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ABSTRACT 

The rigorous descriptions of linear and nonlinear guided wave theory are 

given together with a geometrical description that helps in the understanding of 

the physical phenomena taking place. The nonlinear waveguide discussed in this 

dissertation is composed of a linear thin film and substrate with a cladding 

material whose refractive index varies with the intensity of the light. 

Experimentally. this was acomplished. by placing an oriented liquid crystal (highly 

nonlinear but extremely slow) on top of a thin film glass waveguide. 

When the liquid crystal used was K1S. light-induced mode cutoff was 

observed. The TEO mode became leaky as the guided wave power was increased. 

This was a concequence of the light-induced increase in refractive index due to 

thermal effects. This behaviour was studied as a function of temperature. Light 

by light modulation was also accomplished with this setup. 

The theory of the linear and nonlinear prism coupler and the first 

experimental investigations on the nonlinear prism coupler are given. The 

nonlinear prism coupler used was obtained by depositing a small amount of 

MBBA liquid crystal in the gap between the input coupling prism and the thin 

film. The basic properties of the nonlinear prism coupler were demonstrated 

experimentally and the results obtained were verified to have their origin in the 

temperature component of the nonlinear index of refraction. Good qualitative 

ageement between the theory developed and experiments were obtained. 

Bistability and switching in a thin film waveguide with a K 18 liquid 

crystal cladding has been demonstrated for the first time. These experiments made 

x 



xi 

use of the interesting phenomena associated with the nematic to isotropic phase 

transition. Such behaviour was satisfactorily explained by the intense light 

scattering associated with the critical opalescense that acompcmies such a phase 

transition in a liquid crystal. Both the TEo and the TMO modes were found to 

exhibit such behaviour. 



CHAPTER 1 

INTRODUCTION 

The nonlinear optical response of a material to an applied field has been 

subject of great interest since the invention of the laser made available very high 

power light fields. Much of this interest has its origin in the potential 

applications of nonlinear phenomena to optical signal processing systems. Recent 

advances in the field of nonlinear optics make the dream of constructing an 

optical computer (Abraham. Seaton. Smith. 1983) seem more realistic every day. 

Nonlinear phenomena arise from the nonlinear polarization field induced 

in a material by a high intensity incident light wave. It is usual to expand the 

polarization field in terms of the Fourier components of the mixing fields (Hopf 

and Stegeman. 1986). namely 

P(Wi.ki) = foX(I)E(wj.kj) + fox(2):E(wj.kj)E(Wk.kk) 

+ fox(3):.E(wj.kj)E(Wk.kk)E(Wl.kl) + ... 

for input fields of the form 

(i.1) 

( 1.2) 
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Nonlinear phenomena are frequently classified into the order of the 

nonlinearity which they require. The first term of Equation 1.1 simply gives the 

linear response of the material to each of the input fields. Nonlinear processes 

which come from the second term, as for example second harmonic generation 

and parametric mixing, are identified as X(2) processes. The third term, which is 

of particular importance to the work described in the following chapters, gives 

rise to X(3) processes such as degenerate four-wave mixing, coherent anti-Stokes 

Raman scattering, and in particular, to an intensity-dependent refractive index. 

The concept of an intensity-dependent dielectric constant, and hence 

refractive index (since n = fl/2), emerges quite naturally from Equation 1.1. 

Consider an optically isotropic material and only one input optical field, of 

frequency w. Because of the symmetry properties isotropic materials possess, X(2) 

vanishes, and the most significant nonlinear polarization term originates from the 

field product E(w,k)E*(w,k)E(w,k), which is driven at the frequency w. 

Combining this with the linear polarization term, gives 

P(w,k) = fo[X( I) + X(3) E(w,k)E*(w,k)]E(w,k) ( 1.3) 

so that the term in the brackets can be associated with the relative dielectric 

constant for the nonlinear case (since fr = 1 + X). Note that because of the 

structure of the product, the time response of the nonlinear term is governed 

totally by the time response of the nonlinear coefficient. For plane waves, the 

nonlinear dielectric constant and refractive index are usually written in the forms 
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( 1.4) 

(1.5) 

where 1 identifies the material and E1 and n1 are the low intensity dielectric 

constant and refractive index respectively. The nonlinear coefficients are given by 

0:1 and n21' and I is the local irradiance (referred to as local intensity throughout 

this dissertation) in units of power per unit area. Media obeying Equations 1.4 

and 1.5 are called Kerr-type media. There has been a great deal of interest and 

activity in the application of materials with such a nonlinear refractive index to 

all-optical signal processing, and many operations such as bistability (McCall et 

aI., 1975) and all-optical logic have been successfully demonstrated (Gibbs, 1985). 

The efficiency of nonlinear processes depends on the magnitudes of the 

interacting fields. Since IE(wW = 2[ncEo]-1I, then for a given available power, the 

optical field can be optimized by reducing the cross-sectional beam area as much 

as possible. Such small beam cross-sections can easily be achieved with plane 

waves in the focal region of a lens, but they can be maintained only over 

distances of several wavelengths due to diffraction effects. Optimum light 

confinement is obtained in optical waveguides such as the fiber, planar waveguide 

and channel waveguide shown in Figure 1.1. In such cases, the beam cross

section can be reduced to an opticai wavelength in one or more dimensions. The 

existence of boundaries with index differences across them counteracts diffraction 

effects and thus, a guided wave can propagate long distances with such confined 

cross-sections. These propagation distances are usually limited by absorption or 
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scattering (due to inhomogeneities and surface roughness) to many kilometers in 

the case of fibers, and to centimeters in the case of thin film waveguides. Hence 

optical waveguides provide optimum geometries for the implementation of 

nonlinear optical phenomena. 

A number of nonlinear optical phenomena have already been 

demonstrated. In fibers the emphasis has been on third order effects which either 

involve the nonlinear refractive index, such as self-phase modulation (Stolen, Lin, 

1978) or soliton propagation, or which can be phase matched easily in a collinear 

guided wave geometry, as in stimulated Raman (Stolen, 1980) and Brillouin 

scattering (Ippen, Stolen, 1972) or four photon mixing (Stolen, Bjorkholm, Ashkin, 

1974). Osterberg and Sjoberg (1986) have also reported work on harmonic 

generation in optical fibers. The major disadvantage of performing nonlinear 

interactions in fibers is that the processes are limited to collinear geometries. 

Planar waveguides do not have this limitation. For the thin film 

waveguide discussed in Chapter 3, light can be guided in all directions in the 

plane of the surface. Hence non-collinear interactions, such as degenerate four 

wave mixing (Karaguleff et al., 1985) and coherent anti-Stokes Raman scattering 

(Hetherington III et al., 1984) can be implemented, and indeed have been. Typical 

field distributions are shown in Figure 3.5 for a film of index nf and thickness 

h, deposited onto a semi-infinite substrate of index ns with a semi-infinite 

cladding (cover) medium of index nco Note that because the guided wave fields 

extend at most a few wavelengths into the bounding media, semi-infinite in this 

case usually means greater than 10 J.Lm of material. For planar wavegu;des, one 

or more of the three guiding media must be nonlinear for a nonlinear guided 
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Figure 1.1. Examples of optical waveguides. (a) The optical fiber. (b) the planar 
thin film waveguide and (c) the channel waveguide. 
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wave interaction to occur. The initial nonlinear experiments in planar waveguides 

dealt with second order phenomena. Impressive progress in this area has been 

made. for example. second harmonic generation of co- and contra-directional 

guided waves (Stegeman. Seaton. 1985). parametric mixing (Uesugi. 1980). optical 

paramteric amplification (Sohler. Suche. 1980) and even optical parametric 

oscillation (Sohler. Suche. 1983) have all been experimentally demonstrated. 

The application of planar waveguides to experiments involving third 

order nonlinear phenomena have been very recently analysed. and in some cases 

implemented. Although nonlinear Raman spectroscopy with monolayer sensitivity 

has been experimentally demonstrated (Hetherington III et al.. 1986). the principal 

interest is in applications to all-optical signal processing. For information 

processing systems. it is highly desirable to operate with input and output signal 

beams of the same frequency. The nonlinear interactions are therefore limited to 

those based on an intensity dependent refractive index. The basic studies of the 

nonlinear propagation properties of waveguides. which contain at least one 

material characterized by an intensity .dependent refractive index. will be presented 

in Chapter 4. 

Basically two types of phenomena occur when an intense light beam 

propagates through a nonlinear material either in plane wave or guided wave 

form. The propagation wavevector becomes intensity-dependent. and. under 

appropriate conditions the field distribution in the beam can also change with 

propagation distance. Both of these phenomena are well-known in plane wave 

nonlinear optics. but their effects on optical waveguides were not understood until 

very recently. As theoretically proposed in Chapter 5. and experimentally 
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demonstrated in Chapter 6. the intensity-dependent wavevector strongly affects the 

process of distributed prism or grating coupling of light beams into waveguides. 

In particular. it is shown that the coupling efficiency. 11. becomes power

dependent. and that 11 always decreases with increasing power. This clearly 

becomes important when trying to observe third order guided wave phenomena 

since it may prove difficult to couple into thin film waveguides. the high powers 

necessary to make the desired interactions efficient. 

Under appropriate conditions the field distributions associated with guided 

waves will also become power-dependent. The simplest case of a thin film 

waveguide whose cladding material has a nonlinear refractive index is discussed 

and solved in Chapter 4. It is shown that if the power induced index change in 

the cladding material is made larger (before the inevitable saturation occurs) than 

the initial index difference between the film and cladding. anomalous changes in 

the field distribution occur. In particular. the field distribution of the lowest 

order mode. which normally peaks inside the film. can be made with increasing 

guided wave power to peak inside the nonlinear cladding medium. The same 

chapter shows that self-focusing in the cladding is responsible for such an effect. 

The principal problem behind the experimental task of demonstrating 

nonlinear guided wave phenomena is that of finding a good nonlinear material 

that can easily be incorporated into a waveguide. Although new and interesting 

nonlinear waveguide materials such as semiconductor-doped glasses. ZnO and 

nonlinear organics are now available in our research group. this was not the case 

when this project was begun. Because many plane wave. all optical phenomena 

which depend on an intensity dependent refractive index had been successfully 
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demonstrated using liquid crystals (Khoo, Shen, 1985), these materials appeared 

promising. Liquid crystal nonlinearities have various origins, electronic (the 

smallest, n2 E!!! 10-18 m2/W), reorientational (n2 E!!! 10-9 m2/W) and thermal 

(n2 E!!! 10-9 m2/W). The fact that these materials are fluids at room temperature 

and can easily be used as the cladding for a thin film waveguide made them very 

attractive. Since the guided wave field extends at most a few wavelengths into 

the cladding and since it is likely that the molecules will be pinned somewhat at 

the surfaces, the reorientational mechanism cannot be used as efficiently as in 

bulk media. The thermal process also has problems associated with it, such as 

long times for reaching thermal equilibrium and the difficulty of establishing sharp 

thermal gradients. It does, however, provide a nonlinear medium with large 

values of index change before saturation, ~nsat E!!! 0.05' Although far from ideal, 

the thermal nonlinearity in nematic liquid crystal media was chosen for 

experiments that would test various concepts in nonlinear guided wave optics in a 

qualitative way. Hence, different liquid crystal media were used as the cladding 

of a planar thin film waveguide. As will be shown in Chapters 4 and 6, 

respectively, the concepts of nonlinear guided waves with intensity-dependent field 

distributions and those of nonlinear distributed couplers, were tested 

experimentally. It was subsequently realized that the unusual properties of the 

nematic -+ isotropic phase transition could prove interesting, and bistability and 

switching were demonstrated in waveguides with liquid crystal claddings. 

The chapters composing this dissertation are organized as follows. The 

physics of liquid crystals pertinent to the problems of linear and nonlinear optics 

are summarized in Chapter 2. The basic principles of waveguide theory are 
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outlined in Chapter 3, and extended to nonlinear waveguides in Chapter 4. This 

last chapter only discusses the simple problem of a thin film waveguide in which 

the only nonlinear material is the cladding. The physical concepts behind 

distributed couplers, and the experimental demonstration of the nonlinear prism 

coupler are presented in Chapters 5 and 6, respectively. Additional experiments 

on liquid crystal-clad waveguides, which involve the nematic -+ isotropic phase 

transition, are described and interpreted in Chapter 7. Finally, the principal 

results are summarized in Chapter 8, and the possible directions for future 

research are suggested. 



CHAPTER 2 

LIQUID CRYSTALS 

During the last ten years, liquid crystals have attracted much attention, 

partly because of their interesting physical properties and partly because of their 

potential applications in display technology. Because of their chemical composition, 

liquid crystals are composed of highly geometrically anisotropic molecules that are, 

as shown in Figure 2.1, usually long and relatively narrow. Depending on the 

particular molecular geometry, and temperature (or concentration), they can exist 

in at least one solid phase as well as several different liquid-like phases, for 

example, isotropic liquid, nematic liquid crystal, cholesteric liquid crystal and in 

different smectic (A, B or C) liquid crystal phases. The phase transitions that 

occur between the different liquid crystal phases have fascinated physicists for 

many years. 

De Gennes in his classic book titled "Physics of Liquid Crystals" (1974) 

classifies liquid crystals in two broad groups: thermotropic and lyotropic. 

Thermotropic liquid crystals are composed of pure organic molecules in which 

phase transitions are induced by a change in temperature. The lyotropic class 

essentially consists of rod-like molecules dissolved in a liquid subphase. In this 

case, phase transitions are naturally induced by a change in the rod concentration. 

As is seen in later chapters, thermotropic liquid crystals are of particular interest 

to this work. 

10 
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(a) 

c ______ ~ o 
----3 A 

o 
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Figure 2.1. Chemical composition and geometry of a liquid crystal molecule. 
(a) The chemical composition of a molecule of K 18 liquid crystal and (b) the 
physical dimensions of a typical molecule. 
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As their name implies, liquid crystals exhibit some properties of both the 

liquid and crystalline states of matter. In particular, the nematic liquid crystal 

exhibits long range orientational order (Le. molecular alignment) and therefore, 

posseses the crystalline property of optical birefringence. Also, since the molecules 

are relatively free to slide past each other, this "mesophase" posseses the liquid 

property of fluidity. 

The large anisotropy of the liquid crystal molecules can lead to large 

third order nonlinearities, and hence to a large intensity dependent refractive 

index. The electronic contribution to the optical nonlinearity is similar to that of 

other organic liquids. Although large when compared to that of ordinary glasses, 

the nonlinearity is small when compared to that of semiconductors (however, the 

electronic contribution in liquids composed of large anisotropic molecules has 

femtosecond response times.) The nonlinearity due to optically induced molecular 

reorientation is very significant because of the strong molecular angular 

correlations. An optical field of only E!! 1 00 W /cm2 induces a significant molecular 

reorientation, which typically leads to a refractive index change of An E!! 0.01 to 

0.1 (equivalent to that induced by a 100 V/cm dc field). Laser heating due to 

absortion of a liquid crystal in the nematic state also changes its properties and, 

in particular, its index of refraction. This occurs since the degree of molecular 

alignment is very temperature sensitive, especially at temperatures near to, but 

below the nematic -. isotropic phase transition. This effect was used in part of 

the work described in this dissertation. 

Because it is impossible to give a complete treatment of the physics of 

liquid crystals in a work of this nature, a very brief introduction to the subject 
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is presented in the following sections. For a more detailed treatment of this 

subject, the reader is referred to the excellent books of De Gennes (1974) and 

Chandrasekhar (1977). 

Definition of a Nematic Liquid Crystal 

Although as mentioned before, liquid crystals can exist in many different 

phases, because of its relevance to other Chapters and to experiments later 

described, only the nematic phase is discussed here in some detail. Excellent 

descriptions of the cholesteric and different smectic phases can be found elsewhere 

in the literature (De Gennes, 1974). 

The main characteristics of a nematic liquid crystal are, as defined by 

De Jeu in 1980: 

The molecules are, on average, aligned with their long axes parallel to each other 

(Figure 2.2a). Macroscopically a preferred direction is thus defined. Around this 

direction there is rotational symmetry: the phase is uniaxial. 

There is no long range correlation between the centers of mass of the molecules, 

which can translate freely. This property determines the fluid character of the 

nematic phase. 

The axis of uniaxial symmetry has no polarity. Although the constituent 

molecules may be polar, this does not lead to a macroscopic effect. 

The principal feature of a nematic liquid crystal is that the molecules at 

a given point are aligned approximately parallel to one another. The preferred 
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Figure 2.2. Some liquid crystal phases. (a) Molecular ordering in a nematic liquid 
crystal. The direction. n. of the liquid crystal is also shown. (b) Isotropic liquid 
crystal. 
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direction of alignment is represented by the unit vector n. defined as the director 

of the nematic. The orientation of the director can change continuously from 

point to point in the sample and can also be altered by external constraints 

(electric or magnetic fields. for example) impressed on the liquid crystal medium. 

The long range molecular angular correlation makes the optical properties non 

local. i.e .• the optical indicatrix of a small volume depends on the alignment of 

the molecules in small neighbouring elements. 

Because of thermal fluctuations and since the angular correlations in a 

nematic liquid crystal are not as strong as they are in a solid. it is clear that not 

all the molecules in a given volume will be aligned precisely in the same 

direction and that some spatial and temporal variation of the alignment will exist. 

Hence the definition of an order parameter becomes necessary. This order 

parameter gives the degree of molecular orientation in a volume element and is 

defined by 

(2.1) 

where () is the angle which the molecular axis makes with the director n. and the 

brackets denote the statistical average. The order parameter varies from S = 0, 

for a sample with random molecular orientation. to S = 1. for a perfectly aligned 

sample. For a nematic liquid crystal, however. S will typically be between 0.4 

and 0.8 . 
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Optical Properties of the Aligned Nematic Liquid Crystal 

A perfectly aligned nematic liquid crystal behaves optically like a 

uniaxial crystal. The optical axis of the aligned nematic is in the direction of the 

director. Hence the aligned sample exhibits an extraordinary index, ne, along the 

director direction and an ordinary index, no' perpendicular to it (see Figure 2.2a). 

As the temperature is raised, the inter-molecular angular correlations decreases 

due to an increase in molecular thermal energy. The molecular directions become 

more random and the index difference between the ordinary and extraordinary 

refractive indices (averaged over a volume element cointaining many molecules) 

decreases. Stated differently, as the temperature increases, the degree of molecular 

alignment of the liquid crystal, i.e., the order parameter S, changes, making the 

indices of refraction vary. Examples of the variation of the ordinary and 

extraordinary indices with temperature for initially aligned samples of K 15 and 

K18, is given in Figures 2.3 and 2.4. respectively. This behaviour is typical of 

nematic liquid crystals. 

The scattering of light into all directions (stray scattering) by a nematic 

liquid crystal is an effect that is hard to ignore when performing optical 

experiments with these materials. To the naked eye, a nematic looks like a very 

turbid liquid. The scattering from these samples is six orders of magnitude more 

intense than in ordinary isotropic liquids. The intense scattering of light from a 

liquid crystal can arise from several effects such as local changes in density, 

temperature fluctuations, etc. However the dominant scattering mechanism for these 

liquids arises from local fluctuations in the director orientation which become 

larger as the nematic ~ isotropic phase transition is approached. and becomes 
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especially intense when the characteristic distance, associated with the director 

fluctuations, becomes comparable to the wavelength of the light. Critical 

opalescence occurs quite near the nematic -+ isotropic phase transition and 

corresponds to very strong scattering of the light out of the forward direction of 

the incident beam. In the isotropic liquid state, the angular correlations are small 

and molecular orientation is completely randomized over distances of the order of 

an optical wavelength. Thus the scattering from isotropic liquid crystals is like 

that in simple organic isotropic liquids. These phenomena are accurately described 

by the continuum theory of nematics. 

Temperature Dependence of the Refractive Index 

The temperature dependence of the extraordinary and ordinary refractive 

indices of aligned nematics are shown in Figures 2.3 and 2.4. In the last section 

it was mentioned that this dependence had its origin in the temperature variation 

of the order parameter S. In this section, the mathematical formalism describing 

this phenomenon is given. 

According to the development published by Khoo and Shen (1985), the 

change in the refractive index due to heating is given by 

An = :~ AT, (2.2) 

where in the isotropic phase, an/aT is approximately equal to that of other 

organic liquids and is due to changes in density because of heating. Typically 
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an/aT:!!! 5 X 10-4 K- 1 
• For nematic liquid crystals, the ordinary and 

extraordinary refractive indices can be related to the order parameter, S, as shown 

by the following equations, 

(2.3a) 

(2.3b) 

where ~na would be the anisotropy in the refractive index of the liquid crystal if 

it were perfectly ordered (S = 1). Therefore 

(2.4) 

from which it is found, by simple manipulation of the equations, that 

(2.5) 

For the nematic phase, ~na as/aT is of the same order of magnitude as aii/aT, 

which is approximately the same value as in the isotropic phase. 



21 

Unfortunately, the large thermal nonlinearity in liquid crystals is also 

char~cterized by an extremely slow response time. Thermal equilibrium must be 

attained at every point in the medium before a stable refractive index is obtained. 

Because of the thermal nature of the nonlinearity, the response time depends on 

diverse factors such as the absorption (Saupe, 1972) of the nematic (see Figure 

2.5) and its mass. Also, thermal diffusion and, in general, the heat transfer 

properties of the sample experimental geometry will influence the value of the 

response time. Typical values have been reported to range from 0.1 (Khoo, Shen, 

1985) to 5 seconds (Vach, et al., 1984). It is important to note that by careful 

experimental geometry design, the response time can be controlled and optimized 

to a certain degree. 

Dependence of the Refractive Index on Molecular Reorientation 

Since an aligned nematic behaves optically like a uniaxial crystal, the 

refractive index governing the propagation of a light beam varies as the direction 

of the director changes. The director direction can be altered by the application 

of an external electric or magnetic field, or by the electric field of an intense 

light wave. Optically induced molecular realignment is the subject of this section. 

As in the thermal effect, the nonlinearity that arises from molecular 

reorientation is very slow (and temperature dependent) due to the large moment of 

inertia associated with the director. As a result. the liquid crystal volume 

associated with a specific director responds only to the time independent 

component (the DC component) of the square of the optical electric field ( Eop 1 
). 

For example, consider the experimental geometry shown in Figure 2.6. 

In this configuration, a beam propagating and polarized in the xz plane is incident 
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onto a thin layer of an aligned liquid crystal. In the figure, n(O) represents the 

unperturbed director and n(l) is the director in the presence of the beam. The 

effective dielectric constant encountered by the beam is 

(2.6) 

where tJ! = (3 + 8 (Figure 2.6) and ell' F.J. are the dielectric constants parallel and 

perpendicular to the director of the aligned nematic, respectively, and the 

refractive index is given by n = eeff 1
/
z. 

The optically induced reorientation angle is obtained by minimizing the 

free energy of the system defined as (Khoo, 1982) 

(2.7) 

where K is an average elastic constant consistent with the approximation 

K = Kl = Kz = K3 and Kit Kz, K3 are the constants associated with the three basic 

types of liquid crystal elastic deformation: splay, twist and bend, respectively (De 

Gennes, 1974). By assuming a small reorientation angle, and the boundary 

conditions of 8 = 0 for z = 0 and z = d, the Euler-Lagrange equation is 

obtained. Solving and further simplification leads to a dielectric constant of the 

form 

eeff = eo + 6e(l), (2.8) 
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(2.9) 

(2.10) 

Hence, the dielectric constant varies linearly with the beam intensity I. This is 

the basic mechanism experimentally utilized to demonstrate nonlinear guided wave 

phenomena. 

The observation of a very interesting phenomenon is worth mentioning. 

Consider again the experimental sample in Figure 2.6. It has been reported 

(Durbin, Arakelian, Shen, 1981) that, for the case (3 = 0, molecular reorientation 

occurs only when the incident intensity exceeds a threshold value. This is 

known as the optical Freedericksz transition and it is analogous to its dc field 

counterpart. Near this transition, a very small change in the incident intensity can 

lead to a large change in molecular alignment. The potential for applications for 

such an effect should be quite obvious. 

Liquid Crystal Alignment Techniques 

Although some properties of aligned nematics have been outlined in 

previous sections, the ways in which aligned samples can be obtained have not 
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been discussed. Because of the importance of liquid crystal alignment in some of 

the experiments described. it is appropriate to include a discussion of some of the 

better known alignment techniques. Many exist, including rubbing (Berreman, 

1972), chemical cleaning or etching (Creagh, Kmetz, 1973), mechanical deformation 

(Berreman, 1972) and the deposition of organic (Kahn, 1973) or inorganic 

(Armitage, 1980) thin films. 

There are two basic ways in which the liquid crystal molecules can be 

aligned at a surface: parallel and perpendicular to it. The first case is referred to 

as homogeneous, and the second as homeotropic alignment. 

The physical explanation for surface induced liquid crystal alignment is 

still not fully understood. Diverse hypotheses have been suggested. For example 

according to Berreman (1972), molecular alignment on a rubbed surface has its 

origin in the "microgrooves" created during the rubbing procedure. He goes on 

to explain the phenomena in terms of the continuum theory of nematics and of 

purely elastic deformation energy criteria. 

An alternate explanation suggests that by rubbing a surface with a cloth, 

the local temperatures increase to the point that local melting of the cloth material 

takes place. Under these conditions, organic molecules are deposited on the 

surface, in a preferred orientation. When a liquid crystal is deposited on such a 

surface, the molecules deposited during the rubbing procedure induce liquid 

crystal alignment via dipole interactions. 

Regardless of the true physical explanation of liquid crystal alignment by 

a rubbed surface, excellent and consistent results have been reported in the 
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literature. The rubbing alignment technique described by Nakamura (1981) was 

used for the experiments described later in this thesis. 

A brief outline of sample preparation by' this technique will now be 

presented. After thorough cleaning of the sample, the surface was rubbed with an 

ordinary cloth, always in the same direction, for periods of time ranging from 

two to five minutes. Afterwards a cover slide of 2 mm by 10 mm dimensions 

(also treated by the rubbing technique), was placed over the prepared surface 

(which was an interface of a waveguide). Then the waveguide-cover assembly 

was left on a hot plate, at a temperat.ure higher than the critical temperature for 

the liquid crystal to be deposited. The liquid crystal was introduced with a 

syringe between the waveguide and the cover slide, by capillary action. The 

sample was then allowed to cool down slowly. 

The alignment of the liquid crystal, for the above mentioned sample, was 

verified with the use of a polarizing microscope. The technique was found to be 

very simple and yielded excellent results. 



CHAPTER 3 

PRINCIPLES OF LINEAR GUIDED WAVES 

Optical waveguides are structures used to guide light parallel to one or a 

series of interfaces separating transparent media of dissimilar optical properties. Of 

the several examples shown in Figure 1.1. the most recognizeable one is the 

cylindrical waveguide. better known as the optical fiber. Such fibers are most 

useful for the transmission of optical signals. with low loss. over long distances. 

The planar waveguide. shown in Figure 3.1. typically consists of a thin film of 

high index of refraction bounded. on both sides. by media of lower refractive 

index. If one of the bounding media is air. the optical beams which can 

propagate within the thin film. can be manipulated with surface structures via 

electro-optic. acousto-optic. nonlinear optics and diffraction grating effects. to 

mention a few (Hunsperger. 1984). It is this potential for processing optical 

beams which has led to the recent development of integrated optics. A 

conceptually simple. but technologically difficult. extension of this planar case is 

the channel waveguide which can also be considered as a two dimensional 

waveguide with non-cylindrical cross-section (see Figure l.lc). The fields 

supported by channel waveguides can interact when two such waveguides are 

placed in close proximity to each other. All these classes of optical waveguides 

are currently finding many applications in communications and signal processing 

systems. 

28 
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Figure 3.1. Geometry of the planar slab thin film optical waveguide. 
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Although, as mentioned above, several types of waveguide geometries 

exist, because of its relevance to the experiments later described, only the thin 

film waveguide is considered in this chapter. The thickness of these thin films is 

usually of the order of an optical wavelength, which is equivalent to values 

ranging from a fraction of a micron to several microns. 

The theory of dielectric thin film optical waveguides has been discussed, 

in detail, in the literature, and excellent books about the subject exist (Kapany, 

Burke, 1973; Kogelnik, 1975). Waveguide theory is very well understood and will 

be presented, briefly, in this chapter. As an introduction to the subject, a 

geometrical interpretation of guided waveguide modes will be given. Next, the 

theory of thin film optical waveguides and of confined modes is derived from 

electromagnetic theory with the use of Maxwell's equations. 

Ray Theory of Guided Waves 

The analysis of a thin film optical waveguide is an exercise in 

electromagnetic theory that is usually solved with the use of Maxwell's equations 

and correct application of boundary conditions. However, because of its 

simplicity and the physical insight it provides, the ray theory of guided waves is 

very useful and is reviewed in this section. 

The interpretation of guided modes according to ray theory is very 

simple and can be understood by referring to Figure 3.2. The guided wave 

inside the film is a combination of two plane electromagnetic waves which form a 

standing wave across the film. The dispersion relation can be derived by 

considering these two plane waves to be represented by an optical ray propagating 

in a zig-zag fashion along the thin film waveguide. This ray is assumed to be 
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incident upon both the film-cladding and film-substrate interfaces at an angle 

greater than the critical angle for both boundaries. Therefore total internal 

reflection (TIR) is encountered at both interfaces and the light is guided. as a 

confined mode. by the thin film. 

Just as there are two orthogonal polarizations possible for plane wave 

fields. there are also two orthogonal guided wave polarizations. Since this field 

of research evolved from that of microwaves. a similar notation is used. A 

transverse electric. TE". mode has its optical electric field linearly polarized in the 

y-direction (Figure 3.1). parallel to both interfaces and orthogonal to the 

propagation wavevectors (or rays). For a transverse magnetic. TM". guided wave. 

it is the magnetic field (H) that now is parallel to the surfaces. and orthogonal to 

the propagation wavevector. 

As suggested by Figure 3.2 • a guided wave propagation constant for 

TE" and TM" modes can be defined by 13ko = konfsinO" . This guided wave 

wavevector is in the direction of energy propagation and from its definition. the 

concept of the guided wave effective index. 13 = nfsinO". naturally arises. Note that 

this index. 13. is related to the phase velocity. and not group velocity. of the 

guided wave. 

It is now clear that an optical ray is confined only if its propagation 

angle. 0". is greater than the critical angle at both interfaces. However not all 

angles satisfying this condition correspond to guided modes. In fact. only a 

discrete set of ray angles lead to constructive interference (standing waves) across 

the film. and hence. to confined waves. These angles are obtained from the 

transverse resonance condition 
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Figure 3.2. Geometrical interpretation of a confined wave. The optical ray 
propagates in a zig-zag fashion in the thin film. The guided wave effective index 
is defined by f3 = nfsinOv· 
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(3.1) 

where h is the film thickness, nf is the film index, ko = 21r/"'Ao is the free space 

wavevector, " is an integer and -24>fs and -24>fc are the phase changes obtained 

upon total internal reflection from the film-substrate and film-cover interfaces, 

respectively, and are given by 

[
JtV - n.

z
] 

4>fJ· = arctan e
J 

nfcos " 
(3.2) 

for TE modes, and 

[
(nf )2 JtV - n/ ] 

4>fj = arctan -2- e 
nj nfcos " 

(3.3) 

for the TM case, with fJ" = nfsine". The transverse resonance condition states 

that the phase change encountered by the optical ray when it travels from the 

film-cover to the film-substrate interface and back, must be an integer multiple of 

The number of confined modes that an optical waveguide can sustain 

depends on the thickness of the thin film and the differences between the 

refractive indices nc ' nf and ns. Different TE" and TM" confined modes 

correspond to optical rays that propagate, in a zig-zag fashion, with different 



34 

angles e, as shown in Figure 3.3. The field distributions for the three lowest 

order TE modes are shown in the same figure. These are simply the patterns 

obtained from the interference of the plane waves associated with the rays 

travelling up and those travelling down. It can be seen that although most of the 

guided wave energy propagates confined within the film, a small fraction of the 

total power propagates in the bounding media in the form of evanescent tails. 

This is a consequence of the existence of a phase shift on reflection at each 

boundary and, therefore, the Goos-Hanchen shift. 

Substrate and Air Modes 

Clearly, there also exists the possibility of having rays propagating at 

angles such that total internal reflection is not encountered at either or both 

surfaces. Assuming ns > nc ' then, one can define substrate modes as those with 

ray-angles e such that TIR is encountered at the film-cover interface, but not at 

the film-substrate boundary. For this case, the light energy is not confined within 

the thin film but leaks out into the substrate. Air modes occur when the ray is 

incident upon both interfaces at an angle such that TIR does not occur at either 

one. Both these cases are shown in Figure 3.4. 

Of particular importance to the experiments and results later described 

are substrate modes. These modes are also known as "leaky" waves, in the 

literature. As mentioned above, leaky waves exist when total internal reflection 

is not encountered at the film-substrate interface. 

Although leaky waves are lossy, because of radiation loss into one of 

the bounding media, they can still propagate, without severe attenuation, over 

significant distances. This occurs since, for the shallow ray angles considered, a 
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Figure 3.4. Geometric interpretation of substrate and air modes. (a) Substrate 
modes and (b) air modes. 
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significant amount of energy is reflected back into the thin film while only a 

small fraction of the total power manages to leak out. Hence, the light energy is 

partially confined to the thin film. As shown in Figure 3.4a, the zig-zag picture 

of guided modes is still valid for leaky waves, however, the propagating ray now 

looses a small fraction of its energy (given by the Fresnel relations) upon each 

reflection from the film-substrate interface. As pointed out by Kogelnik (1975), 

the self-consistency condition can still be used to identify leaky modes if one 

takes into account that -24>fs is now complex. 

Because the energy confined in the film decreases as the leaky wave 

propagates, its propagation wavevector is also complex and given by 

koll = kollR + kollI' Expressions for (JI have been derived by Kapany and Burke 

(1972) and Marcuse (1974). 

The possibility of guiding in structures for which ns > nf now becomes 

theoretically feasible. Practically, leaky waves can be excited if a guided wave 

propagates from a region in which a mode is allowed into one in which the 

mode is cut-off. This can occur, for example, when the substrate material 

adjacent to the thin film, undergoes an abrupt or gradual change in refractive 

index. Thick (4 to 15ILm) GaAIAs films deposited on GaAs substrates 

(nGaAs > nGaAIAs) are an example in which leaky guiding has been observed 

(Garmire, 1973). An example, in which the loss parameter, (JI, is intensity 

dependent will be discussed in a later chapter. 

Electromagnetic Theory of Guided Waves 

The ray theory of guided waves was found to predict the correct 

conditions for the existence of thin film confined modes. Among other things, it 
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was found that the thin film refractive index had to be greater than that of the 

substrate and cover materials. Also, the ray propagation angle had to be such that 

TIR was encountered at both the film-cover and film-substrate interfaces. As 

seen, the guided wave propagation wave vectors were found and the dispersion 

relation derived from the transverse resonance condition. 

Because the film thickness is of the order of the wavelength of light 

however, it is not clear if the conditions, from which the ray theory of optics is 

derived, are valid for such a waveguide geometry. In this chapter this difficulty 

is avoided by treating the thin film optical waveguide by the electromagnetic 

approach. Maxwell's equations are applied, the wave equation derived and 

analytic expressions for the field distributions of confined modes, given. The 

solutions to the equations show that, in general, the results obtained with the 

simpler model are valid. 

For any problem in electromagnetic theory, it is well known that 

Maxwell's equations must apply (Jackson, 1962) 

a 
VxH = J + atD 

VxE = _l.s 
at 

V'S = 0 

V·D = p 

(3.4a) 

(3.4b) 

(3.4c) 

(3.4d) 
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For the present problem, source free media with a scalar dielectric constant (for 

the moment) and scalar magnetic permeability are assumed. As shown in any 

advanced text in electromagnetic theory, with these assumptions and a standard 

manipulation of the above expressions, the wave equation for the electric field is 

obtained, 

(3.5) 

The wave equation is valid in all regions and interfaces composing the thin film 

geometry (Figure 3.1). If fields with a periodic time dependence and propagating 

in the x direction are assumed, then, the electric and magnetic fields can be 

written as 

i(wt - 13k x) E(x,y,z) = E(y,z) e 0 (3.6) 

i(wt ". 13k x) H(x,y,z) = H(y,z) e 0 (3.7) 

where I3ko is the guided wave propagation constant, equal to that defined 

previously from purely geometrical criteria. For fields of this type, the wave 

equation becomes 

(3.8) 
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since W
2€Jl = ko

2n2(x.y.z). This wave equation is still very general and applies to 

problems in which the refractive index varies with the three space coordinates. 

Equation 3.8 can be further simplified by assuming a model in which 

there is no variation. of the electric field. in the y direction (a/ay = 0). Also. 

when applied separately to the cover. film and substrate materials. the wave 

equation reduces to the following set 

(3.9a) 

(3.9b) 

(3.9c) 

where nco nf and ns are the refractive indices of the cladding. film and 

substrate respectively. The solutions E(z). for these equations. give the profile of 

the electric field as the wave propagates in the x direction. The solutions of 

interest are those for which E(z) does not change with propagation distance. These 

are known as the eigensolutions to the equation and they represent the modes of 

the waveguide. 

TE Modes 

The solutions to Equations 3.9 are very well known and discussed. in 

detail. in the literature (Kapany. Burke. 1972; Kogelnik. 1975; Yariv. 1975; 



41 

Karaguleff, Stegeman, 1984). For convenience, their general characteristics will 

only be outlined here and their physical significance commented upon. 

Transverse electric (TE) modes are those guided waves that satisfy the mentioned 

equations and exhibit only a y component of the electric field, i.e. 

Hy = Ex = Ez = O. 

The electric field, for propagating TE confined modes, is given by 

where Ey(z) is taken as, 

CTEe
qZ 

Ey(z) = 

and, 

E ( t) = E () i(wt - 13k ox) y x,z, y z e 

z < 0 

o < z < h 

z > h 

(3.10) 

(3.1t) 

(3.12a) 

(3.12b) 

(3.12c) 

(3.13) 



ko = ~ 
c 
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(3.14) 

(3.15) 

(3.16) 

Equations 3.12 give the electric field distributions for the guided modes. The field 

profile, E(z), varies sinusoidally inside the thin film and decays exponentially, with 

distance from the film, in the cover and substrate media. Hence, most of the 

guided wave energy propagates whithin the thin film with a very small fraction 

of the total power propagating in the cover and substrate materials. The 

quantities Ilq and IIp are a measure of the distance that the confined wave 

extends into the bounding media in the form of evanescent tails. Because for a 

given waveguide, (3 decreases as the mode order increases, higher order modes 

have longer evanescent tails associated with them. Hence, the fraction of the total 

power propagating in the cover and substrate is larger for higher order modes 

and TEO is the mode that is best confined. Such evanescent fields have been 

utilized to study the way material properties are affected by the close proximity 

of a surface (the interface of a waveguide) and their potential in surface science 

research is very obvious. 

Since the boundary conditions specify that Ey and Hx must be 

continuous at both z = 0 and z = h, the dispersion relation is found to be, 



tan (I(h) = 1(9 + p) 
1(2 _ pq 
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(3.17) 

It is straight forward to show that this dispersion relation is equivalent to the 

transverse resonance condition (Equation 3.1) derived. geometrically. in a previous 

section. 

The constant CTE in Equations 3.12 is arbitrary and is sometimes 

chosen so that the power carried in the modes is 1 watt per unit length in the y 

direction. i.e. so that 

(3.18) 

from which condition it is found that, 

(3.19) 

TM Modes 

The thin film waveguide can also sustain a finite number of transverse 

magnetic (TM) modes. TM modes are those for which 

Ey = Hx = Hz = 0 (3.20) 



and, therefore, exhibit only a Hy component of the magnetic field. 

For these guided waves. it is also true that, 

where Hy(z) is taken as, 

Ez(x,z,t) = - ~E a~Hy(X,z,t) 

= _l3ko H (z) ei(wt - I3koX) 
WE y 

i a 
Ex(x,z,t) = WE azHy(x,z,t) 

-CTM [~COS(ICh) + sin(ICh) Je -p(z-h) z > h 

-CTM [~COS(ICZ) + Sin(ICZ)] o < z < h 

z < 0 
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(3.21) 

(3.22) 

(3.23) 

(3.24a) 

(3.24b) 

(3.24c) 

Note that, just as for the TE case, the fields in the substrate and cover materials 
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are exponentially decaying. For this case, however, the penetration depth of the 

evanescent tails is slightly larger. 

From the continuity of Hy and Ex at the interfaces, the dispersion 

relation is found to be, 

(3.25) 

where, now, 

(3.26) 

(3.27) 

Also, if the constant CTM is chosen so that the mode carries one watt 

per unit width, as in the TE case, then 

[ 

WEo ]1/2 
CTM=2 ~ 

t' eff 
(3.28) 
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where 

(3.29) 

Note that for the TM case, a component of the electric field 

perpendicular to the interfaces exists. A component along the "direction" of energy 

propagation also exists, this, however, is much smaller. These two features of 

TM modes can be utilized to advantage in experiments. Figure 3.5 gives the field 

distributions for some TE and TM guided modes. 
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Figure 3.5. Typical electric field distributions for guided modes. (a) Ey component 
for TEv modes and (b) Ez component for TMv modes. 



CHAPTER 4 

THEORY OF NONLINEAR WAVEGUIDES 

The preceding chapter was devoted to a discussion of waveguides in 

which the refractive indices of the cladding, thin film and substrate were 

constants, independent of the light intensity. By applying and solving Maxwell's 

equations, the light energy was found to be guided by the thin film in the form 

of TE and TM modes, and the field distribution in these modes was also given. 

As mentioned in Chapter 3, linear waveguide theory is very well 

understood. Recently, however, dielectric thin film waveguides containing one or 

more media whose refractive index varies with the intensity of the light have 

been the subject of much theoretical (Akhmediev, 1982; Langbein, Lederer, 

Ponath, 1983; Robbins, 1983; Seaton, Valera, Shoemaker, Stegeman, Chilwell, 

Smith, 1985; Boardman, Egan, 1986), but only very limited experimental work 

(Vach, et aI., 1984; Bennion, Goodwin, Stewart, 1985). 

This section deals with the general case of the nonlinear waveguide 

realized when one or more of the materials forming the thin film waveguide have 

an index of refraction given by n'Y(I) = n'Y + n2'Y1, where I is the local intensity 

of the light, n2'Y is the nonlinear refractive index coefficient, usually in units of 

m2/W, n'Y is the low power index and 'Y = c, f, s identifies the medium as the 

cladding, film or substrate. This problem has shown to be very interesting and 

promising for applications. 
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The physical effects of nonlinear refractive indices on the propagation of 

guided waves become clear once the effects on plane waves are understood. (The 

consequences are, however, quite different in some cases.) Therefore, the plane 

wave case is discussed first, followed by the nonlinear guided wave case. 

Propagation of Plane Waves in Nonlinear Media 

An intensity dependent refractive index has two effects on the 

propagation of a planar electromagnetic wave. First, the wavevector becomes 

intensity dependent. Therefore, the net phase change of an optical beam after 

propagation over a distance L is A~ = ~-y + ~tNL) = kon-yL + kon2-yIL. For any 

effect which relies on constructive interference, that is the net phase shift is some 

integer multiple of 11', the interference condition can be changed at sufficiently high 

intensities. This is, of course, the basic effect used in optical bistability in which 

the nonlinear material is placed inside a Fabry-Perot cavity and intensity is used 

to tune the cavity onto, and off resonance. 

Secondly, an optical beam propagating in a nonlinear medium also 

encounters self-focusing (for n2-y>O) or self-defocusing (for n2-y<O). These two 

cases are shown schematically in Figure 4.1. Consider a plane wave phase-front 

with a gaussian amplitude distribution. For a self-focusing medium, the refractive 

index at the maximum amplitude is larger than that in the less intense tails of the 

beam. Hence the phase velocity ( vp = c/n(l) ) at the peak is smaller than that 

in the tails which results in a curvature of the wavefront of the form that is 

normally associated with a positive lens. This leads to a collapse of the beam 

with propagation distance until diffraction effects become important. Under 
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appropriate conditions the net result is a self-focused channel in which self

focusing and diffraction are balanced: otherwise, the beam waist periodically 

expands and contracts with propagation distance. For a self-defocusing medium, 

the opposite curvature is obtained and the beam diameter expands until the beam 

intensity becomes sufficiently small to produce no further change in the refractive 

index (and therefore, beam curvature). 

Nonlinear Waveguides 

As demonstrated in subsequent sections, intensity dependent wavevectors 

and field distributions also occur in thin film nonlinear waveguides. In fact, the 

above classification into two effects is more accurate in the waveguide case 

because, for a guided wave, the index differences between the film and 

surrounding media are already responsible, in the intensity-independent case, for 

balancing the effects of diffraction in the direction normal to the interfaces. Note, 

however, that for a thin film waveguide, diffraction (and at high intensities self

focusing effects) still occur in the beam cross-section dimension in the plane of 

the waveguide. Such effects are ignored in this treatement because an effort was 

made, in the experiments, to use beams of sufficient width, in the plane of the 

surface, so that neither diffraction nor self-focusing should produce significant 

effects over the centimeter guided wave distances involved. 

The nonlinear thin film waveguide modelled in this section consists of 

one in which the cladding is the only nonlinear material (Figure 4.2). The 

theoretical approach to the problem is similar to that for the linear case, namely, 

the wave equation is solved in each of the guiding media and the amplitudes of 

the resulting field distributions are adjusted in order to satisfy the usual boundary 
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(a) 

(b) 

Figure 4.1. Consequences of the propagation of plane waves in nonlinear media. 
(a) Self -focusing and (b) self -defocusing. 
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conditions. In the present case, however, it is a nonlinear wave equation which 

must be solved in each of the media in which the refractive index (or dielectric 

constant) are intensity-dependent. It has proven possible to solve the nonlinear 

guided wave problem analytically for TE polarized waves, and therefore this is 

the case discussed, in detail, here. In the last section a short discussion is 

included on the approximate solutions for the TM case. 

For the TE case, the usual starting point is a cladding dielectric constant 

of the form, 

(4.1) 

which can be related, in the limit of small optically produced changes in the 

refractive index, to the parameter n2 by 0:1 = c€on.)n21' Writing the electric field 

in the cladding as, 

E (t) I AE () i(wt - f3kox) + c r, = 2Y c z e c.c. , (4.2) 

the nonlinear wave equation is of the form 

where it has been explicitly assumed that the field Ec(z) is real. (Note that it is 

not possible to include loss rigorously since a solution for complex f3 and E(z) has 
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Figure 4.2. Nonlinear thin film waveguide geometry. For this case, only the 
cladding is nonlinear. 
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not yet been reported.) Clearly Equation 4.3 is also valid for the film and 

substrate fields with (kc = 0, Ec(z)'" Ef(z) or Es(z), and nc ... nf or ns 

respectively. The solution to this modified wave Equation for a self-focusing 

cladding medium is (Seaton, Valera, Shoemaker, Stegeman, Chilwell, Smith, 1985) 

(4.4) 

where qc 2 = (32 - nc 2 and Zc is a constant which can be calculated from the total 

guided wave power per unit distance along the wavefront, as will be shown later. 

Since the optical constants of the film and substrate materials are not 

intensity-dependent, the usual solution fields of normal waveguide theory can be 

used. Hence the field distributions are of the same form as Equation 4.2, and for 

example inside the film (h ~ z ~ 0) 

(4.5) 

for nf ~ (3, while for (3 > nf the field solution is, 

(4.6) 
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(4.7) 

where qs 2 = (32 - ns 2• Note that the field in the film has been defined so that 

the tangential electric and magnetic fields are continuous across the film-cladding 

boundary, as required. Furthermore, the tangential electric field is continuous 

across the film-substrate interface. 

The dispersion relations are obtained, just as in the linear case, by 

enforcing the continuity of the tangential magnetic field across the film-substrate 

interface. This gives 

for nf ~ (3, and for (3 > nf, 

tanh(koqf h) = 
qf(qc tanh(koqczc) + qs) 
-qf 2 - qsqc tanh(koqczc) 

(4.8a) 

(4.8b) 

The guided wave power, per unit length in the y direction, is given in the usual 

way by 
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P = J ~~ ExH , (4.9a) 

P = Pc + Pf + Ps ' (4.9b) 

where P'Y is the contribution to the total power from the 'Y'th medium. For the 

self-focusing cladding medium we have 

(4.10) 

and for the film, 

sin(2koqf h) [ qc 
2 

2 1 + 2k 1 - -2 tanh (koqczc) 
oqf qf 

(4.11a) 

for nf > (1, and for (1 > nf, 
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(4.11 b) 

In the substrate, 

(4.12) 

As mentioned previously, the guided wave power contains the parameter zc' 

It is interesting to examine what happens to these relations in the limit 

of low powers in order to verify that indeed the solutions reduce to the well-

known results for intensity-independent media. Clearly the dispersion relation 

given by Equation 4.8 reduces to the usual guided wave case in the limit ekc ~ 0 

if Zc ~ 00. Furthermore, the field solution in the cladding should reduce to the 

form 
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in the same limit. Equating Equations 4.4 and 4.13 in this limit leads directly to 

(4.14) 

and to 

(4.15) 

as expected for linear waveguides. 

Nonlinear Guided Wave Attenuation 

The formalism described above is valid only for loss less media and to 

date it has not been possible to include loss rigorously. However, most highly 

nonlinear media rely on absorptive phenomena as the source of their nonlinearity 

and it is important to include the effects of loss, at least approximately, for 

nonlinear guided waves. 

If the cover material of a thin film waveguide is nonlinear and lossy, 

the attenuation coefficient for nonlinear guided waves is strongly power dependent. 

This is very obvious if one considers that for Q:clad > Q:Ci1m and for a cladding 

with a self focusing nonlinearity, as Pgw increases the guided wave attenuation 

coefficient also increases since a larger fraction of the total power propagates in 

the cladding. 
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By assuming tha.t the field distributions derived for lossless nonlinear 

waveguides are still valid and that the loss per wavelength of propagation is 

small, Ariyasu et al. (1985) found the imaginary component of the effective index, 

{1 = {1R - illI' to be 

(4.16) 

where €I is the imaginary component of the relative dielectric constant, 

€'Y = n'Y2 
- iEI'Y· For TE polarized waves Equation 4.16 reduces to, 

(4.17) 

Figure 4.3 shows the variation of {1R and {1I with guided wave power for the 

TEO and TEl modes of a nonlinear waveguide. Note the large variation of the 

attenuation coefficient with guided wave power. As expected, as a larger fraction 

of the guided wave power propagates in the cladding, {1I increases. 

Numerical Calculations 

The analytical formulae shown above were solved numerically to obtain 

the effective index {1 of the nonlinear guided waves versus guided waver power 

(per unit width of the wavefront along the y-axis). The material parameters 

pertinent to the experiments described in the last section were used, specifically 
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Figure 4.3. D~agram for I3R and 131 versus guided wave power. The dashed line 
corresponds to the TEO mode and the solid line to TEl' For this diagram 
h = 2 p.m, nf = 1.57, ns = 1.52, nc = 1.55, fIe = 0.001 and n2c = 10-9 m2jW. 
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for a 1.7 p.m thick film of refractive index 1.58 on a substrate of index 1.48 

with a cladding index of 1.54 and nl e! 10-9 ml/W. This corresponds to a 

Corning 7059 glass film deposited on a pyrex substrate, with the liquid crystal 

K I 5 as the nonlinear cladding medium. 

The results of the numerical calculation are shown in Figure 4.4. If the 

cladding (and hence all of the waveguiding media) were linear, the effective index 

would be independent of power and the curves would simply consist of vertical 

lines. The introduction of nonlinearity in the cladding is directly responsible for 

the anomalous results shown here for TEo and TE 1 . There is a local maximum 

in the power which can be transmitted by a TEo wave, and an absolute 

maximum for a TE 1 wave. Furthermore, in sharp contrast to the linear 

waveguide case, TEO solutions are allowed for (j ~ nf. (Note also that these 

solutions are now referred to as waves rather than modes since their power 

dependence means that they are no longer normal modes and the usual 

orthogonality relations do not apply.) 

These "dispersion" curves can be understood in terms of the evolution of 

the field distribtions shown in Figure 4.5. Just as in the bulk self-focusing case, 

self-focusing occurs in the cladding medium resulting in a gradual shift of the 

field maximum nearest the cladding from the film into the nonlinear cladding and 

a consequent narrowing of the self-focused field distribution. In essence the light 

"makes" its own guiding region inside the cladding and this guiding region has a 

higher index than that of the film. Therefore the maximum allowed change in 

the index in the cladding medium must be larger than nf - nc' which either 

greatly restricts the type of nonlinear media which can be used, or requires very 
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Figure 4.4. Effective index ( IlR ) versus guided wave power for the TEO and 
TEl modes. 



63 

controlled waveguide fabrication in order to start with initially small values of the 

film-cladding index difference. For small powers associated with small changes in 

field distribution. the variation in f3 is linear with power. that is 

f3 = f30 + ~f3oP • (4.18) . 

where the constant ~f3o depends on film thickness. the nonlinearity n2c. the 

refractive indices of the various waveguiding media and the wavelength. For a 

given waveguide. it also varies with the type of solution TEv. that is v. Note 

that the value of ~o can also be obtained. in a much simpler way. from coupled 

mode theory (Stegeman. 1982) which is valid in this power regime since the field 

distributions have not changed significantly. 

The variation in guided wave power with f3 becomes most interesting 

when the field distributions become strongly power dependent. For the TEO case. 

the field distribution at high powers degenerates into what is called "a single 

surface nonlinear polariton" first discussed by Tomlinson (1980). The appropriate 

dispersion relation is obtained from Equation 4.8 by taking the limit hkoqf » 1 

which gives 

(4.19) 

which can always be satisfied for f3 > nf which implies qc > qf. and for Zc < 0 

which implies a self-focused planar "channel" in the nonlinear cladding. That is. 
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(a) 

(b) 

Figure 4.5. Nonlinear guided waves. Evolution of the field distribution (Ey 
component) as the guided wave power is increased (to the right) for the (a) TEO 
and (b) TE I modes. 
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for a nonlinear self-focusing medium near an interface with a higher index linear 

medium, an intense light beam can make its own guiding channel and be guided 

by that channel. Since this is strictly a two medium, single interface effect, the 

same asymptotic P-13 curve is obtained for all film thicknesses and whether a 

local maximum is obtained or not is governed solely by the film thickness. As 

the film thickness increases, the amount of power guided by the film increases 

and, if this power is larger than that required to produce a single interface 

nonlinear surface polariton when self -focusing starts to occur, a region of negative 

slope for P versus 13 must occur and hence a local maximum appears. 

The TE I branch cannot degenerate into a single interface nonlinear 

surface polariton because the field character requires a field minimum inside the 

film, which in turn requires a periodic sine function inside the film. (For a sinh 

solution inside the film and a linear substrate, the field solutions in the substrate 

would diverge exponentially. and hence the wave would not be guided.) Hence 

nf > 13 is required. Therefore, as the field becomes self-focused inside the 

cladding, the branch must (and does) terminate. Whether the maximum exists or 

not again depends on the interplay between the power required at the branch 

termination, and the TEl power carried by the film just prior to self-focusing. 

TM Nonlinear Waves 

Although Stegeman and Wright (1986) have recently found an analytical 

expression for the dispersion relation for TM nonlinear waves, no analytical 

formulae exist for the field distributions and the guided wave power. Since the 

solution they found is complicated and can only be solved by numerical 

techniques, this section is limited to describing a useful approximation that is 
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valid for the case in which the index differences are small (Seaton, Valera, 

Svensson, Stegeman, 1985). 

The problem with the TM case lies in the form of the nonlinear 

dielectric tensor, and more specifically with the existence of both transverse and 

longitudinal field components. For wave propagation along the x-axis with the z-

axis normal to the film interfaces, the x and z components of the dielectric tensor 

for an isotropic cladding material are 

(4.20a) 

(4.20b) 

where for electronic nonlinearities 0:1 = cfon-)n2'Y and 0:2 = 0:1/3. 

A useful way to proceed is to acknowledge the fact that ansat, the 

largest change in the index that can be produced optically, is usually very small. 

Therefore to operate in the interesting power-dependent field distribution regime, 

both nf - nc and IP - nfl must be small. For a linear waveguide 

(4.21) 

which is also assumed to be approximately true for a nonlinear waveguide, hence 

IEzl2 »IExI2. This leads to the approximation fCZ = fC + O:cl Ez
2 (assuming real 

fields). Furthermore, any power-dependent change introduced by fCX is also small 

because Ex is small. Hence, fCX is approximated by fC' 
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It is now possible to proceed with the analysis in terms of Hy, the TM 

magnetic field. Noting that for a plane wave field Hy = -cEoEcEz/{J, then the 

nonlinear wave equation for TM waves can be written in the form (Stegeman, 

Seaton, Ariyasu, Wallis, Maradudin, 1985), 

(4.22) 

where D:c ' = D:c (J4 /C2Eo2EC 3. Since the structure of this nonlinear wave equation is 

similar to that of Equation 4.3, the field solution for Hc(z) in the nonlinear 

cladding is the same as Equation 4.4 with D:c replaced by D:c '. Sin<;;e the film 

and substrate media are assumed to be linear, their solution fields have the same 

structure as the those obtained for linear waveguides. Solving for the dispersion 

relation gives a form almost identical to Equations 4.8, but with qctanh(qckozc) 

replaced by qctanh(qckozc), qs replaced by qs where q'Y = q'YEf/E'Y' In order to 

obtain power-dependent field distributions it is necessary that Ef - EC «Ef in 

order to accomodate the small saturation value for the optically induced index 

change. If, in addition, Ef - Es «Ef, then the dispersion relations are almost 

identical to those obtained for TE waves. However, if ES ~ Ef, the solutions can 

be quite different. When the power flow is evaluated, the same relations are 

found for both Pc and Ps as for the TE case, but for Pc it is necessary to 
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Experiments with K 15 Liquid Crystal 

The purpose of the following experiments was to verify the theoretical 

predictions outlined in the past sections. Nonlinear guided waves have already 

been demonstrated, experimentally, in thin film waveguides with liquid crystal 

(Vach et aI., 1984) and CS2 (Bennion, Goodwin, Stewart, 1985) claddings. The 

liquid crystal K 15 (with a nematic to isotropic transition temperature 

T n-+i = 35°C) was chosen for these experiments mostly because of its excellent 

chemical stability. However, because of the inability of this liquid crystal to 

mantain a thermal, and hence refractive index gradient, power dependent leaky 

waves, rather than the nonlinear guided waves discussed in the previous sections, 

were observed. 

The experimental configuration used was that shown in Figure 4.6. The 

waveguide consisted of a thin film of Corning 7059 glass (nf = 1.58, 1.7 /lm 

thick) RF sputtered onto a pyrex substrate (ns = 1.48). SF6 glass prisms 

(np = 1.805) were used to couple the beam, from an Argon Ion laser 

(X = 0.5145 /lm), into and out of the waveguide. The waveguide surface was 

rubbed (as described in Chapter 2) in such a way that the liquid crystal was 

aligned as shown in Figure 4.9. Because of the temperature sensitivity of the 

liquid crystal properties, the sample (waveguide, liquid crystal and prisms) was 

placed inside an oven (Figure 4.7) that was temperature controlled to ± O.loC. 

The experiments consisted in measuring the power transmitted through 

the waveguide assembly as the input power was varied. The results obtained for 

the TEo mode are shown in Figure 4.8. From the figure it is seen that the 

transmission of the waveguide is a constant for low input powers but decreases 
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Figure 4.6. Experimental setup. In the figure POL stands for polarizer, L for lens, 
M for mirror, P for prism, WG for waveguide, S for substrate, LC for liquid 
crystal, PM for photomultiplier, ND for neutral density filter, LA for linear 
amplifier and PS for power supply. 
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Figure 4.7. Temperature control oven. The coupling prisms and waveguide can be 
seen on the inside. The output spot for the TEo mode and its m-line can be seen 
on the screen. 
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as the input power is increased. This occurs because, as the input power is 

increased, the power carried by the evanescent tail of the guided mode, heats up 

the liquid crystal cladding and hence changes its refractive index to the point that 

the waveguide mode becomes leaky. As the input power is increased further, the 

liquid crystal cladding temperature increases. This makes the mode become more 

leaky. As this process is continued, the change in index in the liquid crystal 

cladding is such that no power is transmitted through the waveguide, as shown in 

Figure 4.8 for large input powers. When the experiment was done at a slow rate, 

the curves for increasing and decreasing input powers overlaped and no hysterisis 

was obtained. 

The dependence of this phenomenon with temperature is also shown in 

Figure 4.8. As the temperature is increased the guided mode becomes leaky at 

lower input powers. This is expected because the effect has its origin on the 

thermal nonlinearity of the liquid crystal and, hence, it does not matter if the 

liquid crystal is heated by the power carried in the cladding or by increasing the 

temperature of the oven. 

The heating, and therefore, the change in the refractive index of the 

liquid crystal cladding was found to be localized to the region where the argon 

laser beam propagated. This was verified by performing the experiment shown in 

Figure 4.9 which consisted of coupling a focussed argon beam (at X = 0.5145 Ilm 

and with a beam waist, as defined by Yariv in 1975, of 2wo ~ 0.1 mm) and an 

unfocussed HeNe beam (X = 0.6328 Ilm, 2wo ~ I mm) into the waveguide in such 

a way that the beams propagated in opposite directions and overlapped in the 

waveguide. Moduhition of part of the HeNe beam by the Argon beam was 
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Figure 4.8. Experimental results for a waveguide with K 15 liquid crystal cladding. 
Curves obtained at (a) T = 22.3°C, (b) T = 23.2°C, (c) T = 24.2°C and 
(c) T = 2S.3°C. 



73 

accomplished with this configuration. When the Argon laser beam was not 

propagating in the waveguide. the full HeNe output spot was observed on a 

screen (Figure 4. lOa). however when the high intensity argon laser beam 

propagated (such that the mode became leaky due to local heating of the liquid 

crystal). the ouput spot for the unfocussed HeNe laser beam was that shown in 

Figure 4.IOb. Clearly. the part of the HeNe beam that overlaped the argon beam 

is also leaky. and the HeNe output spot now exhibits a dark band. 

In summary. power dependent leaky waves were observed in a thin film 

waveguide with a K IS nonlinear liquid crystal cladding. The nonlinear guided 

waves discussed in the theoretical sections were not observed for this 

configuration because of the inability of this liquid crystal to mantain a thermal. 

and hence refractive index gradient (which is essential for the existence of the 

nonlinear guided wave field distributions). Hence. the thermal nonlinearity 

responsible for the phenomena described in this section is not of the Kerr type 

assumed in the theoretical sections. This is because surface pinning of liquid 

crystal molecules. thermal diffusion. liquid crystal flow and molecular reorientation 

all contribute to making the nonlinearity a non-local and complicated function of 

the light intensity. Nonlinear guided waves have been studied for non Kerr type 

nonlinearities (Stegeman. Ariyasu. Seaton. Shen. Moloney. 1985); however. the 

effects in a nonlinear waveguide containing a liquid crystal are still under 

investigation. 
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prism director prism -

Figure 4.9. Liquid crystal alignment and propagating guided waves. The black 
area represents the guided wave at ~ = 0.5145 p.m and the shaded area that at 
h = 0.6328 p.m. 
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(a) 

(b) 

Figure 4.10. HeNe beam output spots. (a) With the Argon beam off and (b) with 
a high intensity Argon beam propagating in the waveguide. 



CHAPTER 5 

THEOR Y OF LINEAR AND NONLINEAR PRISM COUPLERS 

In the past chapters, thin film optical waveguides have been discussed. 

The linear waveguide has been treated by both ray optics and electromagnetic 

theory, and the guided wave field distributions and powers were found. The case 

of a thin film waveguide with a nonlinear cladding was also treated and solved. 

Hence, the physical mechanisms responsible for the propagation of light in both 

linear and nonlinear waveguides have been discussed in some detail. However, 

the way in which the energy of a laser beam, for example, is coupled into a 

confined waveguide mode has not been addressed at all, and is the subject of the 

present chapter. 

There are several ways to excite waveguide modes. The simplest one is 

by end-fire coupling. In this method, a laser beam is focused onto the edge of 

the waveguide and, if the profile of the focused beam matches, approximately, that 

of the guided mode, efficient coupling can be achieved. However, since the 

thickness of the film is of the order of 1 micron, careful alignment of the lens 

and waveguide is critical. Also, the edge of the waveguide must be polished and 

clean to avoid excessive scattering loss. Due to these restrictions, end-fire 

coupling into planar waveguides is only used when alternate coupling methods can 

not be applied. 

A different way to couple light into a waveguide is with the use of 

distributed couplers. Two well known examples of these are grating and prism 
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couplers. In grating couplers a laser beam is incident upon a grating (that can be 

on top of the thin film, inside the film, or at the film-substrate interface), at an 

angle such that the wavevector of one of the diffracted orders equals the 

propagation vector of a guided mode. Under these conditions, efficient coupling 

can be achieved. A disadvantage of this type of coupler is the large fraction of 

input energy that is lost by transmission through the grating and by diffraction 

into higher orders. 

The other example of distributed coupling is that of a prism coupler and 

it is this case which will be discussed in detail. First, an interpretation of this 

coupling mechanism according to geometrical optics is given. Next, the theory of 

the prism coupler is developed, by the approach of Tien and Ulrich (1970), and 

then extended to the nonlinear coupler case in which the gap material between 

the prism and film is nonlinear. 

Geometrical Description of the Prism Coupler 

The prism coupling mechanism can be described in a very elegant way 

by electromagnetic theory (Carter, Chen, 1983). However, the geometrical 

description of the prism coupler gives valuable physical insights into the problem 

and helps in the interpretation of the results derived in the following sections. 

Therefore, in what follows, geometrical optics and the ray theory of guided waves 

will be used to explain the physics of the prism coupler. 

The easiest way to understand the coupling mechanism is by referring to 

Figure 5.1. A collimated input beam, of width 2w, is assumed to be transmitted 

through the hypotenuse face of the high index prism and incident onto the prism 

base. If the angle of incidence, 8, is greater than the critical angle, total internal 
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reflection (TIR) will take place and the field in the low index medium (air, in this 

case) decays exponentially with distance from the prism base (Born and Wolf, 

1964). If now, a thin film optical waveguide is placed in proximity to the base 

of the prism (as shown in Figure 5.1 b), the evanescent tail intersects the thin film 

and light leaks into the waveguide by the mechanism of frustrated total internal 

reflection (FTIR). 

Therefore, energy is coupled into the thin film from the input beam. 

Unless this process can be made efficient, however, the energy coupled into the 

waveguide is insignificant. The condition required for efficient coupling into the 

guided wave can be deduced by examining Figure 5.2. Assuming the incident 

beam to be composed of many rays of light (all perpendicular to the wavefront). 

each one of these rays falls incident upon the base of the prism at the same angle 

o and therefore undergoes TIR. Thus, each ray has an evanescent tail associated 

with it, and each ray couples a small amount of energy into the thin film via 

FTIR. The light that leaks into the waveguide at point 1 propagates as shown 

down the film until it is partially reflected at point 2. Here, a small amount of 

energy also leaks from ray 2 into the film and adds to the guided ray excited at 

point 1. If the two are in phase, constructive interference occurs and the guided 

wave rays grows in amplitude there, and at successive equally spaced points 3, 4, 

... etc. Hence, if the energy that leaks into the thin film is at every point in 

phase with the guided wave that is propagating, the guided wave will grow with 

distance x and efficient coupling will have been achieved. 

This process, called phase matching, is well-known in many areas of 

physics where the coherent coupling of two or more waves occurs. For the 
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(0) 

(b) 

Figure 5.1. Prism coupling mechanism. (a) The evanescent field assosciated with a 
beam that encounters total internal reflection at the base of a prism. (b) Energy 
leakage into the thin film by the mechanism of frustated total internal reflection. 
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Figure 5.2. Geometric interpretation of the prism coupling mechanism. 
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prism coupler. this condition means that the phase velocities. in the x direction. of 

the guided wave and the wave incident at the prism base. must be equal. In 

mathematical terms. the phase matching condition reduces to 

konpsinO = kJ3u• (5.1) 

where np is the refractive index of the prism and f3u = nfsin6u is the guided 

mode effective index defined in Chapter 3. 

Therefore. phase matching occurs. as shown in Figure 5.3. when the 

wavevector component of the incident beam along the base of the prism is equal 

to the guided wave wavevector kJ3u• If this condition is not met. the coupling 

efficiency is small. For the present case in which a collimated input beam and a 

uniform thickness gap is assumed. maximum coupling efficiencies of 81 % are 

theoretically predicted if the length of interaction region is given by 

L ~ = 1r = cosO 21( (5.2) 

where I( is the coupling coefficient. Essentially the same result is obtained for 

Gaussian input beams. It is important to note that the coupling efficiency 

depends strongly on I( (which in turn varies exponentially with the gap thickness 

and hence gap profile) as well as the position of the input beam with respect to 

the edge (900 corner) of the prism. 
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Figure 5.3. Wavevector diagrams for the prism coupler. (a) Input beam not phase
matched to the guided wave and (b) phase-matching of input and guided waves. 
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The Linear Prism Coupler 

The geometrical description of prism coupling. discussed in the preceding 

section. was found to give physical insight into the problem and also predicted 

the correct phase-matching condition for optimum coupling between the incident 

and guided wave. In this section the formalism developed by Tien and Ulrich 

(1970) for the prism coupler will be given. 

As Tien and Ulrich (1970) found. the incident and guided waves are 

related by the following equation. 

a A i(13 - n sin9)kox [ I 1 axagw(x) = tain(x) e p - Cl:att + Ic agw(x). (5.3) 

Here agw(x) is the complex amplitude (including the phase) of the guided wave 

and ain(x) is that of the incident field. t is the transfer function derived by 

Ulrich (1970) and Tien. Ulrich (1970). which quantifies the coupling of the 

incident to guided wave fields. Ic is the characteristic distance for reradiation 

back into the prism. Cl:att is the waveguide attenuation coefficient. and 

ko~13 = konpsinO - I3ko is the phase mistmatch factor. The direction of x is given 

in Figure 5.2. 

The physical interpetration of this equation is very simple. It merely 

states how the guided wave amplitude grows with distance along the thin film. 

As can be seen. the guided wave power will increase as the power of the 

incident beam is increased. The amount of energy that is coupled into the guided 

mode depends on the transfer function relating the incident and guided mode and 
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a phase matching term that is represented by the exponent}al in the equation. 

However, as shown by the negative terms, once energy propagates in the guided 

mode, two mechanisms contribute to guided wave loss: by reradiation back into 

the prism and by absorption and scattering within the waveguide. Note that the 

rate of growth of agw(x) depends on the profile of the incident beam ain (x) while 

the loss is always exponential with distance x. 

If the phase matching condition is satisfied, the coupling equation 

becomes 

a " [ 1] axagw(x) = tain(x) - O:att + lc agw(x) . (5.4) 

Thus the guided wave amplitude will have its maximum rate of growth and 

optimum coupling efficiency can be attained. If ll{3 1= 0, phase mismatch occurs 

and the coupling efficiency decreases. 

The Nonlinear Prism Coupler 

In the last section, the mathematical formulation for the linear prism 

coupling mechanism was presented. In this section the nonlinear prism coupler 

will be discussed and it will be seen that the equation describing this case is 

very similar to the one obtained for the linear example (Liao, Stegeman, 1984). 

In this case, the cladding region filling the gap between the prism and 

thin film waveguide is taken to be nonlinear. By assuming power levels lower 

than those at which the field profiles become power dependent, a coupled mode 

approach can be used. As shown by Stegeman (1982), the effect of the 
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nonlinearity results in a power-dependent effective index, l3(x) = 130 + ~l3oP(x), 

where ~o can be obtained, for example, by the techniques outlined in Chapter 4 

(page 65). Hence the nonlinear coupling process can be described by Equation 

5.3 with a power-dependent 13 such that 

a
axagw(X) + [0: + l..]a (x) - tao (x) ei[/3o + ~oP(x) - npsinO]kox (5.5) att Ic gw - 10 

Note that it is not possible to maintain the phase-match condition at all power 

levels. Assuming the prism coupler to be optimized at low powers first, then, at 

low guided wave powers 130 + ~oP(x) - npsinO E!! 0, and Equation (5.5) can be 

approximated by Equation (5.4) so that the phase matching condition is satisfied 

and agw(x) has its maximum rate of growth, just as in the linear coupler case. 

However, if the power, P(x), increases, the phase matching condition is no longer 

satisfied at every point and the guided wave amplitude, agw(x), decreases. As 

pointed out by Liao and Stegeman (1984), this results in a reduction in the net 

coupling efficiency. 

The main differences between the linear and nonlinear cases can be seen 

in Figures 5.4 to 5.8. These curves were obtained by assuming a configuration 

consisting of a strontium titanate prism (np = 2.4), a thin film with a refractive 

index of 1.57, a substrate with n = 1.52, and a gap filled with a nonlinear 

material for which ng = 1.55 and n2 E!! 10-9 m2/W. The incident field 

distribution along the prism base was assumed to be a Gaussian of the form 
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The variation in the coupling efficiency 'T1 with incident power for the 

optimum case of an uniform gap and a coupling length 'c = 1.51wo is shown in 

Figure 5.4 for different detuning ( ~N = [npsin9p - P(P-+O)]2woko ) conditions in 

the limit of no waveguide loss and with Q:att = 100 cm- i
• As expected from the 

physical arguments given above, the coupling efficiency decreases with increasing 

power in both cases. For the lossy case, the low power efficiency is greatly 

reduced. The coupling efficiencies with and without loss become comparable 

when the effective phase match distance (E!! 1I'ko -l[~POP - npsin9]-1) becomes 

comparable to the guided wave attenuation coefficient Q:att. 

At high powers it becomes possible to reoptimize the coupling efficiency 

by changing the incidence angle inside the prism, a condition which corresponds 

to a deliberate phase mismatch at low powers. The coupling efficiency versus 

detuning angle (Figure 5.5) shows that, for the nonlinear coupler with a self

focusing nonlinearity, the efficiency can be maximized for npsin9 > Po (if a self

defocusing nonlinearity is assumed, then, Po > npsin9 is required to reoptimize the 

coupling efficiency.) The reason for this new optimum is relatively straight

forward. Maximum transfer efficiency occurs near the position of the maximum 

amplitude of the incident field. If the initial phase-mismatch condition is adjusted 

so that the amplitude grows more or less in phase with the guided wave field 

coupled in the vicinity of this point, the coupling efficiency should be optimized. 

Thus, optimum coupling should occur when the cumulative guided wave phase 

mismatch passes through zero near the region of maximum growth of the guided 

wave. 
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Figure 5.4. Diagram for the coupling efficiency versus incident power for a 
nonlinear prism coupler. The solid lines are for zero detuning (AN=O) with no 
waveguide losses (upper curve) and with 0: = 100 cm-1 (lower curve). The dashed 
lines are obtained for the optimum AN. with the lossless waveguide case given by 
the upper curve and the 0: = 100 cm -I case corresponding to the lower curve. 
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Figure 5.5. Diagram for coupling efficiency 1) versus detuning. Coupling efficiency 
1) versus detuning ~N for incident powers of 10-3 m W fmm (solid line) and 
100 m W fmm (dashed line). 



89 

The coupling efficiency at high powers can be increased in a different 

way. Since the phase mismatch term is cumulative with propagation distance, 

reducing the spot size 2wo of the input beam should increase the coupling 

efficiency. The coupling efficiency versus the ratio Ic/wo is given, for three 

different input powers, in Figure 5.6. Figure 5.7 shows a plot of coupling 

efficiency versus incident beam spot size (at constant Ic/wo) for relatively low and 

high incident beam powers. It is clear that by increasing the spot size, the 

coupling efficiency decreases. As will be seen later, this was shown to be the 

case experimentally. 

In a real experiment, the incident beam is usually Gaussian in both 

cross-sectional dimensions. Hence, the coupling efficiency varies across the guided 

wave beam in the direction orthogonal to the propagation axis. The nonlinear 

coupling process will, therefore, distort the guided wave beam profile in this 

direction (Liao et al., 1985). If the incidence angle is that used for optimum 

coupling at low powers, the beam profile remains smooth and is effectively 

broadened, as shown in Figure 5.8. The phase, however, varies across the 

wavefront with the phase at the peak amplitude retarded relative to the beam 

extremities. This would eventually lead to self-focusing of the beam in the 

waveguide. If the incidence angle is detuned in order to optimize the high power 

coupling efficiency, the beam profile becomes distorted and the phase front again 

should eventually lead to self-focusing. 
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Figure 5.6. Diagram of the coupling efficiency 11 versus the ratio I.fwo. For this 
diagram Wo = 0.5mm. The solid curve and left side scale corresponds to an input 
power of 10-3 m W fmm. The dashed line (right hand scale), is for an input power 
of 100 m W fmm and the dotted line (right hand scale) is for 1 W fmm. 
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Figure 5.7. Diagram of the coupling efficiency 1/ versus incident beam spot size 
WOo The incident powers are 100 m W /mm (dashed line) and 10- 3 m W /mm (solid 
line). It is assumed that l/wo = 1.5 . 
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Figure 5.8. Transverse guided wave beam shape for a 100 mw/mm incident 
beam. The solid line is for a linear coupler operating at its optimum coupling 
efficiency of 80%. The dashed line is for a nonlinear coupler cutt off at 
x/wo = 0.74 and with ~N = 0 (optimization at low powers). The dotted line is for 
a nonlinear coupler with ~N = 18 and x/wo = 1.122. the optimization parameters 
for the peak intensity. 



CHAPTER 6 

EXPERIMENTS ON NONLINEAR PRISM COUPLERS 

It was shown in the preceeding chapter that the coupling efficiency into 

a nonlinear waveguide decreases as the power incident on a coupling prism is 

increased. This phenomenon is due to the changes in the phase matching 

condition which occur when the guided wave wavevector becomes power

dependent. In this chapter, the experiments performed on nonlinear prism 

couplers will be given and the experimental results discussed. It will be seen 

that the experimental results are in good qualitative agreement with theory. 

As Khoo and Shen (1985) point out, many plane-wave, all-optical 

phenomena which depend on an intensity dependent refractive index have been 

demonstrated using liquid crystals as the nonlinear medium. Hence, the liquid 

crystal MBBA was the nonlinear material used in the gap between the prism and 

thin film. For many reasons, though, it is far from an ideal choice. It is 

important to note that since the origin of the nonlinearity, in these experiments, is 

thermal (as discussed in Chapter 2), the nonlinear coefficient n2 is itself a 

function of guided wave power. This is evident from Figures 2.3 and 2.4, i!l 

which the slope of the refractive index versus temperature is a constant only over 

very small temperature ranges. Furthermore, MBBA is inherently unstable and 

decomposes with time so that its nonlinear properties are time-dependent also. 

With a thermal process, questions about thermal equilibrium also exist. Namely, 

how long does it take to reach thermal equilibrium and how large a temperature 

93 



94 

gradient can the material sustain. Because of the very limited volume of material 

between the prism (a gap less than one micron thick) and film. and the large 

volume represented by the prism and waveguide. the thermal response of the 

liquid crystal medium should be linear with guided wave power. Despite all of 

the above-mentioned drawbacks. the liquid crystal MBBA was an expedient choice 

since the experiments were the first of their kind in the field (Valera et al.. 

1984). However. because of the non-ideality of the material. the experiments 

were meant to illustrate the gross features of a nonlinear coupler and no real 

effort was made to obtain more than qualitative (as opposed to quantitative) 

agreement with theory. 

Another source of quantitative discrepancy between theory and 

experiment is the fact that the theoretical model is based on a Gaussian input 

field distribution along the x-axis (propagation direction) and a constant amplitude 

along the wavefront (y-axis). Experimentally. the beam was a gaussian along 

both axes and. hence. the coupling efficiency would be expected to vary with 

position along the y-axis thus making the nonlinearity not correlate directly with 

the total input power. 

Experimental Details 

The experimental setup is shown in Figure 6.1. The waveguide. 

obtained from Dr. John Rabolt at IBM. San Jose. consisted of a thin film of 

Corning 7059 glass (1. 7 J,Lm thick. nf = 1.58) RF sputtered onto a Pyrex substrate 

(ns = 1.48). The waveguide attenuation loss was measured to be approximately 

2dB/cm at X = 0.5145J,Lm. Two strontium titanate prisms (np a! 2.4). fabricated 

in the Optical Sciences Center Optics Shop (University of Arizona). were used to 
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couple the light into and out of the thin film waveguide. The gap (:!!0.3~m) 

between one of the prisms and the film was filled with the liquid crystal MBBA 

whose refractive index is approximated by nc(1) = nc + n2cI, where I is the 

local light intensity and n2c is a constant. A wavelength selectable Innova 90 

argon ion laser from Coherent Radiation Laboratories was used as the source of a 

Gaussian beam at X = O. 5145 ~m. The input light intensity was changed with a 

variable beam attenuator consisting of a half-wave plate and a polarizing cube. 

Two Laser Precision model RK -51 00 pyroelectric detectors were used, one to 

monitor the input power to the coupling prism and one to measure the power 

transmitted through the waveguide. The results were then obtained on a x-y 

plotter in the form of output versus input power. 

Technically, the most difficult aspect of this experiment was the 

placement of the liquid crystal medium between the prism and film. No attempt 

was made, in this case, to orient the liquid crystal molecules, although it is likely 

that the film and prism surfaces did produce some preferential orientation. 

Extreme care was taken to ensure that the liquid crystal material just filled the 

gap region and did not extend past the prism onto the free film surface. This 

was very important because, at the highest powers used in the experiment, it was 

possible to excite the nonlinear waves discussed by Vach et at. (1984) and to 

obtain hysteresis. It was found, by trial-and-error, that when the liquid crystal 

film was just contained in the gap, no hysteresis etc. was observed. 

Experimental Results 

The linearity of the prism coupler was first verified when no liquid 

crystal material filled the gap between the prism and thin film. As can be seen 
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Figure 6.1. Experimental setup for the nonlinear prism coupler. VBA stands for 
variable beam attenuator. BS for beam splitter. L for lens. M for mirror. P for 
prism. LC for liquid crystal. WG for waveguide. S for substrate and DET for 
detector. 
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in Figure 6.2, the outpu_t versus input power was perfectly linear over the full 

power range accessed experimentally. Note that this also verified that the 

variable beam attenuator (X/2 plate and polarizing cube) did not significantly (with 

respect to the present experiment) displace in angle or position the incident beam. 

The experiment was carried out at the optimum coupling angle, as deduced by 

trial-and-error adjustments in the beam position and incidence angle. The input 

coupling efficiency was measured, by the technique described by Karaguleff 

(1985), to be :!!40%. Note that neither in this calibration experiment, nor in the 

liquid crystal experiments, was a concrete effort made to truly optimize this 

coupling efficiency. 

A number of experiments were performed with a liquid crystal filling 

the gap between the prism and film. When a few milliwatts of power, at 

X = 0.5145 Jlm, were transmitted through the sample, the results shown in Figure 

6.3 were obtained. The salient feature is that, under appropriate conditions, the 

transmitted intensity is not linear with the input intensity and optical limiting 

action is observed. As predicted in the preceding chapter, if the nonlinear prism 

coupler is optimized for low powers, the coupling efficiency decreases as the 

power in the incident beam is increased. 

The time interval between the measurements was chosen to be long 

compared to the relaxation time assosciated with the nonlinearity. For the 

experimental geometry uSt!d, the "settling time" for the output intensity, after the 

input intensity changed, was found to be typically 5 seconds (for the thermal 

effect in MBBA). When the incident power was increased quickly, relative to this 

relaxation time (Figure 6.4), the transmitted power varied linearly with incident 



98 

-
~ --::J 
0..0 
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Figure 6.3. Output versus input power for the nonlinear prism coupler. 
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power, and then relaxed to the value obtained in the equilibrium experiments, as 

expected. Thus, it takes a finite time for sufficient optical power to be absorbed 

and for the temperature (and hence the refractive index) to reach a new 

equilibrium value. As shown in Figure 6.5, hysteresis was obtained when the 

experiment was performed under conditions in which thermal equilibrium was not 

allowed. However, the data becomes reproducible when the input intensity is 

varied at a rate of :!! 3 m W per second, and no difference was observed 

between experiments performed with increasing and decreasing power. 

The dependence of the coupling efficiency on the Gaussian beam spot 

size 2wo, theoretically discussed in the preceding chapter, was also verified 

experimentally. All of the above experiments were performed with a spot size of 

0.6 mm. When the spot size was reduced to 2wo :!! 0.01 mm, by focusing the 

input beam, the incoupled (and hence transmitted) power was observed to remain 

linear with incident power. This result is in good agreement with theory and 

indicates that nonlinear coupling is not just a power-dependent effect but, as 

shown by Liao et al. (1985), it also depends on the cumulative phase mismatch 

undergone by the guided wave in the coupling region. 

The optimum coupling efficiency at low powers does not correspond to 

the optimum coupling efficiency at high powers as shown previously for nonlinear 

grating coupling into surface plasmons (Chen, Carter, 1982). For obtaining the 

results in Figure 6.6, the coupling was optimized first at low powers and then, 

the power was increased to its final value. The coupling efficiency was then 

reoptimized by adjusting both the incidence angle and position of the beam along 

the prism base, resulting in an increase in efficiency of 45%. Note that this new 
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Figure 6.5. Hysterisis observed when thermal equilibrium was not allowed. 
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optimum is always less than if the material response was completely linear since 

the cumulative nonlinear phase shift can never be completely eliminated over the 

full coupling region. Furthermore, when the power is now decreased, the low 

power slope is less than for the initial case. These results are all in qualitative 

agreement with detailed calculations based on the theory presented on the previous 

chapter (Figure 6.7). Ncte, however, that as discussed in the preceding chapter, 

this increase in net coupling efficiency comes at the expense of distortion in the 

guided wave beam profile. Distortion of the output beam profile, with increasing 

input power, was observed experimentally. 

The operation of a nonlinear out-coupler differs from that of the input 

coupler. [n the out-coupling process, the direction of the radiation field is 

determined by the local guided wave wavevector and hence it is always 

synchronized, automatically, to the guided wave. As shown in Figure 6.8, the 

direction of the radiation field varies with position at the prism base (Le. guided 

wave power) in such a way that the phase matching condition is satisfied at 

every point. The non-reciprocity between the two couplers comes from the fact 

that for input coupling there is only a single guided wave which can be 

efficiently excited whereas for the output coupler there is a continuum of 

radiation fields available into which the guided wave can radiate power. Figure 

6.9 shows that reversing the input and output couplers, in Figure 6.1, results in a 

linear waveguide throughput. This demonstrates the linear response of the output 

coupler to a high power guided wave. 

[n summary, it is concluded that the experimental results confirm the 

theoretically predicted general features of the nonlinear prism coupler. Optical 
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Figure 6.6. Experimental diagram of output versus input power. To obtain this 
curve. the coupling was optimized at low powers. the input power was raised 
slowly to the final power. the coupling efficiency wa.s then reoptimized and finally 
the incident power reduced to zero. 
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Figure 6.7. Theoretical diagram of output versus input power. It was assumed 
that I./wo = 1.5, w. = 0.63 mm and ~ = 100 em-I. At an incident power of 
5!!: 800 m W the coupling efficiency was reoptimized and then, the incident power 
reduced to zero. 
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Figure 6,8. Geometric interpretation of the nonlinear out-coupler. 
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Figure 6.9. Output versus input power for the nonlinear out-coupler. 
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limiting action was obtained. with incre'?'sing power. for a nonlinear input coupler 

and the optimum coupling condition became power-dependent. The coupling 

efficiency was linearized. at high powers. by reducing the spot size of the incident 

optical beam. Although the response of linear input and output couplers is 

reciprocal. this is not the case for their nonlinear counterparts. In particular. the 

output coupler characteristics remain linear even at high powers. 



CHAPTER 7 

BIST ABILITY AND SWITCHING IN WAVEGUIDES 

WITH A LIQUID CRYSTAL CLADDING 

Nonlinear guided waves and the nonlinear prism coupler were discussed, 

both theoretically and experimentally, in the preceeding chapters. The experiments 

previously described were based on the interesting properties of liquid crystals in 

their nematic state. In particular, the thermal component of the power-dependent 

refractive index of the nematics MBBA and Kl5 were used. 

The physics of the nematic to isotropic phase transition in a liquid 

crystal has also proven to be very interesting. It has been shown that the optical, 

electrical and elastic properties of the liquid crystal change dramatically when the 

transition occurs. This transition is well understood. In the nematic phase, the 

liquid crystal molecules are in a highly aligned state and the material is 

birefringent. As temperature is increased, the degree of alignment and, thus, the 

order parameter, S, (see Chapter 2) decrease. Eventually, the clearing temperature 

is reached (T n-+i)' and the liquid crystal becomes isotropic. The molecular 

directions become completely random (S=O) in the isotropic state. Just before the 

phase transition occurs, the fluctuations in molecular alignment become very large, 

leading to very strong scattering of an incident beam. This is called critical 

opalescence and the effective attenuation of an optical beam (due to scattering) 

becomes very large. 
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The drastic effects associated with the nematic to isotropic phase 

transition have been used. as described by the following experiments. to observe. 

for the first time. intrinsic optical bistability and switching in a thin film 

waveguide with a liquid crystal cladding (Valera et al.. 1986). 

Experimental Apparatus 

The liquid crystal K 18 (E&M Chemicals) was chosen for these 

experiments. because its nematic to isotropic phase transition occurs just above 

room temperature (T n-+i = 29°C). it is very stable and it has a relaxation time 

much shorter than that of MBBA. Figure 2.4 shows the variation of no. ne and 

ni with temperature. 

The waveguide used. was that described in the past sections: a 1.7 p.m 

thick Corning 7059 glass (n = 1.58) sputtered onto a Pyrex substrate (n = 1.48). 

The sample was prepared by depositing a layer of liquid crystal on top 

of the waveguide. Standard rubbing techniques. as described in Chapter 2. were 

used to produce homogeneous alignment of the liquid crystal layer on top of the 

thin film. The liquid crystal layer typically covered 2 mm along the propagation 

direction. and was 5 mm wide. The alignment of the liquid crystal molecules 

was verified with a polarizing microscope and a schematic of a typical sample is 

shown in Figure 7.1. 

Two SF6 glass prisms placed on either side of the liquid crystal coated 

region were used to couple light from an argon ion laser (Innova 90 operated at 

A = 0.5145p.m) into and out of the thin film waveguide (Figure 7.0. The beam 

was focused gently by an external lens to produce a beamwidth of approximately 

0.1 mm in the liquid crystal region. 
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Figure 7.1. Diagram of the sample used in the experiments. (a) Side view and 
(b) top view. 
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For the liquid crystal alignment shown in Figure 7.1, and beam 

propagation along the director (molecular) axis of the nematic, the TEO polarized 

wave encounters the cladding ordinary index no < nf. Because the film is of 

sufficient thickness, the TEo mode is above cut-off and therefore allowed. The 

TMO wave has electric-field components both parallel to the propagation direction 

(that encounters the extraordinary ray index ne in the nematic cladding) and 

perpendicular to the surface (for which no is the appropriate index). It was 

observed that this mode was not transmitted, at low powers, through the region 

of the waveguide covered by the liquid crystal. This mode is either very lossy 

(with large field penetration into the lossy liquid crystal medium), or is cut-off 

for this waveguide geometry and propagates as a leaky wave with radiation losses 

into the cladding. In the isotropic state (T > T n-+i)' the cladding index lies 

between no and ne (see Figure 2.4), and both TEO and TMO wave propagation is 

allowed. 

The experiment consisted of measuring the guided wave power 

tram;mitted through the liquid crystal region of the waveguide. The experimental 

setup is shown in Figure 4.6. The power transmitted through the two prism 

couplers and waveguide, without the liquid crystal, was first verified to be linear 

with incident powt"r. In the presence of the liquid crystal, the interesting features, 

to be described next, were observed. 

TMO Mode Experiments 

The externally incident laser beam was first coupled into the TMO mode 

(of the waveguide region between the input prism and the liquid crystal), and the 
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output prism was adjusted so that the TMO mode of the uncoated waveguide was 

coupled out and directed to a detector. The variation in transmitted power was 

measured as a function of incident power, at T = 27.8°C, producing the results 

shown in Figures 7.2 to 7.4. A hysteresis loop was observed. Only switch up 

was obtained when the system was not allowed to reach thermal equilibrium (see 

Figure 7.2), and both switch-up and switch-down were obtained when the scan 

time was increased (Figures 7.3 and 7.4). By comparing Figures 7.2, 7.3 and 7.4 

it can be seen that as the rate at which the laser power was changed decreased, 

the power range for the hysteresis loop became narrower. 

The hysteresis loop indicated in Figure 7.4 was checked for bistability. 

It was found that, for constant input power, it was possible to remain in the 

upper state for times in excess of 1 hour, at which point the experiment was 

terminated by blocking the input beam. After waiting for 10 minutes to ensure 

thermal equilibrium, the input beam to the waveguide was switched on again (at 

the same power). The system stayed in the lower state for the duration of the 

experiment, 1 hour. Therefore, this hysteresis loop was verified to be bistable. 

The origin of the bistable loop involves an interesting combination of 

liquid crystal and guided wave physics, and can be interpreted as follows. No 

transmitted guided wave power (Le. well defined . .)utput coupling spot) was 

observed in the lower state because the TMO is either too close to cut-off and 

suffers large attenuation in the nematic liquid crystal medium, or it is cut-off in 

the nematic liquid crystal-clad region. Intense stray scattering is observed 

emanating from what appears to be the entire liquid crystal region. As power is 

increased from zero, a threshold power is reached at which the liquid crystal 
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Figure 7.2. Transmitted versus incident power for the TMO mode 
scan took 2 minutes and 45 seconds (for both increasing and 
intensities). 
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Figure 7.3. Transmitted versus incident power for the TMO mode for a scan time 
of 4 minutes. 
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Figure 7.4. Transmitted versus incident power for the TMO mode for a longer 
scan time. The complete scan took 7 minutes and 30 seconds. 
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region nearest to the input prism undergoes a nematic to isotropic phase transition 

(Figure 7.Sb). The isotropic region appears almost clear and was relatively easy 

to identify visually. Since the TMO wave can be guided with only low losses in 

this region, the beam can be seen (due to some stray scattering) to propagate right 

up to the isotropic-nematic boundary inside the liquid crystal region. Critical 

opalescence occurs near this interface which causes intense scattering and very 

large guided wave losses. Hence at this power level thermal equilibrium 

corresponds to a relatively transparent isotropic region nearest the input prism, a 

region of critical opalescence just inside the nematic region closest to the nematic

isotropic boundary, and a high loss nematic region, the last being situated closest 

to the output prism. All three regions were observed visually. Further increases 

in incident power move the nematic-isotropic boundary towards the liquid crystal 

boundary nearest the output prism. When the liquid crystal is completely 

isotropic along the propagation path, the region of critical opalesence disappears 

and the TMO beam propagates right through the liquid crystal region, into the 

uncoated waveguide region where it is coupled out by the second prism to 

suddenly produce a well defined output spot (Figure 7.Sc). Hence switch-up 

essentially from zero to a finite power level is obtained on transmission. When 

the incident power is now decreased, the liquid crystal stays in the isotropic 

phase because of the reduced scattering in this phase relative to the mixed 

nematic-isotropic phase. Thus, in the absence of critical opalescence, a larger 

fraction of the guided wave beam power is available for absorption and hence, 

the localized heating of the liquid crystal maintains it in the isotropic state. In the 

lower transmission state, a region of critical opalescence occurs in which large 
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amounts of beam power are lost due to scattering. Switch-down occurs when 

there is insufficient incident power to maintain the isotropic phase over the full 

path of the beam through the liquid crystal region. Once critical opalescence 

appears. large stray scattering occurs. less net power is absorbed in the liquid 

crystal. and the boundary between the nematic and isotropic phases moves 

(without change in incident power) towards the input prism in times characteristic 

of thermal equilibrium being reached. (The output power also does not change 

during this process since the region of critical opalescence moves with the 

boundary and the power transmitted through the total liquid crystal region 

remains essentially zero.) This nonreciprocity leads directly to bistability. as 

observed. The switched-down state now corresponds to the mixed isotropic

nematic phase observed with increasing power. The fraction of the isotropic 

phase decreases with decreasing power until it disappears completely. 

TEo Mode Experiments 

The experiments were also performed with the coupling and polarization 

conditions set so that the TEO mode was coupled into and out of the waveguide 

in the air-film-substrate regions. The measured variation in transmitted TEo 

guided wave power with power incident onto the input coupling prism is shown 

in Figure 7.6. Two hysterisis loops are observed if the rate at which the laser 

power is changed with time is large. The guided wave system response in Figure 

7.6 was recorded over a period of 3 min. insufficient for thermal equilibrium to 

be attained at every point. When the experiment was repeated so that thermal 

equilibrium was reached at every point. the low power hysterisis loop 

disappeared. The curves obtained for increasing and decreasing power overlapped. 
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Figure 7.5. Origin of the switching. (a) At low incident powers the entire liquid 
crystal is in the nematic state. (b) As the incident power is increased part of the 
liquid crystal becomes isotropic. (c) At high incident powers the. entire liquid 
crystal is in the isotropic state. Waveguide transmission is obtained only in case 
(c). 
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However. the second. high power. hysterisis loop persists and the switching was 

found tb be very well defined in power. In order to verify the bistable nature 

of this hysterisis loop. the system was mantained for periods in excess of 45 

minutes in both the upper and lower states without inter-state switching, as 

discussed earlier for the TMO case. Hence this hysterisis loop is bistable. 

The origin of the bistability for the TEO case is different. in some 

aspects, from that of the TMO case. At low incident powers the TEO wave is 

guided, a well defined output spot is observed emerging from the output prism, 

and the transmitted power is linear with input power. As the input power is 

increased, the scattering into other m-lines (modes of both polarizations) increases 

and the transmitted power in the well defined output spot decreases, and finally 

disappears relative to the diffuse TEO m-line which remains. It appears that 

increasing power increases the local refractive index and leads to either cut-off of 

the TEo wave. or moves the mode towards cut-off with a consequent increase in 

the penetration of the guided wave field into the lossy nematic liquid crystal 

cladding. This leads to the first decrease in transmitted power with incident 

power. That is, the higher the incident power, the lower the transmission. At a 

threshold power, the part of the liquid crystal nearest the input prism turns 

isotropic, just as in the TMO case. The isotropic-nematic boundary in this 

mixed phase moves with increasing power towards the end of the liquid crystal 

region nearest the output coupling prism. As soon as the liquid crystal can turn 

isotropic along the complete propagation path, guiding is allowed and the 

transmitted beam switches on essentially from zero to a finite level. As the input 

power is decreased. the system switches down, essentially to zero. at a lower 
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Figure 7.6. Transmitted versus incident power for the TEo mode. The complete 
scan took 3 minutes. 
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power level than that. obtained for switch up. Similar to the TMO case, the 

liquid crystal region remains isotropic until switch-down occurs. At this point, a 

mixed isotropic-nematic phase is obtained. Further decrease in power now 

reverses the sequence obtained with increasing power. Hence the origin of the 

bistability is the same for both the TEo and TMO cases. 



CHAPTER 8 

CONCLUSION 

Because of their potential application in signal processing, communications 

and optical computing systems, much work has recently been done in the exciting 

field of nonlinear integrated optics (Stegeman, Seaton, 1985). As discussed by 

Seaton et al. (1985), many of these applications are based on third-order nonlinear 

phenomena which are manifested in the form of an intensity dependent refractive 

index. 

Thin film waveguides have shown to be the ideal geometry for carrying 

out nonlinear experiments because their light confinment properties give the high 

power densities that are usually necessary for the observation of nonlinear 

phenomena. In the expedments described in this work, thin film waveguides and 

nonlinear liquid crystals were used to demonstrate some of the physical principles 

of nonlinear waveguides. 

As mentioned, liquid crystals are far from being the best choice for the 

described experiments. However, when this work was begun, because of their 

large nonlinearity, availability, and ease of use, they were the most appropriate 

materials. As summarized by Khoo and Shen (1985), many nonlinear phenomena 

have been demonstrated using liquid crystals as the nonlinear material. Liquid 

crystals have one of the largest known intensity dependent refractive indices due 

to both thermal (absorption) and molecular reorientation effects. This nonlinearity, 

however, is extremely slow. The earlier experiments (Le. those regarding the 
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nonlinear prism coupler) made use of the liquid crystal MBBA while in the later 

ones, the much more stable materials of KIS and Kl8 were used. 

The first investigations on the nonlinear prism coupler were given. This 

was accomplished by depositing a small amount of the nonlinear liquid crystal 

MBBA in the gap between the input coupling prism and thin film. Although it 

was not attempted to obtain quantitative agreement with theory, for the reasons 

described in Chapter 6, the qualitative general features of the nonlinear prism 

coupler were demonstrated. The basic limiting properties of the nonlinear prism 

coupler were shown together with the coupling efficiency dependence on the 

incident beam waist size. It was also found that the optimum coupling efficiency 

at low incident powers did not correspond to that at high powers. The 

experimental results obtained were verified to have their origin in the temperature 

component of the nonlinear index of refraction. Because of their power limiting 

capabilities, the potential of nonlinear couplers is clear. However, because of its 

slow response, the particular device described in this work is simply a 

demonstration item. In summary, good quaiitative agreement between experiments 

and the theory developed in Chapter 5 was found. 

Recent investigations within the group, regarding the nonlinear prism 

coupler, have led to more refined results. These interesting results have been 

accomplished with the use of a high precision, computer controlled, rotating stage 

and highly nonlinear, good quality, ZnS films. Nonlinear prism coupling into 

these films has been observed and the coupling efficiency versus input beam angle 

of incidence has been obtained for different input powers. These results have been 

found to agree very well with the theoretical predictions of Carter and Chen 
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(1983). Switching and bistability, on this nonlinear prism coupler, has been 

observed for the first time. The theoretical explanation of this behaviour is still 

not well understood and is currently under investigation. 

It is important to note that the theory described in Chapter 5 not only 

applies to nonlinear prism couplers, in particular. but to nonlinear distributed 

couplers in general. Carter and Chen (1983) have given the theory and 

experimental verification of nonlinear coupling into surface plasmons (Chen, 

Carter, 1982). Nonlinear grating coupling into GaAs-A1GaAs semiconductor 

waveguides has also been reported in the literature (Chen, et aI., 1986). 

Bistability and switching in a thin film waveguide with liquid crystal 

cladding has been demonstrated for the first time. These experiments made use 

of the interesting phenomena associated with the nematic to isotropic phase 

transition. It is recalled that the liquid crystal molecular orientation was such 

that the TEO but not the TMO mode was allowed to propagate. Under these 

conditions, switching was obtained, for the TMO mode, as the input power was 

increased. therefore yielding a thresholding device. As the input power decreased, 

a hysterisis loop was observed that was verified to be bistable. This effect was 

suitably explained by the intense light scattering of the critical opalescense that 

accompanies the nematic to isotropic phase transition in a liquid crystal. A 

similar effect was observed for the TEO mode. 

When K 15 was used as the nonlinear cladding on a thin film waveguide, 

light induced mode cutoff was obtained. The TEO mode became leaky as the 

guided wave power was increased. This was a consequence of the light induced 

increase in refractive index due to thermal effects. Light by light modulation was 

also accomplished with this setup. 
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From a realistic point of view, nonlinear prism couplers and waveguides 

using liquid crystals as nonlinear materials, will find very limited use in practical 

devices. However, their potential is very clear, provided appropriate nonlinear 

materials are used. 

Future work will concentrate, precisely, on looking for faster and more 

highly nonlinear materials. These materials must also have the property that they 

must be easily transformed into thin film waveguides. 

Recent work on ZnS and ZnSe thin film deposition (by evaporation) 

should make research on nonlinear waveguides much more convenient. Sputtered 

ZnO thin film waveguides are also very promising. Nonlinear prism coupling 

into ZnS and ZnO waveguides has already been observed in our research group. 

The highly nonlinear semiconductor doped glasses (Schott color filters, 

for example) have also proven to be excellent candidates for this purpose. Jain 

and Lind (1983) have demonstrated the large optical nonlinearity in th~se materials 

by performing four wave mixing experiments. Optical bistability has also been 

demonstrated in these materials. 

The recent success in the fabrication of planar waveguides on 

semiconductor doped glasses, by the ion exchange technique, will also prove to be 

a key step forward and should make the production of practical devices more 

realistic. To date, waveguides with a loss of 3 to 4 dB/cm have been obtained in 

the laboratory (Karaguleff, 1985). Research in the fabrication of channel 

waveguides and nonlinear directional couplers, in such materials, is currently 

under investigation. 
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