e-/~IlZ sinh(S(z-L» 
-<z) - J) -is cosh(SL) + ~ p sinh(SL) 

Finally, the reflectance and transmittance of the grating as a function of 

wavelength and filter length can be found by forming 



E_(z=O) 2 

R(A I L) = EJz=O) 

Thus, the reflectivity may be written 

EJz=L) 2 
T(AIL) = 1---1 

E+(z=O) 
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(3.23) 

(3.24) 

such that on resonance, when A=2nol\, the maximum reflectivity is given by 

R=tanh2
( I K I L). 

3.3 Models for Photosensitivity in Germania-Doped Silica Materials. 

Several models have been developed to explain the spontaneous 

formation of refractive index gratings in photosensitive waveguides which have 

been exposed to contradirectional beams of blue-green laser radiation. These 

models are generally based upon the supposition that interference between the 

guided counter-propagating beams results in the formation of a standing-wave 

light intensity pattern in the waveguide core. The subsequent interaction of the 

material with the radiation in the regions of high intensity results in the formation 

of a weak Bragg matched refractive index grating which reflects the incident 

radiation. Such reflection leads to an increase in the modulation depth of the 
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grating which in turn leads to a stronger grating reflectivity such that the 

photosensitive effect is self seeding (if the contradirectional beam arises from 

end-face Fresnel reflections in a fiber, for example) as well as self organizing. 

This basic model for the intensity distribution in a fiber core is pictured in figure 

3.2. 

Existing models for photosensitive effects address the question of how 

interactions between the guided radiation and the material lead to the 

development of the periodic index perturbation. Such models may be divided 

into three groups: photorefractive models, Kramers-Kronig (or local bleaching) 

models, and compaction based models. Although there is still a good deal of 

controversy over which model is correct, one model in particular predicts 

experiment more closely than the others. The following section will review each 

of the models for photosensitivity and will address experimental evidence which 

agrees or conflicts with the models. 

3.3.1 Photorefractive Model. 

The photo refractive model, a non-local model which was first investigated 

by Bures [Bures, 1980] and later fully developed by Payne [Payne, 1989], is 

based on models for two-beam interactions in photorefractive crystals. Here, 
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Figure 3.2: Depiction of the in-core intensity distribution which leads to the 
build up of a photosensitive refractive index grating in the material. 
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photoexcitation of carriers out of color center donor states in the regions of high 

light intensity in the waveguide is followed by electron diffusion and drift and 

subsequent retrapping at neighboring defect sites lying in the "dark" regions of 

the guide. This electron excitation and migration leads to the development of 

a periodic space-charge field in the waveguide core. The result of this periodic 

electric field is a breakage of the longitudinal symmetry of the fiber which would 

otherwise prohibit electro-optic interactions. A concomitant periodic index 

modulation is allowed to develop as a result of mixing of the electric field and 

the transverse optical field through X2xxZ" As is the case for photorefractives, the 

index grating is necessarily shifted in this model by 1/4 period from the intensity 

pattern of the illuminating light. The buildup of the space-charge field in this 

manner is represented in figure 3.3. 

A failure of the photorefractive model is Payne's prediction that the 

modulation depth of such a grating in steady state would be not exhibit the 

characteristic quadratic dependence with the intensity of the writing beam which 

has been observed experimentally in photosensitive fiber [Lam, 1981] and 

planar [Simmons, 1993c] waveguides. A further problem arises in the limit that 

the reflectivity approaches 100% as the expression for the space-charge field 

begins to diverge. It is for these reasons that the photorefractive model is not 

generally accepted as a valid model for photosensitive effects in fibers. 
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Figure 3.3: Characterization of the build up of the space-charge field in a 
photorefractive picture of photosensitivity. Modulated light intensity 
excites carriers which diffuse to trap sites in the dark regions of 
the material. The resulting electric field is shifted by a quarter of 
a grating period from the intensity distribution. 
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3.2.2 Kramers-Kronig Model. 

The Kramers-Kronig, or local bleaching, model is the most complete 

model developed to date to describe photosensitive processes in 

germanosilicates. This model was first proposed by Meltz et. al. [Meltz, 1987] 

and is based upon a two-photon absorption (TPA) process and on the presence 

of pre-existing defects in the material [Hand, 1990]. Here, the visible writing 

beam is absorbed into the UV absorption band (specifically a band at 

approximately 242 nm) of an existing defect center in the material via TPA of 

the laser radiation. Absorption of this radiation leads to ionization of the defect 

which results in localized bleaching of the defect absorption band and possibly 

to the formation of alternate defects and corresponding UV absorption bands as 

the ionized carriers are retrapped at adjacent defect sites. Such band bleaching 

and formation yields a change in the material absorption and, thus, a change 

in the material refractive index through the Kramers-Kronig relations. The 

grating is set up due to the fact that the bleaching occurs only in the areas of 

high light intensity since the TPA process is a function of intensity squared. 

Early objections to this local model arose since it was difficult to see how 

such a model could lead two-beam coupling in the waveguides and to self

initiated growth without the introduction of a "/2 phase shift between the phase 
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grating and the periodic light pattern. This objection has been overcome by 

detailed theoretical analyses of grating growth dynamics under a local bleaching 

model [Mizrahi, 1991, de Sterke, 1991, An, 1991] which have demonstrated that 

grating reflectivities can grow to large values commensurate with observed 

experimental data. The models developed in these analyses take a coupled 

mode approach to solution of the field equations. Briefly, the coupled mode 

equations for forward and backward propagating beams given in equations 3.21 

are solved assuming a two-photon absorption mechanism is responsible for the 

modulation of the dielectric constant. In this case, the real part of the dielectric 

constant may be written 

aAe(Z,t) = A/2(Z t) 
at ' 

(3.25) 

where I(z,t) is the local intensity of light in the fiber at a given time. The authors 

find that the solution of the coupled mode equations in this case leads to 

sustained grating growth. Such growth is allowed because the phase of the 

dielectric grating is seen to be both space and time dependent. A detailed 

analysis of the growth dynamics of the phase grating [de Sterke, 1991] indicates 

that the dielectric constant of the material during grating grow-.n is comprised of 

three components of which one contributes to the background index, one is in 

phase with the grating and contributes to its growth, and one is found to be 1/4 

period out of phase with the grating, causing it to shift. It is the balancing of the 
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change in background refractive index and the phase shift component which 

allow phase matched grating growth to occur. Finally, numerical simulations of 

the decay in the transmittance and growth in the reflectance of photosensitive 

optical fiber using the above local bleaching model have demonstrated close 

agreement with experimental results [Mizrahi, 1991, LaRochelle, 1990a]. 

Strong experimental evidence in support of a defect related bleaching 

model can be found in a study done on the wavelength dependence of the 

concentration of induced paramagnetic defects in prepared single-mode 

photosensitive fibers [Simmons, 1991]. In this paper a correlation was found 

between the speed of grating growth, the concentration of defects, and the 

wavelength of the writing beam in the experiments. The data shows that both 

the paramagnetic defect concentrations and the grating sensitivity are maximum 

for a writing wavelength around 488 nm, and decrease as the wavelength is 

shifted out in both directions. This dependence is shown to closely follow the 

shape of the an ultraviolet defect absorption band in a model of TPA. This work 

will be discussed in detail in the following chapter. 

Additional support for a Kramers-Kronig model of photosensitivity has 

recently been given by the results of several photobleaching investigations 

[Williams, D., 1992, Atkins, 1993a, Simmons, 1993b, Simmons, 1993c]. These 
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studies have indicated close agreement between induced index values 

calculated from a Kramers-Kronig transformation of UV-induced absorption band 

bleaching and induced index values calculated from photosensitive grating 

experiments. In addition, UV absorption bands have been identified which 

further suggest a defect model is responsible for the change in absorption in 

photosensitive germanosilicate materials [Simmons, 1993b, Simmons, 1993c]. 

3.2.3 Compaction Model. 

Claims that the 242 nm optical absorption band, thought to be necessary 

for photosensitivity in models which rely on TPA, seen in glass fiber preforms 

is nearly absent in drawn fibers spurred a great deal of speculation that defect 

models could not be accountable for the induced index in photosensitive 

materials [Williams, 1991]. These findings have since been refuted, however 

they did instigate the proposal of a third possible model for photosensitive 

effects in germanosilicates. This model is known as compaction and is based 

upon the idea that high intensity radiation leads to preferential bond breakage 

such that high order silica-germania ring structures in the material reduce to 

smaller order rings. Thus, an intensity modulation in a fiber core would induce 

a pattern made up of alternating regions of small and large rings which would 

affect the material density leading to the formation of a periodic refractive index 
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modulation. The compaction model was said to be supported by research in 

which solutions to a set of rate equations for three specific Ge-associated 

defects indicated that the defect population changes calculated for the material, 

following exposure to 488 nm radiation, were not sufficient to induce the index 

perturbations observed in photosensitive experiments [Russell, 1991]. However, 

while it may be deduced that the particular three defect model chosen by the 

authors in this study fails to provide the necessary index perturbation in the 

material, it is clearly not possible to generalize this result to all defect models 

and thereby discard the photorefractive and local bleaching models for 

photosensitivity. In addition, a serious inadequacy in the compaction model is 

its inability to explain the results of the defect study discussed previously 

[Simmons, 1991] which demonstrated that both photosensitivity and defect 

concentration in germanosilicate optical fibers declined at wavelengths shorter 

than 488 nm. In a model of bond breakage, it appears likely that higher energy 

radiation should increase the probability of compaction rather than decrease it. 

In addition, the paramagnetic defects observed in the irradiated photosensitive 

fibers are unexpected in a strict compaction based model. Finally, even if the 

importance of UV absorption bands were negligible, it is not apparent how the 

compaction model can explain the fact that photosensitivity has not been 

observed in pure silica glasses, which Raman stUdies indicate are comprised 

of significant numbers of ring structures [Galeener, 1982], even following high 
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energy UVexposures. Clearly, further work must be done on this model before 

its contribution can be fully evaluated. 

3.4 Experimental Method 

Given the above discussion, the goal of the research presented in this 

dissertation was to investigate the photosensitive response of germanosilicate 

waveguides in order to elucidate the origins of the effect. Toward this end, an 

experimental strategy was chosen so as to isolate photosensitive mechanisms 

through variations in both optical excitation conditions and materials parameters. 

Initial research examined the relationship between defects in a germania

doped silica fiber core and fiber photosensitivity. Both photosensitive grating 

growth and resulting defect generation were investigated as a function of writing 

wavelength as a test of the two-photon absorption model discussed above. The 

former study required that photosensitive gratings be written by exposing the 

fiber cores to visible guided laser radiation, while the latter study involved the 

use of electron spin resonance spectroscopy as a probe of induced 

paramagnetic defect center concentrations. This research will be discussed in 

chapter 4. 
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Additional optical and materials-related studies were conducted in a 

highly controlled materials system which utilized a planar waveguide geometry. 

In this series of experiments, defect structures in the samples were examined 

through the use of a variety of optical spectroscopies. Ultraviolet and visible 

optical absorption spectroscopy along with 488 nm-excited optical fluorescence 

were utilized in order to distinguish absorption and luminescent bands in the 

material which were given defect assignments according to identifications in the 

literature. 

The defects so identified were subsequently correlated to photosensitivity 

in the samples through a series of optical investigations. Specifically, 

photosensitive gratings were written in the films and sample photosensitivity was 

evaluated as a function of sample composition, absorption band strengths, and 

defect concentrations. Enhancement of photosensitivity through the use of 

atmospheric exposures was also related the existence of point defects in the 

samples. In addition, the relationship between the grating induced index 

perturbation and the writing power of the laser was investigated as a further test 

of the TPA model. Lastly, UV-induced bleaching of the material absorption 

bands was characterized and the results were analyzed using a Kramers-Kronig 

formalism for comparison with photosensitive grating experiment results. This 

final analysis was performed as a strict test of the local bleaching model of 
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photosensitivity. 

Thus, in sum, the series of experiments which will be addressed in the 

following chapters were specifically designed to yield particular information 

about various aspects of photosensitivity in the germania-silica system. For this 

reason, the set of investigations were conducted in well characterized materials 

systems which allowed relevant microscopic and macroscopic processes to be 

identified. The ultimate goal of such research was to find strong support for one 

of the models for the photoinduced index observed in these materials. 
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CHAPTER IV 

CORRELATION OF DEFECT CENTERS WITH WAVELENGTH-DEPENDENT 

PHOTOSENSITIVE RESPONSE IN GERMANOSILICATE OPTICAL FIBERS 

By the late 1980's, there was a growing interest in photosensitive 

processes in fiber geometries owing largely to the fact that high An fibers, 

containing significant concentrations of Ge02 doped into the core material, were 

becoming commercially available. Previously, the only fibers to demonstrate a 

large photosensitive effect had been those used in the early experiments by the 

Hill group. In addition, suggestions by Yin [Yin, 1983] and Meltz [Meltz, 1987] 

that the photosensitive gratings could be written holographically, and thus would 

be useful for a variety of device possibilities, fueled interest in the industrial 

sector. Despite a growing interest in photosensitivity, and the development of 

several models to describe the effect (discussed previously), there was no 

experimental evidence for the role of defects in these processes. In addition, 

the relationship between the excitation wavelength of the writing beam and 

absorption into UV bands had not been fully explored. 

The purpose of the following research, therefore, was to address the 

question of the relationship between defects in the fiber core and photosensitive 

processes, and to examine the photosensitive response as a function of writing 
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wavelength as a test of the two-photon absorption model. Achieving this goal 

necessitated that both optical and materials studies be conducted. 

Investigations of photosensitive fiber grating growth produced by laser 

exposures in the visible and of resulting induced structural changes were 

performed. The latter study involved the use of electron spin resonance 

spectroscopy as a probe of induced paramagnetic defect centers. For this 

reason, this chapter is divided into several sections. Section 4.1 will include a 

description of the experimental apparatus used in the fiber exposures and will 

present the raw experimental data. Following this will be a description of the 

analysis method used to interpret the photosensitive grating data and a 

discussion of the results obtained. Section 4.2 is also divided into two 

subsections which describe, first, the method of acquisition of electron spin 

resonance data on the exposed fibers, and second, the method of analysis of 

the ESR data. The results of the ESR analysis will also be discussed. Finally, 

section 4.3 will summarize the results of both the optical and ESR studies and 

will draw conclusions based on these findings. 

4.1 Fiber Exposures and Analysis of Grating Data in Germania-Doped Silica 

Optical Fibers. 
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As stated above, the purpose of the optical evaluation described in this 

section was to determine the relationship between the writing wavelength and 

the degree of photosensitivity of gratings written in germanosilicate fiber cores. 

In an attempt to maximize the photosensitive effects observed, commercially 

available pure silica-clad fibers, which were monomode at the wavelengths of 

interest, with large core concentrations of germanium (the only dopant present) 

were obtained. The fibers used in the following studies, originally fabricated for 

the purpose of polarization preservation, had the highest available core/clad 

index ratios and an elliptical core cross-section. Although the use of fibers with 

an elliptical core geometry led to greater difficulty in both fiber alignment and 

input coupling in the experiments, they prevented polarization mode-coupling 

effects from occurring which would have made the interpretation of the data 

quite difficult. 

4.1.1 Photosensitive Grating Formation 

Prior to any fiber exposures, measurements of the spectral responsivity 

of the photodetectors used in the experiment were made and the chromatic 

dispersions and reflection losses inherent to the coupling optics were 

characterized at the five argon laser wavelengths used in the studies. This 

information enabled an exact calculation of both the guided power and the fiber 
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coupling efficiency to be made for each grating. In addition, following each fiber 

exposure, calibrations were conducted in both the reflected and transmitted 

arms of the detection system in order to characterize the total losses present in 

the system. These measurements enabled the detector signal to be calibrated 

in millivolts as a function of milliwatts of power either reflected or emitted from 

the fiber core. From this information the percent of reflectivity growth and of 

transmission decay observed during the formation of the fiber gratings were 

calculated. 

As stated previously, elliptical-core polarization-preserving optical fiber 

was used to write the photosensitive gratings. The fiber had a core diameter 

of 1 pm x 2 pm, a core/clad index difference of dn = 0.028, and was monomode 

at all of the writing wavelengths used in this study (lie = 438 nm). The cladding 

profile was D-shaped with the long side of the 0 corresponding to the major axis 

of the core ellipse. A fiber inspection microscope was used to assure the 

quality of the front and rear cleaves on the fibers and to roughly align the major 

axis of the fiber within the fiber chucks. Careful alignment of the fiber axis to 

coincide with the polarization state of the laser radiation was achieved by 

coupling the linearly polarized radiation into and out of the fiber and minimizing 

the throughput through a crossed-polarized filter while being very careful to 

assure the fiber had not been rotated axially. 
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The fiber samples were irradiated in a two step exposure, the purpose of 

which was to accommodate requirements for both the writing of the gratings and 

the study of generated paramagnetic defects with ESR spectroscopy. The 

experimental set-up is shown in figure 4.1. In the first part of the experiment, 

the gratings were written by launching a single-longitudinal-mode beam, from 

a Spectra-Physics model 171 tunable argon ion laser (e-2 diam. = 1.587 mm) 

with an intracavity, temperature-controlled etalon, into a length of approximately 

1.5 meters of optical fiber while monitoring reflected, transmitted and incident 

powers. In addition, the transmission of a low power helium-neon laser beam, 

of wavelength 632.8 nm, propagating collinearly with the argon beam, was 

monitored in order to assure the stability of the coupling. The photodetectors, 

UOT model 5550, were operated in a reversed-biased, photoconductive mode. 

Narrow-band interference filters were placed in front of the photodetectors in 

order to separate the argon laser radiation from the helium-neon probe beam. 

Optical elements were kept at near normal incidence to the laser beams in order 

to avoid polarization effects. The acousto-optic modulator (ADM), shown in the 

figure, was aligned for maximum efficiency in the first diffracted order, and it 

was this diffracted order which was coupled into the fibers. Thus, the ADM 

served the dual purpose of system isolation and beam attenuation, through 

variation of the voltage applied to the device. The experiment was set up on 

Newport optical bench with an air piston isolation system, and throughout both 
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Figure 4.1: Experimental setup used to write photosensitive fiber gratings: 
AS, aperture stop; BS, beam splitter; IF, interference filter; OF, 
optical fiber. Detectors include: PI' Ar laser power; Pr, Ar power 
reflected from the photosensitive fiber grating; Pt, Ar power 
transmitted through the fiber; Ph' transmitted He-Ne power. A-C 
mark locations of kinematic mounts into which mirrors were set for 
the high-power exposures. 
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portions of the experiment the fibers were allowed to hang loosely within an 

environmentally isolated enclosure in order to avoid the temperature, vibration 

and strain effects discussed at the end of chapter 2.1. The mode stability of the 

laser output was monitored throughout the experiments with a Burleigh SA 200 

spectrum analyzer. 

Fibers were exposed at five different argon laser wavelengths (457.9 nm, 

476.5 nm, 488.0 nm, 496.5 nm and 514.5 nm) while all other experimental 

parameters were held constant. Also, two samples were irradiated at each of 

these wavelengths. Furthermore, five Corning fiber samples (Corguide #68703, 

N.A. = 0.0956), which were not significantly doped with germanium in the core 

material, were irradiated in an identical manner to those described above as a 

control sampling. Thus, it was possible to ascertain that the effects observed 

were specific to highly doped, highly photosensitive fibers. The writing power 

for the gratings was typically 46 mW in the fiber core, and the exposure time 

was approximately 30 minutes. During the grating growth the transmitted and 

reflected argon laser powers were detected and the output was filtered with a 

three-stage resistance-capacitance low-pass filter with a cutoff frequency of 18 

Hz, and then digitized. Data were obtained via a Stanford Research SR245 

analog-to-digital module with an external 1 kHz square-wave trigger from a BK 

Precision model 3011 function generator. RS232 format data transmission was 
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used to access computer driven data acquisition. 

A typical grating growth curve is given in figure 4.2 for a high Ge content 

fiber irradiated at 476.5 nm and figure 4.3 shows a similar exposure in a 

Corning fiber. In the former, the Andrew Corp. fiber, it can be seen that the 

majority of the grating growth takes place within the first 100 seconds, reaching 

a saturated reflectivity of about 93%. In contrast, even after 20 minutes there 

is little or no grating growth evident in the Corning fiber. In this case, the fiber 

reflectivity does not rise above the Fresnel value of 3.5%. This finding further 

supports the correlation between photosensitivity and germanium concentration 

in the fiber core. Finally, a maximum grating reflectivity of ~90% was obtained 

in all of the Andrew Corp. fiber samples. 

Once a grating was written, the out-coupling optics were removed, the 

Fabry-Perot etalon was extracted from the laser cavity, and the laser was 

allowed to operate mUlti-mode. The front fiber end was mounted in an ultra-low 

expansion (Corning 7971 ULE) grooved coupling block and the output end was 

dipped in index-matching fluid, prohibiting back-reflection and, thus, further 

grating formation. Mirrors were inserted into kinematic mounts positioned at the 

locations marked A, B, and C in figure 4.1. The sample was then reexposed at 

higher powers, approximately 130 mW coupled into the fiber core, for an 
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Figure 4.2: Typical growth in reflectivity of a photosensitive germanosilicate 
optical fiber irradiated at 476.5 nm. The fiber was 168.0 cm in 
length (Andrew Corp., an = 0.028) and 38.5 mW was coupled into 
the fiber core. 
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Figure 4.3: Typical reflectivity data from a Corning optical fiber irradiated at 
476.5 nm. The fiber was 152.7 cm in length (Corguide #68703, 
An ~ 0.003) and 47.5 mW was coupled into the fiber core. 
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extended time period (1.5 hrs.) in order to induce sufficient defects to be 

detectable with ESR spectroscopy. The purpose of the ULE coupling block was 

to avoid drifts in the fiber coupling which might arise from heating of the fiber 

chucks at these high powers. Following the high power exposures the fibers 

were prepared for ESR analysis as will be discussed in section 4.2. 

4.1.2 Analysis of Wavelength Dependent Photosensitive Grating Growth 

As discussed previously, the detailed growth characteristics of 

photosensitive gratings are quite complicated. In particular, neither the 

amplitude nor the phase of the gratings are uniform with distance along the fiber 

axis. However, for the small reflectivities associated with the early stages of 

growth which will be analyzed here, the index variation in the fiber core with 

distance, z, may be approximated by 

(4.1) 

where A is the grating period and An« no' When the Bragg condition is 

satisfied, Ao = 2noA, the grating reflectivity is given by 

(4.2) 
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where L is the grating length and K = "An/Ao is the coupling coefficient when a 

uniform index variation of the form given in equation 4.1 is assumed. Now, if 

we consider a model in which the index perturbation is caused by bleaching the 

242 nm absorption band via two-photon absorption, we may write a simple 

equation for the evolution of the index perturbation which forms the grating 

(4.3) 

where I(z,t) is the local light intensity in the fiber and B(A) is a wavelength 

dependent coefficient related to the TPA cross-section, P(A), of the 242 nm 

band. Now, the expression in equation 4.3 may be substituted into the 

expression for K in equation 4.2 to obtain the reflectivity as a function of time 

and wavelength 

In (1 +fR] = 21t B(A) /2 At L 
1-fR Ao 

(4.4) 

Again, the approximations used in obtaining equation 4.4 require the assumption 

of a uniform, unchirped grating, and are valid only within the limits of low 

reflectivities, indicative of the early stages of grating growth, and, thus, small At 

in a simple model of TPA. 

Two typical transmission curves are given in figure 4.4 for gratings written 

at 457.9 nm and 488.0 nm. A strong wavelength dependence is evident such 
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Figure 4.4: Transmission of photosensitive fiber gratings exposed at 457.9 nm 
and 488.0 nm. For the former, the fiber was 165 cm in length and 
44.7 mW was coupled into the fiber core. For the latter, the fiber 
length was 161 cm and the core power was 40.3 mW. 
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that the grating written at 488 nm not only grows more rapidly but also ultimately 

reaches a higher value of saturated reflectivity (lower final transmission). The 

effect of excitation wavelength is demonstrated clearly in figure 4.5 [after 

LaRochelle, 1992] in which the early growth in Bragg grating reflectivity is 

plotted for photosensitive fibers excited at 488.0 nm and 514.5 nm. 

Analysis of initial grating reflectivities for small values of R «25%), in 

keeping with the approximations described above, resulted in the data given in 

figure 4.6, in which the relative parameter B(A), which in essence represents the 

time response of the early growth of the grating reflectivity, is plotted as a 

function of wavelength. One can see a strong wavelength dependence of this 

parameter which appears to peak between 476.5 nm and 488.0 nm. A 

Gaussian fit to the data, of approximately 35 nm FWHM and centered at 480 

nm, is included in the figure and appears to model the data reasonably well. In 

calculating the typical error bar for this data, three sources of error, all 

comparable in magnitude, were evaluated: the digitization error introduced in 

the digital acquisition of the data, the statistical error associated with the linear 

regression used to fit the data, and the variation in the fractional power in the 

fiber core due to a slight modification of modal profile as a function of 

wavelength. Using the rectangular waveguide approximation for elliptical core 

fiber [Kumar, 1984], it was estimated that the fraction of power guided in the 
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Figure 4.5: Early reflectivity growth of Bragg gratings written in photosensitive 
optical fiber with 514.5 nm (circles) and 488 nm (triangles) 
illumination. The solid lines are quadratic fits [after LaRochelle, 
1992]. 
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Figure 4.6: Wavelength dependence of the parameter B(A), representing the 
time response of the reflectivity for early photosensitive grating 
growth, normalized to the average value at 488.0 nm. Error bars 
arise from a combination of digitization error, statistical error, and 
fractional core power variation for each sample. The dashed line 
represents a Gaussian fit to the data centered at 480 nm and 
approximately 35 nm FWHM. 
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core varied by ±5% over the range of excitation wavelengths used. A source 

of error which was not included in the analysis, but which has a significant effect 

on the growth dynamics of the grating, is the variation, from sample to sample, 

in the quality of the cleaves of the fiber end faces. Extreme care was taken to 

minimize this effect by keeping the fiber cleaves clean and parallel on all the 

samples. 

4.2 Correlation of Defects with Wavelength Dependence Using Electron 

Paramagnetic Resonance Spectroscopy 

One possible model for the development of the in-core index perturbation 

inherent to photosensitive Bragg fiber gratings relies on TPA into a known 

defect absorption band in the material and subsequent bleaching of that band. 

In this case, visible radiation excites an oxygen vacancy site, associated with 

a sUbstitutional germanium within the silica network, and liberates an electron 

from the site leaving behind a singly-charged defect center known as a Ge E' 

center. The electron may then become trapped at an adjacent defect site. This 

process bleaches the UV absorption band associated with the precursor, 

resulting in a corresponding change in the refractive index dispersion. Clearly 

if this model is accurate one should be able to detect such paramagnetic 
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defects using ESR spectroscopy. The difficulty arises from the fact that the 

defects are only induced in the core material of the fiber and, even with 1.5 

meters of length, the amount of core material available in photosensitive fibers 

which are single mode in the visible is quite small. In the following sections the 

results of highly sensitive signal-averaged ESR spectroscopy will be discussed. 

It will be shown that defects are induced in the core material by the exposures 

described in section 4.1.1, and that their concentrations exhibit a wavelength 

dependence similar to that observed in the analysis of the photosensitive grating 

growth. 

4.2.1 ESR Data Acquisition 

Following the high-power exposures of the fiber samples described in 

section 4.1.1, each sample was prepared for analysis using ESR spectroscopy. 

The samples were made of bundles of approximately 150 pieces of 1 cm 

lengths cut from the fibers treated as above as well as some untreated fiber 

samples to be used as a reference. The fiber bundles were placed in a high

grade fused silica tube which was then evacuated and sealed. ESR spectra 

were obtained on a Bruker 200D-SRC spectrometer operating at 9.35 GHz, 

utilizing a 50 kHz field modulation, a modulation amplitude of 0.63 mT, and a 

microwave power of 20 mW. Lock-in detection was used in the second 
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harmonic mode to obtain the spectra, in order to increase sensitivity. Finally, 

spectra were obtained by signal averaging multiple sweeps of the spectrometer 

for each sample. Samples were maintained at a temperature of 114 K by 

means of a Bruker nitrogen flow-through device. It should be mentioned that 

use of the second harmonic mode, while providing greater sensitivity in signal 

detection, does not allow the determination of the absolute numbers of spins. 

Rather, only the relative spin concentrations may be calculated. 

Representative spectra are given in figure 4.7 for two photosensitive fiber 

samples exposed to 476.5 nm (upper curve) and 514.5 nm (lower curve) 

radiation. The large central peak located at approximately 3318 G (g = 2.0006) 

has been attributed to the Si E' defect center [Griscom, 1990 and refs.] and 

owes its size to the fact that silica makes up not only the bulk of the core 

material but is also the only constituent in the clad material. The slight edge to 

the left of the Si E' peak has been identified as absorption due to oxygen-hole

center defects [Griscom, 1974]. Since the magnitude of this peak is invariant 

from sample to sample, it has been neglected in the analysis. Finally, the broad 

band to the right of the Si E' peak arises mainly from the Ge E' defect center, 

shifted 8.1 G from the Si E' peak [Griscom, 1990 and refs.]. Thus, figure 4.7 

clearly demonstrates that the Ge E' defect concentration exhibits strong 

wavelength dependent behavior. It should be restated that all of the samples 
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Figure 4.7: Representative ESR spectra for photosensitive fiber samples. The 
fiber exposures were as described in section 4.1.1 for wavelengths 
of 476.5 nm (upper curve) and 514.5 nm (lower curve). The large, 
central peak is the Si E' center, the small band to its left is an 
OHC band which does not vary in strength from sample to sample, 
and the signal centered at approximately 3326 G arises from Ge
associated centers, most notably the Ge E' defect. The arrow 
marks the location of the center of the Ge E' band. 
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in this study underwent identical exposures, save for the particular wavelength 

of exposure, and all parameters of the signal averaged spectroscopy were held 

constant throughout the experiment. 

4.2.2 Analysis of Wavelength Dependent Defect Generation 

Analysis of the peak height of the Ge E' defect absorption as a function 

of the wavelength of exposure is given in figure 4.8. The data have been 

normalized to the average signal for the photosensitive Andrew Corp. fibers at 

476.5 nm. The closed circles are the data obtained from these Andrew Corp. 

fibers and the open triangles are data from the lightly-doped silica core Corning 

Corguide fibers which did not exhibit photosensitivity. The latter data have been 

normalized to the volume of core material in the Andrew Corp. fiber samples. 

It can be seen in the figure that there is a marked dependence of the Ge E' 

defect center concentration as a function of wavelength for the photosensitive 

fibers. In contrast, the Corning fibers yield only a slight Ge E' peak and its 

magnitude does not vary with the wavelength of exposure to within the 

experimental error of the measurement. These results corroborate earlier 

findings that photosensitive processes are reliant on germania rather than silica 

defects. The error bars in the figure arise from the slight fluctuations in ESR 

signal levels observed during the lengthy averaging of the spectra. In addition 
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Figure 4.8: Wavelength dependent variation in the concentration of Ge E' 
centers, normalized to the average value at 476.5 nm. The closed 
circles are data obtained from highly photosensitive Andrew Corp. 
fibers, while the open triangles are data from the Corning control 
samples. The solid line near the bottom of the figure depicts the 
concentration of defect centers in a sample of unexposed 
reference fibers (Andrew Corp.). The dashed curve represents a 
Gaussian fit to the data centered at 475.0 nm and 40 nm FWHM. 
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to obtaining spectroscopic data on the irradiated fibers, two samples of 

unirradiated Andrew Corp. fibers were also examined. The short, solid line in 

figure 4.8 represents the magnitude of the Ge E' peak in these fibers. Hence, 

the Ge E' concentration increased for all of the exposures in this study. A 

Gaussian fit of 40 nm FWHM and centered at 475.0 nm is included in the figure 

and appears to represent the data moderately well. 

In the previous figure, relative Ge E' concentrations were evaluated from 

the magnitude of the peak height of the Ge E' band. In order to obtain more 

exact information from the ESR spectra described above, however, it is 

necessary to conduct computer lineshape simulation studies. The purpose of 

such studies is to accurately identify the types of paramagnetic defects present 

in a given material and to provide information about the relative strengths of 

competing defects. In this process, a known defect powder pattern is convolved 

with a single crystal absorption function for a particular paramagnetic defect in 

order to simulate the effects of glassy-state disorder in the spectra. The defects 

relevant to this research have been studied quite extensively previous to these 

experiments (see Griscom, 1990 for a review). For this reason, it was possible 

to obtain functions describing the known g-value distributions (see sect. 2.2.2) 

of the pertinent defects and, therefore, to develop reliable powder pattern 

functions for the simulations. 
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Unlike traditional Gaussian curve-fitting techniques in which the inclusion 

of additional bands inherently leads to improved fits, the absorption functions for 

the Ge-related paramagnetic defects are highly asymmetric and, therefore, yield 

much more reliable theoretical fits to the data. The inclusion of three defect 

absorptions in a particular simulation, for example, does not necessarily result 

in a better approximation to the data than would a two-defect fit. Figures 4.9 

and 4.10 give the accepted g-value distributions for Si E', Ge E', Ge(1) and 

Ge(2) centers. 

Using the g-value distributions given in the figures, powder pattern 

functions were calculated and simulated absorption spectra were obtained for 

several combinations of defects. Figure 4.11 gives the calculated spectra for 

the case where the absorption is modeled with only Si E' and Ge E' and for a 

three defect simulation including Si E', Ge E', and Ge(2). Although the Si E' 

and Ge E' linefits model portions of the data quite well, a comparison of the two

defect fit in (a) to the data (see fig. 4.7) reveals that an additional band lying 

between the two bands is not accounted for. Inclusion of the Ge(2) defect, 

while resulting in an increased signal in the 3320 G to 3326 G range as desired, 

adds new signal to the right of the Ge E' band and, thus, does not improve the 

fit. Clearly, neither of these models adequately describes the data. In contrast, 

investigation of a four-defect fit, including lineshape simulations for Si E', Ge E', 
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Figure 4.9: The solid lines represent the accepted g-value probability 
distributions for Si E' [Griscom, 1990] which were used in 
computer simulations of the ESR spectrum of the irradiated fibers. 
Dashed lines are g-value probability distributions for the Ge E' 
center [Tsai, 1987b]. 
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Figure 4.10: Dashed and solid lines represent respectively g-value probability 
distributions for Ge(1) and Ge(2) defect centers [after Friebele, 
1974]. Distributions were used in computer simulations of ESR 
data obtained from irradiated photosensitive fiber samples. 
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Figure 4.11: Computer Iineshape simulations of ESR absorption spectra for (a) 
Si E' and Ge E' defects only, and (b) Si E', Ge E', and Ge(2) 
defects. In both figures, the large peak at - 3318.0 G is the Si E' 
peak and the smaller peak at -3326.0 G is the Ge E' peak. In 
the upper figure the Si and Ge E' centers are weighted 1.0 and 
0.15 respectively and the Gaussian convolution width is 0.4. In the 
three defect simulation Si E', Ge E' and Ge(2) defects are 
weighted 1.0, 0.025 and 0.125 respectively and the Gaussian 
convolution width is 0.4. 
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Ge(2) and Ge(1) centers, demonstrates close agreement with experimentally 

obtained data. The results of this study are presented in figure 4.12 along with 

a typical data scan. In this fit the Si E', Ge E' and Ge(1) defects are found to 

have the greatest effect on the resultant lineshape. Inclusion of the Ge(2) 

defect leads to only slight improvement in the fit at fields at or above 

approximately 3330 G. Finally, additional simulations, obtained by varying the 

relative weights of the defects in the four-defect model, reveal that the Ge(1) 

defect concentration scales approximately linearly (within an experimental error 

of ± 1 0%) with the variation in Ge E' defect concentration as a function of 

wavelength of exposure in the samples. These results can be seen in table 4.1 

in which the defect weights used to fit the data are given for Ge E', Ge(1) and 

Ge(2) centers. The ratio between Ge E';Ge(1) defects as a function of 

wavelength of exposure for the photosensitive fiber grating samples is also 

included. 

Hence, lineshape fitting analysis has clearly identified the presence of Si 

E', Ge E' and Ge(1) defects in the samples. The importance of the Ge(2) center 

is not clear, although it appears that its influence is more significant in the 

samples irradiated at longer wavelengths. Furthermore, a distinct correlation is 

seen between wavelength of exposure and the concentration of both Ge(1) and 

Ge E' centers. This supports the conclusion that both centers are created 
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Figure 4.12: (a) Computer lineshape simulations for ESR spectra using a four 
defect model including Si E', Ge E', Ge(1) and Ge(2) centers. The 
reletive weights used in obtaining the fit are 1.0, 0.045, 0.286 and 
0.004 for the four defects. The Gaussian convolution width is 0.4. 
(b) Raw ESR data obtained on a photosensitive fiber sample 
irradiated at 476.5 nm for comparison with the four-defect fit in (a). 
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Table 4.1 

Weights of Ge E', Ge(1) and Ge(2) defect centers, obtained using computer 
lineshape simulation techniques, as a function of wavelength of exposure for 
photosensitive germanosilicate fiber samples. The Si E' defect was given a 
weight of 1.0 in every case. Reasonable fits to the data could be obtained for 
the Ge(1) weights given below ±10% for the simulations. The ratio between Ge 
E' and Ge(1) concentrations is seen to remain constant for all of the samples. 

Wavelength Ge E' Ge(1) Ge(2) Ratio 

(nm) Weight Weight Weight GeE'/Ge(1) 

457.9 0.034 0.217 0.004 0.157 

., 

476.5 0.045 0.286 0.004 0.157 

488.0 0.036 0.226 0.008 0.159 

496.5 0.028 0.180 0.020 0.155 

514.5 0.026 0.180 0.020 0.144 
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during photosensitive grating formation and supports a defect bleaching and 

formation model for photosensitivity. 

4.3 Conclusions 

One possible model for the development of the in-core index perturbation, 

produced in photosensitive fiber gratings, is that TPA of a visible laser beam 

into an oxygen vacancy site of a substitutional germanium, within the silica 

network, bleaches the known UVabsorption band, liberates an electron from the 

site and creates defect centers, such as the Ge E' center. This model is based 

upon a local bleaching interpretation of photosensitivity and supports the 

Kramers-Kronig theory for photosensitive fiber effects. Clearly in this model, a 

wavelength dependence of photosensitive grating formation and of defect 

formation is anticipated. Hence, analysis of the wavelength correlation of 

photosensitivity and of defect concentrations in the irradiated photosensitive 

samples should provide an excellent test of the model's validity. 

Optical studies and electron spin resonance spectroscopy have 

demonstrated a clear wavelength dependence of both the characteristic grating 

formation and the concentration of associated paramagnetic defects. The 
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results are in accord with the UV absorption features of the oxygen-deficient 

germania band located at 242 nm. This is illustrated in figure 4.13 [after 

Simmons,1991], in which the averaged data from figures 4.6 and 4.8 have been 

plotted together, as a function of wavelength, along with the normalized one

photon absorption spectra ofthe oxygen-deficient germania [Yuen, 1982] which 

has been shifted to twice its original wavelength for comparison with the data. 

The reasonable agreement of the data in figure 4.13 allows one to conclude that 

the formation of the fiber grating is made possible by the existence of oxygen 

vacancies located at substitutional germanium sites within the unexposed fiber. 

Exposure to the laser beam ionizes the defect, via a two-photon process, 

effectively bleaching the 242 nm absorption band. Thus, an electron is 

liberated, and a hole trap, modeled as a Ge E' center, is created. In addition, 

computer lineshape simulations confirm that electron trap defects, Ge(1) and 

Ge(2) centers, are also formed in the process. 

Although the process of curve fitting is inherently indirect , the strong 

asymmetry of the bands in ESR lineshape simulations enables highly accurate 

interpretation of the spectroscopic data to be made. In this case, such 

theoretical fitting studies indicate that Ge E' and Ge(1) defect concentrations are 

most greatly affected by the wavelength dependent exposures and appear to 

scale linearly with each other over the range of sample irradiation conditions. 
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Figure 4.13: Comparison of optical and ESR data for photosensitive germano
silicate optical fibers [after Simmons, 1991]. Triangles describe 
the wavelength dependence of the parameter 8(A) normalized to 
its average value at 488 nm. Squares describe the variation in the 
concentration of Ge E' centers with wavelength, normalized to the 
average value at 476.5 nm. Data points represent the average of 
two samples analyzed at each of the following wavelengths: 457.9 
nm, 476.5 nm, 488.0 nm, 496.5 nm and 514.5 nm. The dashed 
line represents the normalized UV absorption spectra of the GeO 
species [Yuen, 1982] doubled in wavelength for comparison. 
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The role of the Ge(2) center, which is necessarily included in the simulations to 

obtain proper fits to the data, remains ambiguous. 

Finally, this research represents the first demonstration of a positive 

correlation between the formation of Ge E', and other paramagnetic, defects and 

the observation of photosensitivity in germanosilicate optical fibers. Studies of 

the effects of variation of the wavelength of exposure on the optical and 

materials properties of such fibers show that both defect formation and 

photosensitive grating growth characteristics follow a wavelength dependence 

that agrees with the shape of the 242 nm absorption band in the material. This 

research supports a model for photosensitive fiber grating effects based on two

photon absorption and local bleaching. 
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CHAPTER V 

EXAMINATION OF OPTICAL PROPERTIES, PHOTOSENSITIVE GRATING 

FORMATION AND BAND BLEACHING IN SOL-GEL DERIVED 

GERMANOSILICATE PLANAR WAVEGUIDES 

As discussed in chapter 3, dielectric optical waveguides confine radiation 

as a result of total internal reflection (TIR) within the guiding layer. In a ray 

picture of waveguiding, any ray entering the guiding region at an angle which 

is greater than or equal to the critical angle for the interface will be totally 

internally reflected and will, therefore, propagate without transmission loss down 

the length of this region. This phenomenon relies on the fact that the guiding 

region has a higher index of refraction than the surrounding material. In the 

case of optical fibers, the necessary index difference between the core and clad 

regions is generally obtained by doping the Si02 core material with germanium. 

Frequently, however, alternate dopants are used to facilitate fabrication (small 

amounts of phosphorus, for example, are added to lower the deposition 

temperature for the core material in the MCVD process [Friebele, 1986]) or to 

modify the core index profile. In addition, as discussed in chapter 2, chlorine 

exists in significant quantities in the core region of standard optical fibers, owing 

to the fact that chlorates and chlorine gas are used respectively as raw 

materials for and as a dehydrating agent in MCVD and CVD fabrication of fiber 
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preforms. Such dopants and contaminants are commonly present in fibers in 

concentrations ranging from 0.1 % to 35%. Either because most materials 

compositions are proprietary, or because such information is not carefully 

recorded during preform fabrication, it is generally impossible for a purchaser 

to determine the exact composition of a commercial optical fiber. In addition, 

the material thermal history, also seen to play a vital role in defect 

concentrations and associated absorption and emission bands (see Ch. 2), is 

unclear. These uncertainties have greatly hampered the ability of researchers 

to compare results from studies done in different laboratories on a variety of 

fiber sources. 

In an effort to clarify the relationship between photosensitivity and the 

oxygen-deficient, 242 nm absorption band, several authors have attempted to 

study the effects of reducing atmosphere thermal treatments on the 

photosensitivity and luminescence of germania-doped silica optical fibers 

[Ouellette, 1991 c, LaRochelle, 1992]. Such atmospheric treatments are 

intended to increase the concentration of oxygen-deficient defects in the fiber 

core and, thereby, to increase the sample photosensitivity. This research, 

however, necessarily incorporates an indirect means of modifying the core 

material, relying on diffusion of gas reactants through the fiber clad material into 

the core. Furthermore, such thermal treatments tend to degrade the structural 
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integrity of the fibers, making them brittle and difficult to handle. In addition, due 

to the strength of the defect absorption bands in the UV, accurate loss 

measurements in the fibers are extraordinarily difficult in the region of interest 

[Atkins, 1992a]. 

For these reasons, it was determined that a more controlled and direct 

study of the effects of dopant concentration and of defect absorption bands on 

photosensitive processes could be conducted using a planar waveguide 

geometry. The ability to independently control the compositional characteristics 

of the guiding material and to directly expose the active material to atmospheric 

conditions during post-deposition, thermal treatments made thin films ideal 

structures for examination. Furthermore, loss measurements in the UV can be 

easily made in transmission normal to the plane of the film due to the reduced 

path length in the absorbing material. Sol-gel films are particularly appropriate 

for such experiments because the process enables formation of high quality, 

uniform films over a broad Ge02:Si0 2 composition range. 

In the following chapter the results of a variety of experiments carried out 

in germanosilicate sol-gel planar waveguides will be discussed. Section 5.1 will 

begin with a brief introduction to wet-chemical processing and sol-gel thin films. 

Following this, the section will be divided into three subsections. The first will 
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address the sample fabrication and post-fabrication, atmospheric-exposure 

techniques, while the second will discuss the measurement of linear optical 

properties, such as index, thickness, scattering loss, and absorption loss, in the 

films. The section will close with the results of Raman spectroscopy studies, 

which help to identify the bonding geometry of germanium and silicon in the 

films, and of photoluminescence (PL) measurements, used to probe optically 

active defect states. Next, section 5.2 will examine photosensitive grating 

experiments carried out in the films. Grating growth will be inspected both as 

a function of germania concentration in the films and as a function of post

fabrication, thermal exposure, which is observed to influence UV absorption 

band strengths. Section 5.3 will describe the procedures, the method of data 

analysis, and results of a series of UV bleaching experiments done on a set of 

hydrogen-treated samples. Finally, section 5.4 will draw conclusions based 

upon all of the data and analysis presented in the chapter. 

5.1 Sol-Gel Planar Waveguide Fabrication and Investigation of Film 

Properties Using Linear Optical Measurements and Raman and 

Photoluminescence (PL) Spectroscopies. 

Sol-gel processing is a technique for producing a broad range of glass 

compositions from solutions of organo-metallic or inorganic compounds. 
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Chemical reactions initiated by the combination of such solutions under specific 

pH conditions result in the formation of polymerized metal-oxides, composed of 

metal-oxygen-metal bonds, dispersed in solution (called the sol). For the films 

under consideration in this study, metal alkoxides of network forming cations 

(M(OR)x) are used as soluble ceramic precursors. Acid catalyzed hydrolysis 

reactions in alcohol based solutions result in the replacement of the alkoxide 

groups with hydroxyl groups. Subsequent condensation reactions yield 

dispersed inorganic oxide linkages. This process can be characterized by the 

set of reaction equations given below which describe hydrolysis followed by 

condensation: 

=M-OR + H20 .. =M-OH + ROH (5.1) 

=M-OH + HO-M= .. =M-O-M= + H20 (5.2) 

In the above equations, R is an alkyl group of the form CXH2X+1 (typically C2HS 

or CH3) and M is the metal (Si or Ge). The result of these reactions is the 

formation of a sol which may gel into a three-dimensional network with on-going 

hydrolysis and condensation and increasing linkage of the oxide groups. Drying 

and densification of the gel are achieved through subsequent heat treatment. 

Successful fabrication of both thin films and monoliths using the sol-gel 
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process requires careful control of many variables. Precursor and sol chemistry 

can be modified to drastically alter the morphology of the resulting material and, 

hence, its mechanical and optical behavior. The formation of homogeneous, 

multicomponent sols also requires the careful control of relative hydrolysis and 

condensation rates between the alkoxides to avoid preferential phase 

segregation and loss of sol stability. In addition, proper thermal treatment after 

gelation is necessary to free the gel of residual organics and to achieve 

densification of the sample without cracking. A great deal of research has been 

done to investigate these problems and several excellent reviews exist [Chen, 

1991, Brinker, 1991, Hench, 1990]. In particular, Brinker has closely examined 

the fluid dynamics and reaction kinetics integral to the dip-coating process used 

to form the films in the present study. He has identified several variables 

inherent to the dip-coating technique which affect both film quality and 

morphology (e.g.: pore size, pore volume and surface area of the deposited 

film). The most important of these are the evaporation rate of the solvent as the 

film is drawn and the substrate withdrawal speed. Film thickness is governed 

by viscous drag on the liquid by the moving substrate, surface tension, shear 

resulting from surface tension gradients, and gravitational forces on the liquid 

sol. 

Despite the complexity of sol-gel processing described above, the fluid 
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state of the sol is uniquely adapted to thin film deposition techniques such as 

spin coating, dip coating, and spraying. In addition, the versatility of this 

process enables the fabrication of high-purity, chemically homogeneous 

materials with novel compositions at low temperatures. For these reasons sol

gel films were deemed ideal for the following research. 

5.1.1 Materials Fabrication Techniques and Post-Fabrication Atmospheric 

Treatments. 

The sol-gel films used in subsequent research were fabricated by Dr. 

Barrett G. Potter, Jr. at the University of Florida, Gainesville using a dip-coating 

technique developed by Chen [Chen, 1991]. Ethanol-based, germano-silicate 

sols of composition 10, 25, and 45 mol% germania were prepared. 

Tetraethoxysilane (TEOS) was prehydrolyzed in dilute precursor solutions (0.13 

to 0.3 M in alkoxide, H20 to alkoxide ratio: 2 to 1). To facilitate the preparation 

of a consistent volume of sol independent of composition, the precise 

concentration of TEOS in the precursor solution was varied for each of the 

different final sol compositions mentioned above. The germanium constituent, 

prepared using a vacuum distillation process [Chen, 1991], was slowly added 

to the stirred TEOS solution in the form of a 0.7 M germanium 2-methoxy

ethoxide precursor solution. In most cases, hydroxypropylcellulose (HPC) 
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binder solution (approximately 2.5 wt. % HPC in ethanol) was added after the 

germanium constituent to modify the sol viscosity and facilitate the uniform 

coating of the substrate during the dipping process. 

Freshly prepared sols were typically colorless and transparent with a total 

alkoxide concentration of approximately 0.15 M. Fused silica substrates were 

rinsed and sonicated in a soap solution followed by deionized water, acetone 

and ethanol before a 1 hour bake-out at 700°C under air to remove organic 

residue from the substrate surfaces. The 1" by 2" slides were then dipped into 

the germano-silicate sol between 1 0 and 12 times, allowing the films to dry 

between dips under the ambient air atmosphere. The substrates were 

withdrawn from the sol at a rate of 3.8 cm/min. The coating process took place 

within a baffled enclosure in order to minimize contamination of the wet films by 

airborn particulates in the environment. A diagram of the experimental 

apparatus used in the coating process is given in figure 5.1. 

After the dipping process, the coated substrates were heat-treated to 

consolidate the newly deposited films. Depending upon the sol composition, 

films were heated under flowing oxygen through a 200°C/hr ramp to 1110°C, 

900°C, and 750°C for the 10, 25, and 45 mol% germania films, respectively. 

Samples were then held at these temperatures for several minutes to insure 



136 

motor 

I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I -I 

I 
I 
I • 
I coated 
I 
I 

, substr ate 
I 

~V sol 

I 
I 
I 
I baffle I 
I 

'" I I I 
I 
I 
I .--- -

-

'-- ~ controller 

Figure 5.1: Schematic diagram of the dip-coating apparatus used to make sol
gel derived thin-film waveguides. 
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densification of the films. The heating rate was reduced in the range 500 -

650°C to insure complete combustion ofthe organic binder before densification. 

Holding times at the final temperatures were empirically determined to insure 

full consolidation of the film while avoiding devitrification [Chen, 1991]. The 

process of dipping and densification was repeated, according to the particular 

sample composition, in order to obtain a thickness sufficient to support a single 

guided mode at 488.0 nm for each film. Individual samples were cut from the 

center of the 111 x 211 coated substrates into pieces whose dimensions were 

approximately 0.2511 x 111. 

Following film fabrication, the samples were subjected to post-fabrication 

thermal treatments at 550°C under a flowing HiN2 (1 :20 volume ratio) 

atmosphere for 0, 30, 60, or 120 minutes. The waveguides were placed in a 

fused silica boat in a fused silica flow-through tube furnace and the furnace 

temperature was ramped up to 550°C slowly under an inert atmosphere, so that 

a steady-state equilibrium was obtained before the films were exposed to the 

reactant atmosphere. An initial, high-flow-rate purge was done in order to fill the 

tube cavity with the HiN2 gas, after which the sample was held at temperature 

for the desired length of time. A post-exposure purge using inert He gas was 

done to halt the reaction process. The samples were maintained under the inert 

atmosphere during the entire cool down process. Samples of fused silica 
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underwent similar exposures in order to facilitate later comparisons between film 

and substrate effects. 

The purpose of these exposures was to attempt to reduce the films, 

thereby creating oxygen deficient centers and a related 242 nm UV absorption 

band, and enhancing photosensitive effects in the films. Both the optical 

absorption and the photosensitive response of the films so produced will be 

discussed in detail in following sections. 

5.1.2 Linear Optical Properties of Sol-Gel Derived Germanosilicate Films. 

Film indices of refraction and thicknesses were measured using a 

Gaertner, Inc. ellipsometer with a coherent source at 632.8 nm. Average index 

values of 1.47, 1.49 and 1.52 were found for the 10, 25 and 45 mol% germania 

films. Film thickness were measured to be 1.2 pm, 0.6 pm and 0.6 pm 

respectively [Potter, 1992]. Planar waveguide calculations using a step-index 

profile to model the system demonstrated that all of the films were single mode 

at 488.0 nm and yielded cutoff thicknesses for the TEo mode of the guide and 

neff values for the films of 0.638 pm and 1.4617 for the 10 mol% germania 

samples, 0.376 pm and 1.4685 for the 25 mol% germania films, and 0.254 pm 

and 1.4936 for the 45 mol% germania films. 
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Linear loss measurements were made on all of the heat-treated samples 

at 488.0 nm in order to characterize scattering losses in the films. In these 

measurements, the 488.0 nm beam from a low-power argon ion laser (Spectra 

Physics) was spatially filtered and prism-coupled into the guided mode of a 

germanosilicate sol-gel planar waveguide. Coupling efficiency was maximized 

through use of an x, y, z, x', y', 8 translation/rotation stage apparatus. 

Scattering from point defects within the film caused the guided radiation to be 

visible in the form of a streak in the waveguide. This streak was imaged by an 

Electrophysics model 7290 microviewer camera onto a Sanyo VM4509 video 

display. Image processing software allowed the image to be captured and 

digitized and the intensity per pixel of the scattered radiation along the length 

of the streak was stored in a data file. Calibrations of the data in mm/pixel were 

obtained by similarly imaging a lighted, calibrated scale at the location of the 

guided streak. Multiple scans were done across the width of each sample in 

order to obtain a reliable average value for the scattering losses in a particular 

film. The experimental set-up used to do this characterization is shown in figure 

5.2. A representative scan of the scattering from coupled radiation in a 45 

mol% germania film heated for 0.5 hours under flowing HiN2' as described 

previously, is given in figure 5.3(a) and the corresponding calibration is given 

in 5.3(b). 
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Figure 5.2: Schematic diagram of apparatus used to make linear scattering 
loss measurements. The sample was mounted on an x, y, z, x', 
y', 8 translation and rotation stage and 488.0 nm radiation was 
prism coupled into the waveguide mode. Lc is the coupling lens 
with f = 100 mm. 
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Figure 5.3: (a) Representative exponential decay data imaged from guided 
radiation in a 45 mol% Ge02 sol-gel thin film which was subjected 
to a 0.5 hr. HiN2 heat treatment. (b) Calibration data - the 
distance between each peak indicates 1 mm at the sample. The 
scattering loss for the sample in this figure was calculated to be 
1.39 dB/cm. 
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Finally, the scattering loss curves were fit exponentially following a Beer's 

law model (equ. 5.3) for loss in the waveguides. Conversion of the exponential 

decay constant to dB, after equation 5.4, gave the losses for each of the 

samples in dB/cm. 

dB = 10109( 'In) 
'out 

(5.3) 

(5.4) 

The calculated losses for the samples used in subsequent research are 

given in table 5.1 along with the sample compositions and hydrogen exposure 

conditions. Clearly, this table demonstrates that high-quality, low-loss films 

were obtained over the range of samples. The comparatively large loss figure 

for the 10 mol% germania film resulted from the sizable number of dips that the 

sample was subjected to during the coating process (approximately 48) in order 

to satisfy the desired guidance condition for the sample. The discrepancy 

between losses in the 45 mol% Ge02 sample with no subsequent hydrogen 

exposure and the other samples of the same composition comes from the fact 

that the former was taken from a different substrate than the others. 
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Table 5.1 

Sample composition, thermal history and measured scattering loss at 488.0 nm 
for the samples used in subsequent photosensitive grating studies in this 
dissertation. 

Sample Composition HiN2 Exposure Scattering Loss 

mol% Ge02 (hrs. @ 550°C) (dB/cm) 

1 10 2.0 4.5 

2 25 2.0 1.9 

3 45 0.0 3.5 

4 45 0.5 1.39 

5 45 1.0 1.48 

6 45 2.0 2.09 
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In addition to the scattering loss measurements described above, optical 

absorption loss measurements were also conducted on all of the samples. The 

purpose of these studies was to determine the effect of hydrogen exposure on 

the films and to ascertain the importance of the 242 nm absorption feature 

which had recently been called into question [Williams, 1991]. The samples 

were mounted in a specially designed holder and placed in one arm of a dual 

beam Perkin Elmer Lambda 9 UVNIS/NIR spectrophotometer. The instrument 

measured absorbance, or optical density, which is given by: log1o(liilout). Data 

were taken in transmission, normal to the plane of the films. Absorption loss 

measurements were made in the region of 190 nm to 1.0 pm for all of the 

samples both before and after post-deposition thermal treatments. 

Measurements below 190 nm were impossible since the absorption edge for the 

fused silica substrate begins to rise at this point (according to ESCO, Inc., 

manufacturer of the substrates, the transmission of S1-UV substrate slides is 

down to 30% by 170 nm). Figure 5.4 gives the UV absorption spectra in the 

range of 190 nm to 600 nm for a series of 0.45 Ge02-O.55 Si02 sol-gel 

waveguide samples heat treated for various lengths of time at 550°C under 

flowing HiN2' A spectrum obtained from a sample of fused silica substrate 

which had been cleaned and baked and subjected to a hydrogen exposure at 

550°C for 30 minutes is included in the figure for comparison. The insert in fig. 

5.4 gives the UV absorption spectra for 10,25, and 45 mol% germania samples 
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Figure 5.4: UVabsorption spectra for sol-gel thin-film waveguide samples heat 
treated at 550°C under a flowing HiN2 (1 :20 volume ratio) 
atmosphere. Samples (a)-(d) represent data for 45 mol% 
germania films. Heat-treatment schedules are as follows: (a) 2 
hr. (b) 1 hr. (c) 30 min. (d) as-deposited sample, no heat 
treatment. Absorption loss spectrum for a fused silica substrate 
cleaned, baked and hydrogen treated at 550°C for 30 min. is given 
in (e) for comparison. Insert compares optical absorption for (a) 
45 mol%, (f) 25 mol%, and (g) 10 mol% germania films with 2 hr. 
hydrogen exposures. Small oscillations at wavelengths longer 
than 200 nm in curve (d) and 275 nm in curves (a)-(c), (f) arise 
from Fabry-Perot interference in the film. Peaks at 242 nm and 
191 nm in the latter curves do not change position with incidence 
angle and correspond to absorption. 
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which were each hydrogen-treated at 550°C for 2 hours. The small oscillations 

in the figure were seen to change position with the incidence angle of the 

spectrophotometer beam and, hence, are attributed to Fabry-Perot oscillations 

in the plane of the film. The bands located at approximately 242 nm and 191 

nm in the spectra did not shift with incidence angle and correspond to 

absorption. No significant absorption features were identified in the visible or 

near infra-red portions of the spectrum. Figure 5.5 shows the intensity of the 

absorption at 242.0 nm as a function of heat treatment. In this figure, it appears 

that there is a linear relationship between 242 nm absorption and hydrogen 

exposure time. The lack of t1l2 heat-treatment dependence is in general 

agreement with other research [Awazu, 1990], and might lead one to conclude 

that the reaction rate for oxygen-deficient germania defects, associated with this 

band, is not diffusion controlled but perhaps a result of competing processes in 

this case. As a caution, however, it must be pointed out that the data given in 

the figure represent the total loss at 242 nm and not the integrated 242 nm peak 

size. To clarify these results, curve fitting analysis, which will be fully described 

in a later section of this chapter, was employed and the integrated intensity of 

the 242 nm band is given as a function of sample heat treatment in figure 5.6. 

Inspection of this figure indicates that the integrated absorption band intensity 

does indeed scale linearly with hydrogen exposure time. Although it is unclear 

what specific reactions lead to this linear relationship, it is undeniable that the 
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Figure 5.5: Intensity of absorption loss at 242 nm for 0.45 Ge02-O.55 Si02 sol
gel thin-film samples heat-treated under flowing HiN2 [after 
Simmons, 1993a]. 
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Figure 5.6: Integrated intensity of the UV absorption band located near 242 
nm in 0.45 Ge02-O.55 Si02 sol-gel thin-film samples heat-treated 
under an HiN2 atmosphere at 550°C. Error bars were obtained 
from integrated area calculations in which the Gaussian band 
width exhibited a ± 1 nm uncertainty. The dashed line represents 
a linear fit to the data. 
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hydrogen treatment substantially increases UVabsorption in the samples and, 

furthermore, that a significant absorption band located at about 242 nm exists 

in the films in contrast to the claims of Williams et. al. [Williams, 1991]. Given 

the general association of the 242 nm band with one or more oxygen deficient 

germania centers in the glass structure [Cohen, 1957, Yuen, 1982, Friebele, 

1986], the reducing atmosphere heat-treatment does appear to increase the 

relative concentration of these centers. In addition, it can be seen that the 

contributions to the UV spectra result from reduced germania rather than 

reduced silica since the hydrogen exposure did not significantly affect the 

substrate absorption. Based upon these conclusions, it is expected that the sol

gel films fabricated for this study should exhibit photosensitive behavior. 

5.1.3 Raman and Photoluminescence Spectroscopy on Germanosilicate Sol

Gel Thin-Film Waveguides. 

5.1.3.1 Raman Spectroscopy 

Both Raman and photoluminescence spectroscopy measurements were 

conducted on the germanosilicate sol-gel waveguide samples described above 

for the purpose of determining the bonding geometry of germanium in the films, 

in the case of Raman, and the effects of hydrogen exposure on luminescence 
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bands in the material, in the case of PL. The Raman studies were conducted 

at the University of Florida, Gainesville, by Dr. Barrett G. Potter, Jr. and co

workers and the results have been previously published [Potter, 1992]. In these 

studies, 488 nm cw argon-ion laser radiation was prism coupled into the films 

in a TE-polarized mode. The guided mode streak was imaged onto the input 

slit of a Jobin-Yvon Ramanor U-1000 double monochromator, 1 meter in length, 

equipped with water-cooled photon-counting photomultiplier tube detection. The 

spectral resolution of the measurement was 4.5 cm-1
• The waveguide collection 

geometry ensured that minimal scattered radiation from the substrate material 

was collected. Measurements at 514.5 nm were done in conjunction with those 

at 488.0 nm in order to substantiate the identification of Raman-related spectral 

features. 

Potter et. al. found that 10 mol% germania films exhibit several 

characteristic features of the Raman spectrum of vitreous silica, including both 

the symmetric and antisymmetric vibrational stretching modes of the bridging 

oxygen in the Si-O-Si structure. The influence of germania content in the films 

was more apparent in the 25 mol% and 45 mol% germania films. The Raman 

spectra of these films demonstrated features that lay intermediate between bulk 

v-Si02 and bulk Ge02 Raman peaks. For example, the symmetric stretching 

vibrational mode of Si-O-Si in bulk fused silica, located at 432 cm-1
, was clearly 



151 

evident in the 10 mol% germania sample. In the 25 and 45 mol% germania 

films the prominent peak was shifted to 420 cm-1
• This is much closer to the 

symmetric stretching vibrational mode of the Ge-O-Ge structure, located at 416 

cm-1
, in bulk Ge02• In addition, vibrations of oxygen in a mixed Ge-O-Si linkage 

were identified at 680 cm-1 in the highly-doped samples. Analysis of the Raman 

data for the sol-gel derived germanosilicate thin films led the authors to 

conclude that homogeneous silica-germania structures were formed in the 

samples and confirm the incorporation of germanium into the silica glass 

network. 

5.1.3.2 PL Spectroscopy 

As discussed in chapter 2, the effects of hydrogen exposure on the 

absorption and luminescence behavior of germanosilicate glasses have been 

the subject of several studies examining defect formation processes [Friebele, 

1986] and transmission loss mechanisms in optical fibers [Uesugi, 1984, 

Kohketsu, 1987b, Kohketsu, 1989b, Awazu, 1990] where hydroxyl formation, 

arising from the interaction of an optical fiber with the environment, is a major 

concern. Recently, atmospheric treatments have been shown to significantly 

affect photosensitive processes in fiber [Meltz, 1991, LaRochelle, 1992, Atkins, 

1993b] and planar waveguides [Simmons, 1993a, Bilodeau, 1993]. In these 
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studies, direct material modification using thermal treatments under oxidizing or 

reducing conditions has allowed some questions about the role of hydrogen in 

defect formation processes to be addressed. Optical absorption and 

photoluminescence bands found to grow after such treatments have been 

associated with increased hydrogen content in the material. Hence, the purpose 

of investigating the photoluminescence behavior of the sol-gel films was to 

attempt to locate a luminescent band associated with the strong UV absorption 

features identified by earlier absorption loss measurements. It was hoped that 

excitation of the UV bands could be achieved via two-photon absorption of the 

488 nm pump coupled into the guides in the same manner as LaRochelle, 1992. 

In addition, red luminescence was investigated in an attempt to obtain some 

information about the influence of hydrogen on the sample structure. 

PL data were obtained using the same apparatus as that described 

above for the Raman investigations. The excitation beam of 488.0 nm laser 

radiation was filtered by an optical-interference spike filter to remove laser 

plasma radiation. Optical power of 200 mW at the coupling prism was focused 

to a 300 micron spot and coupled into a series of 0.45 Ge02:O.55 Si0 2 sol-gel 

waveguides exposed to post-fabrication hydrogen treatments at 550°C for 

varying lengths of time. As above, the data were collected normal to the 

propagation direction of the laser beam. The absence of a counterpropagating 
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beam, necessary for grating growth, prevented the formation of photosensitive 

gratings within the film which might have complicated the interpretation of the 

PL signal. 

The behavior of the UV absorption spectra, discussed in the previous 

section, contrasts the effects observed for photoluminescence collected in the 

red wavelength region on the sol-gel films. In Figure 5.7, a clear increase in the 

photoluminescence intensity in the 550 nm to 750 nm range is observed from 

the as-deposited sample to the 30 minute heat-treated sample followed by a 

strong decrease in PL with treatment times greater than 30 minutes. Spectra 

have been normalized using the Stokes-shifted Raman response of the samples 

at 1100 cm-1 shift (516 nm) which has been found to be relatively insensitive 

to heat-treatment time [Potter, 1992]. In addition, repeated scans in one spot, 

as well as across the sample, demonstrated that the data were reproducible and 

exhibited no bleaching of the observed luminescence with time of exposure. 

Attempts were made to detect luminescence in the 400 nm region, associated 

with 240 nm absorption, however no signal was observed. This finding was not 

surprising considering the relatively low optical power densities in the films and 

that excitation of the band would rely upon two-photon absorption of the pump 

in our experimental configuration. 
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Figure 5.7: Red luminescence for 0.45 Ge02-O.55 Si02 sol-gel thin-film 
waveguides exposed to post-fabrication hydrogen treatments for 
varying lengths of time. The curves have been normalized to the 
Raman intensity at 1100 cm'1 shift (516 nm). Curves (a) through 
(d) represent data for the 0.5 hour, 1 hour, 2 hour and as 
deposited samples respectively. 
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Analysis of the PL data reveals that two major components of the spectra 

presented in Figure 5.7 are common to all data sets for the heat-treated 

specimens: a relatively narrow peak at approximately 602 nm and a broad, 

featureless band centered in the range of 650 to 700 nm and extending past 

800 nm. The PL spectrum of the as-deposited film is featureless in this 

wavelength range. In an effort to further quantify the effects of heat-treatment 

on the PL spectra, a curve-fitting routine was also employed in the data 

analysis. A minimum of three Gaussian peaks were required to obtain a 

satisfactory fit to the experimental data. Consistent among the heat-treated 

specimens was a narrow band (FWHM approx. 20 nm) centered at 602 nm. 

The other two peaks centered at 636 nm and 729 nm make up the broad-band 

luminescence seen in the figure. Previous researchers have observed 

somewhat similar red emission bands (located at 620 nm and 680 nm) in H2 

exposed fiber preforms, and have attributed the bands to germyl radicals 

[Kohketsu, 1989b]. For the total PL spectrum, it appears that, although initial 

heat-treatment under reducing conditions does increase the concentration of 

centers associated with the observed bands (assuming that the emission 

intensity scales with concentration), further increases in hydrogen concentration 

tend to quench this luminescence in these samples. The precise mechanism 

for the quenching effect is unclear but may be the result of the sequential 

addition of another hydrogen to germanium at higher hydrogen concentrations. 
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Such a process may render the center optically inactive or may shift the 

emission frequency out of the present window of observation. Alternatively, it 

is possible that the addition of more hydrogen induces absorption bands within 

this wavelength range, thus decreasing the observed luminescence intensity. 

However, no evidence for increased absorption was seen in the measured 

absorption spectra in section 5.1.2 for these samples. Finally, PL studies of 

films containing 10 mol% Ge02:90 mol% Si02, which would be anticipated to 

show a stronger effect with H2 exposure if the defect were silica associated, 

exhibited none of this PL. For this reason, it may be concluded that the 

photoluminescence arises from Ge-related, and not Si-related, sites. 

Of clear importance from the standpoint of the photosensitive response 

in this material is the apparent decoupling of the optical absorption response at 

242 nm and the red luminescence behavior. Contrary to the behavior of the 

242 nm absorption band, the red emission does not exhibit a general increase 

in intensity with hydrogen treatment. As will be discussed in the following 

section, since these samples demonstrate an increased photosensitive response 

with increasing hydrogen treatment [Simmons, 1993a], it is apparent that the 

presence of hydrogen defects cannot be correlated to the degree of 

photosensitivity in the samples. 
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5.2 Growth and Analysis of Photosensitive Gratings Written in 

Germanosilicate Sol-Gel Planar Waveguides. 

Following the measurements described above to characterize both the 

structural and optical properties of the sol-gel films, photosensitive-grating

writing experiments were conducted in the samples. The purpose of performing 

these studies was to examine photosensitive response in a well-characterized, 

homogeneous, binary system. In addition, analysis of photosensitive grating 

reflectivity provided a means for evaluating material photosensitivity with respect 

to both material composition and UV optical absorption features as a further test 

of the local bleaching model of photosensitive Bragg grating formation. Finally, 

these tests demonstrated the viability of potential device applications in sol-gel 

derived planar waveguides. 

The following sections will, therefore, report on photosensitivity 

experiments carried out, for the first time, in germano-silicate sol-gel planar 

waveguides containing much higher concentrations of germanium than are 

typically possible in optical fibers, and in which close control of sample 

composition, index and thickness were maintained. The effects of post

fabrication reducing-atmosphere thermal treatments on the photosensitivity of 

the waveguides will be discussed. From these results, as well as those 
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discussed in the previous section, conclusions will be drawn about the 

photosensitive process within the framework of existing models for 

photosensitive effects in the germania-silica system. 

5.2.1 Experiment and Procedures for Writing Photosensitive Bragg Gratings in 

Germanosilicate Sol-Gel Planar Waveguides. 

Whereas the core-air interface in a fiber geometry provides a reflection 

sufficient to seed the photosensitive grating process, in a planar geometry 

guided radiation experiences scattering loss as well as diffraction in the plane 

of the guide making the amount of back-reflected radiation negligible. 

Additionally, there is no reflection from the prism/air interface that will back

reflect into a waveguide mode. Since no photosensitive grating can be written 

in a waveguide without the presence of counter-propagating pump and seed 

beams, it was necessary for these experiments to provide an external seed 

beam. The most efficient way to obtain a strong seed, without substantially 

decreasing the amount of pump power available, was to focus the laser 

radiation into a waveguide and then recollimate the pump beam out of the 

guide. The collimated output from the waveguide was then reflected with an 

external mirror back into the waveguide through a system of alignment 

apertures to assure that it was coincident with the pump. The advantage of this 
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system over a fiber system was that spurious reflections from the prism/film 

apparatus were unable to pass through the series of alignment apertures to get 

to the detector. This meant that only radiation which was guided through the 

film in the backward direction (plus a small amount which was scattered from 

the optics in the beam path) yielded a signal at the detector. 

The experimental set-up used for writing photosensitive gratings in the 

germanosilicate sol-gel planar waveguides is presented in figure 5.8. The 

procedure for writing gratings was similar to that used in the fiber experiments 

discussed in chapter 4. Single-longitudinal-mode TEo 488 nm radiation from a 

Spectra Physics model 171 argon ion laser, with an intracavity, temperature

controlled etalon, was prism coupled into and out of a waveguide with the 

interaction length being 6.5 mm, on average, from prism corner to prism corner. 

An external mirror was used to counter-propagate the seed beam, and 

alignment apertures assured good overlap of pump and seed beams. A fused 

silica wedge (Corning 7940) directed the back-reflected radiation onto a detector 

whose signal was calibrated in mW of back-reflected radiation vs. mV of 

detector response, in a manner similar to that described in the fiber grating 

experiments, in order to obtain absolute reflectivities from the data. The use of 

additional reflections from the silica wedge allowed the laser mode stability, 

measured with a Burleigh SA-200 optical spectrum analyzer, the beam power 
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Figure 5.8: Experimental set-up used to write photosensitive gratings in 
germanosilicate sol-gel thin-film waveguides. AS - aperture stops, 
W - fused silica wedge, PI - laser power stability detector, Pr -

detector for power reflected from the coupled waveguide mode 
due to photosensitive grating formation in the films. 
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and the beam alignment stability to be monitored throughout the experiments. 

The photodetectors, UOT model 5550, were operated in a reversed-biased, 

photoconductive mode. The acousto-optic modulator (AOM) in the figure 

(Newport EOS) was mounted on a translation/rotation stage in order to optimize 

the alignment for maximum efficiency in the first diffracted order (generally IJ = 

75% - 85%). Again the AOM served the dual purpose of system isolation and 

beam attenuation through variation of the voltage applied to the device. 

The experiment was set up on a Newport optical bench with an air piston 

isolation system and neoprene-and-cork pads were placed under all mechanical 

devices in the lab in order to damp vibrational noise. Optical elements were 

placed at near normal incidence to the laser beam in order to avoid polarization 

effects. Coupling prism indices were determined using a minimum-deviation 

method and were found to be 1.81. Prism angle measurements were made 

using the autocollimation technique and it was determined that the prisms both 

had 89° corner angles. Optimum coupling efficiency within the films was 

achieved through use of a translation/tilt/rotation stage for the prism-coupled 

films. 

Samples were aligned using cw laser radiation at low powers so as not 

to initiate photosensitive grating growth in the samples. Following sample 
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alignment, a mechanical chopper (Stanford Research Systems, Inc. model 

SR540), operating at a frequency of 1 kHz, was placed in the beam path so that 

highly sensitive lock-in detection techniques could be used during data 

acquisition. The laser power (in the 1 st order of the AOM) was subsequently 

raised to obtain the desired peak power in the films and the signal arising from 

radiation scattered from the optics in the beam path onto Pr was measured by 

blocking the light before the first prism. This same scattered radiation was also 

used to set the detection phase and frequency on the lock-in amplifier (EG&G 

model 5209). The voltage output from the lock-in was then digitized using a 

Stanford Research SR245 analog-to-digital module and RS232 format data 

transmission was used to access computer driven data acquisition. 

Using the above apparatus, photosensitive gratings were written in each 

of the thin-film waveguides described in table 5.1. In each sample the peak 

power of the guided radiation at the waveguide input was determined by 

measuring the cw power coupled out of the guide and back-calculating the 

coupled power given the interaction length in the guide and the scattering loss 

figure for the particular sample, obtained in section 5.1.2. This calculation relied 

upon the reasonable assumption, based on the large size and high quality of the 

coupling spots obtained at the prisms, that 100% of the guided radiation at the 

rear prism was coupled out of the waveguide. Approximately 300 mW peak 



163 

power was coupled into the guides for each photosensitive grating attempt. 

A typical growth curve for the 2 hour heat-treated 45 mol% germania 

sample is shown in figure 5.9. The scattered signal was taken prior to 

waveguide exposure and was subtracted from the data in the grating analysis. 

The signal with the seed blocked was taken after the grating growth saturated 

in order to obtain the intensity of the light being reflected from the induced 

photosensitive Bragg grating only. Three to five separate gratings were written 

in each sample and the results have been averaged in the data analysis section 

below. 

5.2.2 Analysis of Photosensitive Grating Growth in Germanosilicate Sol-Gel 

Thin-Film Waveguides as a Function of Film Composition, Post

Deposition Thermal Exposure and Writing Power. 

Following the exposures described above, photosensitive grating data 

were analyzed using the expression for the final grating reflectivity obtained from 

coupled-mode analysis [Mizrahi, 1991]: R = tanh2(rrAnUA o) where An is the 

induced index perturbation and An«no, L is the grating length, and Ao is the 

vacuum wavelength of the writing beams. From this expression and the 

experimentally observed reflectivity data it was possible to determine the 
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Figure 5.9: Typical growth curve for a photosensitive grating in 2 hour heat
treated 0.45 Ge02:O.55 Si02 sample. The scattered signal is 
taken before the grating is written. The intensity of light reflected 
from the induced grating is measured by blocking the seed beam 
after the grating has saturated. 
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magnitude of the induced index perturbation in each of the samples. The 

results of these calculations are given in figure 5.10 for the 45 mol% germania 

samples which were exposed to differing post-deposition hydrogen treatments. 

Three to five different gratings were written in each of the samples and the data 

in the figure represents the averaged results. A linear fit to the data has been 

included as a guide to the eye. Error bars in the figure arise from three 

sources, of which the first two are the most significant: the first is measurement 

error obtained from uncertainty in the interaction length measurements and the 

second is the rms standard deviation of the averaged data obtained using 

equation 5.5, in which Ana is the mean index perturbation obtained from the 

data and N is the total number of samples in the average. The final source of 

(5.5) 

error considered was the slight digitization error introduced in the digital 

acquisition of the data. Figure 5.10 demonstrates a considerable increase in 

photosensitivity as a function of increasing hydrogen exposure time in the 

samples. In fact, the induced index appears to grow linearly with the exposure 

time. Since optical absorption measurements have established that the strength 

of the 242 nm UV absorption band also increases approximately linearly with 

increasing atmospheric treatment, it may be concluded that the photosensitive 
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Figure 5.10: Induced index change as a function of exposure time for 45 mol% 
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represents a linear fit to the data. 
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response of these samples is directly correlated to their UV absorption features. 

These findings further support the local bleaching model for photosensitivity and 

clearly confirm the importance of the 242 nm band. 

A similar analysis was done for the 10 and 25 mol% germania films which 

underwent hydrogen exposures at 550°C for 2 hours. Figure 5.11 presents this 

data along with the 2 hour HT 45 mol% germania data. The data in this figure 

clearly demonstrate that photosensitivity is highly dependent upon material 

composition, and in particular, upon germania concentration. In addition, as a 

control study, attempts were made at writing photosensitive gratings in an rf

sputtered, borosilicate, planar waveguide which contained no germanium. 

There was no indication of any photosensitive grating growth in this film. This 

further corroborates the conclusion that photosensitive processes in 

germanosilicates rely upon germania content rather than on silica content. 

In fibers, it has been seen that the photo-induced index perturbation in 

photosensitive gratings is linear with the writing power squared [Lam, 1981]. 

This finding leads to the conclusion that a two-photon process is involved in 

photosensitive grating formation. Hence, as a final test of photosensitivity in 

these samples, a series of experiments were conducted in order to determine 

the dependence of an on the writing power of the beam. In these studies, 
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gratings were written over a range of powers in the 45 mol% germania sample 

which had received a 1 hour hydrogen exposure at 550°C. The gratings were 

written and analyzed in the same manner as those described previously. The 

results of these exposures are given in figure 5.12 in which the induced index 

perturbation is plotted as a function of the writing power squared. A linear fit to 

the data is given in the figure and can be seen to closely represent the data. 

Thus, the quadratic nature of the intensity dependence of photosensitive 

processes is confirmed in these samples in additional support of a TPA model 

for photosensitivity. 

5.2.3 Conclusions of Photosensitive Grating Experiments in Planar 

Waveguides. 

In conclusion, the experiments in this section have demonstrated that 

photosensitive gratings can be consistently written in sol-gel derived 

germanosilicate thin-film waveguides. Furthermore, the means for increasing 

photosensitive response in such materials has been established and, thus, the 

viability of device applications in these samples has been verified. In addition, 

strong evidence has been given to support the relationship between sample 

photosensitivity, length of exposure to thermal treatments in a reducing 
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Figure 5.12: Photo-induced index as a function of writing power squared in a 
45 mol% germania sol-gel, planar-waveguide sample which 
received a 1 hour post-deposition hydrogen treatment. The 
dashed line represents a linear fit to the data. 
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atmosphere, and optical loss at 242 nm. Moreover, the concentration of 

germania in the samples has been shown to greatly influence the photosensitive 

response at 488.0 nm. Power dependent studies corroborate the quadratic 

dependence of the induced index on writing power. These findings support the 

model for the photosensitive grating process in which the writing beam is 

absorbed via two-photon absorption into a UV band in the material and 

subsequently bleaches the band. This results in a change in local absorption 

and a corresponding change in material refractive index. 

Fiber-based studies addressing the relationship between photosensitive 

behavior and such materials-related parameters as germania content, defect 

center population and thermal history, have been plagued by an inability to 

individually access and vary these characteristics due to constraints imposed 

by the sample fabrication process itself and the inherent geometry of the fibers. 

By contrast, planar geometries in general, and sol-gel waveguides in particular, 

offer a medium in which to study, with much greater control and versatility, the 

materials processes which lead to photosensitivity in these systems. 

5.3 Dynamics of UV Band Growth and Bleaching in Photosensitive 

Germanosilicate Sol-Gel Waveguides. 
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Because of the clearly established relevance of UV absorption bands to 

the photosensitive response of germania-doped fiber and planar waveguides, 

it was of interest to next investigate the dynamics of UV bleaching in the sol-gel 

films. The capability to both repeatedly expose the samples to UV radiation and 

to subsequently monitor absorption loss in the samples in a simple, non

destructive way made the films ideal candidates for such a study. The one 

complication of the optical loss data obtained from the films (as described in 

section 5.1.2) is the appearance of Fabry-Perot (FP) fringes arising from 

interference within the films. Despite this difficulty, it was hoped that such 

bleaching and optical loss studies would help both to shed light on the process 

of band bleaching in photosensitive materials and to examine the possibility of 

alternate band formation as a result of such exposures. 

In section 5.3.1, the procedures followed for exposing and for measuring 

induced loss in the photosensitive sol-gel thin-film samples will be discussed. 

Data will be presented for several samples in which one-photon bleaching 

attempts were made through exposure of the samples to 248 nm excimer laser 

radiation. In addition, the results of several control studies will be examined. 

Following this, section 5.3.2 will focus on the analysis technique used to 

interpret the optical loss data. This section will include discussions on the 

method of removal of the FP fringes from the data, as well as on the curve-
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fitting analysis used to identify absorption bands in the spectra. A final analysis 

of the data will be given in section 5.3.3 in which a Kramers-Kronig 

transformation will be applied to the bleaching data and the calculated induced 

index will be compared with values obtained in the grating experiments of 

section 5.2. Lastly, section 5.3.4 will draw conclusion from the results of the 

analysis of the bleaching data which will be discussed in the light of related 

work done by other researchers. 

5.3.1 Ultra-Violet Bleaching of Photosensitive Germanosilicate Sol-Gel Films. 

Several experimental and theoretical studies by various authors (reviewed 

in chs. 2 and 3) have yielded data in strong support of the local bleaching model 

of photosensitivity. In addition, the data and analyses given thus far in this 

dissertation have tended to confirm the connection between photosensitivity and 

absorption and bleaching processes in the UV. Clearly, a further test of such 

a model could be accomplished by investigating the effects of photosensitive 

grating formation on the optical absorption band strengths of germanosilicate 

materials. Ideally, for the sol-gel films used in this chapter, one would like to 

measure the UV optical absorption band strengths in a film both before and 

after a grating had been written in order to directly determine the effects of the 

photosensitive exposures. Unfortunately, the small interaction area exposed 
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during grating formation in the waveguide would lead to extremely low signals. 

The additional difficulty of accurately determining the location of the 

photosensitive grating within the plane of the film made this type of 

measurement impossible. For this reason, an alternate approach was taken. 

The purpose of the following research was to attempt to confirm and 

clarify the dynamics of UV-band bleaching and formation inherent to 

photosensitive processes in germanosilicates. This was accomplished by 

conducting a series of one-photon bleaching measurements on several of the 

sol-gel samples described previously, as well as on some control samples. 

Here UV exposures were followed by optical absorption spectroscopy (as 

described in section 5.1.2) in order to measure the growth and depletion of UV 

absorption bands in the films. 

In these experiments, each sample was carefully cleaned and then 

mounted in a holder which was designed specifically for the UVNIS/NIR 

spectrophotometer. A mask with an open aperture 4 mm x 8 mm in dimension, 

which was shown to block transmission of UV radiation, was then placed in 

contact with the film and was securely attached to it. A background optical 

absorption spectrum was taken on the masked, mounted sample prior to any 

UV exposure. The same mask was used for all of the samples in which 
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bleaching investigations were executed and the spectrophotometer was 

calibrated with the mask (no sample) in the test arm prior to any measurements 

on actual samples. 

UV exposures were accomplished using a Questek Series 2000, pulsed, 

KrF excimer laser operating at a wavelength of 248.0 nm with a pulse width of 

20-25 nsec. Use of the laser was generously allowed by Dr. J. H. Simmons and 

Dr. P. Holloway of the University of Florida, Department of Materials Science 

and Engineering. The exit aperture of the laser was approximately 1.5 inches 

in diameter and, although the cavity was configured as a plane-parallel, stable 

resonator, the beam quality was highly non-uniform over the area of the beam. 

For this reason, the laser output was apertured so that only a section of the 

most uniform area of the beam was used in the exposures. A sample, mounted 

and masked as described above, was aligned in the path of the apertured UV 

beam and was exposed to a given number of pulses of 248 nm radiation. The 

pulse-to-pulse variation in energy at the sample was measured to be 

approximately ±20%. 

Following the UVexposure, the mounted, masked sample was withdrawn 

from the set-up and was replaced in the spectrophotometer for an optical 

absorption measurement in the range of 190 nm to 400 nm. The sample was 
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then realigned in the laser beam and subjected to another exposure at the same 

energy as had been used previously, but for twice the number of shots. The 

process of successive UV exposures and absorption measurements was 

repeated multiple times for each sample. Generally the measurement was 

halted when significant bleaching of the UV bands could be observed or when 

the necessary UV exposure times became prohibitively long. 

The UV bleaching dynamics of several samples were investigated in this 

study. Among these were a series of 45, 25, and 10 mol% germania films 

which had received approximately the same post-fabrication, hydrogen 

treatments. In addition, bleaching dynamics were analyzed in a 45 mol% 

germania film which was exposed for 2.2 hours to a hydrogen atmosphere at 

550°C and which exhibited strong UV absorption features. Fluence versus 

intensity studies were also conducted in order to determine the functionality of 

the power dependence of the band bleaching in the samples. Finally, UV 

exposures were carried out on a sample of cleaned and baked fused silica 

substrate in order to differentiate between the effects of bleaching in the films 

versus the substrate. Figures 5.13 through 5.16 give representative optical 

absorption data obtained on several of these samples following UV exposures. 

Examination of the data in the figures demonstrates that the effects of the 
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Figure 5.13: Optical absorption spectra taken on a 45 mol% Ge02 sol-gel film 
which underwent a 0.5 hr. hydrogen exposure at 550°C. The four 
curves were taken before UV irradiation and after exposure to 
3700 pulses, 28,000 pulses, and 110,000 pulses of 248 nm 
excimer laser radiation with an energy of -0.45 mJ/pulse. Fabry
Perot interference fringes are clearly evident at wavelengths longer 
than 260 nm. 
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Figure 5.14: Optical absorption spectra taken on a 25 mol% Ge02 sol-gel film 
which underwent a 0.5 hr. hydrogen exposure at 600°C. The 
three curves were taken before UV irradiation and after exposure 
to 5100 pulses and 40,000 pulses of 248 nm excimer laser 
radiation with an energy of - 0.50 mJ/pulse. The slight increase 
in absorption at 200 nm occurred after exposure of the sample to 
40,000 pulses of UV. Fabry-Perot interference fringes are clearly 
evident at wavelengths longer than 260 nm. 
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Figure 5.15: Optical absorption spectra taken on a 10 mol% Ge02 sol-gel film 
which underwent a 0.5 hr. hydrogen exposure at 600°C. Three 
spectra were taken before UV irradiation and after exposure to 
1500 pulses and 16,500 pulses of 248 nm excimer laser radiation 
with an energy of - 0.57 mJ/pulse. No change is seen in the 
sample absorption with UV exposure. 
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Figure 5.16: Optical absorption spectra taken on a cleaned and baked fused 
silica substrate as a control study. The four spectra shown were 
taken before UV irradiation and after exposure to 1250 pulses, 
8750 pulses, and 60,000 pulses of 248 nm excimer laser radiation 
with an elJergy of - 0.6 mJ/pulse. 
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UV exposures are most notable in the 45 mol% germania sample (0.5 hr., 

550°C HT) in figure 5.13. Clearly, exposure of this sample to 248 nm radiation 

resulted in significant bleaching of the absorption in the 242 nm region. In 

addition, it can be seen that such bleaching was accompanied by band 

formation at higher energies, seen as an increase in the absorption in the 200 

nm range. Similar, but less dramatic band bleaching and formation can be seen 

in the 25 mol% germania sample which underwent a 0.5 hour, 600°C, hydrogen 

treatment in figure 5.14. Again, considerable bleaching of the absorption in the 

242 nm range was accompanied by an increase, in this case slight, in the 200 

nm absorption. In contrast,. figure 5.15 shows that UV exposure appears to 

have a negligible effect on the UV absorption features in the 10 mol% germania 

sample (0.5 hr., 600°C HT). Here, no change is seen in the absorption 

spectrum after irradiation by as many as 16,500 shots from the excimer laser. 

As this last sample is 90% Si02, it would be expected to exhibit a strong 

response if the band bleaching and formation effects were correlated with silica. 

Hence, it may be concluded that the observed effects are related to germania, 

rather than silica, content in the films. Finally, figure 5.16 demonstrates that the 

band formation and bleaching effects observed in figures 5.13 and 5.14 were 

not reproduced in bleaching attempts on the fused silica substrate. Here only 

an overall reduction in UV absorption was observed with UVexposure. Not only 

was band formation not evident at 200 nm, but the data demonstrate that the 
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absorption was actually bleached in this region. In addition, the magnitude of 

the band bleaching observed in the 242 nm range is much smaller than it was 

in the highly-doped, thin-film samples. Hence, the magnitude of the band 

bleaching at 242 nm and the band formation in the 200 nm range may not be 

attributed to bleaching effects in the substrate. Since the results of the 

bleaching experiments in the substrate material differ greatly from those in the 

10 mol% sample, it appears that the substrate has little or no effect on the 

bleaching characteristics observed in the thin-film samples. The results of 

additional bleaching studies on the sol-gel films will be discussed in the next 

section. 

5.3.2 Analysis of Absorption and UV Bleaching in Germanosilicate Sol-Gel Thin 

Films. 

In the ensuing section, the UV absorption data obtained in the above 

bleaching experiments will be reduced and analyzed. The method for modeling 

the Fabry-Perot interference fringes seen in the data will be addressed in 

section 5.3.2.1 and curve fitting analysis of the data will be employed in 5.3.2.2. 

Following this, the dynamics of band bleaching and formation in a variety of 

samples will be discussed in section 5.3.2.3. 
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5.3.2.1 Modeling of Fabry-Perot Interference Fringes in UV Absorption Data. 

In previous sections it has been mentioned that an ambiguity exists in the 

interpretation of optical absorption data obtained on photosensitive, 

germanosilicate, sol-gel, planar waveguides. This ambiguity arises as a result 

of the superposition of fringes onto the data, caused by Fabry-Perot (FP) 

interference in the photosensitive films. In order to accurately interpret the 

bleaching data, the fringes must be removed and curve fitting analysis must be 

employed so that peak areas may be calculated. This is not a simple process 

since the periodicity of the fringe pattern changes as a function of wavelength 

and is strongly affected by both the index dispersion and the extinction 

coefficient dispersion of the material. 

The first necessary task in eliminating FP fringes in the data, therefore, 

is to determine the index dispersion of the waveguides. Several researchers 

have studied refractive index dispersion in silica and germania materials and 

three-term Sell meier dispersion equations, of the form of equation 5.6 with 

coefficients Ai and Ii' have been derived for the cases of pure Si02 [Malitson, 

1965] and pure Ge02 materials [Fleming, 1984]. The Sell meier coefficients for 

these two cases are given in table 5.2. 



184 

Table 5.2 

Sell meier coefficients for pure silica and pure germania [after Malitson, 1965 
and Fleming, 1984]. Coefficients are used in a three-term Sell meier expression 
for the refractive index dispersion of the materials. 

Sell meier 

Coefficient Si02 Ge02 

A1 0.6961663 0.80686642 

11 0.0684043 0.068972606 

A2 0.4079426 0.71815848 

12 0.1162414 0.15396605 

A3 0.8974794 0.85416831 

13 9.896161 11.841931 
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(5.6) 

In addition, a mixed Sellmeier expression has been developed to model the 

xGe02:(1-x)Si02 system [Fleming, 1984]. The expression for the mixed system 

is given in equation 5.7, in which SA, SI, GA and GI are the Sellmeier 

coefficients for Si02 and Ge02 glasses respectively, and X is the mol fraction 

of Ge02 in the material. 

n2 -1 = t [SA, + X( GA,- SA,)] A 2 

1= 1 A 2 - [811 + X( GIl - 51,)]2 
(5.7) 

Using the above expressions, the index dispersions for the sol-gel films, 

produced for the studies in this chapter, were modeled. Figure 5.17 gives the 

dispersion functions for Si02, Ge02 , and 10-, 25-, and 45-mol% germania 

materials. The asterisks in the figure represent ellipsometrically determined 

refractive index values for the films. Excellent agreement is seen between the 

data and the model. 

As the index dispersion functions for the films may be reasonably 

modeled using the mixed Sell meier expression discussed above, the next task 

in eliminating the Fabry-Perot fringes from the data is to model the interference 

fringes produced in the air-film-substrate system. Using a standard summation 
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Figure 5.17: Wavelength dispersion of the refractive index for xGe0 2:(1-x)Si02 

materials with x = 0, 0.1, 0.25, 0.45 and 1.0. Dispersion curves 
are calculated from three-term Sellmeier expressions obtained by 
Malitson (1965) and Fleming (1984). Asterisks represent 
ellipsometrically determined refractive indices for the sol-gel 
samples produced for the research in this chapter. 
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technique for multiple-beam fringes [Hecht, 1974, Born, 1980] it is possible to 

develop an expression for the transmittance of such a structure which utilizes 

an imaginary (phase) component. Equation 5.8 gives the ratio of the 

transmitted electric field vector (At) to the incident electric field vector (Ai) in 

which to, t1, ro and r1 are the transmission and reflection coefficients for the air-

film and film-substrate interfaces, and where 6 is the phase shift acquired after 

two passes through the film (whose thickness is d, index is nf and extinction 

coefficient is kf) given by 6 = 4rr*d*nt(1+ikf}/Ao. 

(AJ 

(AJ 
= 

fa t1 e'6/
2 

1-'0'1 e'6 
(5.8) 

The above equation may now be multiplied by its complex conjugate in order 

to obtain the expression for the magnitude of the total transmitted light intensity 

through the film given in equ. 5.9 where a represents the index portion of the 

phase term, 6, and b represents the loss portion of delta (6 = (a+ib». 

t02 t/ (coshb - sinh b) 
T = (5.9) 

1 - 2'0'1 cosa (coshb - sinh b) + '02
,/ (cosh2b - sinh2b) 

Finally, since the sol-gel dip-coating process necessarily results in the formation 

of a thin film on both sides of a substrate, the above process must be repeated 

for the substrate-film-air structure in order to determine the total transmission 

of light through the sample. Hence, the final expression for transmitted light 
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intensity through the entire sample is given in equation 5.10 in which to', t/, ro' 

and r1' are the new transmission and reflection coefficients for the substrate-film 

and film-air interfaces and in which the new incident electric field is determined 

from equation 5.9. Since the rear film originates from the same coating bath 

and experiences the same atmospheric exposures as the front film, it is taken 

to have identical thickness and optical properties and, hence, all other variables 

in equ. 5.10 are defined as in 5.9. 

t'02 t'/ (coshb- sinh b) (5. 
T2 = 10) 

1 - 2 r'o r'1 cos a (coshb - sinh b) + r'02 r'12 (cosh2b -sinh2b) 

From the above expression, and realizing that the absorbance (Abs) data 

given by the spectrophotometer relates to transmittance via Abs = log1o(11T), it 

is now possible to model the fringes observed in the UV-VIS absorption spectra 

taken from the thin-film, sol-gel samples. Clearly several assumptions have 

been made in developing the above model for interference within the films. First 

it is assumed that the incident radiation is a plane wave at normal incidence to 

the film, second, no loss is accounted for in the substrate, and third, the 

reflection and transmission coefficients are taken to be real so that loss is only 

included in the phase term of equation 5.10. While the first assumption is 

reasonable, figure 5.16 demonstrates that, although the substrate loss is quite 
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small in the region of interest, the second assumption of zero substrate loss is 

not quite accurate. For this reason, in the actual fitting analysis of the data it 

was necessary to include a small additional loss in the final expression for the 

absorbance in order to correctly model the data. The final assumption of real 

transmission and reflection coefficients is also not quite accurate, however, a 

calculation of the effects of including loss (on the order of that seen in the 

samples) in the coefficients for normal incidence radiation shows that the error 

in transmittance induced by this assumption is approximately ± 2x1 0-4. 

Using the above model for Fabry-Perot interference, a fit was obtained 

for a 45 mol% germania film and is shown in figure 5.18. Ultraviolet absorption 

data taken from the sample, which received no post-deposition, reducing

atmosphere, thermal treatment, is given in the figure (solid line) along with the 

theoretical fit (dashed line) in order to demonstrate the accuracy of the 

modeling. In this example the loss in the phase term was modeled as a 

constant kf = 0.0005. It can be seen that the fit provides a good estimate of the 

data at long wavelengths and only demonstrates a slight discrepancy at 

wavelengths shorter than about 200 nm where some additional absorption is 

seen in the data. This additional loss can be accounted for with the inclusion 

of short wavelength Gaussian absorption bands in the loss term as was done 

for the fitting in figure 5.6. The next section will discuss such fitting techniques. 
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Figure 5.18: Comparison of ultraviolet absorption data taken from a 45 mol% 
Ge02 sol-gel, thin-film sample which received no post-deposition 
thermal treatment (solid line) and a theoretically generated FP 
fringe fit (dashed line). 
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Modeling of Absorption Spectra in UV Bleached Germanosilicate 

Sol-Gel Thin Films Using Curve Fitting Techniques. 

Several possible approaches exist for conducting an analysis of the 

bleaching data obtained from the germanosilicate films used in this chapter. The 

previous section demonstrated that the Fabry-Perot fringes seen in the data 

may be adequately modeled and, therefore, one might be tempted to simply 

subtract the fringes from all subsequent data in order to unambiguously 

determine the shape of the absorption function for the bleached and unbleached 

samples. Clearly, however, as the UVabsorption increases the magnitude of 

the fringes in the absorbing region becomes damped. Therefore, a simple 

subtraction of the fringes would inevitably lead to oversubtraction in the 

absorbing region and would result in an underestimate of absorption band 

strengths. In addition, such oversubtraction could impose erroneous structural 

features on the spectra. 

The effect of absorption on fringe visibility is demonstrated in figure 5.19. 

Here a series of curves generated from the fringe analysis presented in section 

5.3.2.1 are plotted along with the optical loss spectrum from a 45 mol% Ge02 

sample which had been subjected to a two-hour, post-deposition, hydrogen

atmosphere, thermal treatment at 550°C. As in figure 5.18, the optical loss in 
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Figure 5.19: A series of curves (dashed lines) generated from the FP fringe 
analysis presented in section 5.3.2.1 plotted along with the optical 
loss spectrum from a 45 mol% Ge02 sample which had been 
subjected to a two-hour, post-deposition, hydrogen-atmosphere, 
thermal treatment at 550°C (solid line). The optical losses in the 
generated spectra have been modeled by constant kf values of 
0.0005, 0.005, 0.01 and 0.02. 
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the generated spectra has been modeled as a constant defined by kf = 0.0005, 

0.005, 0.01 and 0.02. It is clear from figure 5.19 that even at an absorbance of 

1.0 the effect of FP interference on the spectrum is non-zero. At larger 

absorbance values, however, the path length of the material has increased to 

the point that the effect of such interference is negligible. 

Hence, it is evident that either ignoring the fringe effects or simply 

subtracting the undamped fringes from the data would lead to a 

misinterpretation of the results. Correct data analysis, therefore, requires that 

the formulae for the absorption band functions present in the material be 

included in the expression for the extinction coefficient in the FP equations. In 

this way the FP fringes will be appropriately damped with increasing local 

absorption in the spectra and an accurate evaluation of the absorption band 

widths and intensities can be made. 

As discussed in chapter 2, the existence of color center defects in glassy 

materials gives rise to absorption bands below the fundamental absorption edge 

of the material. Because glasses contain no long-range order, the local 

environment of a particular absorbing defect center varies from site to site. This 

leads to an in homogeneously broadened distribution in the absorption energy 

of the defect. Such inhomogeneous broadening is described by a Gaussian 
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lineshape in the energy of absorption for the species as given in equation 5.11. 

p(v) = A exp[ -(v - <v»2] 
2 AV2 

(5.11 ) 

Here p(v) is the probability of absorption at the frequency v, A is a normalization 

constant, v is related to the energy by E=hv, <v> is the center frequency of the 

Gaussian, and Av is the Gaussian half width. Since the absorbance data are 

obtained as a function of wavelength, it is convenient to convert equation 5.11 

so that it is in terms of A using the relations: v = cIA, <v> = c/<A> and Av = 

(-c/~2)AA. 

-(A -£)2 
p(}..) = A exp ~--<-}..>~ 

2 AA2 

(5.12) 

Many researchers have attempted to fit UV absorption spectra taken from 

photosensitive germanosilicate glasses by applying Gaussian fitting routines 

directly to absorbance data obtained as a function of wavelength. This 

technique, although commonly accepted, does not satisfy a physical model for 

absorption within the material and therefore, the Gaussian fitting method 

described above will be used in the following analysis. 

Based upon the discussions in this section, a fitting procedure was 

established for analyzing the absorption data obtained from both bleached and 

unbleached germanosilicate sol-gel thin films. Ultraviolet absorption data 
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obtained from each sample prior to post-fabrication thermal treatments were first 

fit using the Fabry-Perot equation given in equation 5.10. The purpose of this 

step was to assure that exact fitting of the FP fringes had been achieved. 

Following this, the spectra taken throughout the bleaching trials described in 

section 5.3.1 were fit by modeling the extinction coefficient, kf' as a sum of 

Gaussian bands described by equation 5.12. The theoretical absorbance was 

calculated by varying the Gaussian parameters A, <.A> and LU for a minimum 

number of bands necessary to fit the data. The approximate locations of the 

bands were initially determined based upon past absorption measurements 

conducted in bulk germania and in germanosilicate fiber preforms (see chapter 

2). Accuracy in the fit was determined by minimizing the rms error between the 

data and the fit for each spectrum. An example of this fitting is given in figure 

5.20 in which absorbance data from the 45 mol% Ge02 , 2 hour heat-treated 

sample from figure 5.19 (triangles) is compared with the calculated fit to the 

data using the technique described above (solid line). Clearly, the fit is shown 

to be in excellent agreement with the data. Also included in the figure is the 

series of Gaussian bands used to model absorption in this spectrum (dashed 

lines). The five bands are located at 181.0 nm, 202.5 nm, 237.5 nm, 264.8 nm 

and 300 nm, and have half widths of 11.8 nm, 15.2 nm, 12.0 nm, 16.6 nm and 

11.8 nm respectively. The uncertainty in these values is ±0.5 nm for the center 

of the Gaussian peaks, and ± 1 nm in the Gaussian half widths. These 
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Figure 5.20: Triangles represent the experimental absorbance data from a 45 
mol% Ge02 sample heat-treated in a hydrogen atmosphere for 2 
hours at 550°C. The solid line is the theoretical fit to the data and 
the dashed lines depict the five Gaussian bands used to model 
absorption in the sample. The bands are centered at 181.0 nm, 
202.5 nm, 237.5 nm, 264.8 nm and 300 nm. 



197 

uncertainties were used to calculate error bars for the analysis presented in the 

next section. 

5.3.2.3 Results of Curve Fitting Analysis on Bleaching Data in 

Germanosilicate Sol-Gel Films. 

In this section the final results of the modeling analysis on the UV 

absorption spectra of bleached germanosilicate films will be discussed. The 

specific samples investigated will be described, the method of analysis for the 

data will be explained and the analyzed data will be presented. Finally, based 

upon the analysis, conclusions about bleaching dynamics and growth and decay 

of absorption bands in the material as a result of 248 nm exposure will be 

drawn. 

A number of samples were investigated in the bleaching experiments in 

order to determine the effects of composition, hydrogen exposure, and pulse 

energy on the bleaching behavior of the germanosilicate films. Representative 

absorption spectra for these samples have been given in figures 5.13 through 

5.16 where it is seen that the 10 mol% germania film exhibits no response to 

the UV exposures and that the substrate exposure results in only a slight 

bleaching response which is opposite that seen in the highly doped films. For 
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this reason, both the substrate data and the 10 mol% Ge02 data will be 

neglected in this section. The following discussion will focus on the analysis of 

four bleaching experiments carried out in three samples: a 25 mol% Ge02 film 

which underwent a 30 minute hydrogen exposure at 600°C and was bleached 

with pulse energies averaging 0.5 mJ/pulse, a 45 mol% Ge02 film which 

underwent a 2.2 hour hydrogen exposure at 550°C and was bleached with 

pulses averaging 0.92 mJ/pulse, and a 45 mol% Ge02 film which was subjected 

to a 30 minute hydrogen exposure at 550°C and was irradiated with UV pulses 

averaging 0.45 mJ/pulse on one half of the sample and 1.02 mJ/pulse on the 

other half of the sample. The purpose of the latter pair of exposures was to 

characterize band bleaching and growth as a function of fluence versus peak 

power. 

Following the fitting procedure described in the previous section for 

modeling the FP oscillations in the absorption spectra, the Gaussian modeling 

described in 5.3.2.2 was employed and the locations and sizes of Gaussian 

absorption functions were determined. It should be reiterated that the 

approximate locations of several of these Gaussian bands, namely the bands 

near 240 nm, 200 nm and 181 nm, have been previously identified by past 

absorption measurements (see chapter 2). The integrated band intensities were 

then calculated and compared for each of the UV exposures so that the 
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dynamics of band growth and bleaching could be evaluated. It was found that 

four of the five Gaussian bands shown in figure 5.20, those at 181 nm, 202.5 

nm, 237.5 nm and 264.8 nm, were present in all of the spectra for all of the 

samples. The 300 nm band was only present in the 45 mol% Ge02 sample 

which received the 2.2 hour hydrogen exposure. In addition, common to all of 

the bleaching studies is the fact that the only bands which were affected by the 

UV exposures were the bands at 237.5 nm and 202.5 nm. The former of these 

was substantially bleached in all cases and the latter experienced significant 

growth. All increases in absorbance at wavelengths shorter than 200 nm could 

be accounted for by increases in the 202.5 nm band. This is not to say that 

higher energy bands did not grow with UV exposure, however, within the data 

limits of the spectrophotometer there was no evidence of growth by any band 

other than the 202.5 nm absorption. As an example of this, table 5.3 gives 

scaled values for the integrated intensities of the Gaussian absorption bands 

used to fit the spectra obtained from the 45 mol% Ge0 2 , 30 minute heat-treated 

sample which was irradiated with an energy of 1.02 mJ/pulse. The error in the 

integrated intensity values is estimated to be about ±4% for each measurement 

due to some uncertainty in Gaussian peak position and half width used in the 

curve fitting analysis. 

In order to evaluate the dynamics of absorption band growth and decay 
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Table 5.3 

Integrated absorption band intensities for a UV irradiated 45 mol% Ge02 sample 
which received a 30 minute post-fabrication hydrogen exposure. The average 
pulse energy was 1.02 mJ/pulse. There is approximately a ±4% error in the 
integrated intensity values as estimated from the 0.5 nm uncertainty in Gaussian 
peak position and the 1 nm uncertainty in Gaussian half width in the modeled 
spectra. 

Total # Integrated Integrated Integrated Integrated 
Shots Intensity Intensity Intensity Intensity 

181.0 nm 202.5 nm 237.5 nm 264.8 nm 

0 0.1183 0.1152 0.0661 0.0140 

200 0.1183 0.1172 0.0641 0.0140 

1,400 0.1183 0.1207 0.0598 0.0140 

3,800 0.1183 0.1230 0.0555 0.0140 

6,800 0.1183 0.1266 0.0499 0.0140 

12,800 0.1183 0.1288 0.0450 0.0140 

28,100 0.1170 0.1338 0.0417 0.0130 

55,200 0.1170 0.1387 0.0354 0.0130 

109,200 0.1170 0.1453 0.0277 0.0130 
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for the four bleaching experiments described previously, the 202.5 nm band and 

the 237.5 nm band intensities were plotted as a function of total UV fluence for 

each of the samples. The band growth and decay were then fit using 

exponential expressions of the form: y = A*exp(bx) + c, where b < 0 and A> 

o for band bleaching and b < 0 and A < 0 for band growth and saturation. 

Again the fits were optimized by minimizing rms deviation between the fit and 

the data. Although it was possible to obtain fits which remained within the error 

bars for the data in most cases using the single exponential model, a two 

exponential model was also used to evaluate the data. The results of such 

fitting attempts are given in figures 5.21 through 5.24. In these figures data 

points represent the experimental results, the solid line is the optimized single 

exponential fit and the dashed line is the optimized two exponential fit. As 

stated previously, the error bars arise from slight uncertainties in the Gaussian 

peak positions and half widths used in the curve fitting. 

Analysis of the data indicates that the respective growth and decay of the 

202.5 nm and the 237.5 nm bands are characterized by an initial period of rapid 

growth/bleaching followed by a period of continued band growth/bleaching at a 

slower rate leading to saturation. Although it can be seen that the single 

exponential fits provide reasonable approximations of the data (within the error 

bars in most cases), in nearly all cases the figures demonstrate that greatly 
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Figure 5.21: UV induced bleaching of the 237.5 nm absorption band in a 25 
mol% Ge02 sample which received a 30 min. post-deposition 
hydrogen exposure at 600°C. Crosses indicate experimental data 
points. Solid line fit is given by: Y = (0.0012)*exp(-6.8E-5 * X) + 
(0.0036). Dashed line fit is given by: Y = (0.0007)*exp(-3.1 E-5 * 
X) + (0.0005)*exp(-3.5E-4 * X) + (0.0036). 
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Figure 5.22: (a) UV induced bleaching of the 237.5 nm absorption band in a 45 
mol% Ge02 sample which received a 2.2 hr. post-deposition 
hydrogen exposure at 550°C. Crosses indicate experimental data 
points. Solid line fit is given by: Y = (O.0409)*exp(-5.3E-5 * X) + 
(0.1329). Dashed line fit is given by: Y = (O.033)*exp(-4.2E-5 * X) 
+ (O.0079)*exp(-1.0E-3 * X) + (0.1329). (b) UV induced growth of 
202.5 nm absorption band in above sample. Solid line fit: Y = 
(0.6374) - (O.0982)*exp(-2.1E-5 * X). Dashed line fit: Y = (0.6374) 
- (O.0912)*exp(-2.0E-5 * X) - (O.007)*exp(-1.0E-3 * X). 
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Figure 5.23: (a) UV induced bleaching of the 237.5 nm absorption band in a 45 
mol% Ge02 sample which received a 0.5 hr. post-deposition 
hydrogen exposure at 550°C. UV pulse energy was approximately 
0.45 mJ/pulse. Crosses indicate experimental data points. Solid 
line fit is given by: Y = (O.0272)*exp(-2.7E-5 * X) + (0.0305). 
Dashed line fit is given by: Y = (0.0182)*exp(-1.5E-5 * X) + 
(0.009)*exp(-2.0E-4 * X) + (0.0305). (b) UV induced growth of 
202.5 nm absorption band in above sample. Solid line fit: Y = 
(0.1603) - (0.0231)*exp(-2.35E-5 * X). Dashed line fit: Y = 
(0.1603) - (0.0146)*exp(-1.55E-5 * X) - (0.0085)*exp(-1.3E-4 * X). 
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Figure 5.24: (a) UV induced bleaching of the 237.5 nm absorption band in a 45 
mol% Ge02 sample which received a 0.5 hr. post-deposition 
hydrogen exposure at 550°C. UV pulse energy was approximately 
1.02 mJ/pulse. Crosses indicate experimental data points. Solid 
line fit is given by: Y = (0.0384)*exp(-1.45E-5 * X) + (0.0277). 
Dashed line fit is given by: Y = (0.0261)*exp(-4.0E-6 * X) + 
(0.018)*exp(-8.5E-5 * X) + (0.022). (b) UV induced growth of 
202.5 nm absorption band in above sample. Solid line fit: Y = 
(0.1453) - (0.0301 )*exp(-1.2E-5 * X). Dashed line fit: Y = (0.1453) 
- (0.0205)*exp(-7.0E-6 * X) - (0.0096)*exp(-9.5E-5 * X). 
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improved fits may be obtained by including a second exponential term in the 

model. The single exception to this is seen in the case of the two-hour heat

treated, 45 mol% Ge02 sample in which the two models yield comparable 

results. It should be noted that no model for 202.5 nm band growth has been 

included for the 25 mol% sample because no significant band growth was seen 

in this sample (see figure 5.14). Finally, comparison of the exponential fits 

obtained from the high and low energy UV exposures in the 45 mol% Ge02 , 30 

minute heat-treated sample shown in figures 5.23 and 5.24 might lead one to 

conclude that the absorption mechanism leading to band bleaching and growth 

in the samples has a sublinear dependence on UV f1uence. However, it must 

be stressed that the exponential fitting process assumes that band growth or 

bleaching in the modeled data has reached saturation by the end of the data 

run. In fact, the data runs were terminated due to constraints imposed by the 

increasing length of UV exposure for subsequent data points rather than 

because saturation of band growth or bleaching had been obtained. Clearly in 

the case of figure 5.23 saturation of the band growth and bleaching had not 

been achieved. This is evidenced by conducting a fit of the data presented in 

figure 5.24(a) up to a fluence of 155,000 mJ/cm2
. In this case the best fit to the 

data is given by: Y = (O.0307)*exp(-2.65E-5 * X) +(0.0354), which agrees 

closely with the functionality of the fit obtained for figure 5.23(a). An 

unambiguous examination of the data is presented in figure 5.25 in which the 
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Figure 5.25: (a) normalized UV induced bleaching of the 237.5 nm absorption 
band in a 45 mol% Ge02 sample which received a 0.5 hr. post
deposition hydrogen exposure at 550°C. The UV pulse energy 
was approximately 1.02 mJ/pulse (solid line) and 0.45 mJ/pulse 
(dashed line). (b) normalized UV induced growth of 202.5 nm 
absorption band in above sample. 
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normalized integrated absorption band intensities for the sample exposed to 

1.02 mJ/pulse on one half and 0.45 mJ/pulse on the other is given as a function 

of total fluence for the bleached 237.5 nm band and for the augmented 202.5 

nm band. This figure demonstrates that the two pulse energies yield identical 

integrated band intensity results, within the error of the measurement, for a 

given total UV fluence. Hence, as the fluence is increased the 237.5 nm band 

is bleached and the 202.5 nm band grows at a rate which is independent of the 

peak power of the pulse. Thus, it is evident that the band growth and bleaching 

observed in these samples are the result of a linear one photon process. There 

is no evidence of higher order absorption occurring in the materials. 

In conclusion, the FP fringe fitting and curve fitting analyses, conducted 

on the UV absorption spectra described in this section, have demonstrated that 

the absorption spectrum of hydrogen-exposed, germanosilicate, sol-gel, thin 

films consists of four primary bands located at 181.0 nm, 202.5 nm, 237.5 nm 

and 264.8 nm. In addition, a small band at 300 nm was identified in highly 

absorbing samples. Furthermore, analysis of integrated absorption band 

intensities in the UV irradiated samples revealed that only the 237.5 nm and 

202.5 nm bands were affected by the exposures. Specifically, the former of 

these bands was seen to bleach and the latter to grow with 248 nm exposure. 

Finally, exponential fitting of the band growth or bleaching dynamics indicates 
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that the respective growth or decay of a band may be reasonably modeled with 

a single exponential decay function. The improved fits obtained through the use 

of a two exponential decay function may suggest that multiple processes are 

occurring simultaneously, such as rapid defect bleaching via electron excitation 

and diffusion followed by a competing process of defect formation via two

photon absorption processes. The comparison of bleaching dynamics for 

samples irradiated with differing pulse energies, however, does not furnish 

evidence in support of a two-step process. 

5.3.3 Kramers-Kronig Analysis of UV Bleaching Data in Germanosilicate Sol

Gel Thin Films. 

A final analysis of UV-induced bleaching in germanosilicate, sol-gel, thin

film samples is presented in the following section which addresses the Kramers

Kronig transformation of the induced absorption data discussed in section 5.3.2. 

Induced index of refraction values at a wavelength of 488 nm are calculated 

from such data and compared with induced index values determined from 

photosensitive grating writing experiments carried out in section 5.2. Based 

upon this analysis, conclusions are drawn concerning the viability of the local 

bleaching Kramers-Kronig model for photosensitivity in these materials. 
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The Kramers-Kronig transformation, from the general class of Hilbert 

transformations, is a mathematical convolution which enables the determination 

of the real part of the response of a linear passive system from the imaginary 

part of the response at all frequencies. Thus, given the spectral absorption 

response of a material it is possible to determine the index of refraction over the 

spectrum and vice versa. The equations for the transform pair describing this 

interaction are given in equations 5.13 and 5.14 in which k is the extinction 

coefficient and P indicates that the principal value of the integral should be 

taken. 

new) = 1 + -.1 p f'" k(w
/
) dw

l 

1t WI - W 
-'" 

(5.13) 

k(w) = --.1 p f'" n(w
/
)-1 dwl 

1t WI - W 
-'" 

(5.14) 

The derivation of these equations from the assumption that the causality 

principle is valid is discussed in several sources [Landau, 1960, Kittel, 1986]. 

Furthermore, it can be shown that equation 5.13 is an even function whereas 

equation 5.14 is odd leading to an alternate expression for the relations given 

in 5.15 and 5.16 [Lovell, 1974, Hutchings, 1992]. 
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(5.15) 

k(CJ» (5.16) 

These equations are clearly meant to be integrated over the entire spectrum 

however it is generally true that actual data addresses only a finite portion of the 

spectrum. In addition the integrated functions are generally described by a 

series of discrete data points rather than by a generalized absorption or index 

function. Several authors have addressed concerns about the technique for 

numerically solving these equations using real data [Ohta, 1988, Hutchings, 

1992 plus refs.]. The most complete examination of possible methods for 

numerical integration of the Kramers-Kronig relations is presented by Ohta and 

Ishida who investigate four distinct approaches to the integration and evaluate 

the accuracy of each [Ohta, 1988]. The authors conclude that the integration 

technique which leads to the smallest rms error is a summation method which 

uses Maclaurin's formula. For this reason, in the following analysis, the 

Maclaurin method of numerical integration will be utilized following Ohta and 

Ishida. 

For the purpose of analyzing the absorbance data obtained from the UV 
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irradiated germanosilicate films described in this chapter, the conversion of 

importance is from an extinction coefficient spectrum, k(v), to a refractive index 

spectrum n(v). Following Ohta's model, several assumptions are made. First 

it is presumed that the values of the k(v) spectrum to be transformed are given 

by m digitized discrete values, kjl at m frequency values, "i' which occur at 

equally spaced intervals. The interval between data points is defined as h 

where h=vj+1 - "i. Second the value of k(v) is taken to be zero everywhere 

outside of an interval from V1 to vm. Under these circumstances the integral in 

equation 5.15 may be rewritten 

Vm 

n(v,) - 1 = ~ pI v k(v) dv 
1t v2 - V 2 

vl , 

(5.17) 

This integral has a pole at v = Vi which will need to be considered in the 

numerical integration. The Mac/aurin formula method presented by Ohta utilizes 

a summation technique which takes every other data point for the approximate 

integral in equation 5.17 depending upon the parity of the point number i so that 

direct calculation of the integral at the point j=i is avoided. Hence, the integral 

becomes a sum given by eq uation 5.18 where E· designates that every other 

data point is evaluated in the summation. 
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" = ~ x 2h x "I V i ~ 
1t LJ 2 2 

i Vi -vi 
(5.18) 

Using analytic expressions for a Lorentzian function and its transform in the 

above equation to test the accuracy of the numerical integration, Ohta evaluated 

the rms error to be 1.42x1 0-5 using FORTRAN as a programming language and 

a MicroVax II computer. 

Several modifications of the above technique are required in order to 

utilize it in the analysis of the absorbance data obtained in the UV bleaching 

experiments. Since the data obtained from the spectrophotometer is in units of 

absorbance (A), the integration program must include a step which converts the 

absorbance spectra to an extinction coefficient (k) spectra using the relation: 

A=ad/2.303, where d is the film thickness and a=4nkv/c. In addition, the 

spectral scan is conducted in terms of wavelength, not frequency, and therefore 

analysis of the data in frequency space violates the assumption that the data 

points occur at equally spaced intervals. A simple solution to this problem is 

arrived at by modifying equation 5.18 so that uneven intervals may be 

addressed. In this case 

2 I hI 
" = - x L - (~+ ~-2) 

1t i 2 
(5.19) 

where fj = ("i kj)/("i2-Vj2) and h' = "i - "i-2' From the above expression a 
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numerical integration program was written using QuickBasic and a 386DX 

computer to evaluate the bleaching data. The program was tested by 

conducting the approximated Kramers-Kronig transformation on data generated 

from the Lorentzian function 

(5.20) 

whose transform has an exact analytic solution of the form 

n(v) - n(oo) = k [- (v - vo)(y/2) + (v + vo)(y/2) 1 (5.21) 
max (v _ vo)2 + (y/2)2 (v + vo)2 + (y/2)2 

in which kmax is the Lorentzian amplitude, y is the FWHM of the function and Vo 

is the frequency at the maximum intensity. The rms difference error was found 

to be 1.97x10-4 using this method. Figures 5.26(a) and 5.26(b) depict the 

generated Lorentzian function of equation 5.20 and the analytic as well as the 

calculated Kramers-Kronig transformations obtained from equations 5.21 and 

5.19. In figure 5.26(b) the data points represent the analytic transform of the 

Lorentzian function while the solid line indicates the results of the numerical 

integration. This figure confirms the success of the modeling technique used 

to perform the numerical Kramers-Kronig transformation and supports its use 

in further data evaluation. 



1.00,----------.----------, 

0.80 

~0.60 
o 

'-"" 

~ 
'00 0.40 
C 
Q) ...... 
C 

0.20 

(0) 

400.00 500.00 600.00 700.00 
Frequency (a.u.) 

0.60,-----------------, 

0.40 

---:- 0.20 
::J 

o 
'-"" 

0.00 

£ 
(IJ 

ai -0.20 
-jJ 

C 

-0.40 

(b) 

-0.60 -!-.....--.-r--r--,---,--,.--,.-r----r---r--o-r-T-r----r---r--o-r-l 
.100.00 400.00 500.00 600.00 700.00 

Frequency (a.u.) 

215 

Figure 5.26: (a) Analytic Lorentzian function given in equation 5.20 used to 
evaluate the Kramers-Kronig numerical integration routine 
developed for data analysis. (b) Kramer-Kronig numerical 
integration transformation of the Lorentzian function depicted in 
figure 5.26(a). The data points represent the analytic solution 
given in equation 5.21 while the solid line is the calculated K-K 
transformation following equation 5.19. 
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The four samples described in the bleaching analysis in section 5.3.2.3 

were evaluated using the numerical integration method described above. 

Difference absorption spectra were obtained by subtracting the absorption 

spectra taken before and after UV bleaching exposures such that Aa=a-ao. The 

pre- and post-exposure absorbance spectra for the samples are given in figures 

5.27 through 5.30 along with the calculated difference spectra. These figures 

clearly demonstrate a significant source of error that will affect the Kramers

Kronig transformations of the difference spectra. The error results from the 

violation of the assumption that the k( v) values are taken to be zero outside of 

the interval of integration. Clearly additional absorption at wavelengths shorter 

than 190 nm cannot be accounted for in the numerical integration due to the 

constraints of the data acquisition apparatus. The effect of this error, however, 

is expected to be greater at short wavelengths than at the wavelength of 

interest, 488.0 nm. 

Numerical integration of the difference spectra presented in figures 5.27 

through 5.30 produced a calculation of the change in refractive index induced 

in the materials as a result of band bleaching and formation following the UV 

exposures. In the 25 mol% Ge02 film the estimated An488 was found to be -

2.565 x 10.6 • This is in close agreement with the value of the induced index 

obtained in the photosensitive grating writing experiments of section 5.2 of 
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Figure 5.27: Solid line is pre-exposure, unbleached absorbance spectrum of 25 
mol% Ge02 sol-gel film which underwent a 30 min. HiN2 
atmospheric treatment at 600°C. Long-dash dashed line is 
absorbance spectrum after exposure to 248 nm radiation with 
energy of 0.5 mJ/pulse. Short-dash dashed line is difference 
spectrum Aa = a - ao. 
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Figure 5.28: Solid line is pre-exposure, unbleached absorbance spectrum of 45 
mol% Ge02 sol-gel film which underwent a 2.2 hr. HiN2 
atmospheric treatment at 550°C. Long-dash dashed line is 
absorbance spectrum after exposure to 248 nm radiation with 
average energy of 0.92 mJ/pulse. Short-dash dashed line is 
difference spectrum aa = a - aQ' 



Q) 

U 
C 
0 

-.0 
L 

0 
(f) 

-.0 « 

0.60 

0.50 
\ 

0.40 

0.30 

0.20 

0.10 

- .... 

0.00 

, , , 
' ...... _----" 

" =----
-- -------------------------

-0.10~~~~~~~~.-~~~-.~~~,-.-.-~~-.-.~ 

190.00 240.00 290.00 340.00 390.00 

Wavelength (nm) 

219 

Figure 5.29: Solid line is pre-exposure, unbleached absorbance spectrum of 45 
mol% Ge02 sol-gel film which underwent a 30 min. HiN2 
atmospheric treatment at 550°C. Long-dash dashed line is 
absorbance spectrum after exposure to 248 nm radiation with 
average energy of 0.45 mJ/pulse. Short-dash dashed line is 
difference spectrum Ila = a - ao• 
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Figure 5.30: Solid line is pre-exposure, unbleached absorbance spectrum of 45 
mol% Ge02 sol-gel film which underwent a 30 min. HiN2 
atmospheric treatment at 550°C. Long-dash dashed line is 
absorbance spectrum after exposure to 248 nm radiation with 
average energy of 1.02 mJ/pulse. Short-dash dashed line is 
difference spectrum Aa = a - ao. 
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1.44 x 10-6
• Similarly, the L1n488 calculated from Kramers-Kronig formalism for 

the 45 mol% Ge02, 2.2 hour heat-treated sample of 1.586 x 10-5 concurs with 

the grating induced value of 2.9 x 10-5
• Photosensitive grating experiments 

carried out in 45 mol% Ge02 sol-gel samples which received 30 minute 

hydrogen exposures at 550°C resulted in a calculated induced index change at 

488 nm of 4.6 x 10-6
. Numerical integration conducted on the difference spectra 

of similar samples in figures 5.29 and 5.30 furnished a value for L1n488 of 

approximately -2.7 x 10-5
• This is approximately six times the value calculated 

from photosensitive grating experiments. 

In an attempt to evaluate the effects of additional absorption at 

wavelengths shorter than 190 nm on the Kramers-Kronig analysis, numerical 

integrations were conducted using two absorption functions which were the 

result of FP fits discussed in section 5.3.2.2 in which it was seen that four to five 

Gaussian bands were present in the absorbance spectra including short 

wavelength bands at 202.5 nm and 181.0 nm. The absorption information thus 

characterized the samples within the measured wavelength range while 

including data extrapolated to shorter wavelengths. It was seen that inclusion 

of the additional high energy absorption resulted in an increase in the calculated 

L1n488 for the 2.2 hour heat-treated 45 mol% Ge02 sample from 1.586 x 10-5 to 

6.06 X 10-5
• The addition of such absorption in the difference spectrum of the 
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45 mol% Ge02 sample shown in figure 5.30 similarly yielded an increase in the 

calculated induced index value from -2.7 x 10-5 to -2.2 X 10-5
. 

In conclusion, the results of numerical Kramers-Kronig transformations 

of the absorbance data obtained from UV bleaching studies carried out in a 

series of germanosilicate sol-gel thin-films confirms that the refractive index 

induced as a result of band growth and bleaching is sufficient to account for the 

induced index perturbations calculated from photosensitive grating experiments. 

Furthermore, it is seen that the inclusion of additional absorption at wavelengths 

shorter than 190 nm produces an increase in the calculated value of 6n488 , 

however, the increase is much less than an order of magnitude. Clearly, 

whatever the true effect of the high energy absorption, the induced index 

observed after UV irradiation of the samples can easily account for effects seen 

in photosensitive grating experiments. In addition, the observation in sections 

5.3.1 and 5.3.2 that the effects of UV irradiation on absorption band growth and 

bleaching is much greater in highly absorbing samples is supported by the 

Kramers-Kronig analysis. Finally, short wavelength band growth is seen to 

dominate the difference spectra in a highly absorbing sample such that the 

induced index value at 488.0 nm changes sign for the highly defected 2.2 hour 

heat-treated sample. These findings support the local bleaching model for 

photosensitive effects in which photo-induced changes in the material 



223 

absorption lead to an induced index perturbation in germanosilicate materials. 

Furthermore, the agreement between the UV-induced and grating-written an 

values indicates that alternate processes such as compaction, thought by some 

to account for much of the photo-induced index, has minimal, if any, impact on 

the samples and data presented in this chapter. 

5.3.4 Bleaching Experiment Conclusions. 

A number of authors have investigated the effects of ultraviolet exposures 

on germanosilicate materials. Early on researchers observed data similar to 

that presented in this chapter which indicated that UV exposure of germania and 

germanosilicate materials resulted in bleaching of the absorption in the 240 nm 

region of the spectrum and increases in the absorption around 200 nm [Cohen, 

1958, Neustruev, 1989]. Recently additional research has supported the early 

findings [Atkins, 1992b, Williams, D., 1992, Atkins, 1993a]. Clearly, from the 

standpoint of photosensitive grating effects in germania-silica materials it is of 

interest to both identify the absorption bands present and to evaluate the 

dynamic effects of UV bleaching on the bands. It is hoped that such analysis 

will provide evidence in support of some defect based model for photosensitivty 

in the materials. 
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The research presented above involving the effects of UV exposure on 

a series of germania-doped-silica sol-gel thin-film samples has attempted to 

address questions about the role of defects in photosensitive processes and 

about the validity of the local bleaching model of photosensitive grating effects. 

Analysis of UV absorption spectra obtained from the samples identified four 

bands common to all of the samples located at 181.0 nm, 202.5 nm, 237.5 nm 

and 264.8 nm. Of these, absorption in the region of 242 nm has been 

associated with the oxygen-deficient germania defect [Cohen, 1958, Yuen, 

1982, Neustruev, 1988, also see chapter 2 review], while absorption at 185.0 

nm was attributed by Yuen to absorption by a Ge02 molecular defect. 

Neustruev has identified the 200 nm band as arising from absorption by Ge E' 

defect centers [Neustruev, 1988]. Although there have been no reports in the 

literature of an absorption band at 264.8 nm, Atkins has identified an absorption 

band in a UV irradiated germanosilicate optical fiber preform core located at 

256.0 nm [Atkins, 1993a] and several authors have located the Ge(1) absorption 

band at 281 nm [Friebele, 1986, Neustruev, 1988, also see chapter 2 review]. 

An additional band at 300 nm was also observed in several samples which 

exhibited the strongest UV absorption features. 

Examination of the effects of UV irradiation on the integrated peak 

intensities of the bands identified in the absorption spectra established that only 
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the 202.5 nm and the 237.5 nm bands were altered by the exposures. It was 

observed that the intensity of the 202.5 nm band was increased with exposure 

to 248 nm radiation while the 237.5 nm band was bleached. An investigation 

of the dynamics of the band bleaching and growth demonstrated that the rates 

of growth and decay could be fit reasonably well using a single exponential fit. 

Moreover, a study of the effect of incident UV pulse energy revealed that both 

the bleaching and band growth processes are direct functions of fluence rather 

than of peak power. This suggests that the absorption process which leads to 

the bleaching and growth of absorption bands in the sample results from a one

photon event. No evidence was seen in the data of the two-photon bleaching 

of the 200 nm Ge E' band observed following high energy UV exposures by 

Tsai [Tsai, 1992]. 

Finally, a Kramers-Kronig analysis conducted on the data yielded induced 

index values for the bleached samples which exhibited order of magnitude 

agreement with the photosensitive grating induced index figures. This agrees 

with the findings of other researchers [Williams, D., 1992, Atkins, 1993(a)] and 

supports a local bleaching model for photosensitive effects in germanosilicate 

materials. Hence, a possible defect-based model for photosensitivity in these 

materials may be proposed in which one or two photon absorption of incident 

laser radiation (for grating exposures involving ultraviolet or visible radiation 
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respectively) into an oxygen vacancy site of a substitutional germanium atom 

liberates an electron which is subsequently trapped at an adjacent defect site, 

leaving behind a paramagnetic defect know as the Ge E' center. As such 

absorption progresses in the material, the oxygen vacancy band at 237.5 nm 

becomes bleached and the concentration of Ge E' defects increases resulting 

in growth of the Ge E' absorption band at 202.5 nm. Such growth and decay 

of absorption bands in the material induces a refractive index perturbation in the 

region of exposure which may be interpreted through the use of Kramers-Kronig 

relations. 

5.4 Summary of Research Conducted on Photosensitive Germanosilicate 

Sol-Gel Planar Waveguides. 

In this chapter a series of carefully controlled experiments were carried 

out in a number of germanosilicate sol-gel thin-film samples in order to examine 

photosensitive response in a well characterized, homogeneous, binary system. 

Studies involving such samples have several advantages over fiber based 

investigations, including the ability to directly control material composition and, 

thereby, to produce samples with a broad range of germania concentrations. 

In addition, the capacity to directly expose the active area of the material to 
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post-fabrication atmospheric treatments enabled significant enhancement of the 

material photosensitivity to be achieved. The following paragraphs will 

summarize the results of the studies conducted on such samples and will draw 

conclusion based upon the experimental results in order to develop a model for 

photosensitivity which is consistent with experiment. 

Investigations described in sections 5.1 and 5.2 established that high 

quality, low loss planar waveguides could be consistently fabricated with 

compositions of 10 mol%, 25 mol% and 45 mol% Ge02• In addition, exposure 

of the samples to post-fabrication thermal treatments conducted under an H/N2 

atmosphere was seen to result in a substantial increase in the intensity of the 

UV absorption. Evaluation of the integrated peak intensity of the absorption 

band located around 240 nm revealed a linear relationship between the band 

strength and the duration ofthe sample's exposure to the reducing atmosphere. 

In addition, the absorption band strength was observed to be strongly influenced 

by sample composition such that the highly doped samples exhibited 

significantly greater UV absorption. Analysis of the reflectivity of photosensitive 

gratings written in the planar guides using visible laser radiation revealed a 

strong correlation between sample photosensitivity and the strength of UV 

absorption at 242 nm (and hence, the concentration of Ge02 in the waveguide 

as well as the duration of post-fabrication, reducing-atmosphere, thermal 
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treatments). Finally, it was demonstrated that the saturated reflectivity of the 

photo-induced gratings exhibited a quadratic dependence on the writing power 

of the laser. These findings support a model for photosensitivity based upon 

two-photon absorption of the visible radiation into the UV absorption band of the 

material. 

In section 5.3, ultraviolet bleaching investigations conducted on the 

samples revealed that of the four primary absorption bands identified in the 

Ge02:Si02 films, located at 181.0 nm, 202.5 nm, 237.5 nm and 264.8 nm, only 

the 237.5 nm and 202.5 nm bands were affected by the exposures. 

Specifically, the former of these bands was seen to bleach and the latter to 

grow with 248 nm exposure. Successful modeling of the dynamics of band 

growth and bleaching in the films was demonstrated using single exponential 

fitting functions implying that the band bleaching and growth result from single 

step processes. Furthermore, numerical integration of the absorption data 

obtained during the bleaching exposures verified that the induced refractive 

indices calculated from the absorption spectra using Kramers-Kronig relations 

exhibited order of magnitude agreement with the magnitude of the index 

perturbations calculated from photosensitive grating experiments. Finally, the 

association of similar absorption bands in germanosilicate materials with the 

oxygen deficient germania center (242 nm) [see chapt. 2 for refs.] and with the 
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Ge E' center (200 nm) [Neustruev, 1989] in combination with the results of the 

Kramers-Kronig analysis of the bleaching data provides strong evidence for a 

local bleaching model of photosensitivity in these materials. 

In conclusion, a broad array of experiments designed to characterize 

photosensitivity in a carefully controlled materials system have been discussed 

in this chapter. It has been demonstrated that the results of both photosensitive 

grating investigations and of ultraviolet bleaching studies validate a local 

bleaching model for photosensitive effects in germanosilicate materials. In this 

model absorption of incident laser radiation into an oxygen vacancy site of a 

substitutional germanium atom liberates an electron which is subsequently 

trapped at an adjacent defect site, leaving behind a paramagnetic defect know 

as the Ge E' center. As such absorption progresses in the material, the oxygen 

vacancy band at 237.5 nm becomes bleached and the concentration of Ge E' 

defects increases resulting in growth of the Ge E' absorption band at 202.5 nm. 

Through the Kramers-Kronig relations such a change in material absorption 

necessarily results in an induced change in refractive index. It is this induced 

An that forms the photosensitive Bragg grating in the material. This work 

represents the first study of photosensitive effects in sol-gel materials as well 

as the first investigation of the dynamics of one photon band bleaching and 

growth in germanosilicate materials. In addition, this chapter presents the first 
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direct evidence of an association between UV induced 237.5 nm band bleaching 

and 202.5 nm absorption band growth. 



CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 
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6.1 Conclusions: Support for a Local Bleaching Model of Photosensitivity. 

At the time that the research reported in this dissertation was undertaken 

there were numerous questions which remained unanswered concerning 

photosensitivity. Among these was the ambiguity about the importance of 

germanium in such processes, the lack of experimental evidence supporting 

either a microscopic or a macroscopic model for the origin of the refractive index 

perturbation, and an absence of data identifying the role of defects structures 

in photosensitive processes. Controlled study of the parameters affecting 

photosensitivity had not been conducted primarily as a result of the fact that the 

only fibers which appeared to exhibit a photosensitive response to laser 

radiation were the original fibers which had been examined by Hill [Hill, 1978]. 

The purpose of the research conducted in this document, therefore, was 

to attempt to carry out an investigation of photosensitive processes in reliable 

and reproducible systems in order to identify the factors which are fundamental 

to the growth and development of photosensitive gratings in germania-silica 

materials systems. In addition, it was hoped that the results of the research 
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would provide evidence in support of one of the models for the photoinduced 

index changes observed in these materials. Towards that end, a variety of 

optical and materials investigations were conducted and the results of these 

studies will be summarized in the following paragraphs. 

One possible defect-based model for the development of the in-core 

index perturbation, produced in photosensitive gratings, is that two-photon 

absorption (TPA) of a visible laser beam into an oxygen vacancy site of a 

sUbstitutional germanium, within the silica network, bleaches the known UV 

absorption band, liberates an electron from the site and creates defect centers, 

such as the Ge E' center. Such defect ionization leads to the bleaching of the 

defect absorption band and, quite likely, to the creation of alternate bands as 

the ionized carriers are trapped at adjacent electron-trap defect sites. The 

ensuing change in the absorption spectrum of the material leads to a 

corresponding change in the material refractive index as a result of the 

fundamental relationship between absorption and refraction. This model is 

based upon a local bleaching interpretation of photosensitivity and supports the 

Kramers-Kronig theory for photosensitive effects. For photosensitive gratings 

written in germanosilicate materials using the guided wave counter-propagating 

beam configuration, the writing wavelength is typically 488.0 nm and the 

absorption band of interest, located at about twice the energy of the writing 
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beam, is centered at approximately 242 nm. 

Clearly in this model, a wavelength dependence of photosensitive grating 

formation and of defect formation is anticipated. In addition, such a model 

predicts that photosensitive effects should be strongly reliant upon material 

composition, absorption band strengths, and the ability to induce photobleaching 

in such bands on an order which is commensurate with the index changes 

observed in photosensitive grating experiments. Finally, in a model of TPA, a 

quadratic relationship between writing power and the modulation depth of the 

induced grating is expected. 

In order to test the first of these predictions, an analysis of the 

wavelength correlation of photosensitivity and of defect concentrations in 

elliptical core germanosilicate photosensitive optical fibers was conducted. The 

results of grating-writing experiments and of subsequent electron spin 

resonance studies of the photoinduced defects present in the fiber cores 

demonstrated a clear wavelength dependence of both the characteristic grating 

formation and the concentrations of associated paramagnetic defects. In 

particular, the photosensitive gratings were seen to grow at a rate which was 

maximum near 488.0 nm and which declined at both shorter and longer 

excitation wavelengths. Furthermore, the concentration of Ge E' defect centers 
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was seen to be similarly affected by the wavelength of the writing beam. These 

results are in accord with the UV absorption features of the oxygen-deficient 

germania band, located at 242 nm, in a model of TPA. In addition, computer 

Iineshape simulations confirmed that electron trap defects, Ge(1) and Ge(2) 

centers, were also formed in during the exposure process and that the Ge(1) 

defect demonstrated a wavelength dependence commensurate with that of the 

Ge E' center. These findings, therefore, do support a model for photosensitive 

fiber grating effects based on two-photon absorption and local bleaching. 

The remainder of the experiments were carried out in a series of 10-, 25-, 

and 45-mol% germania germanosilicate sol-gel thin-film samples in order to 

examine photosensitive response in a well-characterized, homogeneous, binary 

system. Studies involving such samples demonstrated several advantages over 

fiber-based investigations, including the ability to directly control material 

composition and, thereby, to produce samples with a broad range of germania 

concentrations. In addition, the planar waveguide geometry allowed direct 

access to the active area of the material during post-fabrication atmospheric 

treatments and enabled loss measurements in the UV to be easily made in 

transmission, normal to the plane of the films. 

The results of the studies carried out in these waveguides yielded a 
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number of significant conclusions. First, it was shown that exposure of the 

samples to post-deposition hydrogen-atmosphere thermal treatments resulted 

in a substantial increase in the intensity of the ultraviolet absorption 

characteristics of the materials. Notably, a strong absorption band in the 242 

nm region of the spectrum was clearly identified, in contrast to the prior claims 

of Williams [Williams, 1991]. Furthermore, it was demonstrated that the 

integrated intensity of this absorption band scaled linearly with the hydrogen 

exposure time. Given the general association of the 242 nm band with one or 

more oxygen deficient germania centers in the glass structure [Cohen, 1957, 

Yuen, 1982, Friebele, 1986], the reducing atmosphere heat-treatments appeared 

to significantly enhance the relative concentration of these centers which are 

necessary for photosensitivity according to a local bleaching model. In addition, 

the absorption band strengths were observed to be strongly influenced by 

sample composition such that the highly doped samples exhibited significantly 

greater UV absorption. Finally, it was seen that the contributions to the UV 

spectra resulted from reduced germania rather than reduced silica since the 

hydrogen exposure did not significantly affect the fused silica substrate 

absorption. 

Further structural information about the films was obtained through the 

use of various spectroscopies. Raman spectroscopy revealed that 
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homogeneous silica-germania structures were formed in the samples and 

confirmed the incorporation of germanium into the silica glass network. 

Photoluminescence studies failed to provide evidence for a 400 nm fluorescence 

which has been associated with an oxygen-deficient germania defect. However, 

investigation of red luminescence, which is attributed to the presence of 

hydrogen-related defects in the structure, did indicate an apparent decoupling 

of the optical absorption response near 240 nm and the red luminescence 

behavior. Contrary to the behavior of the absorption bands, the red emission 

did not exhibit a general increase in intensity with hydrogen treatment. Since 

the photosensitive response of the films was seen to be strongly correlated to 

the absorption band strength near 240 nm, it is apparent that the presence of 

hydrogen defects cannot be linked to the degree of photosensitivity in the 

samples. 

Analysis of the reflectivity of photosensitive gratings written in the planar 

guides using visible laser radiation revealed a strong correlation between 

sample photosensitivity and the strength of UV absorption near 240 nm. It war, 

seen that the photosensitivity of a given sample increased with the 

concentration of germania defects in the film produced by increasing exposures 

to post-deposition reducing-atmosphere thermal treatments. This increased 

defect concentration was accompanied by a corresponding increase in the 
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strength of the UVabsorption bands. In addition, the photosensitive response 

at 488 nm was seen to be strongly influenced by the germania content of a 

given sample such that the 45 mol% germania sample produced a much 

stronger grating and CJ much higher induced index perturbation than either the 

25 mol% or the 10 mol% samples. Once again, in these samples the UV 

absorption band strengths and the photoinduced grating strengths exhibited 

similar trends with sample composition. Finally, power-dependent studies 

corroborated the quadratic dependence of the induced index on writing power. 

These findings lend further support for a model for photosensitivity based upon 

two-photon absorption of the visible radiation into defect absorption bands of the 

material which are located in the UV, followed by local band bleaching. 

A final test of the local bleaching model for photosensitivity was 

accomplished by exposing several of the thin-film samples to 248 nm excimer 

laser radiation and characterizing the bleaching dynamics of the UV absorption 

bands using absorbance spectroscopy. Analysis of UV absorption spectra 

obtained from the samples identified four significant bands located at 181.0 nm, 

202.5 nm, 237.5 nm and 264.8 nm. A search of the literature substantiated the 

assignment of the first three of these bands to absorption by Ge02 molecular 

defects [Yuen, 1982], Ge E' defect centers [Neustruev, 1988], and oxygen

deficient germania defects [Cohen, 1958, Yuen, 1982, Neustruev, 1988, also 
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see chapter 2 review]. Examination of the effects of the UV irradiation on the 

integrated peak intensities of these bands established that only the 202.5 nm 

and the 237.5 nm bands were altered by the exposures. It was observed that 

the intensity of the 202.5 nm band was increased with exposure to 248 nm 

radiation while the 237.5 nm band was bleached. An investigation of the 

dynamics of the band bleaching and growth demonstrated that the rates of 

growth and decay could be fit reasonably well using a single exponential fit. 

Moreover, a study of the effect of incident UV pulse energy revealed that both 

the bleaching and band growth processes were direct functions of f1uence rather 

than of peak power. This suggested that the absorption process which led to 

the bleaching and growth of absorption bands in the sample resulted from a 

one-photon event. Finally, numerical integration of the absorption data obtained 

during the bleaching exposures verified that the induced refractive indices 

calculated from the absorption spectra using a Kramers-Kronig formalism 

exhibited order of magnitude agreement with the size of the induced index 

perturbations calculated from photosensitive grating experiments. 

Taken together, the results of the various experiments discussed in this 

dissertation appear to strongly support a local bleaching model for 

photosensitive effects in germanosilicate materials. In this model, absorption 

of incident laser radiation into an oxygen vacancy site of a substitutional 
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germanium atom liberates an electron which is subsequently trapped at an 

adjacent defect site, leaving behind a paramagnetic defect know as the Ge E' 

center. As such absorption progresses in the material, the oxygen vacancy 

band at 237.5 nm becomes bleached and the concentration of Ge E' defects 

increases resulting in growth of the Ge E' absorption band at 202.5 nm. 

Through the Kramers-Kronig relations such a change in material absorption 

necessarily results in an induced change in refractive index. It is this induced 

An that forms the photosensitive Bragg grating in the material. This research 

represents the first systematic investigation of both the macroscopic and 

microscopic processes inherent to visible radiation-induced photosensitive 

mechanisms in the germania-silica system. 

6.2 Future Directions. 

Although many of the fundamental questions concerning the origins of 

photosensitivity in germanium-doped silica materials have been addressed in 

this dissertation, several questions remain unanswered and provide a direction 

for future research in this field. From the standpoint of defects, it is known that 

large concentrations of chlorine exist in fibers produced by the CVD and MCVD 

methods. Certainly it would be of interest to investigate the effect of this 

chlorine in a well-characterized materials system such as the sol-gel thin films. 
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Again, the difficulty in dealing with optical fiber systems lies in the inability to 

closely mediate the preform fabrication parameters. It is expected that chlorine, 

which is incorporated easily into the silica-germania network, should have a 

significant effect on the defect structures present in the material and, therefore, 

may influence the photosensitivity of the material. 

Another area of concern in interpreting photosensitivity arises as a result 

of the various exposure techniques available for writing gratings. Clearly the 

potential exists for there to be significant differences in defect formation 

processes as well as grating growth dynamics when comparing photosensitive 

gratings written using contradirectional visible laser beams propagating in a 

waveguide versus gratings written holographically using high energy ultraviolet 

radiation. In the latter case, there is considerable probability for a two-photon 

event which could excite a carrier into the material conduction band. This is in 

clear contrast to the case of visible excitation. The results of one experiment 

in which it was shown that photoinduced birefringence in photosensitive fibers 

could only be attained using UV, and not visible, excitation [Ouellette, 1991 c] 

appears to support this assessment. In addition, a recent defect study revealed 

that while low energy 248 nm UV radiation resulted in the creation of 

paramagnetic Ge E' defect centers, high energy radiation initiated bleaching of 

the centers via a two-photon process [Tsai, 1992]. 
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An attempt was made to differentiate between UV-induced bleaching 

processes and visible radiation-induced bleaching in the photosensitive films 

studied in this thesis. The UV absorption spectrum of a 45 mol% germania sol

gel thin-film sample was taken both before and after the sample was exposed 

to several watts of focused 488 nm radiation for a period of eight hours. No 

change was observed in the spectrum following this irradiation. A comparison 

of the energy fluence necessary to induce significant bleaching in UVexposed 

samples, however, indicated that under the conditions of the visible exposure 

used the sample would require as much as 900 hours to exhibit a similar 

bleaching. Such an exposure is clearly not feasible without the use of a high 

power, mode-locked or Q-switched laser source. Clearly, this problem warrants 

further investigation. 
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