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ABSTRACT 
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Integrated optics-based approaches to beam steering, beam shaping, beam 

collimation, and quasi-phasematched (QPM) second harmonic generation (SHG) of light 

offer significant advantages over conventional approaches based on bulk optics. The 

research in this dissertation addresses the analysis and design of optical guided-wave 

devices for both efficient quasi-phasematched second harmonic generation in diffiised 

channel waveguides, as well as Bragg deflection of beams in planar waveguides. 

It is known that the normalized SHG efficiency depends on the linear properties of 

the waveguide through the overlap of the modal fields at the flmdamental and second 

harmonic wavelengths. To analyze the linear modal properties, a fast and accurate 

modeling tool, based on an improved, semi-vector, Fourier method of analysis, is 

presented. The tool incorporates the Wentzel-Kramers-Brillouin (WKB) and effective 

index methods to accurately determine the computational parameters required for the 

numerical calculation in the Fourier method so that automatic variation of the waveguide 

parameters is permitted. 

Using the modeling tool, the dependence of the SHG process on the waveguide 

parameters is investigated in detail, leading to waveguide designs with improved mode 

confinement, and consequently higher SHG efficiency. The phasematching characteristics 

of these improved designs are also calculated, and it is found that non-critical 
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phasematching, or phasematching with wide tolerances to variations in the waveguide 

parameters, is possible in certain cases. 

The analysis of the waveguide-SHG process also indicates that efficiency can be 

improved by utilizing thin films on the waveguide surface to ensure that the peaks of the 

fundamental and second harmonic modes are coincident. This contributes to higher SHG 

efficiency through improved mode overlap as well, but it is demonstrated that this 

approach is clearly distinct from and independent of the mode-confinement approach. 

The analysis of planar overlays is based on recursion relations for the phase shift 

upon reflection at interfaces. The significance of this approach is demonstrated through 

the "matching" of the difflised waveguide to an independently-designed, multilayer 

overlay for the purposes of obtaining specific modal characteristics in the "integrated" 

structure. 

On a different note but incorporating similar approaches for analysis and design, 

beam shaping, steering, and collimation in planar waveguides, using Bragg gratings with 

finite area and non-uniform depth variation, are also discussed. 
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GENERAL INTRODUCTION 

1.1. BACKGROUND AND MOTIVATION 

The subjects that are described in this dissertation fall under the area of research icnown 

broadly as integrated optics. An optical integrated circuit, analogous to the electronic 

integrated circuit, is a thin-film device that is designed to perform a specific fimction 

using light. This is accomplished by integrating laser sources, functional devices, 

interconnecting waveguides, and detectors on a single substrate. Integrated optics has 

been an active field of research for almost three decades. The first conceptualization of a 

device that incorporated several miniature components on a single substrate was by 

Miller [1969] in the late sixties. Spurred by the realization of low transmission-loss 

optical fibers, integrated optical devices and systems began to be employed in optical 

communications for transmitting and receiving signals. Known at present variously as 

guided-wave optics and photonic integrated circuits, this field is showing promise in 

areas such as telecommunications, sensors, nonlinear photonics, and optical data storage. 

The reader is referred to the literature for a more extensive review of the history of and 

the recent developments in integrated optics [Kapany and Burke 1972, Tamir 1988, 

Nishihara et al. 1989, Tamir et al. 1995, and Dagenais et al. 1996]. 
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The principal advantages of integrated optics are: (i) strong optical interactions 

with materials due to large optical power densities in the thin films, (ii) compactness, 

light weight, and large-scale integration due to the small dimensions (typically on the 

order of a few micrometers, or a few optical wavelengths), (iii) stable, vibration-free 

aligrmient as result of integration on a single substrate, and (iv) economies of scale due to 

the possibility of mass production based on mature electronic integration techniques. 

The key components of integrated optical devices on which we focus are 

waveguides and gratings. The propagation of light along thin dielectric films, first 

realized experimentally in the early sixties, has led to a tremendous proliferation of such 

guided-wave devices. The principal function of the waveguide is the interconnection of 

various components by means of characteristic light waves which propagate along the 

thin film while remaining confined within the film. However, by altering the guiding film 

in specific ways, the fiinctionality of the waveguide can be changed. One such fiinctional 

component is the waveguide-grating, which is achieved by etching (or depositing) 

periodic grooves on the surface of the film. These periodic surface structures can then be 

used to perform functions such as filtering, radiation, reflection, and steering that 

subsequently increase the complexity and versatility of the integrated optical device. 

Electrical, acoustical, or thermal control of the light in the waveguide can also be 

introduced. This class of integrated optical devices is further differentiated as active 

devices, with the guided-wave configurations often being superior to their bulk 

counterparts in terms of switching speeds, operating voltages, and interaction lengths. 
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The range of active devices includes modulators, amplifiers, filters, and switches. Finally, 

integration of these optical devices with electronic components such as transistors permits 

yet another level of complexity and functionality. This class of devices, broadly referred 

to as guided-wave optoelectronics or optoelectronic integrated circuits (OEIC), have 

become practical in recent years with the steady development of semiconductor crystal 

growth and processing techniques. 

This research was motivated by the need for a compact, light-weight, low-cost 

integrated optical head for optical data storage. Conventional optical head technology, 

which is generally based on bulk optical components, limits the performance of optical 

recording systems because the components are heavy, large, and complex, and 

consequently difficult to assemble. The objective, therefore, was to develop a compact, 

short-wavelength (blue), laser source for optical recording. Optical data storage at blue 

wavelengths fiirther promises a four-fold increase in the storage capacity and a doubling 

of the data transfer rate over current performance levels at longer, infi*a-red wavelengths. 

With the parallel development in thin-film fabrication, patterning, and etching techniques, 

designs and concepts for novel integrated optical devices have been made possible. We 

therefore investigated the possibility of efficiently generating blue light in nonlinear 

waveguides, as well as incorporating other fimctions such as beam steering and beam 

collimation in these novel guided-wave devices. 
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1.2 OVERVIEW OF DISSERTATION 

In this dissertation, we investigate two important problems in integrated optics: (1) 

efficient quasi-phasematched (QPM) second harmonic generation (SHG) of light in 

diffused, ferroelectric channel waveguides, and (2) steering, shaping, and collimation of 

light beams in waveguides using Bragg waveguide-gratings. The parts being somewhat 

disparate, the dissertation has been divided into three main sections — Chapters 2, 3, and 

4. Viewed as a whole, however, the research describes the analysis and design of a multi-

fimctional, integrated optical device, with specific applications to optical data storage at 

blue wavelengths. In this section, we briefly outline the organization of the dissertation 

with respect to the above three parts, noting that Chapters 2, 3, and 4 contain their own 

introductory sections. 

Chapter 2 consists of four sections. In these sections, we first discuss the 

development of an improved Fourier method for modal analysis of diffused channel 

waveguides. Also described are the novel improvements to this analysis technique that 

permitted fast, accurate, and automatic variation of the waveguide parameters; this is 

important for design purposes. This is followed by application of the improved Fourier 

method, in the context of an optimization algorithm, to the study of waveguide structures 

for high SHG efficiency. 

In Chapter 3, which again consists of four sections, we describe a novel approach 

to solving inverse problems in thin-film analysis and design, specifically for the purpose 

of controlling the linear modal properties of the waveguide. This is followed by the 
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application of this technique to designing nonlinear waveguides in which SHG efficiency 

can be increased by using thin-film overlays with specific properties. 

Chapter 4 covers the analysis of waveguide-gratings for Bragg deflection of 

guided waves. It describes the solution of another inverse problem involving waveguide-

gratings — the design of finite-area gratings with adiabatically-modulated groove depth 

for the purpose of shaping the lateral amplitude profile of the deflected wave. 
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QUASI-PHASEMATCHED SECOND HARMONIC GENERATION IN 

CHANNEL WAVEGUIDES 

2.1. INTRODUCTION 

Before launching into the details of our analysis and design of optimized nonlinear 

waveguides for efficient QPM-SHG of blue light, it is appropriate to briefly describe 

SHG in waveguides, the technique of quasi-phasematching, the recent developments in 

this extremely active field of research, and some of the issues that remain to be resolved. 

2.1.1. Review of Waveguide-SHG 

Ever since the development of the laser and the epochal experiments on nonlinear optical 

phenomena by Franken et al. [1961], the field of nonlinear optics has grown to become 

quite vast. Therefore, an attempt shall be made here to review only those developments 

within the field that directly pertain to our research. The reader is referred to several 

excellent sources for details [Baldwin 1969, Zemike and Midwinter 1973, Hopf and 

Stegeman 1986, Butcher and Cotter 1990]. 

The propagation of coherent, quasi-monochromatic light in a source-free 

dielectric medium results in the creation of an electric field-induced polarization in die 

medium. This distributed polarization source in turn generates a quasi-monochromatic 



optical wave which is coherently re-radiated. The material polarization can be related to 

the incident electric field by expressing the polarization as a Taylor series expansion of 

the electric field. The coefficients of the terms in this expansion are defined as the 

dielectric susceptibilities of successively higher order, where for example the first order, 

or linear, suspceptibility gives rise to the linear, background refractive index of the 

medium. At high enough intensities, the nonlinear terms of the induced polarization, 

which are proportional to the higher powers of the electric field, become appreciable in 

magnitude. Equivalently, the nonlinear polarization sources generate and coherently re-

radiate waves at frequencies that are different from that of the incident wave. 

Of the harmonic fields that are generated in non-centrosymmetric media, the field 

that propagates at twice the frequency of the incident wave, or the second harmonic, is the 

one that is of interest to us. In the SHG literature, the nonlinear d coefficient, which is 

half of the second-order susceptibility, is commonly used to describe the strength of this 

three-wave-mixing process. In general, because of normal material dispersion in a 

dielectric medium, or waveguide dispersion in the case of propagation in a waveguide, 

the phase velocity of the second harmonic wave is different from that of the fundamental 

wave. As a result of this phase mismatch, the distributed exchange of power from the 

fundamental wave to the second harmonic wave is periodic with the distance propagated. 

When this phase mismatch is present, one refers to the half period of this "beat length", 

over which periodic power exchange occurs, as the coherence length, /coh- It should be 
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remembered that, in general, the nonlinear coefficient is a tensor, and the polarization 

states of the interacting waves determine which element of the d tensor is accessed. 

There are several phasematching techniques for restoring the proper phasing of 

the array of dipoles in the medium. They involve precise control of the material's 

refractive indices at the fundamental and second harmonic wavelengths to match the 

velocities of the polarization wave and of the electromagnetic wave which it radiates. In 

bulk crystals, phasematching at a desired wavelength is generally accomplished by 

exploiting the birefringence of the crystal through angle, temperature, or electro-optic 

tuning [Uesugi et al. 1979]. Angle timing makes available a wide range of values for the 

extraordinary refractive index in a uniaxial crystal, thus permitting the phasematching 

condition — that the phase velocities of the fundamental and second harmonic waves be 

equal — to be satisfied. Additional degrees of freedom are provided by temperature and 

electro-optic tuning of any residual phase mismatch after angle tuning. 

Waveguides are attractive for efficient SHG because the optical power densities 

within the thin films can be quite large, due to the transverse confinement of the 

interacting waves [Stegeman and Seaton 1985]; consequently long interaction-lengths are 

also possible. In waveguide geometries, the phasematching is accomplished in a similar 

maimer except that the phase velocities of the propagating waves are not related directly 

to the bulk refractive indices of the crystal but rather to the effective refractive indices of 

the characteristic waves in the waveguide, the modal fields. This is known as 

phasematching using guided-mode dispersion [Stegeman 1992]. To exploit the 



birefringence of the waveguide for phasematching, the crystal is cut along particular 

directions. In bulk crystals, where there is no transverse confinement of the propagating 

wave, and in planar waveguides, where there is confinement only along one transverse 

direction, angle tuning can be employed to achieve an additional degree of 

phasematching. However, in channel waveguides which have transverse confinement in 

both vertical and lateral directions, it is not possible to "tune" the direction of wave 

propagation in the crystal. This is evidently a limitation, although temperature tuning of 

the effective refractive indices of the interacting modal fields can be employed, to some 

extent, to overcome this constraint on phasematching. Furthermore, phasematching by 

angle tuning can lead to "beam walk-off' effects [Zemike and Midwinter 1973] even in 

bulk crystals and planar waveguides because the ray, corresponding to the direction of the 

Poynting vector, generally points in a direction different from that of the wave normal in 

an anisotropic crystal. 

In certain cases however, such as the one with which we shall be concerned in this 

dissertation, phasematching in waveguides using the birefringence of the crystal is not 

possible. As mentioned earlier, the d tensor contains information about the strength of the 

nonlinear interaction for a variety of polarization states of the interacting waves. 

Naturally, for efficient generation of the second harmonic wave, it would be best to 

access the largest element in the d tensor. In the case of the crystals under consideration 

here, namely lithium tantalate (LiTaOs) and potassium titanyl phosphate (KTi0P04, or 

simply KTP, as it is normally called), the largest nonlinear coefficient is the d^z element 



of the d tensor. The indices in the subscript correspond, according to the Voigt notation 

for index contraction [Hopf and Stegeman 1986], to the Z-polarization of both the 

fundamental waves and the second harmonic wave, where the crystal axes for this 

nonlinear channel waveguide are defined as shown in Fig. 2.1(a). This type of interaction, 

where both "input" waves at the fundamental have the same polarization state, is referred 

to as a type I interaction. However, a simple analysis of the phasematching considerations 

for such a configuration quickly reveals that normal dispersion does not permit 

phasematching of the interaction using the material birefnngence. In this case, another 

important and very flexible approach to phasematching is the use of linear and nonlinear 

gratings, where the periodicity is introduced by modulating the linear refractive index 

along the direction of propagation in the former case, and the nonlinear f/33 coefficient in 

the latter case. This periodicity can essentially compensate for the mismatch in phase 

velocity of the fundamental and second harmonic waves [Somekh and Yariv 1972]. In the 

former case, the second harmonic wave arises from the indirect interactions of the spatial 

harmonics that are generated by the grating permittivity, and in the latter case, it is 

generated by direct SHG interaction as a result of the nonlinear grating, hi general, when 

both linear and nonlinear gratings are present, the above effects interfere with each other 

to give the total effect. In what follows, we shall consider only the nonlinear grating, 

because the SHG interaction due to the linear grating, for a typical nonlinear waveguide 

such as lithium niobate (LiNbOs), is about three times weaker than that due to the 

nonlinear grating [Suhara and Nishihara 1990]. 
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Fig. 2,1 Channel waveguide (a) without and (b) with quasi-phasematching. 



The SHG interaction due to the periodic modulation of the nonlinear coefficient is 

referred to as quasi-phasematching. In quasi-phasematching, the phase mismatch between 

the interacting waves is not eliminated; rather, the phase is reset periodically every 

coherence length so that, on average, the proper phase relationship is maintained for the 

growth of the second harmonic wave. Hence, the term "quasi" is used to distinguish this 

mechanism from true phasematching, where the fundamental and second harmonic waves 

are phasematched throughout the length of the interaction. A consequence of quasi-

phasematching is that the second harmonic power from a QPM waveguide for a given 

crystal length will be less than that which can be obtained from a waveguide with true 

phasematching (Fig. 2.1(b)). 

A theoretical analysis of the coupling between the fundamental and second 

harmonic modal fields in a charmel waveguide is fairly well documented [Suhara and 

Nishihara 1990]. In contrast to planar waveguides, where a guided mode can have purely 

transverse electric (TE) or transverse magnetic (TM) polarization states, a guided mode of 

an unperturbed, dielectric channel waveguide generally has a hybrid polarization state, 

where all the components of the electric and magnetic fields are non-zero [Kapany and 

Burke 1972, Kogelnik 1988, Marcuse 1991]. Thus, the electric and magnetic fields of the 

guided, or normal, mode of order m can be written as 

E„{x,y,z-,t) = (EXx,y) + E,{x,y))^ •exp(/^„z-/Q/) (2.1) 

H„{x ,y , z \ t )  =  [H,{x , y )  + •exp(zy9„z-/Q/) 
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where x, y, and z are the axes in the waveguide's coordinate system with z being the 

direction of propagation (see Fig. 2.1), the subscript t corresponds to the transverse 

components of the fields, and is the propagation constant for the mode at angular 

frequency Q. It is assumed in the rest of this study that there is no substantial coupling 

between guided modes and radiation modes. To determine the coupling between the 

fundamental and second harmonic modes, we represent the region of the nonlinear 

grating as a perturbation of the uniform waveguide. Then, considering only the transverse 

field components, we expand the fields E, and H, in this region in terms of the complete 

set of guided modes: 

^E,(x,>',z) 

H,(x , y , z )J 
^ E ^ 

= £>"" exp(+/7?„z) + 5„(z) exp(-/7?„z) , 
(2.2) 

where An, and Bm are the amplitude coefficients of the forward- and backward-

propagating modes in the expansion. Invoking the Lorentz reciprocity theorem and the 

orthonormality relation [Kogelnik 1988, Suhara and Nishihara 1990], we arrive at an 

equation that describes the evolution of the m^'-order mode that is generated by the source 

polarization, P : 

(2.3) 

If we consider only two modes in this interaction, one each at the fundamental and second 

harmonic wavelengths, AQJ and Aioj, the source polarization can be defined as 

(2.4) 
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with So and d being the free-space dielectric permittivity and the nonlinear optical 

coefficient, respectively, and field symmetry considerations accounting for the factor of 

two in the first equation in Eq. (2.4). Recognizing that only the y components of the fields 

are significant in a dss interaction between quasi-TM modes (for which the dominant 

transverse electric field component is £y) and invoking the rotating-wave approximation, 

we arrive at a set of coupled nonlinear equations which describe the evolution of the 

fundamental and second harmonic fields: 

d  .  ,  \  '  (2 .5 )  

where 5^ = + qK^ is the detuning factor, K = 2nlA with A being the QPM 

period, and , which represents the rate of coupling for a ^'''-order nonlinear grating 

interaction, is real and defined as 

The parameter, d^, is the ^'''-order Fourier coefficient of the periodic variation in the d-^y 

nonlinear coefficient, and is a fiinction of the shape of the nonlinear domain, the duty-

cycle and depth-offset of the grating, and any non-uniformity in the crystal nonlinearity. 

Solutions to these coupled equations, in both the limiting case where the pump 

wave at the fundamental wavelength is assumed not to be significantly depleted, and in 

the general case where pump depletion is considered, are well-known. The general 

solution, taking pump depletion into account, involves Jacobian elliptic ftmctions 
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[Armstrong et al. 1962]. The approximate solution for the case of the undepleted pump is 

generally valid when the rate of coupling is weak. It is also valid when the pump power is 

low since is proportional to the input pump power. In this weak-coupling limit, the 

well-known expression for the (internal) efficiency of power conversion between 

fundamental and second harmonic waves over a distance, L, [Yariv 1973] is 

2.1.2. Survey of the QPM-SHG Literature 

As discussed earlier, waveguides have been used extensively in recent years for SHG in 

order to take advantage of the large optical power densities that are maintained over long 

lengths. The most popular materials for nonlinear waveguide interactions have been 

LiNbOs, LiTaOs, and KTP, primarily because the fabrication of relatively high-quality 

waveguides has been possible in these systems [Ramaswamy and Cao 1993]. Use of 

LiNbOs for waveguide-SHG is also largely attributed to its well-understood crystal 

growth process, making this material relatively inexpensive and widely available. 

The inorganic materials, LiNbOa, LiTaOa, and KTP, come under a special class of 

crystalline substances known as ferroelectrics. Ferroelectric crystals have, by definition, a 

permanent spontaneous electric polarization that can be reversed by an applied electric 

where power, and ;7 = (ac:^) is the normalized 

conversion efficiency with dimensions of (W-cm^) 



field [Feynman et al. 1966], This polarization of the electric dipoles in this so-called 

ferroelectric state is stable below a certain critical temperature known as the Curie 

temperature, T^. If the crystal is heated to above this temperature, however, it undergoes a 

phase transition, and a nonpolarized state, known as the paraelectric state, becomes 

stable. As a rule, the ferroelectric phase is the low-temperature phase. 

For T < Tc, the electronic (and ionic) polarizibilities of a ferroelectric are 

sufficiently large that the local fields cause the lattice to be "locked in" with a high, self-

generated, internal polarization. The reversal of this spontaneous polarization by an 

applied electric field is accomplished by causing a small relative displacement of the ions 

in the crystal, turning it into its electric twin [Nye 1957]. At the Curie temperature 

however, the amplitude of thermal oscillations of these homopolar atoms turns out to be 

equal to the local field-induced displacements, and the mean displacement of these atoms 

becomes zero [Prokhorov and Kuz'minov 1990]. Thus, above Tc, the permanent dipole 

moment vanishes, and the crystal becomes "normal" and nonpolar. Just below Tc, when 

the amplitude of thermal oscillations drops rapidly, the mean inter-atomic displacement 

increases to its asymptotic value in the polarized state. As a result, just below this 

transition temperature, it is relatively easier to apply an electric field to change the 

polarization and have it lock in a desired direction. 

Ferroelectric crystals are of great interest because the spontaneous polarization 

below the Curie temperature is accompanied by other special properties such as 

crystalline asymmetry (as stated earlier, a non-centrosymmetric crystal is necessary for 
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even-order nonlinear interactions such as SHG), as well as strong nonlinear, electro-

optic, piezoelectric, and pyroelectric effects. In addition, properties such as excellent 

optical quality, transparency at the wavelengths of interest, and strong birefringence for 

phasematching are also highly desirable for nonlinear optical interactions. The search for 

new materials that possessed all these properties was made difficult by the fact that the 

development of a technique to grow even a small single crystal of a new material is a 

time-consuming process [Zemike and Midwinter 1973]. Significant progress was made 

when Miller's empirical rule — a material should have a large refractive index if its 

nonlinearity is to be large — helped establish a relationship between the linear and 

nonlinear susceptibilities of a material, making it possible to reasonably estimate the 

magnitude of the nonlinear coefficients [Miller 1964]. The challenge of first having to 

grow good crystals for measurement of the nonlinearity was also partially overcome by 

the development of Kurtz's powder technique, which permitted a good estimate of not 

only the nonlinearity but also whether phasematching could occur, from a crystalline 

powder alone, consisting of particles typically 10 |am in size [Kurtz and Perry 1968]. 

hi spite of the progress that has been made with respect to measurement of crystal 

nonlinearities, a detailed study of the published results clearly reflects not only the 

difficulty in making accurate measurements of the bulk nonlinear coefficients but also the 

variation in nonlinear coefficient values with respect to melt stoichiometry [Miller et al. 

1971, Bergman et al. 1968], For the two crystals that we study in detail in this 

dissertation, LiTaOs and KTP, the published values of the coefficient vary 
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considerably. In the case of LiTaOs, the reported values of are: 26 pnW at Xa) = 1.058 

|im [Kurtz et al. 1979], and 19.3 pm/V at Xa, = 1.06 |im [Nishihara et al. 1989]. In the 

case of KTP, the reported values of ^^33 are: 13.7 pmA'' at Aa, = 1.06 |jjn [Zumsteg et al. 

1976], and 18.5 pmA^ at Xa, = 0.88 fim [Vanherzeele and Bierlein 1992]. In this 

dissertation, we assume values of 26 and 18.5 pnW for the <^33 coeffficients of bulk 

LiTaOs and KTP, respectively, at Xo, = 0.86 ^mi. For comparison, the reported values of 

the c/33 coefficient in LiNb03 are: 23.7 pmA^ [Kondo et al. 1992], 27 pm/V [Miller et al. 

1971], 34.5 pmA'^ [Choy and Byer 1976], and 40.7 pnW at Xa, = 1.06 |im [Nishihara et 

al. 1989]. 

The spontaneous polarization in ferroelectrics can occur in at least two equivalent 

crystal directions. These regions are called ferroelectric domains, and ferroelectrics of the 

first class, such as the ones we are considering here, consist of domains with parallel and 

antiparallel polarization. Either poling during crystal growth, or growing crystals from a 

single-domain seed, can produce high-quality, single-domain, single-crystal LiTa03 and 

KTP samples for applications in nonlinear optics [Bierlein and Vanherzeele 1989]. 

Excellent LiNb03 crystals can also be grown in this manner but they are limited in their 

applications by damage caused by the large-amplitude electric fields needed in nonlinear 

optical applications. The damage is not only structural but in some instances can also be 

seen as changes in the index of refraction along the path of the laser beam. This kind of 

optical effect is known as photorefractive damage. For many practical purposes, this 

effect may be insignificant, or even desirable as in holography, but for phasematched 



interactions, this effect can be devastating (it was shown recently that the photorefractive 

damage threshold for periodically-poled LiNbOa may in fact be higher than what was 

predicted for homogeneously-poled LiNbOs, thus keeping this material viable as a 

candidate for QPM-SHG [Taya et al. 1996]). Fortunately, LiTaOs and KTP have high 

damage thresholds — LiTaOs is reported to be 30 times more resistant to photorefractive 

damage than LiNbOs [Glass et al. 1974], and no optical damage to KTP has been 

detected either after several hours of exposure to highly focused light, or after exposure to 

repeated pulses of light [Zumsteg et al. 1976]. 

The most important reason for the attractiveness of ferroelectric crystals in 

nonlinear optical applications is the ability to utilize quasi-phasematching. This provides 

additional flexibility to phasematch otherwise unphasematchable interactions such as 

those involving the nonlinear tensor element. Quasi-phasematching is achieved in 

these crystals by periodically reversing the crystal domains so that the sign of the d^i, 

coefficient is periodically modulated. As stated earlier, quasi-phasematching in 

ferroelectric crystals is important because the coefficient is often the largest nonlinear 

tensor element, and SHG in bulk crystals, even when using the d^T, coefficient, is not 

efficient due to poor optical confinement. 

Domain reversal in ferroelectrics is accomplished by a variety of methods. In 

LiNbOs, for example, domain reversal can be induced by application of a sufficiently-

large electric field with a polarity that is antiparallel to that of the spontaneous 

polarization [Nakamura and Shimizu 1983], Ti indifflision into the +c face of the crystal 
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(where +c corresponds to the direction of the spontaneous polarization) [Miyazawa 

1973], Li20 outdifflision from the +c face [Webjom et al. 1989], electron beam 

irradiation at high temperature on the -c face with a poling field [Keys et al. 1990], and 

heating of the crystal with Si02 cladding on the +c face [Fujimura et al. 1991], Even 

though LiTaOs is isomorphous to LiNbOs, domain reversal in LiTaOs carmot be achieved 

by Ti-indiffusion or heat treatment. However, the domains can be reversed using a 

proton-exchange process, in which FT ions from a source, such as pyrophosphoric or 

benzoic acids, are diffused into the crystal, and this is followed by a heat treatment just 

below the Curie temperature [Nakamura and Shimizu 1990]. The inversion layer appears 

in the region of proton exchange but, curiously, at the -c surface instead of at the +c 

surface as in LiNbOs. This indicates that the domain reversal mechanism may depend not 

only on the process but also on certain properties inherent to the crystal used. In KTP too, 

domain reversal has been achieved near the crystal surface during a similar ion-exchange 

process involving divalent ions such as Ba^^ [Laurell et al. 1992a]. 

As stated earlier, the domain reversal occurs in the presence of a strong enough 

electric field with a polarity that is antiparallel to the spontaneous polarization. However, 

the precise mechanism in several of the above domain reversal processes is not clear. 

When heating a LiNbOs substrate with SiOa cladding, it is believed that the stress, caused 

by the difference in thermal expansion coefficients between Si02 and LiNbOs, induces 

the domain reversal through the piezoelectric effect [Fujimura et al. 1991]. Ti indifflision 

results in a different poling mechanism where an impurity concentration gradient in 



LiNbOs, at temperatures just below Tc, leads to internal fields that are antiparallel to the 

concentration gradient [Tasson et al. 1976]. This explains the polarization reversal on the 

+c face of LiNbOs rather than the -c face where the equivalent field due to the 

concentration gradient is parallel to the spontaneous polarization [Peuzin 1986]. A similar 

"equivalent field" mechanism, due to a lithium ion deficiency, is believed to play a part in 

the Li02 outdiffusion process in LiNbOa as well. In the case of proton exchange in 

LiTaOs, it is believed that the indifflised FT ions establish a space charge field near the 

surface, which results in an outward-directed internal field that reverses the domains at 

the -c face when the sample is heated to just below the Curie temperature. The 

antipolarity domain nucleates at the initial stage of heat treatment and grows gradually 

with the proton difflision. However, the heat treatment has to be rapid with a short ramp 

time; otherwise the compensating space charges at the surface may vanish due to an 

annealing effect [Nakamura et al. 1993]. 

Quick heat treatment is also important for another reason. In order to form a QPM 

structure, it is necessary to achieve periodic domain reversal with a small periodicity 

(periods on the order of a few micrometers). However, deep domain reversal generally 

requires high-temperature annealing for long durations, which unfortunately results in a 

widening of the domains due to side-diffusion of the protons. Quick heat treatment, with 

short rise times, has been found to suppress the growth of the inverted domains along the 

lateral direction while permitting growth of the domains along the depth direction 

[Mizuuchi and Yamamoto 1994]. Nevertheless, the domains in LiTaOs are generally 
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semi-circular in shape. Fortuitously, KTP has a strongly anisotropic diffusion 

characteristic that favors ionic diffusion in the depth direction (crystal Z axis) much more 

than lateral diffusion [Bierlein and Vanherzeele 1989]. Consequently, the inverted 

domains formed by ion exchange in KTP can be deep and rectangtilar. 

In view of the fact that domain reversal by ion exchange methods generally 

produces non-rectangular periodic domains whose depth cannot be increased beyond a 

certain point, poling of crystals near the Curie temperature, using an external electric 

field, is generally preferred. This results in deep, rectangular, inverted domains with short 

periods in both LiTaOs and KTP [Matsumoto et al. 1991, Chen and Risk 1996], and these 

are the types of domain shapes that we shall consider in this dissertation. 

The fabrication of waveguides in LiTa03 and KTP using ion-exchange techniques 

has been particularly successful. In this process, substitution ions, such as rubidium or 

thulium in the case of KTP, or hydrogen in the case of LiTaOs, are diffused into the 

homogeneous, crystalline substrate. With the appropriate ionic substitution, a local 

increase in the refractive index can be achieved at the surface of the substrate, making 

waveguiding possible. The diffusion process gives rise to a non-uniform spatial 

distribution of tlie substitution ions, which leads to an inhomogeneous refractive index 

profile, hi KTP, which is chemically stable up to about 1000 °C and has monovalent 

potassium ions with relatively high mobility, immersion of the virgin substrate into a 

molten nitrate salt of Rb, Cs, or Tl, for a diffusion time on the order of a few hours, 

results in deep waveguides with refractive index profiles that follow a complementary 



error function (erfc) distribution [Bieriein et al. 1987], When the ion exchange is carried 

out through a narrow slit (with width on the order of a few micrometers), deep channel 

waveguides with step-like lateral index profiles can be obtained because the strongly 

anisotropic diffusion characteristic of Z-cut KTP limits side-diffusion. In LiTaOs, 

exchange of ions from a proton-rich melt, such as benzoic acid or pyrophosphoric 

acid, into the virgin crystalline substrate through a narrow slit, defines a very shallow, 

diffused channel waveguide with a two-dimensional refractive index profile that is 

approximately step-like in both the depth and lateral directions [Jackel et al. 1982, Rice 

1986]. These proton-exchanged waveguides have large scattering losses, which 

fortunately can be reduced by post-exchange annealing in the absence of the proton 

source [Findakly et al. 1988]. In the annealed proton-exchanged (APE) waveguide, the 

protons diffuse deeper into the substrate, thus changing the index profile from a step-like 

fimction to a 2-D graded-index distribution. 

It should be noted that the ion exchange and anneal (during waveguide 

fabrication) in LiTaOs are peformed at temperatures well below the Curie temperature so 

that the nonlinear domains remain unaffected. In KTP, domain inversion by exchange of 

divalent Ba""^ ions and waveguide fabrication by exchange of monovalent Rb^ ions, for 

example, are performed simultaneously at the same temperature, resulting in "segmented" 

waveguides with periodicity equal to that of the QPM period [van der Poel et al. 1990], 

Rigorous numerical analysis and experiments have confirmed that the segmented 

structure can guide light with low loss, and that it is equivalent to a continuous 



waveguide, provided that its effective refractive index is assumed to be the weighted 

average of the effective refractive indices in the exchanged and unexchanged (masked) 

regions [Li and Burke 1992, Bierlein 1992]. Electric-field poling of KTP therefore has the 

additional advantage that segmented waveguides can be avoided by fabricating the 

waveguide by ion exchange through a non-segmented photolithographic mask after the 

domain reversal has been completed. 

The refractive index inhomogeneity, including dispersion, in these ion- (proton-) 

exchanged channel waveguides can be represented as 

n{x,y\X) = nXX) + AnU)-f{2xlW)-g{ylD) , (2.8) 

where Ws is the substrate refractive index, and An is the surface refi-active index change. A 

commonly-used model for ion exchange into glass assumes that An varies linearly with 

ionic concentration at any given wavelength [Tervonen 1992: pp. 87-88]. In this case, the 

concentration profile is determined by solving the well-known, 2-D diffusion equation 

with the appropriate boundary conditions for either Fickian or non-Fickian diffusion 

through a slit aperture [Crank 1975]. In ferroelectric crystals, a linear relationship 

between the surface index increase and the concentration profile may be assumed if the 

waveguide is well annealed. However, the linear relationship may not be valid in general 

because of the internal stresses arising from structural changes in the crystal during ion 

exchange, and because of possible phase transformations of the crystal itself In LiTaOs 

waveguides, it has been shown that the refractive index increases with proton 

concentration, but above a certain critical proton concentration in the melt, the refractive 



index decreases with increasing proton concentration [Ahlfeldt et al. 1994], Preliminary 

direct measurements have been made recently to confirm the existence of such buried, 

non-monotonically-decreasing refractive-index profiles that appear when the LiTa03 

waveguide has not been sufficiently annealed [Maring et al 1996]. It is believed that the 

crystal undergoes phase transformations after the proton exchange, and the anomalous 

relationship between refractive index and proton concentration is due to the mixed 

crystalline phases that result in the crystal [El Hadi et al. 1995]. If the waveguide is well-

armealed, i.e. to the point that the original crystal phase is restored, the index profile again 

varies linearly with proton concentration. 

The proton exchange and annealing affect the crystal nonlinearity as well [Laureli 

et al. 1992b, Bortz and Fejer 1992]. The distribution of the nonlinear coefficient, J (y), 

can be non-uniform in armealed ion- (or proton-) exchanged waveguides due to a 

degradation of the nonlinearity near the waveguide surface during waveguide fabrication. 

This change in the nonlinearity can be due to both phase transformations, as a 

consequence of which the proton exchange degrades the nonlinearity almost completely 

near the surface, and internal stresses that are caused by changes in the crystal structure 

[Bortz et al. 1993, Ahlfeldt et al. 1993]. In general, the nonlinear coefficient is 

approximately zero in the proton-exchanged region near the surface, and assumes the 

value of the unprocessed bulk crystal deeper in the substrate. In Rb-exchanged KTP, it 

has recently been reported that there is even an enhancement of the nonlinearity, possibly 
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due to internal stresses [Laurell and Ahlfeldt 1995]. The bulk nonlinearity can be 

recovered with sufficient post-exchange annealing of the waveguide. 

An important consideration in practice is the non-uniformity of the waveguide 

along the direction of propagation. Tight fabrication tolerances are generally critical for 

effective phasematching along the entire length of the waveguide. Inhomogeneity in the 

chaimel waveguide's effective width and depth, as well as surface index increase, can 

reduce the maximum SHG conversion efficiency by introducing phase mismatch, which 

reduces the coherence length. However, it is difficult to reproducibly fabricate 

waveguides with tight tolerances. It has been shown recently that "non-critical" 

phasematching is possible between the lowest-order transverse modes of the waveguide at 

Aaj and A2aj, albeit near modal cutoff, permitting wider tolerances in the variation of the 

waveguide parameters [Lim e! al. 1990, Cao et al. 1991]. Practical waveguide designs for 

efficient SHG have to necessarily consider non-critically-phasematched regimes of 

operation. 

2.1.3. Scope of Research 

It is clear from Eq. (2.6) that the SHG efficiency depends on the fields of the linear 

waveguide, and can therefore be increased by optimizing the linear modal properties. In 

the following sections, we describe our development of a fast and accurate algorithm for 

the computation of the modal fields and propagation constants of these guides. 

Furthermore, in order to be able to design waveguides for efficient SHG, we incorporated 
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a multi-parameter optimization algorithm into this modeling tool. In this case, the channel 

parameters (depth, width, and surface index increase), as well as the wavelength, are 

varied over a broad range, over which accuracy has to be ensured, and preferably v^dthout 

user intervention to adjust any computational parameters. This requirement for 

"automatic" optimization of the waveguide led to some novel modifications of the 

algorithm for modal analysis, and these also will be discussed. Finally, this modeling tool 

was used to examine how SHG efficiency in continuous, periodically-poled, ferroelectric 

channel waveguides varies as a fianction of the waveguide parameters. Waveguide 

designs with high SHG efficiency as well as non-critical phasematching characteristics 

were investigated theoretically, and the results are presented. 
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2.2. MODAL ANALYSIS OF CHANNEL WAVEGUIDES BY THE FOURIER 

METHOD 

2.2.1. Solving the Wave Equation for Channel Waveguides: Semi-vector and 

Scalar Approximations 

Many techniques exist for the analysis of the guided modes of two- and three-dimensional 

dielectric optical waveguides [Saad 1985]. These techniques provide solutions to either the 

scalar or the vector wave equations, depending on the nature of the problem (e.g. [Kogelnik 

1988]). A full-vector analysis of the linear modes of 3-D waveguides is possible by a 

variety of methods such as the finite difference method [Stem 1988], the fi-equency-

domain fmite difference (FDFD) method [Schuiz et al. 1990], modal expansion based on 

the Galerkin method [Marcuse 1992], the method of lines (MOL) [Rogge and Pregla 

1993], and the finite-diflferenced time domain (FDTD) method [Xiao el al. 1994]. 

However, the accuracy that is made possible by a rigorous full-vector analysis is of^en at 

the cost of much increased computational complexity and longer computation time. 

Before taking such an approach, it would be prudent to consider whether a scalar analysis 

would suffice since a scalar calculation is simpler and faster. 

In the case of diffused, ferroelectric channel waveguides for SHG, we have, in 

general, materials with small refiractive index variations in those regions where the field 

strength is large; the exception is the large index discontinuity at the air interface. In order 

to decide whether a scalar analysis would be sufficiently accurate, it is important to 

examine the vector wave equation. We note that the mode of interest in these nonlinear 
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interactions involving the <^33 coefficient is the quasi-TM channel mode. Recognizing that 

the dominant magnetic field component for a quasi-TM mode is the component, we 

write the x component of the vector wave equation for the magnetic field as 

where ko is the fi-ee-space wavenumber, n(x, y) is the refi^active index distribution, p = 

is the propagation constant, and the symbol is the transverse Laplacian operator. 

Note that x and y represent the lateral and depth directions, respectively, in the transverse 

plane of the waveguide's coordinate system, and correspond to the Y and Z directions, 

respectively, of the crystal's coordinate system. If the second term on the right hand side 

of Eq. (2.9) is neglected, we eliminate the coupling between the major and minor 

magnetic field components and obtain the semi-vector wave equation. This is a 

reasonable approximation because the minor component and its derivative along x are 

small compared to the dominant component If we fiirther neglect the first term on the 

right hand side of Eq. (2.9), we obtain the scalar wave equation, and the error in our 

solution will depend on the variation of the refiractive index along the y direction. 

Moreover, since these terms constitute the boundary conditions, their absence results in a 

scalar solution that is continuous everywhere, as is its derivative. 

If the scalar solution, >/), is associated with the continuous magnetic field 

component, y), of a quasi-TM mode of the charmel, then the component of the 

electric field relevant to Eq. (2.6) can be written as 

(2.9) 
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(2.10) 

In obtaining this result, we have also made use of the fact that the derivative (with respect 

to x) of the longitudinal magnetic field component JC is small in comparison to the major 

component JJ. 

Accurate values for the propagation constant of vectorial modes cannot in general 

be obtained by a scalar method alone because it is not possible to distinguish between the 

modes of different polarization. Nevertheless, corrections to the scalar propagation 

constant, /S, can be obtained using the semi-vector perturbation technique [Huang and 

Haus 1991], whereby we include the semi-vector term (first term on the right hand side of 

Eq. (2.9) as a perturbation of the scalar wave equation. The semi-vector correction to the 

scalar propagation constant is 

It is important to note that the vector perturbation depends on the scalar field solution 

alone, but due to the extremum property of the variational form of Eq. (2.11), any errors 

in the field estimate do not significantly affect the accuracy of the propagation constant. 

In view of these considerations, we solve the scalar wave equation because this is 

fast and sufficiently accurate for our purposes, and then improve the accuracy of our 

calculations using a vector perturbation technique. 

(2.11) 
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2.2.2. Fourier Method: Theoretical Formulation and Numerical Implementation 

For many waveguiding geometries, such as diffused waveguides formed by ion exchange, 

the refractive index contrast between the waveguide and substrate regions is often small 

enough that the solution of the scalar wave equation suffices. For three-dimensional 

waveguides, such as channels with arbitrary refractive-index profile, a popular technique for 

modal analysis is the Galerkin method [Mikhlin and Smolitskiy 1967]. It involves the 

expansion of the solution of the reduced scalar wave equation in terms of complete, 

orthogonal basis flmctions such as trigonometric [Henry and Verbeek 1989] or Hermite-

Gauss [Gallawa et al. 1991] functions. This series expansion transforms the second-order 

ordinary differential equation into a system of linear, algebraic eigenvalue equations that 

can then be solved easily and efficiently by standard matrix methods [Press et al. 1988: Ch. 

11]. This numerical solution of the reduced scalar wave equation, in addition to being 

computationally fast and requiring less computer storage because smaller matrices are 

involved, is often an excellent approximation to the rigorous solution of the full vector wave 

equation. 

The Galerkin method with a trigonometric basis set is sometimes referred to as the 

Fourier expansion method [Henry and Verbeek 1989], the sine method [Hoekstra 1990], or 

the Fourier decomposition method (FDM) [Hewlett and Ladouceur 1995]. We shall 

henceforth refer to this method of analysis as the Fourier method (FM). For the general 

charmel waveguide of Fig. 2.2, we begin by postulating a modal solution to the reduced 

scalar wave equation. 
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Fig. 2.2 General channel waveguide with diffused index profiles along the x  and y  directions. Structure is 
enclosed within a computational window of width, Z.,,  and height, Ly.  

{W]i-kln\x,y)-p']w(x.y) = 0 , (212) 

where is the free-space wavenumber, is the effective refractive index associated with 

the mode, and n{x, y) is the 2-D refractive index distribution. With propagation along the z 

direction, the modal field, y/, is of the form 

(2-13) 
y / {x , y , z )  = exp(+/y&) c^.(l>^ , {x , y )  , 

\ V \ 

where c^v are the weighting coefficients of the 2-D expansion, and Nx and Ny are the number 

of terms in the expansion along the two transverse directions, x and y, respectively. The 

orthonormal basis frinctions, <j>ftJix, y), are judiciously chosen to be products of sine 

functions along x and y. These fimctions. 
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Y L ,x L>y 

sin —/£c sin —yy , 
^ LiX ^ \ lay J 

n (2.14) 

are defined such that their values are zero at the boundaries of a finite computational 

window of width, Lx, and height, Ly (Dirichlet condition). A linear superposition of these 

functions also satisfies the Dirichlet boundary condition exactly at the boundaries of the 

computational window. If the superposition is to exactly represent a bound mode of a 

waveguide, and Ly would ideally have to be infinitely large, and an infinite number of 

harmonics, Nx and Ny, would have to be retained; the Dirichlet condition then becomes 

equivalent to the transverse boundary conditions at infinity where the fields vanish. 

However, the numerical computation limits us to a finite window size and a finite number 

of sine harmonics. The size of the computational window has to be such that the physical 

modal field is represented accurately. This means that the numerical boundary, where we 

impose the condition y/ = Q, has to be far enough from the core so that the field is 

exponentially approaching zero and sufficiently small in the vicinity of the boundary (the 

magnitude of the field near the boundary is specified more precisely in the next section). If 

the window size is too small, we notice (Fig. 2.3(a)) that the slope of the scalar field is not 

(approximately) zero near the boundary, thus giving rise to an abrupt, non-physical 

discontinuity of the slope at the boundary itself. This problem is partially resolved if the 

window is made much larger than the transverse spatial extent of the mode. However, 

representation of a bound mode of finite extent in a window that is many times larger 
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a 

(a) 

(b) 

Fig. 2.3 Scalar field distributions for the lowest-order transverse mode of a step-index embedded-strip 
guide. Inappropriate parameters for the computational domain lead to inaccurate field 
calculations as shown here. The width and depth of the strip are 8 nm and 4 |im, respectively. 
The index parameters are «f = 1.47, n, = 1.44, n^, = 1.00, and k = 0.85 |im. The computational 

domain parameters for each of the calculations are (a) Z,, = 9 ^m, Z,^, = 4 jim, = %,Ny = 9, and 
(b )  Z . ,  =  20 .5  ^un ,  L y  = 14 .8  ^m,  =  3 , N y  =  3 .  The  a i r  in te r face  i s  a t  the  dep th  pos i t ion=  0 .  
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requires a large number of harmonics of the sine functions to ensure that spurious 

oscillations do not arise in the modal solution; Fig. 2.3(b) clearly shows the spurious 

oscillations that occur when the number of harmonics is insufficient. 

The matrix eigenvalue problem resulting from the substitution of Eq. (2.13) into Eq. 

(2.12) can be expressed as 

AC = aC , (2.15) 

where a = A'ctr - and C are the eigenvalue and eigenvector, respectively, of the matrix 

A (see Appendix A). If the window size, Lx and Ly, and the number of the harmonics, Nx and 

Ny, can be chosen optimally, Eq. (2.15) can be solved wdth good accuracy for ii/znd 

The computation time for its solution is proprotional to the cube of the order of the matrix A 

(where the matrix order = Nx^-Ny). It is clear then that determination of the optimum number 

of sine harmonics is important for fast convergence to an accurate solution. An important 

point is that the coefficients of the operator matrix involve inner products that usually 

have to be evaluated numerically for inhomogeneously-varying, refractive-index profiles 

such as the complementary error fianction (erfc) and Gaussian profiles. However, we 

make some judicious approximations that permit us to compute all these double integrals 

analytically, thus reducing computation time dramatically. The derivation of these 

analytical solutions is given in Appendix A. 

As noted by Marcuse [1991] and several other authors [Henry and Verbeek 1989, 

Gallawa et al. 1991, Tu e/ al. 1990], the accuracy of the propagation constants and modal 

fields computed by this method depends critically on the size of the enclosing 
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computational window and the number of harmonics of the two-dimensional sine series 

expansion that are retained (henceforth, we shall refer to the latter as the truncation order). 

To date, there have not been any clear rules for the a priori determination of the optimum 

window size and truncation order. This has become the principal shortcoming of this 

otherwise very useful technique, and to our knowledge, the only way to circumvent this 

problem has been to visually inspect the modal field to see if a satisfactory physical solution 

has been obtained. Recently, Hewlett and Ladouceur [1995] proposed a modified Fourier 

decomposition method (MFDM), in which the infinite space that is physically spanned by 

the modal field is compressed to a unit square through an elegant coordinate transformation. 

The MFDM, however, addresses only the size of the computational window, and still does 

not tackle the issue of automatically determining the number of sine harmonics that is 

required to accurately reconstruct the guided mode. A scaling parameter was incorporated in 

the MFDM to determine the number of harmonics required to ensure rapid convergence to a 

solution, albeit interactively because the scaling parameter appears to be problem-

dependent. This clearly presents difficulties when such a technique is to be incorporated 

into a waveguide design optimization program, such as the one that we have developed to 

maximize second harmonic generation conversion efficiency in ferroelectric channel 

waveguides [Ramanujam et al. 1997]. In such cases, the channel parameters (depth, width, 

and surface index increase), as well as the wavelength, are varied over a broad range, 

causing the mode size to change dramatically at times, and user intervention to interactively 

adjust any arbitrary scaling parameters is not permitted. 
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In the following, we describe a solution of this problem of accurately and 

automatically estimating the size of the computational window and the truncation order to 

ensure fast convergence to an accurate solution. We show how two-dimensional Wentzel-

Kramers-Brillouin (2-D WKB) theory [Hocker and Bums 1977] can be used, in the general 

case of guides with inhomogeneous refiactive-index profiles, to estimate the effective 

refractive index of the guided mode of interest, and how this result can be used to specify 

turning points and decay rates for this mode. This eventually permits an estimate of the size 

of an appropriate computational window. Subsequently, we demonstrate a technique based 

on Fourier analysis of trigonometric functions that resemble the mode of interest to 

effectively estimate die truncation order required. 

2.2.3. Estimation of the Computational Window Size using the WKB and 

Effective Index Methods 

From the classical theory of dielectric optical waveguides [Kogelnik 1988], we know that 

the spatial distribution of a guided mode in a waveguide has an oscillatory character in die 

core of the guide and an exponentially-decaying character far from the core. The transition 

from oscillatory to decaying behavior occurs at the turning points, which are uniquely 

defined for each of the bound modes (see Fig. 2.4). In the case of step-index waveguides, 

these turning points are located where the index discontinuity occurs. For graded-index 

waveguides however, the location of the turning points depends on the effective reflective 

index of the mode of interest. The decay rate of the evanescent field that exists past the 
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turning points also depends on the effective index. If it is possible, then, to estimate the 

effective index, we can determine the location of the turning points, and can subsequently 

compute the distance from the turning points at which the field has decayed to some 

specific fractional value of the field strength at the turning points. 
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Fig. 2.4 Cross-sectional view of a modal profile along the y  direction. The air interface is at y = 0. The 
dashed vertical lines represent the position of the turning points (at _y = 0 and y = y^. If the decay 
rates, y, are known, then the points, (y, - A>'s) and Ay^, represent the effective computational 
boundaries, where the field strength approaches zero. 

The waveguides that we shall examine are weakly-guiding dielectric channels with 

two-dimensional graded-index profiles, formed by diffusion or ion exchange. Central to our 

technique for approximately determining the effective index is the 2-D WKB theory 

[Hocker and Bums 1977]. This method, which was extended from the 1-D WKB theory to 

handle 2-D diffiision by the application of the effective index method (EIM) (e.g. [Kogehiik 

1988]), has been shown to produce effective refractive index values that are at least as 
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accurate as those obtained using other approximate techniques such as Marcatili's method 

[Kogeinik 1988: pp. 63-66]. 2-D WKB theory assumes that the 2-D refractive-index 

distribution in the charmel can be defined by equations of the separable form 

r f ( x . y )  =  *{n; - -„: ) f {y lD)g{2x lW)  •,  y S O ,  ( 2 1 6 a )  

n ' {x , y )  =  ric  y > 0  ,  ( 2 . 1 6 b )  

where, for example, = erfc(->'/D) and g(2x / fV)  =  exp( - (2x / fV)^ ) .  The parameters, 

ns, and /7p = n(0, 0), are the cover's refractive index, substrate's refractive index, and the 

guide's peak refractive index, respectively, and the ftmctions,Xv/^) and g{2xlW), represent 

the normalized profiles of the graded-index distribution, with D and W being the scaling 

parameters. Applying the EIM, we fu^st define x-dependent, normalized guide depth and 

effective index parameters, Kt and for a set of inhomogeneous planar waveguides, one 

for each point x, with peak refractive index values given by n{x, y = 0). We have, therefore. 

V,  = k ,D  • g (2x / IV)  

and 

_ Nx - r i i  
bx -

[rt^'-n:\g{2xlW) ' (2.18) 

where Nx is the x-dependent effective refractive index. Applying WKB theory, we find that 

bx satisfies 

j y l f {y ' ) -bx  dy '  
0 

(2.19) 
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where y' = (y/D), y, is the normalized turning point, and p = Q, 1,2,... is a mode number, 

indicating the number of half-cycles of field variation along the direction. We assume that 

the phase shifts at the air boundary and (diffused) substrate boundary are approximately 7r/2 

and k/4, respectively. Then, using as the effective refi^ctive index distribution of a 

symmetric, inhomogeneous planar waveguide in the x direction, with peak index. No = Nx(x 

= 0), we can define the normalized parameters, F and b, of the diffused channel waveguide 

as 

y = kofVylNo-n'  

and 

b = (A/«T-mO/(W-nr)  .  <2.21) 

where Neff  is the effective reflective index of the channel and b satisfies [Hocker and Bums 

1977] 

Here, bo = bx(x = 0), x' = 2x/fV, and ^ = 0, 1,2,... represents the mode number of the planar 

waveguide in the x direction. Numerical computation of the b value for a given value of 

from Eq. (2.19) and Eq. (2.22) generally involves a root finding algorithm. However, in the 

case of Eq. (2.19), we can simplify the calculation considerably by recognizing that Eq. 

(2.22) actually requires the function bx for a range of values fi-om bo to 0. This corresponds 

to a range of values through Eq. (2.19). Consequently, it is easier to compute the flmction 

n 
^L.Ll)  
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Vx for a given distribution of bx values, and then to determine the position x associated with 

the value Vx. Numerically, this then permits a direct mapping between x and bx. 

Using the above theory, we can estimate the locations of the turning points in the 

two transverse directions. The turning point in the direction on the substrate side (given by 

>-1) is proportional to yl, the position at which the integrand in Eq. (2.19) is zero. On the air 

side, the mode assumes an evanescent character at the air-guide interface. The turning 

points in the x direction are given by ±Xt, the position at which the integrand in Eq. (2.22) is 

zero. We also estimate the decay rates for the mode, defined by Vys and yxs, along the y 

and X directions, respectively (the "s" and "c" subscripts refer to the decay of the field into 

the substrate or cover). These decay rates (past the turning points) are given as 

(2.23a) 
rM = ^oVa^O"- «c 

yM = ^0 ylNo'-n '{0,y)  

r M  =  k o  y l N c f f ' - N x '  

(2.23b) 

(2.23c) 

If we specify the desired field strength at the boundaries of the computational window 

(relative to the field strength at the turning points) as (see Fig. 2.4 also) 

m 

£(y.} 

( Av 

= exp - j y,. dy 
\ 0 

= C>, 

= exp - J yM ̂  

£(x, + Axs) ^ 
= exp 

E{x) 
- J rM dy 

= c. 

- Cxi , 

(2.24a) 

(2.24b) 

(2.24c) 
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then the depth and width of the computational window can be estimated as 

Ly = b, I + AVs AVc =2(|x,| + Ar5), respectively. We set the three constants, C^s, 

Cys, and Cyc, equal to 0.01 in our computations. The reason for this is that the field strength 

just to the interior of the computational boundary will now be set to less than one hundredth 

of the peak field strength, which we normalize to unity. The exponentially-decaying 

character of the evanescent field then ensures that the slope of the field will be 

approximately zero in the vicinity of the boundary. We highlight the fact that we assume TE 

polarization for the WKB analysis and effectively neglect any anisotropy in the dielectric 

medium to simplify our calculations. This is acceptable because we seek only approximate 

values at this point for the turning points and decay rates of the modal fields. 

The extension of our technique to the analysis of step-index waveguides such as 

rectangular, buried charmel waveguides, rib waveguides and strip-loaded waveguides 

follows straightforwardly because only the EIM (without the WKB theory) is needed to 

estimate the effective refiractive indices and in turn the decay rates. As stated earlier, the 

turning points for these types of guides are located at the dielectric discontinuities. 

2.2.4. Estimation of the Truncation Order 

What remains is the determination of the truncation order of the double sine series 

expansion that is required to accurately represent the field within the computational 

window. We propose to estimate the truncation order of the two sine series, Nx and Ny, by 

Fourier analysis of functions which resemble the cross-sections of the modal field. Even 



though the 2-D transverse distribution of the modal field is an unknown, we can make 

reasonable assumptions about the cross-sectional profiles of this distribution for a specific 

mode number. We know that the field of a bound mode has an oscillatory behavior between 

its turning points. If we choose to analyze a particular mode, whose transverse variation can 

be described in terms of the (p, q) notation, we can represent each of the cross-sectional 

profiles by harmonics of truncated trigonometric functions, which have p and q half-cycles 

of variation along the y and x directions, respectively (see Fig. 2.5). The width of these 

approximating functions can be reasonably set equal to the distance between the turning 

points of this (p, q) mode using 2-D WKB theory. We can analytically compute the 

truncation order for the sine series expansion of the approximating functions along each of 

the transverse directions. If the expansion of these 1-D cross-sectional profiles and the 

expansion of their approximating functions are similar, we can effectively obtain the 

truncation order of the double sine series expansion. 

We begin by defining the approximating functions such that, for the mode of 

interest, the width of the approximating function, Z,', is equal to the distance between the 

turning points of that mode, as shown in Fig. 2.5. For a profile along the y direction, 

Z, ' = !>', I, and for a profile along the x direction, L' = 2|.x, j, where Xt and yx have been 

determined approximately using the 2-D WKB theory. For asymmetric guides, the modal 

field will not be centered within the computational window. We can incorporate the effect 

of this asymmetry into the approximating function using a shift parameter, a. For example, 

we can approximate the cross-sectional profiles of a modal field along the x direction using 
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Fig. 2.5 Approximation of the cross-sectional modal profile ( x  direction) of (a) ( p ,  0) mode and (b) (p, 1) 

mode by truncated trigonometric functions. The width of these approximating functions, Z.', is 
equal to the distance between the turning points of the mode. The width of the computational 

window is L. In this case, for the x dimension, L' = 2x^ L = L„ and a = LI2. 
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a truncated trigonometric function of the form 

E{X) = rect • cos 
I  L '  )  V 

{m + l);r(x - a) mK 

T' ~2 

(2.25) 

where m = 0, 1,2,..., and rect(w) = 1 for |m| < V-i, and 0 otherwise. The even profiles of the 

cross-section of the modal field (Fig. 2.5(a)) are represented by £(x) with even values of the 

integer m, and the odd profi les  (Fig.  2.5(b))  are represented by E{x) with odd values of  m. 

The integer m, therefore, indicates the number of half-cycles of variation of the truncated 

trigonometric function, E(x), over the interval [or - L' 12, a+ L' 12], Using the (p. q) mode 

number notation, we can, for example, approximate the cross-sectional profiles of Figs. 

2.5(a) and 2.5(b), the even (p, 0) mode and odd (p, 1) mode, wdth m = 0 and w = 1, 

respectively. It is possible to represent Eq. (2.25) in terms of a single sine series expansion 

of the form (e.g. [Bracewell 1978]) 

= s c. 4^] , 

where we use sine flmctions that are periodic over die length 2L, as in the Fourier method. 

We note that in the x dimension, L = Lx, and in the dimension, L = Ly. The modulus of the 

coefficient of the wth harmonic in the sine series expansion of the approximating function 

can dien be determined analytically as 

\c„\ sin ^ L )  I 2 

.  fnL'  
smc 

m + \  

\2L 2 J 

/  .  (nL'  m+\ 
+ (-1) smc + 

^  '  V 2 L  2  

(2.27) 

where L = Lx,  sinc(x) = sin(;cc)/;zx, and the integer n represents the nth harmonic of the sine 

function expansion. This Fourier analysis applies similarly to the cross-sectional profile 



along the y direction. Since neither the modal field nor the approximating function is band-

limited, we establish an effective (spatial) cutoff fi-equency for the spectrum of the sine 

series expansion of the approximating flmction by setting an arbitrary threshold of 10% of 

the peak value, as shown in Fig. 2.6. This simply means that all harmonics of the sine 

expansion that are higher than this cutoff fi-equency have coefficients with magnitudes that 

are less than 10% of that of the biggest coefficient, and are therefore small enough to be 

safely neglected. If we note that the integers, m and n, in Eq. (2.27) are always positive, and 

define the argimient of the first sine function in Eq. (2.27) as Q, we can determine the value 

of Q at which Eq. (2.27) is maximum for a range of m values (m = 0, 1,2,...). For example, 

in the case of m = 0, the peak is obtained when Q = -0.5. For larger values of m, the peak 

also shifts to larger values of Q. However, we have numerically verified that the position of 

the peak is bounded at 0 = 0 for m > 6 for the parameters considered here. Therefore, we 

can safely establish a cutoff fi-equency on the high firequency side of the peak 

(corresponding to Q>0) where the value of Eq. (2.27) is significantly smaller than the peak 

value. We have found that, in general, the cutoff frequency condition is satisfied when Q is 

greater than Q' = 2.75. Therefore, the number of sine harmonics along the x and directions 

is 

(2.28a) 

(2.28b) 
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Fig. 2.6 The normalized sine transform (modulus) of the cross-sectional profiles shown in Fig. 2.5. The 
points on the solid line represent the discrete spectrum of a sine series expansion of the 
approximating function, while the dashed line is the sine transform of the modal field's cross-
section (as computed by the FM) for (a) (p, 0) mode and (b) (p, I) mode. The dashed horizontal 
line represents an arbitrary threshold for the purpose of establishing a (spatial) cutoff frequency 
for the discrete spectrum. 
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where Q > Q\ and m is equal to q (or p) for the x (or y) dimension. We note that the 

position of the mode within the window, represented by the shift parameter a, is not 

important because Eq. (2.27) is independent of a. Once we determine the number of sine 

harmonics along the x and y directions in this fashion, we can reconstruct the modal field 

over the interval of interest, [0, L], using the double series expansion of the Fourier method. 

2.2.5. Discussion of Numerical Results 

The above techniques were implemented in a Fourier method algorithm and tested for a 

variety of homogeneous and diffused channel waveguides in the context of a design 

optimization program [Ramanujam et al. 1997]. Automatic scaling of the size of the 

computational window was required to account for the wide range of mode sizes that 

resulted when the waveguide parameters were varied. We implemented analytical solutions 

for the matrix element calculations even in the case of inhomogeneous reflective index 

profiles in order to avoid numerical integration, which is computationally time-consuming 

[Marcuse 1991: p. 321]. Nevertheless, it becomes extremely important to minimize the 

number of sine harmonics used in the Fourier method computation to ensure rapid 

convergence to an accurate solution. The results of our computations indicate that our 

method yields excellent modal field solutions for both low- and higher-order modes (see 

Fig. 2.7). The normalized dispersion curves of Fig. 2.8, the field (cross-section) plots of 

Figs. 2.9 and 2.10, and the effective index values listed in Tables 2.1 and 2.2 indicate that 

the accuracy of our method compares extremely well with that of other techniques such as 



65 

(a) 

(b) 

Fig. 2.7 Scalar field distributions corresponding to (a) the (0,0) mode = 12.5 Ly = 6.8 ^m. A', = 
10, Ny = 11, yV.ff = 1.4663) and (b) the (1,2) mode (L, = 14.9 tun, Ly = 7.3 ^m, N, = 16, Ny = 14, 

= 1,4514) for the strip waveguide parameters listed in Fig. 2.3. The air interface is at the 
depth position y = 0. These profiles were calculated using our extension to the FM. 
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the MOL [Rogge and Pregla 1993], the FDFD method [Schulz et al. 1990], and the semi-

vector finite-difference beam propagation method (FD-BPM). More significantly, the b-V 

diagram of Fig. 2.8 was generated using the FM for the broad range of V values shown, 

without having to manually re-scale the parameters of the computational domain. The 

relative error in the computation of b by the Fourier method is on the order of 10"^ or 

smaller. 

FM 
EIM 
FDFD 

V/7C = (2DAo)- \ (nf 2 - ns 2) 

Fig. 2.8 Normalized dispersion (or b-V) diagram for the lowest-order quasi-TE or £^^'oo mode (equivalent 
to the scalar (0,0) mode) of a step-index embedded-strip waveguide (the width and depth of the 
strip are 2 |im and 1 |im, respectively, and the index parameters are Wf = 1.47, n, = 1.44, = 
1.00). The b and V parameters are defined here as in [Kogelnik 1988] and [Rogge and Pregla 
1993]. 
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Fig. 2.9 Comparison of the cross-sections (at x = 0) of the scalar field solution ((0,0) mode) from the 
Fourier method and the ^ component of the £*^'oo or lowest-order quasi-TE mode of a step-

index, embedded-strip waveguide. The full-vector solution was computed by the FDFD method. 
The parameters of the strip waveguide are the same as in Fig. 2.3, with A = 1.831 ^m. 

In Fig. 2.9, the scalar solution by the Fourier method is compared to the dominant 

component of the electric field vector of the lowest-order quasi-TE mode as calculated by 

the FDFD method [Zhao 1996]. To avoid any confusion in the comparison with the modes 

of fiill-vector calculations, we define here the quasi-TE modes in the conventional sense to 

be those in which the dominant component of the electric field vector is parallel to the air 

interface (x direction) and orthogonal to the direction of propagation. This mode is also 

referred to in the literature as the mode where the indices, p and q, are related to the 

number of half-cycles of field variation along the >- and x directions, respectively. According 

to this notation, the dominant electric field component of the lowest-order quasi-TE mode is 

the component of the oo mode. There is in general excellent agreement between the 

field solutions of the two methods. However, there is some discrepancy at the air interface 
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Fig. 2.10 Comparison of the ,, field component of a quasi-TMoo mode in a KTP channel, calculated by 

the scalar FM and the semi-vector BPM. The cross-sections of the field are shown (a) for the>' 
direction at x = 0, and (b) for the x direction at >• = -1.1. The air interface is at = 0. 
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(y = 0), where the error is attributed to the coarse discretization employed in the FDFD 

method in the vicinity of the refractive-index discontinuity. The field solutions from our 

extended Fourier method for quasi-TM modes are also compared to those of the semi-

vector BPM. In this case, we utilize the semi-vector approximation of Eq. (2.10) to 

calculate the discontinuous field. In Figs. 2.10(a) and 2.10(b), we show that the agreement 

with BPM calculations [Rivera 1996], for the Sy component of a quasi-TMoo mode of a 

KTP charmel waveguide, is very good. Again, the discrepancy in the field discontinuity at 

the air interface (y = 0) in Fig. 2.10(a) is due not to any error in the FM but rather to the 

fact that the BPM does not sufficiently resolve the field discontinuity. This is attributed to 

the inherent limitations in the BPM's finite-differencing formulation where refractive 

index discontinuities are present [Stem 1988]. Table 2.1 lists the h and A'efr values for the 

scalar (0, 0) or quasi-TE mode as computed by the EIM, FM, and MOL, and Table 2.2 lists 

these values for the quasi-TMoo mode, for which the semi-vector perturbation technique has 

been used to correct the scalar propagation constant. Our results for the normalized 

propagation constant are in excellent agreement with the full-vector calculations by the 

MOL for the step-index embedded-strip guide. 

The effectiveness of the 2-D WKB algorithm to estimate the decay rates and turning 

points was verified by comparing the values of the field strength at the computational 

boundary (after using the Fourier method) with the values, C^, Cy^, and C«, specified in Eq. 

(2.24a), Eq. (2.24b), and Eq. (2.24c), and both were in excellent agreement. However, 

because the EIM is employed in the 2-D WKB technique to estimate the effective refractive 
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^ (nm) b = ( N  eff ^ (nm) 

EIM FM MOL EIM FM MOL 
875 0.11523 0.05498 0.0535 1.44349 1.44167 1.44162 
750 0.22078 0.18039 0.1791 1.44668 1.44546 1.44542 
625 0.94549 0.33633 0.3355 1.45083 1.45016 1.45013 
500 0.51784 0.50710 0.5076 1.45561 1.45529 1.45531 
375 0.68339 0.67901 0.6801 1.46057 1.46044 1.46047 

Table 2.1 Effective index values {b and of the lowest-order quasi-TE or £*^'oo mode (equivalent to the 
scalar (0,0) mode) for representative values of /lo as computed by the EIM, FM and MOL (see 
Table 11 of [Rogge and Pregla 1993]). The waveguide parameters are the same as in Fig. 2.8. It is 
important to note that our £*^'oo mode corresponds to the HE^ mode in [Rogge and Pregla 1993], 

/lo (nm) b = { N l ^ - n  /lo (nm) 

FM MOL FM MOL 
825 0.0119 0.0168 1.440361 1.440509 
750 0.1380 0.1362 1.444178 1.444123 
625 0.2933 0.2994 1.448862 1.449047 
500 0.4852 0.4824 1.454633 1.454549 
375 0.6672 0.6661 1.460085 1.460051 

Table 2.2 Comparison of normalized propagation constants, Z>, and effective refractive index values, 
from the Fourier method (FM) and the method of lines (MOL) [Rogge and Pregla 1993]. The 
values are for the quasi-TMoo mode of a step-index embedded-strip waveguide with = 1.44, 
Mf = 1.47, a channel width of 2 ^m, and a channel depth of 1 jim. The superstrate is air, and ^ 
is the free-space wavelength. 

indices which, in turn, are used to estimate the dimensions of the numerical window, there 

is some loss of accuracy when computing the degenerate modes of buried channel 

waveguides with uniform, square cores. 

The optimality of the truncation order obtained by the technique presented here was 

verified by examining the convergence of the normalized propagation constant with respect 

to the truncation orders of the double sine series expansion. The truncation order along each 



71 

direction was tested independently by retaining an arbitrarily large, fixed number of sine 

harmonics in the orthogonal direction. The convergence results in Fig. 2.11 for both a step-

index embedded-strip waveguide and a diffused, ferroelectric channel waveguide clearly 

indicate that our estimation of the truncation order, using the tnmcated trigonometric 

approximating fimctions, is nearly optimum. The A'eff values obtained using the technique 

here were within 10"^ of the asymptotic values that were computed using an arbitrarily large 

truncation order. The estimation of the truncation order may be made more accurate (i.e, A'eff 

values even closer to the asymptotic limit) simply by selecting a larger value of the 

parameter, Q. It should be remembered that the value of Q was chosen by specifying an 

arbitrary threshold of 10% in the spectrum of the sine series expansion. A lower threshold 

would mean the retention of a larger number of sine harmonics, and consequently a larger 

value of Q. Although the choice of the truncated, trigonometric approximating fimctions 

may appear to be less than optimal, we are justified in using them because their sine series 

expansion can be calculated analytically, and because the numerical evidence indicates that 

they are in fact more than adequate to determine the truncation order efficiently. Certainly, 

there may exist other approximating fimctions that yield better convergence results, but the 

trade-off between accuracy and computational speed would also have to be considered. 

The computation time for a well-confined mode was only a few seconds on a PC 

with a 60MHz Pentium processor because only a few sine harmonics were required. As 

cutoff is approached, the modal field spreads further into the substrate, and a larger 

computational window is required to enclose the mode. Consequently, more sine harmonics 



72 

CN 
(/3 
c 

I 

cs 
C 

CN 

V 

II 
X )  

0.60 

0.56 

0.52 
(A 

C 

0.48 

Z 0.44 

0.40 

# b vs Nx (with Ny=25) 
—A— b vs N, (with N*=25) 

.r— 

3 6 9 12 15 18 21 24 27 30 

CNJ 
(/3 
c 

I 

(N 
c 

cs 

0.35 

0.31 

•N 0.27 
(/» 

c 

0.23 

V 

Z 0.19 

0.15 

(a) 

' # b vs N* (with Ny=25) 
—A— b vs Ny (with N«=25) 

i"  

3 6 9 12 15 18 21 24 27 30 

TRUNCATION ORDER (Nx or Ny) 

(b) 

Fig. 2.11 Convergence of the normalized propagation constant, b (computed by the Fourier method), as a 
function of the truncation order, /V, (or A^^), for a fixed value of Ny (or = 25. The vertical lines 
represent the truncation orders {Nj': solid line, Ny': dashed line) which were estimated by our 
extended Fourier method. Results are for the lowest-order scalar modes of (a) the step-index 
embedded-strip waveguide of Fig. 2.8, with A = 0.5 |mi, N/ = 17, Ny' = 18, and (b) a diffused 

KTP wavegide, with A = 0.85 (im, N^' = 22, Ny = 20. The K.TP waveguide parameters are: n{x, 
y) = n^ + An erfc(->'/D) rect(2x/ffO; "s = 1.84036, An = 0.025, D = 3.0 nm, tV= 3.1125 |im, = 
1.0. 



are required, and computation time and storage requirements increase accordingly. Even so, 

we were able to compute normalized effective index (b) values as small as 0.0039. 

However, the accuracy of our method may be questionable near cutoff because the WKB 

method, which is being used to estimate the size of the computational window, 

overestimates the effective-index values near cutoff This results in a computational 

window that is perhaps not sufficiently large. The MFDM of Hewlett and Ladouceur [1995] 

partly resolves this problem of computing modes efficiently near cutoff by compressing the 

coordinate space and thereby limiting the size of the computational window to the unit 

square. As a result, fewer sine harmonics may be required for the computation. However, 

we believe that the MFDM would be more useful when used in conjunction with our 

technique to estimate the near-optimum number of sine harmonics. We also note that, for 

modes near cutoff, the turning points are closer to the peaks of the field distribution. 

Although the truncated trigonometric function is then not as good an approximation to the 

actual modal field as it is in the case of well-confined modes (see Fig. 2.5), the estimated 

number of sine harmonics is always more than the exact (minimum) number that is required 

as shown in Fig. 2.6. The reason for this is that the truncated approximating function, in 

addition to being narrower than the actual mode, has comers, or a discontinuous slope (and 

consequently, impulsive higher derivatives) which means that its transform has a smaller 

degree of compactness than the transform of the actual modal profile [Bracewell 1978: p. 

144]. Hence, we will, in the worst case, overestimate the required number of sine terms. 
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This corresponds to a moderate increase in computation time and storage but not to any loss 

of accuracy. 

Finally, even though the Fourier method is competitive in many cases with even 

rigorous full-vector methods for modal analysis in terms of accuracy, its principal purpose is 

to provide fast design solutions which can then be verified using accurate, rigorous 

algorithms. The Fourier method is also important for the improved performance of iterative 

techniques such as the fmite-differenced time domain (FDTD) method pCiao et al. 1994] 

because it can provide very good initial conditions that will allow an iterative scheme to 

converge faster. 
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2.3. ANALYSIS AND OPTIMIZATION OF CHANNEL WAVEGUIDES FOR 

EFFICIENT SHG 

Quasi-phasematched (QPM) second harmonic generation (SHG) in waveguides promises 

high-power, compact laser sources for a variety of applications in areas such as optical 

data storage [Tatsuno and Takahashi 1991], color laser printing, and optical spectroscopy. 

It is clear that the SHG conversion efficiency depends on not only the strength of the 

particular nonlinear coefficient but also the spatial overlap of the transverse modes at the 

fundamental and second harmonic wavelengths. With a better understanding and control 

of the diffusion process used to fabricate the inhomogeneous waveguide, as has already 

been demonstrated in LiNbOs [Bortz and Fejer 1991], it is possible to optimize the linear 

modal properties to obtain high SHG conversion efficiency by tailoring the structure of 

the diffiised waveguide. The amount of second harmonic power that can be obtained in 

this manner also depends on the length of the waveguide. However, the effective physical 

length of the waveguide is limited by the distance over which the nonlinear SHG 

interaction is coherently phasematched. Phase mismatch often occurs in practice as a 

result of non-uniformity in the channel thickness, refractive index, and surface roughness. 

The effective length of the interaction is represented in the form of a coherence length. 

Therefore, it is not only important to increase normalized SHG efficiency but also to 

ensure that the nonlinear interaction is non-critically phasematched, i.e., there is an 

interaction length on the order of at least a few millimeters over which the fundamental 

and second harmonic waves are essentially quasi-phasematched [Byer 1994]. 



2.3.1. QPM-SHG in Diffused Channel Waveguides 

The formal calculation of SHG conversion between any two guided modes at the 

fundamental and second harmonic wavelengths requires the solution of the two coupled 

nonlinear equations in Eq. (2.5). We begin here with Eq. (2.6), the equation expressing 

the rate of mutual conversion between the fundamental and second harmonic waves in the 

SHG interaction. Defining x and y as the lateral and depth directions, respectively, in the 

transverse plane of the waveguide's coordinate system, the normalized internal SHG 

conversion efficiency for a phasematched interaction in a uniform QPM grating can be 

expressed as [Suhara and Nishihara 1990, Bortz et al. 1994] 

where q has dimensions of (W cm^)"', Nci is the effective refractive index of the guided 

mode at  angular  frequency Q. = co,  2co,  Gq (y)  is  the normalized,  depth-dependent ,  q^-

order, Fourier coefficient of the periodic nonlinearity, d (y) is the depth-dependent 

distribution of the nonlinear coefficient (normalized with respect to the bulk value, 

<5^33_bulk), and is the transverse modal field distribution at frequency Q (Eq. (2.29) has 

been normalized to unit power). Gq (y) is equal to unity for a first-order QPM interaction 

{q = 1) in the case of rectangular domains with a 50 % duty cycle; this corresponds to the 

type of structures (electric field-poled KTP and LiTaOs guides) that we examine here. 

As discussed before, the distribution of the nonlinear coefficient, d (y), can be 

non-uniform in armealed ion- (or proton-) exchanged waveguides due to a degradation of 

\ jG^(y)d{y)  C^x,y)dxdy 

'^dxdy 
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the nonlinearity near the waveguide surface during waveguide fabrication. In general, the 

distribution of the nonlinear coefficient is approximately zero in the proton-exchanged 

region near the surface, and assumes the value of the unprocessed bulk crystal deeper in 

the substrate. The nonlinearity can be recovered with sufficient post-exchange annealing 

of  the waveguide,  hi  our calculat ions,  we assume mostly a  uniform distr ibution for  d iy)  

in both KTP and LiTaOs with the corresponding implicit assumption that the waveguide 

is well annealed. Nevertheless, we also examine the effect of degradation of the 

nonlinearity due to ion exchange by calculating the conversion efficiency for a step 

function distribution of d (y) in both KTP and LiTaOs. hi addition, the normalized bulk 

nonlinear coefficient is 

\nq) 

(2.30) 
'  33 BULK '  

and we assume i/33 bulk values of 18.5 pmA'^ and 26 pmA^ for KTP [Vanherzeele and 

Bierlein 1992] and LiTaOs [Kurtz et al. 1979], respectively. 

We can also write the normalized SHG efficiency as 

v - n  , 

(2.31) 

where 

r = 
^j j^^dxdy 

jj (2.32) 

is a normalized mode confinement factor with dimensions of ^un and 



7 = 
{y)d{y)  ̂ ix ,y)  Cix,y)dxdy 

yjW 'fo,(x,y)dxciy^ jj c^dxdy (2.33) 

is a dimensionless mode overlap factor. Note that the mode confinement factor, as we 

have defined it here, is normalized with respect to the effective area of the diffused 

channel waveguide, and is not to be confused with the conventional definition, which is a 

dimensionless quantity [Vassallo 1991: p. 75]. The mode overlap factor can have values 

which range from zero, corresponding to no overlap, to unity, corresponding to perfect 

overlap, provided that Gq(y) and d (y) are unity. The importance of the distinction 

between mode confinement and mode overlap, which has not been made thus far in the 

waveguide-SHG literature, will become evident in the following sections, especially 

Chapter 3. 

2.3.2. Mode Conflnement, Mode Overlap, and SHG Efficiency 

As stated earlier, the normalized, internal SHG conversion efficiency depends on a 

variety of factors including the mode confinement factor, F, and mode overlap factor, ^ . 

To better understand the effect of mode confinement on efficiency, we simulated first the 

variation of the effective thickness of the modal field (along either the lateral or depth 

direction) with respect to changes in the channel's width and depth. These simulations 

were carried out using the semi-vector Fourier method [Ramanujam et al. 1996] which 

was described in Section 2.2. It is well-known that in planar waveguides, the effective 

thickness tends to infinity as the guide thickness is decreased toward the cutoff thickness. 



79 

The effective thickness also increases, albeit monotonically, when the guide thickness is 

increased toward infinity. In between, the effective thickness has a minimum [Kogelnik 

1988: pp. 18-20]. The point at which the effective thickness is minimum corresponds to 

maximum mode confinement. The effective thickness of the channel mode along any 

particular direction is defined to be the distance between the l/e points of the evanescent 

tails of the field distribution. As an example. Figs. 2.12(a) and 2.12(b) show the operating 

points (channel width and depth) at which such regions of maximum mode confinement 

exist at XQ, and X2at, respectively, for a Rb-exchanged KTP channel waveguide along the 

lateral direction. The refractive index of the substrate, n^, was assumed to be 1.84036 at 

Xco = 860 nm and 1.94148 at Xja, = 430 nm for hydrothermally-grown KTP [Vanherzeele 

et al. 1988], and the surface index increase. Aw, was assumed to be 0.025 at /la,. At X20), 

assuming a value of 1.25 for the constant of proportionality or, where A«(26j) = aAn{co) 

[Roelofs et al. 1994], the surface index increase was calculated to be 0.03125. Refi-active 

index profiles of the form, «(x,>') = rt, + Aw-/(2x / PF) •g(>'/ D), were used, and 

complementary error function (erfc) and step-index profiles were assumed for the depth 

(y) and lateral (x) directions, respectively [Roelofs et al. 1994]. As mentioned in Section 

2.3.1, the normalized distribution of the crystal nonlinearity was assumed to be unity, 

even in the ion-exchanged region. The effect of a "dead layer" at the surface, where the 

nonlinearity is effectively zero, was also considered and will be described in Sections 

2.3.3 and 2.3.5. 
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While mode confinement contributes significantly to the maximization of 

efficiency, it is important to understand the effect of mode overlap as well. To this end, 

we simulated the variation of the degree of overlap, 7 , of the lowest-order modes at Xa, 

and Xjai for KTP and LiTaOs channel waveguides (see Figs. 2.13(a) and 2.13(b)) as a 

function of charmel width and depth. The parameters for the KTP guide are the same as in 

Fig. 2.12. For a well-annealed, proton-exchanged (APE) LiTa03 guide, the measured 

parameters  are:  Aa, = 860 nm, f isCa?) = 2.1525,  nsClco) = 2.2614,  Afi(co) = 0.01,  and A/j(2co) 

= 0.02 [Davis and Gupta 1995], with exponential and Gaussian refractive-index 

distributions in the depth and width directions, respectively [Davis and Gupta 1996]. In 

Figs. 2.14(a) and 2.14(b), we show the number of transverse modes at Aaj for the same 

KTP and LiTaOs guides. It is clear from Fig. 2.13 that the mode overlap improves as the 

guide dimensions increase to support more modes, albeit at a very slow rate. Although it 

is not obvious from Fig. 2.13, we have found, from calculations performed over a wider 

range of channel dimensions, that a plateau develops in the contour plot for mode 

overlap; the location of the maximum possibly corresponds to the optimum dimensions of 

the guide. In Fig. 2.14, we also show the dimensions for which we can ensure that the 

guide is single-moded at Aa,. This is important for maximum power coupling between the 

external pump and the waveguide's fundamental mode. 

However, it is ultimately important to consider the effect of mode confinement 

and mode overlap on efficiency simultaneously. We therefore computed the variation of 

normalized internal SHG conversion efficiency, rj, as a function of channel dimensions 
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for both KTP and LiTaOs (see Figs. 2.15(a) and 2.15(b)). The guide parameters are the 

same as in Fig. 2.13. It is not too surprising that the efficiency decreases as the channel 

width increases; the efficiency is inversely proportional to No, and N2a>, which increase as 

the channel dimensions increase. Note that a plateau is clearly forming in the efficiency 

contours for the LiTaOs guide, although the dimensions at which the efficiency is 

maximum is different from those at which mode overlap is maximum. From these curves, 

one can determine optimum dimensions for a single-mode guide (with a specific surface 

index increase) to obtain the highest-possible SHG conversion efficiency between the 

lowest-order transverse modes. These curves were re-computed for other wavelengths of 

interest, particularly Aa, = 780 nm and Ao, = 980 nm, and the results are shown in Figs. 

2.16 and 2.17. Normalized internal conversion efficiencies of up to 800 %/W cm^ have 

been experimentally obtained in KTP structures using QPM techniques [Eger et al. 1994], 

in good agreement with our theoretical results for KTP (779 %/W cm^). 

2.3.3. Waveguide Optimization for High SHG Efficiency 

The question that naturally follows is: can we also change the surface index increase to 

improve SHG conversion efficiency? To answer this question by a parametric variation 

that includes the effect of changes in surface index would be computationally prohibitive. 

Instead, we incorporated a multi-parameter optimization method which seeks the 

optimum waveguide parameters — width, depth, and surface index increase — to 

automatically obtain the highest-possible conversion efficiency with the built-in 
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constraint of single-mode operation. The optimization algorithm that we used was the 

robust downhill simplex minimization method by Nelder and Mead [1965], the details of 

which can be found in standard references for numerical analysis [Press et al. 1988: pp. 

289-293]. 

The essence of our optimization method is to maximize (or to minimize the 

negative of) a figure of merit, which can be the normalized SHG efficiency, r], in Eq. 

(2.29), or any other parameter of interest that can be determined by a ftmction evaluation. 

An important feature of our problem is that tj is a. nonlinear function of the waveguide 

parameters. Aw, IV, and D, and hence linear, algebraic techniques such as the bi-conjugate 

gradient method [Lanczos 1950], which involves the successive minimization of an error 

or residual vector, are not applicable. Some multivariate minimization algorithms further 

require the evaluation of the gradient of the flmction which, if possible, allows the 

optimization to proceed more efficiently towards the minimum. 

In our case, the calculation of the gradient is computationally prohibitive, and we 

must resort to multivariate optimization techniques such as the downhill simplex method, 

which requires only ftmction evaluations. In this technique, the initial estimate for the 

optimum point in the multiparameter space is moved methodically towards a minimum 

by evaluating the function at small excursions from the initial point. The procedure of 

taking these small, systematic steps can be extremely slow, but this disadvantage is 

outweighed by the fact that the technique can be robust — if a minimum exists, it will 

eventually be located. The question of whether a minimum exists at all, which essentially 
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corresponds to when the search is to be terminated, and whether it is a global or local 

minimum, is important. Convergence to a minimum is accomplished when the "step-size" 

at each iteration is smaller than some specified tolerance. However, since it is difficult to 

ascertain whether the solution is a local or global minimum, the method is re-started from 

the "solution", and if this solution is a global minimum, the method will re-converge to 

the same solution. Constrained optimization is often necessary in certain problems, and in 

our case, this amounts to finding the set of parameters of a waveguide for maximum SHG 

efficiency such that the guide supports a single mode at Ajy, and that the waveguide 

parameters — An, W, and D — are limited to user-specified maximum (or minimum) 

values. This constrained optimization is accomplished by introducing a "damping factor", 

which artificially suggests to the algorithm that it is moving away from the minimum 

when the parameter limits are exceeded, or when the guide becomes multi-moded for a 

given set of parameters. 

An important issue in the automatic variation of the waveguide parameters is the 

use of an appropriate dispersion model. The index inhomogeneity in these ion- (proton-) 

exchanged waveguides, which was expressed earlier in Eq. (2.8), and which can be 

represented in general as 

rt(x,/;/l) = n,(/l) +AH(x,y;i) , (2.34) 

arises from the diffusion of ions into an otherwise homogeneous substrate. The 

concentration profile of these indiffused ions then determines the spatial distribution of 

the refractive index after ion exchange. As discussed earlier, a linear relationship between 



the surface index increase and the concentration profile in ferroelectric crystals may be 

assumed if the waveguide is well annealed. However, the linear relationship may not be 

valid in general because of the internal stresses arising from structural changes in the 

crystal during ion exchange, and because of possible phase transformations of the crystal 

itself. In view of this, and assuming a separable index profile, we have 

^n{x ,y• ,X)  = A«(/l)-/(2x/^)-g(>'/D) = a(A)f{C{x,y))  , (2.35) 

where f {C)  is, in general, an arbitrary, nonlinear fxmction of the ionic concentration, C. 

The effective width and depth parameters, IV and D, of the graded-index profiles are 

assumed to be independent of wavelength, and only the increase of the surface index is 

dispersive. In LiTaOs waveguides, it has been shown that the refractive index increases 

with proton concentration, but above a certain critical proton concentration in the melt, 

the refractive index decreases with increasing proton concentration. In our optimization 

scheme, by assuming monotonically-decreasing refractive index profiles, we have 

implicitly assumed that the refractive index is increasing, albeit possibly nonlinearly, with 

increasing proton concentration. Mathematically, for the case of the depth direction, we 

have 

i . ^ d f d C  ( 2 . 3 6 )  
=  a \ A ) —  , 

dy ^ ' dC dy 

where df  jdC is assumed to be positive because dCjdy is always negative as a result of 

the diffusion process [Vohra et al. 1989]. This monotonically-increasing relation between 

index and ionic concentration, which we have assumed, is similar to results that were 
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experimentally obtained in proton-exchanged LiNbOs waveguides [Howerton et al. 

1991]. This assumption is quite reasonable for KTP waveguides, but may be acceptable 

for LiTaOs only if the guide is suitably annealed (or, more precisely, if the original crystal 

phase is maintained). With this, we have a simple rule for scalability of the refractive 

index: if the refractive index is known initially at the fundamental and second harmonic 

wavelengths, then a fractional change in the index at caused by a change in the ionic 

concentration level, will result in an equivalent fractional change in the index at It 

should be made clear that we have not described an explicit model for the evolution of the 

proton concentration profile; rather, we have only made some judicious assumptions as to 

how the surface index can be systematically varied, at both fundamental and second 

harmonic wavelengths, within the optimization routine. 

We optimized KTP and LiTaOs waveguides for high, normalized SHG conversion 

efficiency between two lowest-order quasi-TMoo modes, and the LiTaOs guide separately 

for SHG between the lowest-order TMqo mode at Xoj and the higher-order TMio mode 

(with two lobes in the depth direction) at 

For a TMoo-to-TMoo SHG interaction in the KTP guide, we theoretically increased 

the normalized efficiency from 779 to 2920 %/W-cm^, while maintaining single-mode 

operation. The optimization resulted in a reduction of the channel v^dth from 3.1125 to 

0.86 |im, a reduction in the channel depth from 3.0 to 2.317 |im, a substantial increase in 

surface index at Aq, from 0.025 to 0.083, and a similarly large increase in surface index 

increase at Aja, from 0.03125 to 0.1031 (see Figs. 2.18(a) and 2.18(b)). The mode overlap 
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Fig. 2.18 Plots showing mode overlap and mode confinement for a TMoo(IA)-to-TMoo(2A>) SHG 

interaction in a KTP guide (a) before optimization (An(w) = 0.025, An(2a)) = 0.03125, T] = 

0.666, R = 0.14 ^m'^, = 779 %/W cm^), and (b) after optimization, = 0.083, A/j(2(2;) 

= 0.103, 7 = 0.663, R = 0.545 |im"% Q = 2921 %/W cm"). The effective channel dimensions 

before and after optimization are depicted by the rectangles in each figure. Solid contours 
correspond to 6%^ and dotted contours correspond to ( 



factor changed very little with the optimization — from 0.666 to 0.663 — but the mode 

confinement factor increased significantly from 0.140 to 0.545 ^m"^. The increased mode 

confinement at Aa, is clearly evident in Fig. 2.18(b). To fabricate these waveguides with 

high An, it may be necessary to increase not only the concentration of the substitution ion 

in the melt but also the diffusion temperature. In the case of certain ions such as Rb"^, 

even a 100 % ionic substitution, which effectively results in a RTP layer at the surface, 

gives a maximum index increase of about 0.025 at the surface. However, a higher surface 

index increase may be possible with other substitution ions; for example, with a thallium 

ion (TP) exchange, it is possible to obtain An = 0.23 at Ao) = 0.633 ^m [Bierlein et al. 

1987]. The depth of diffusion may be controlled by varying the diffusion time. In KTP 

waveguide fabrication, the absence of side-diffiision can be utilized to design narrow 

charmel guides with the minimum width being limited by the particular channel 

patterning technique used. 

The effect of a "dead layer" at the surface, where the nonlinearity is effectively 

zero, was also considered by computing the normalized conversion efficiency as a 

fimction of the depth of the dead layer for both KTP and LiTaOs waveguides. The 

distribution of the normalized nonlinear coefficient, d (y), was assumed to be a step 

function, ranging from zero, within the dead layer, to unity, in the part of the substrate 

that is beyond the ion-exchanged region. The depth of the dead layer was varied from 

zero to 1.2 |a.m while its width was set equal to the effective width of the channel 

waveguide. Both unoptimized and optimized KTP and LiTaOs waveguides were 



examined for a TMoo-to-TMoo SHG interaction (see Fig. 2.19). The parameters of the 

KTP waveguide before and after optimization were the same as in Fig. 2.18. The 

parameters for the unoptimized LiTaOs waveguide were as in Fig. 2.13, with An(Q)) = 

0.01, An(2cD) = 0.02, D = 3.29 (om, and JV = 4.75 |im, and with exponential and Gaussian 

refractive-index distributions in the depth and width directions, respectively. After 

optimization, the parameters for single-mode operation were: An(Q)) = 0.0271, An(2Q}) = 

0.055, D = 2.10 fxm, and fV = 2.70 |am, and the internal, normalized SHG conversion 

efficiency was 634 %/W cm^. In ail these cases, Aa, was 860 nm. As with the KTP guide, 

the optimization of the LiTaOs structure resulted in a waveguide with a large surface 

index increase and small dimensions, and consequently a tightly-confined mode. 

To better understand the effect of increasing SHG efficiency in this manner near 

non-critically-phasematched regimes of operation, we examined SHG conversion 

between the lowest-order mode at Aa, and the quasi-TMio mode at A2a, for the LiTa03 

charmel waveguide. It is known [Bortz et al. 1994] that such non-critical points exist 

(away from modal cutoff) for normalized thicknesses where the differential slopes of the 

dispersion curves of the flmdamental and second harmonic modes are equal. Using our 

optimization routine, we were able to increase the normalized efficiency from 312 to 

1561 %/W cm^, while maintaining single-mode operation. Again, the optimization 

resulted in a reduction of the channel width from 4.75 to 1.782 f^m, a reduction in the 

charmel depth from 3.29 to 1.224 |im, a substantial increase in surface index at Ao, from 
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Fig. 2.19 Plots of normalized internal SHG conversion efficiency, rj, versus the thickness of the dead 
layer, ol, for (a) KTP, and (b) LiTaOj channel waveguides. Left ordinate corresponds to 
efficiency values before optimization, and right ordinate shows the results for an optimized 
structure. 
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0.01 to 0.053, and a similarly large increase in surface index at Aaa, from 0.02 to 0.123. 

The mode overlap factor changed very little with the optimization — from 0.528 to 0.524 

— but the mode confinement factor increased significantly from 0.056 to 0.290 |im~^. 

2.3.4. Phasematching Tolerances 

The increase in efficiency due to tight mode confinement comes however at the expense 

of coherence length in KTP. In Figs. 2.20(a) and 2.20(b), for the TMoo-to-TMoo SHG 

interaction, we show plots of the phasematching wavelength versus channel width before 

and after optimization, respectively, for various QPM grating periods (in jam). Assuming 

a tolerance of 0.2 jim for errors in the charmel width, we obtain wavelength detiming of 

about 1 nm. With a normalized wavelength tuning bandwidth of AAZ. = 5.76 A cm, we 

calculate a coherence length of 5.76 mm before optimization. It is evident from Fig. 2.20 

that the (absolute) slope of the phasematching contours increases significantly after 

optimization. We note that for the same tolerance to error in the channel width, we now 

obtain a normalized wavelength timing bandwidth of 1.40 A-cm and a coherence length 

of 0.13 mm. 

When the phasematching contours of the TMoo-to-TMio SHG interaction in 

LiTaOs are plotted (see Figs. 2.21(a) and 2.21(b)), one can see clearly that a turning point 

exists both before and after optimization. The extremum in the contour, corresponding to 

is the operating point at which there is a large tolerance for errors in the charmel width. In 

0 , 
(2.37) 
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Fig. 2.21 Plots of quasi-phasematching wavelength versus channel width for a TMoo(^u)-to-TMio(2a;) 
SHG interaction in LiTaOj (a) before optimization (An(a))  = 0.01, An(2o}) = 0.02, fV = 4.75 

(im, D = 3.29 |im, rj = 0.528, F = 0.057 ^m"", ;/ = 312 %/W cm^), and (b) after optimization 

{An((o) = 0.053, Anilw) = 0.123, = 2.10 |im, D = 1.224 \m,lj = 0.526, F = 0.288 ^m'^ rj 
= 1554 %/W cm^), for various QFM grating periods (in |im). 



this particular case, again assuming a tolerance of 0.2 |am for errors in the channel width, 

and with a normalized wavelength tuning bandwidth of AA-Z, = 5.24 A-cm, we calculate a 

coherence length of 157.2 mm before optimization. After optimization, we obtain a 

normalized wavelength tuning bandwidth of 1.05 A-cm and a coherence length of about 9 

mm. Even though the optimization calls for a mean charmel width of 1.782 jim for peak 

efficiency, the non-critical phasematching requirement dictates that the mean width 

should be about 2.10 |im. Fortunately, the efficiency does not decrease significantly in 

shifting from a channel width of 1.782 |am to 2.10 |am. 

Also shown in Fig. 2.22 are the curves depicting phasematching wavelength 

versus channel width for the TMoo-to-TMoo SHG interaction in a LiTaOa channel 

waveguide, both before and after optimization. Before optimization, it is evident that 

there are no non-critical phasematching points for the range of effective channel widths 

shown. Notice also that the single-mode and 2-mode regions are clearly differentiated in 

Fig. 2.22(a) by the dashed vertical line. After optimization for high SHG conversion 

efficiency, this time with An(co) = 0.08, An(2Q}) = 0.16, D = 0.92 ^m, and W= 2.9 ^un, the 

dispersion curves of the modes at the ftmdamental and second harmonic wavelengths 

were modified such that interesting non-critical phasematching points now appear, as 

shown in Fig. 2.22(b). The familiar extrema, which were seen earlier in the 

phasematching contours in Fig. 2.21, are present for W= 2.90 |am at the range of pump 

wavelengths shown. Similar non-critical phasematching regimes were reported earlier in 

LiTaOs but for a different set of parameters [Ramanujam et al. 1997]. A potential 
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Fig. 2.22 Plots of quasi-phasematching wavelength versus channel width for a TMoo(o3)-to-TMoo(2co) 
SHG interaction in LiTaOa (a) before optimization iAn(co) = 0.01, Anilcui) = 0.02, fV = 4.75 
(im, D = 3.29 fun, rj = 216 %AV cm"), and (b) after optimization {An(Q)) = 0.08, A/j(2<y) = 

0.16, fV = 2.90 nm, D = 0.92 urn, q = 1532 %AV cm^), for various QPM grating periods (in 
|im). The dashed vertical lines represent the boundaries between the 1-mode and 2-mode 
regions in both (a) and (b). 
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disadvantage, however, is that the extrema occur for a guide which now supports two 

transverse modes at the fundamental wavelength. This may require either selective 

coupling at the input to the lowest-order mode, or an adiabatic tapering of the waveguide 

between the input and SHG sections. The SHG efficiency for 2-mode operation, at fV = 

2.9 |im, in this LiTaOs waveguide is 1532 %/W-cm^, whereas the efficiency for single-

mode operation, at = \ .392 jim, is slightly larger at 1562 %/W cm^. However, this is at 

the expense of non-critical phasematching (see Fig. 2.22(b)). 

2.3.5. Discussion of Numerical Results 

The results of our simulations indicate that the normalized SHG conversion efficiency is 

fairly insensitive to changes in the channel width and depth for low surface index 

increase. Even so, there are optimum dimensions for the waveguide at which the 

efficiency is maximum, and inhomogeneities in the charmel (width and depth) should not 

cause the second harmonic power to fluctuate as long as the interaction is phasematched. 

The results of the optimization also indicate that the normalized SHG efficiency 

can be increased three- to five-fold by the increase of the surface index of the waveguide. 

This is due mostly to the improved mode confinement at the flindamental wavelength. 

This increase in efficiency can be accomplished for both lowest-order and low-to-higher-

order SHG interactions. These tight-confmement waveguides with large surface index 

increase may be achieved using Tr ion exchange in KTP, and proton exchange from an 

undiluted proton source such as pure benzoic acid in the case of LiTaOs. In the latter case. 
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care should be taken because, as discussed earlier, the relationship between refractive 

index and proton concentration is not completely understood. A more thorough 

optimization of LiTaOs waveguides should consider non-monotonically-decreasing, 

buried, index profiles, which occur in proton exchanged waveguides that are annealed 

only for a short time and therefore contain mixed crystalline phases. However, we have 

not yet considered this because a more complete characterization, involving direct 

measurement of proton concentration and refractive index, along with a better 

understanding of the crystalline phase transformations as a function of proton 

concentration, is first required. Nevertheless, preliminary experimental evidence has been 

obtained recently to support the theoretical results and optimized designs presented here. 

For example, Yi et al [1996] have shown that by using a two-layer Ta-Si02 mask during 

the quick heat treatment step following the proton exchange, Li-outdiffusion from LiTaOs 

waveguides can be suppressed. It is believed that this prevents any phase transformations, 

thereby maintaining the original crystal phase and nonlinearity. They also pointed out that 

when the waveguide formation by proton exchange is followed by a relatively short 

anneal (5 min at 400 °C) in the presence of a Si02 mask above the proton-exchanged 

region (to prevent Li-outdifflision once again), a diffused channel waveguide with a 

tightly-confined mode can be obtained. The internal normalized SHG conversion 

efficiency was measured by them to be 1500 %AV-cm", similar to our theoretically-

predicted value of 1562 %/W-cm^ for the optimized waveguide of Fig. 2.22(b), with 

single-mode operation at W = \ .392 fim. Although the channel waveguide's effective 
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dimensions and surface index increase were not described by those authors, the strong 

mode confinement, together with the fact that the original crystal phase is maintained and 

the structure is annealed for a short time, indicates that the waveguide very likely has 

small dimensions and a relatively large surface index increase. It should be kept in mind 

that, because these results suggest a very narrow channel waveguide with high index 

contrast for improved SHG conversion efficiency, the advantage of this design has to be 

weighed against the resultant deterioration in power handling capacity. 

A shortcoming in these high-efficiency designs is the resultant reduction in 

coherence length in KTP due to the fact that the interaction is critically phasematched. 

This is not too surprising when one realizes that in waveguides with large surface index 

increase, the effective refractive indices are much more sensitive to changes in the 

structiu-al parameters (channel width and depth). Conversely, a waveguide with small 

surface index increase will have effective refractive indices that are less sensitive to 

fluctuations in the channel width and depth, but at the expense of high, normalized SHG 

conversion efficiency. For interactions that have non-critically-phasematched regimes of 

operation such as low-to-higher-order SHG interaction, it is possible to retain those non-

critical points and obtain high SHG efficiency while having a coherence length that is at 

least on the order of several millimeters. This is important because the second harmonic 

power depends not only on the normalized SHG efficiency but also on the length of the 

interaction. Nevertheless, in some cases, it may actually be desirable to compromise the 

coherence length to obtain high efficiency because a long coherence length by itself does 
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not automatically guarantee high second harmonic power. Over an extended interaction 

length, there may be other loss mechanisms such as scattering and absorption that may 

effectively reduce the potential amount of second harmonic power. We have mentioned 

that non-critical phasematching points exist even for SHG interactions between lowest-

order transverse modes at the fundamental and second harmonic wavelengths, albeit near 

modal cutoff [Lim et al. 1990, Cao et al. 1991]. We believe that such regimes of 

operation may exist even away from cutoff, depending on the waveguide geometry, as 

evidenced by our preliminary results in a multimode LiTaOa channel waveguide (see Fig. 

2.22(b)). hi the experiment by Yi et al [1996], a fairly long coherence length (8 mm) was 

obtained for a charmel (mask) width of 4 fxm. Note that the non-critical point in our 

theoretical results occurs for a guide with an effective channel width of 2.9 ^m, possibly 

because our waveguide parameters are very likely different from that in the experiment. 

Nevertheless, this suggests that the guide in their experiment was probably operating near 

a non-critically phasematched point. 

It should be remembered that we assumed in most of our numerical calculations 

that the nonlinearity of the ferroelectric crystal was uniform and equal to that of the 

unprocessed bulk structure. This implies that the crystal was assumed to be sufficiently 

annealed. Nevertheless, we also examined the effect of a varying nonlinearity by 

calculating the normalized SHG conversion efficiency as a function of the thickness of 

the dead layer for both the unoptimized and optimized structures. It is quite obvious that 

the efficiency is reduced with increasing thickness of the dead layer. We also found that. 
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in the case of both KTP and LiTaOs, the waveguide that was optimized for high 

efficiency was more sensitive to the presence of a surface layer where the crystal 

nonlinearity was degraded, as compared to the unoptimized waveguide. For example, the 

conversion efficiency drops to 90 % of its peak value with a 0.35 |am thick dead layer in 

an unoptimized KTP waveguide, whereas in an optimized KTP waveguide, the efficiency 

is at the 90 % level with a dead layer thickness of only 0.20 |im. Similarly in LiTaOs, the 

unoptimized waveguide can accomodate a surface degradation of the nonlinearity up to 

0.55 |im in depth before the 90 % level is reached, whereas in an optimized guide, the 

depth to which the surface degradation of the nonlinearity can be tolerated is only 0.30 

|im. The distribution of the nonlinearity was assumed to be step-like; naturally, if internal 

stresses lead to local increases in the nonlinearity relative to the bulk value, the 

conversion efficiency will be even higher than predicted here. However, fiirther 

characterization of the distribution of the nonlinearity is required before this can be 

incorporated into the design. 

The impact of optically-induced changes in the refractive index, due for example 

to third-order nonlinearities or cascaded, second-order nonlinearities, was not considered 

as they were expected to be weak. The Kerr effect is almost completely negligible for 

pump powers and device lengths on the order of 150 mW and 10 mm, respectively, given 

that the value for the third-order nonlinearity, «2, is typically on the order of 2.4 x 10"'^ 

cm^/W at A = 1.06 i^m for the electric field polarized along the y axis [DeSalvo et al. 

1992]. Cascading of the nonlinear phase shift can induce an effective Kerr-type 
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nonlinearity in the waveguide in normal type I phasematching [Sundheimer 1994], but 

not when the SHG interaction is phasematched. Nonlinear cascading based on type II 

SHG, wliich is not the case here, can produce large phase shifts at Ao, even when 

phasematched, provided that the orthogonally-polarized inputs are unequal in amplitude 

[Assanto and Torelli 1995]. The problem is more complicated, however, when more than 

one higher-order transverse mode is present, and this is almost always the case. For type 1 

SHG, even when coherent interactions between second harmonic modes are ignored, it 

has been found that the second harmonic modes interact with each other via the 

ftmdamental mode, especially if the detuning between the harmonic modes is small and 

there is strong pump depletion (greater than 10 % conversion efficiency) [Trevino-

Palacias et al. 1995], The phasematching wavelength and peak conversion efficiency 

change with the input intensity at the fundamental wavelength, and power-dependent 

mode competition occurs at high powers. Therefore, cascading of the nonlinear phase 

shift is not a concern unless multiple transverse modes at the second harmonic 

wavelength are considered. By not including cascaded phase shifts, we have implicitly 

assumed that the SHG interaction is restricted to two modes, one each at the fiindamental 

and second harmonic wavelengths. 

The contours of SHG efficiency in Figs. 2.15-2.17 are fairly smooth because the 

raw data were modified using spline-fitting to the extent that accuracy was not 

compromised. The smoothing procedure was necessary because the computational 

window had to be discretized in order to accomplish the numerical integrations that were 
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involved in the overlap calculation, and the lack of smoothness is attributed to this 

discretization. The 2-D numerical integration, which was based on a multi-dimensional 

extension of the familiar Simpson's 3-point Rule for 1-D numerical integration, is by 

itself accurate to fourth order [Abramowitz and Stegtm 1972: p. 892, Eq. 25.4.62], 

However, the computation of the overlap — of the (discontinuous) fundamental and 

second harmonic fields, the non-uniform distribution of the nonlinearity, and the 

refractive index distribution — requires that the grids for each of these distributions be 

matched. In the current implementation, this point-by-point "matching" of the grids 

causes the numerical windows in the Fourier computation of the fields to be slightly re

sized when the waveguide parameters change. As a consequence, when the SHG 

efficiency is calculated as a function of wavelength for example, using Eq. (2.31)-Eq. 

(2.33), the error in any individual field computation may be small but the resultant, 

cumulative error in the efficiency calculation is not insignificant, especially because of 

the presence of the field discontinuity at the air/waveguide interface. This error can be 

suppressed by increasing the number of discretization points, and by reducing any error in 

the original field computations through the utilization of a greater number of Fourier 

harmonics. Even so, a trade-off between accuracy, on the one hand, and computational 

time and memory on the other, becomes quickly apparent. 

As mentioned in Section 2.2.2, the computation time also depends on the 

calculation of the coefficients of the operator matrix in the Fourier computation. 

Analytical evaluation of these inner products is certainly desired to reduce the 
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computation time. However, in the case of inhomogeneously-varying refractive-index 

profiles such as the complementary error function (erfc) and Gaussian profiles, the inner 

products have to be evaluated by numerically integrating over the finite interval defined 

by the computational domain. The numerical integration that is typically encountered in 

these modal problems takes over an hour on a personal computer (60-Mhz Pentium 

processor with 16 Mbytes of RAM), making it impractical for the design of optimized 

waveguides. Fortunately, these integrals can be solved analytically, even in the case of 

Gaussian and erfc profiles, if the interval is extended to infinity. This approximation is 

valid if the integrand is negligible beyond the computational window. As shown in 

Appendix A, the size of the computational window is then defined according to the 

scaling parameters (effective width, IV, and depth, D) in these inhomogeneous profiles. 

Normally, this is an excellent approximation for the purposes of efficient computation. 

However, when the mode is tightly-confined, the effective (1/e) diameter of the mode is 

small compared to the size of the computational window, requiring a large number of 

Fourier harmonics according to Eq. (2.28). This consequently increases the requirements 

for computer memory, but the computation is still faster than with numerical integration. 

At some point, the amount of available computer memory limits the truncation order, 

which in turn can affect the accuracy of the computation. The error generally manifests 

itself mostly in the field results rather than the eigenvalue, and appears as spurious 

oscillations or "ringing" near the edge of the computational window (Fig. 2.23(a)). The 

magnitude of this ringing increases with the magnitude of the refractive-index 



109 

u 
•o 3 

Q. 

1 
2 

tu 
•o u 
N 

ea 
E 
Vi O 
Z -0.60 0.20 -1.00 -0.20 

Depth Position (p,m) 

(a) 

u 
"O 
3 

o. 
E 
< 
2 

•a u 
S) 

0.10 0.20 OJO 

CO 

o 
2 -0.60 -1.00 -0.20 0.20 

Depth Position (jim) 

(b) 

Fig. 2.23 Plots showing the "ringing" in (a) the field component of a tightly-confined quasi-TEoo 

mode, and (b) the i'y field component of a tightly-confined quasi-TMoo mode in a KTP 

channel waveguide, as calculated by the Fourier method. The cross-sections of the field are 
shown for the y direction at x = 0. The insets in both figures correspond to the region above 
the air-waveguide interface which is aty = 0. 



1 1 0  

discontinuity. This error is "amplified" in a quasi-TM mode computation (Fig. 2.23(b)) 

because the discontinuous field component, tTy, is calculated using the semi-vector 

approximation of Eq. (2.10). Furthermore, the accuracy of A'eff itself can be affected in a 

quasi-TM mode calculation, because the semi-vector correction to the propagation 

constant in Eq. (2.11) depends on the scalar field solution. 

Finally, it should be recognized that the normalized (internal) SHG conversion 

efficiency is only a figure of merit for purposes of comparison of different designs. 

Although it seems fi-om the units of rj that the efficiency scales as the square of the 

interaction length, this is strictly true only for true phasematching and not for quasi-

phasematching. The reason is that the square modulation (of the sign) of the nonlinearity 

by the periodic poling permits only a specific grating order to exactly phasematch the 

interaction. However, the other grating orders {q ^ \ m Eq. (2.5)) introduce some phase 

mismatch which leads to an approximately linear variation of the second harmonic power 

with respect to interaction length (see Fig. 2.1). This is important when evaluating various 

designs and assessing trade-offs between an SHG interaction with high efficiency but 

short coherence length and an interaction with moderate efficiency but long coherence 

length. 
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2.4. CONCLUSIONS AND FUTURE WORK 

It was shown in Section 2.3 that the efficiency of QPM-SHG in waveguides can be 

increased by optimizing the linear properties of the waveguide. The analysis of the linear 

modal properties was based on the fast and accurate semi-vector Fourier method, which 

was described in detail in Section 2.2. Using these techniques, we were able to optimize 

the diffused channel waveguides for high normalized SHG efficiency for a TMoo-to-TMoo 

interaction with single-mode operation at but the phasematching characteristics 

became critical. Alternatively, high-efficiency SHG with wide phasematching tolerances 

was possible for the same interaction near non-critical phasematching points but not with 

single-mode operation at AQJ. 

Our semi-vector Fourier method for analysis and design was motivated by the 

need for a fast and reasonably accurate modeling tool. A full-vector implementation of 

the Fourier method [Marcuse 1992] can also be used in conjunction with the 2-D WKB 

method to automatically determine the computational parameters — the size of the 

numerical window, and the truncation order. However, it is evident from Marcuse's 

results [Marcuse 1992] that a very large number of Fourier harmonics is necessary to 

clearly resolve any field discontuities. It would therefore be prudent to estimate the 

truncation order for the computation of the magnetic field, which in the case of dielectric 

structures is continuous. The discontinuous electric field can then be computed from this 

result using Maxwell's equations directly. 
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In Section 2.2, truncated, trigonometric functions were used to approximate the 

modal field, but the approximation can sometimes be poor. This naturally affects the 

estimation of the truncation order. A better estimate of the truncation order may be 

obtained by Fourier-analyzing functions whose slopes match those of the modal fields. 

This is somewhat analogous to the analysis of electronic circuits, where the frequency 

bandwidth of a system is related to the time constant (or reciprocal of the slope) of its 

temporal response. 

The problems related to the numerical integration over the discretized 

computational window in the overlap calculation can perhaps be overcome by the 

implementation of piece-wise integration so that analytical integration can be performed 

wherever possible in order to increase accuracy. This may in fact be possible because the 

modal fields themselves are originally in terms of an expansion over sine functions within 

the numerical window. This certainly warrants further study because a considerable 

portion of the computation time is devoted to numerical integration in the overlap 

calculation. 

The optimization scheme, which is based on the dovrahill simplex method, is 

rather slow, albeit robust. Some gains in the computation speed may be possible with the 

implementation of more efficient algorithms for optimization without derivatives, such as 

the direction-set methods of which Powell's method is the prototype [Press et al. 1988: 

pp. 294-301]. 
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Although we did not optimize the waveguide structure for maximum input 

coupling efficiency between the pump laser and the waveguide as well, it should be noted 

that the Fourier method lends itself very well to the analysis of wave propagation between 

such structures [Henry and Shani 1991]. Therefore, the optimization of the complete 

structure, including input coupling from a laser diode, for example, can be incorporated 

into this numerical design scheme. However, our aim in this study was to elucidate some 

of the specific issues related to maximizing internal SHG conversion efficiency. Mode 

propagation using the Fourier method can also be used to analyze and design SHG 

doublers in tapered waveguide devices. This is important particularly in materials with a 

low photorefractive damage threshold. The ^-variant structure will be broader at the input 

section so that the power density of a fairly strong pump beam is below the damage 

threshold. The width of the waveguide can then be gradually tapered as the pump beam is 

depleted. The Fourier method will lend itself naturally to the maximization of SHG in 

these types of structures. 

Using a modified vesion of our optimization technique, we believe that it should 

be possible to simultaneously obtain highly-efficient SHG conversion between lowest-

order transverse modes (for a single-mode guide at the ftmdamental wavelength) and non-

critical phasematching in both LiTaOs and KTP. This could be accomplished by 

optimizing with respect to a new figure of merit that represents the slope of the 

phasematching curves. Minimization with respect to this figure of merit essentially 

satisfies Eq. (2.37). 
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In general, because the diffusion process is difficult to control, it may not be 

possible to obtain the desired large increase in the surface Index precisely in these high-

efficiency designs. Based on the insight that was developed by this study, we believe that 

optimization with respect to the mode overlap factor, 7, may lead to high-efficiency 

(quasi-) TMoo-to-TMoo SHG interactions in both KTP and LiTaOs channel waveguides, 

with the increase in efficiency being more or less independent of the coherence length. 

This should make it possible to optimize the waveguide independently for longer 

coherence length as well. Such an approach led to the subject of Chapter 3, in which we 

describe the development of diffused channel waveguides with specially-designed, 

dielectric overlays to improve the mode overlap without necessarily increasing mode 

confinement. 



CHAPTER ni 

115 

WAVEGUIDE SECOND HARMONIC GENERATION WITH THIN-FILM 

OVERLAYS 

3.1. INTRODUCTION 

Having described waveguide second harmonic generation in Chapter 2, we now discuss 

in this chapter how the efficiency of the SHG process can be controlled using thin, planar, 

dielectric films which are deposited on the surface of the channel waveguide. These films 

are referred to hereafter as waveguide-overlays, or simply overlays, and consist of either 

single films or more complex, multilayer structures. These films have thicknesses on the 

order of a few optical wavelengths so that interference effects can be exploited, and 

refi-active indices that are in general either higher or lower, depending on the design, than 

that of the waveguiding layer(s). 

In order to design such waveguide-overlays, we develop in detail the 

electromagnetic analysis of inhomogeneous waveguides with multilayer superstrates 

using the concept of the phase shift upon reflection from interfaces. The significance of 

this approach based on the phase shift will become apparent when the procedure for 

effectively "matching" the inhomogeneous waveguide to an arbitrary, and perhaps even 

independently-designed, multilayer superstrate is described. It should therefore be noted 

at the outset that this approach has important implications for the design of multilayer 
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waveguides in general, beyond waveguide-SHG. In formulating our design approach, we 

draw upon concepts from both the multilayer-waveguide literature as well as the literature 

spanning thin-film optical filters. As a result, in order to provide a suitable context for our 

work, it would be worthwhile to review: (i) prior work in which waveguide-overlays have 

been used for various purposes (Section 3.1.1), (ii) the modal analysis of inhomogeneous 

waveguides in the presence of such overlays (Section 3.1.2), and (iii) the different design 

approaches involving multilayer thin fihns (Section 3.1.3). 

The reader who is primarily interested in the significance of overlays for efficient 

waveguide-SHG may choose to bypass Section 3.2 and proceed directly to Section 3.3, 

where the physical properties of the overlays relevant to that application are clearly 

outlined. 

3.1.1. Motivation for Use of Dielectric Overlays 

The use of dielectric overlays in waveguide devices is not new. The simplest waveguide 

geometry involving an overlay is the four-layer, step-index planar waveguide shown in 

Fig. 3.1, where the layer with refractive index, nove, is the overlay (note that such a 

structure would be more precisely referred to as a 4-region or 2-layer waveguide). Four-

layer dielectric structures have been employed for example to extend the dispersion 

characteristics of the waveguide in order to provide phasematching in waveguide-SHG 

interactions [Smith 1968]. They have also been used in the development of large optical 

cavity (LOG) lasers, where the region of optical confinement is large for high power 
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Fig. 3.1 The four-layer asymmetric slab waveguide structure. Strictly, there are at most two guiding 
layers (layers with index, nwg and nove), and hence the structure is sometimes called a 2-layer 
or 4-region waveguide. 

output [Lockwood et al. 1970], Tapered dielectric overlays or cladding layers on step-

index waveguides have also been used to provide adiabatic mode-transitions from an 

asymmetric waveguide to a symmetric waveguide. Sohler [1973] used this technique to 

improve the efficiency of light-coupling into a thin-film waveguide. This idea of a tapered 

overlay was extended further to facilitate efficient interconnections between different 

waveguides in an integrated optical circuit [Tien et al. 1973]. As the complexity of 

waveguide processing evolved, homogeneous, dielectric single films were deposited on 

diffused waveguides. For example, Weller and Giallorenzi [1975] attempted to fine-time 

the propagation constants of the modes of ferroelectric waveguides for more accurate 

control of electro-optic switches and modulators in LiNbOs and LiTaOs. Control of the 

phase velocities of the propagating modes for phasematched SHG has also been 
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accomplished using multilayer optical waveguides [Deryugin et al. 1986]. It should be 

noted that the multilayer overlay is simply a generalization of the single-layer waveguide-

overlay. Such multilayer structures have also been employed in so-called anti-resonant 

reflecting optical waveguides, or ARROW devices [Duguay et al. 1986], in which low-

loss guiding occurs in the low-index SiOi layers above a high-index silicon substrate. 

This is possible because a thin, high-index, "reflecting" silicon layer is inserted between 

the silica layers to provide wave confinement through Fresnel reflection rather than total 

internal reflection. The ARROW device is actually very similar in form to a more 

common structure known as the W-guide, where the refractive index distribution 

resembles the shape of the letter W (Fig. 3.2). Such structures have interesting properties 

with respect to mode cutoff, confinement factor, and mode filter characteristics [Ohtaka 

et al. 1974], and 
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m 

"1 
«3 

y 

Fig. 3.2 Refractive index distribution for a planar W-guide. 
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have been used to provide an increased range of single guided-mode operation, in 

comparison to a simple slab waveguide, while the higher-order modes are forced to be 

leaky. 

Dielectric overlays have also been used to improve the mode overlap for efficient 

SHG in planar waveguides [Ito and Inaba 1978, Harada 1993]. Although deceptively 

similar in approach to the work in this dissertation, the work of the above researchers is 

different in principle from ours. In the work of Ito and Inaba [1978], linear, dielectric 

overlays were deposited on nonlinear slab waveguides to improve mode overlap between 

the TEo planar mode at /la, and the TMi planar mode at A2a,; the 2-layer linear/nonlinear 

waveguide helps avoid the cancellation which would result when the single-lobed TEo 

mode is overlapped with the double-lobed TM| mode (Fig. 3.3) because the overlap 

cover 

linear overlay 

nonlinear waveguide 

Fig. 3.3 A four-layer nonlinear optical waveguide with a linear overlay for improved overlap of the 

transverse field distributions of the TEo'"' and TM/"'"' modes. The refractive indices are: n,, 

< n2, n-^. 
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integral is effective over only the nonlinear region. The authors estimated that a factor of 

more than 40 improvement in the mode overlap was achieved by this method. In the work 

of Harada [1993], a single, homogeneous film was deposited on the surface of a channel 

waveguide in LiTaOs, where the film's refractive index was higher than that of the 

waveguide. This effectively caused the mode at Aa, to overlap better with the shallow 

domain-inverted regions just beneath the waveguide surface; this is certainly necessary 

for high SHG efficiency but not sufficient, as we shall show in subsequent sections. 

3.1.2. Modal Analysis of Inhomogeneous Planar Waveguides 

As discussed in Chapter 2, a number of techniques presently used in fabricating practical 

optical integrated circuits result in waveguides with non-uniform, smoothly-varying 

refractive-index profiles. These inhomogeneous or graded-index waveguides, which arise 

from processes like ionic diffusion, are sometimes a challenge because analytical modal 

solutions are limited to a few special cases. Nevertheless, several excellent, approximate, 

analytical and quasi-analytical methods, in addition to numerical methods, have been 

developed to understand the guiding properties of these types of structures. 

For step-index, planar, dielectric waveguides, field solutions satisfying Maxwell's 

equations may be found for each of the piece-wise uniform regions, and subsequently 

matched across the interfaces to obtain the allowed boimd or guided modes. In media 

with continuously-varying dielectric permittivity, as shown in Fig. 3.4, the modal analysis 

is often performed by resorting to methods from the quantum mechanics 



121 

Iwg 

Fig. 3.4 Refractive index profile of an inhomogeneous waveguide with a refractive index discontinuity 

at the waveguide/air interface. The position of the turning point, y^, for a particular mode, is 
also indicated. 

literature, where problems involving Schrodinger's equation for non-uniform potentials 

are very similar in form. Three such methods are perturbation theory, the variational 

technique, and the Wentzel-Kramers-Brillouin, or WKB, method. 

The WKB method, also attributed to Jeffreys and hence referred to sometimes as 

the WKB J or phase-integral method [Heading 1962], has already been briefly described 

in Chapter 2, where it was used to estimate the effective refractive index of the guided 

mode of interest prior to the application of the semi-vector Fourier method. Following 

Adams [1981], solutions to the scalar wave equation Eq. (2.11) for planar, graded-index 

waveguides can be written as i// = ^oexp[/yto5'(y)], where S is expanded in powers of 

\/ko: 

S{y)  =  S,(y)  +  - l -S, {y)  +  . . .  .  



(3.3) 

122 

Retaining terms only to first order, which is a good approximation if the refractive index 

varies slowly over a distance comparable to a wavelength, we obtain solutions of the 

form: 

=-7==exp(±/f/c ko-n\y)>j3^ 
yjK^yiy) ^ '  

K>') = 7=^=exp(± k^^n\y)</3^ , 
y] /  y \y)  

where k' =-y ' = k^'n'^y)-is the square of the transverse wavenumber. The point 

at which kQ'n'{y)=p^ is called the region of the caustic or turning point, for reasons 

which will become evident shortly. On the side of the turning point for which is 

positive (see Fig. 3.4), the field solution has an oscillatory behavior, and on the other side 

of the turning point, a decaying field solution is appropriately chosen to satisfy boundary 

conditions at infinity. The field singularity at the turning point is resolved by assuming 

that the refi-active index varies linearly in the vicinity of the turning point, and postulating 

Airy fimction solutions of the form Ai(y) and Bi(y) to "connect" the two regions. For 

index variations such as in Fig. 3.4, where an index discontinuity is present at the 

air/waveguide interface, matching the field solutions at the interface yields an eigenvalue 

equation for the transverse resonance or guidance condition of TE modes: 

u 
j/c ̂ Xy) dy = mn + —+arctan 

where n{y = 0"^) = n^, and n{y = 0~) = ns + An. 
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As is well known, the geometrical or ray optics method can also be used to obtain 

the transverse resonance condition in planar waveguides, and the result is formally 

equivalent to that derived by the electromagnetic approach for structures having piece-

wise-uniform dielectric permittivity [Kapany and Burke 1972]. The ray optics method can 

be applied to the modal analysis of graded-index planar waveguides as well [Nishihara et 

al. 1989, Koshiba 1992], where the trajectory of a such a ray is shown in Fig. 3.5. The 

maximum penetration depth of the ray is at the turning point, where the ray becomes 

tangential to the fictitious interface at yi, and then "tums" around to head toward the 

air/waveguide interface — hence the term, turning point. The transverse resonance 

condition can be derived by requiring that the round-trip phase shift, including any phase 

Fig. 3.5 Trajectory of an optical ray in an inhomogeneous planar waveguide. 
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shift upon total internal reflection at the interfaces, should be equal to an integral multiple 

of 2n. This amounts to 

° (3.5) 
2\K^{y)dy -l<l>^-2<l>^=ml7t, (/w=0,I , 2 , . . . )  .  

y. 

It should be clear that Eq. (3.5) is equivalent to Eq. (3.4), with ^ = 7r/4, and ^ equal to 

the last term on the RHS of Eq. (3.4) for TE modes. The term <jk is the (half-) phase shift 

upon total internal reflection from the fictitious boundary at the turning point, while (pc is 

the (half-) phase shift upon total internal reflection from the cover interface. The concept 

of the phase shift upon total internal reflection will become the basis for a novel approach 

to multilayer waveguide design in a subsequent section. 

Exact, analytical modal solutions exist for certain types of dielectric permittivity 

(or refractive-index) profiles such as the parabolic, linear, sech^, exponential, and 

Epstein-layer profiles [Adams 1981, Kogelnik 1988]. Of particular interest to us is the 

exponential permittivity profile — an exponential refractive-index profile occurs as a 

consequence of diffusion in the depth direction in LiTaOs waveguides, and this can be 

approximated by the exponential permittivity profile under weak-guidance conditions, or 

A/i « rts- Both isotropic and anisotropic planar waveguides with the exponential 

permittivity profile have been analyzed by Conwell [1973, 1974], and solutions of the 

scalar wave equation have been obtained in terms of Bessel ftmctions of arbitrary (real) 

order and argument: 

tl/{y) = A(j{y)J,^(2DKtx^{yl2D))\ (3-6) 
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with 

a = I 

rl=/3'-ko's„ 
K- = kl^E^ 

(3.7) 

in the TE case, and 

(3.8) 

- + 

^D'eJ 

in the TM case, hi addition, D is the effective diffusion depth, ka is the free-space 

vvavenumber, e, is the /''' component of the relative dielectric permittivity tensor, with 

n'=/UE in non-magnetic media, e,^ = £,iy = the substrate permittivity, Ae, = 

s,(0)-s,s is the surface permittivity increase, and ys is the decay rate of the evanescent field 

in the substrate. Furthermore in the TM case, the result is obtained by dropping terms that 

are higher than first order in As,. The requirement for the continuity of the tangential 

fields at dielectric interfaces leads to dispersion relations from which the propagation 

constants for the various guided modes can be calculated numerically. The results shown 

here were extended by Weller and Giallorenzi [1975] to include planar dielectric 

overlays. In a subsequent section, we will use some of these results to design 
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inhomogeneous waveguides (with planar overlays) that have specific modal 

characteristics. 

There are several other, mostly numerical, techniques that may be applied to solve 

the wave equation in an inhomogeneous planar waveguide, especially when the 

continuous variation in refractive index is approximated by discrete layers of 

homogeneous index. Some of the methods for the analysis of such multilayer waveguides 

are the field transfer matrix method [Clarricoats and Chan 1970, Chilwell and 

Hodgkinson 1984, Ruschin and Marom 1984], and its variants: the equivalent network 

method [Jiang et al. 1989], and the transverse resonance method [Huang et al. 1992], 

There are also more traditional methods of solving the wave equation, such as re-writing 

the wave equation as two coupled first-order differential equations and using numerical 

integration techniques [Press et al. 1988: Ch. 15], or applying straightforward Euler finite 

differencing to the wave equation [Hildebrand 1956, Press et al. 1988: Ch. 17]. Newer, 

sophisticated, numerical techniques such as the finite element method (FEM) [Yeh et al. 

1975, Grant et al. 1990], and the beam propagation method (BPM) [Feit and Fleck 1980] 

have also been developed for modal analysis of graded-index/multilayer waveguides. 

Numerical methods that are based on the analyticity of the dispersion relation have also 

been introduced recently to find the bound and unbound modes of a waveguide 

[Anemogiannis and Glytsis 1992, Smith et al. 1992]. With regards to the accurate 

determination of all the bound modes of a multilayer, dielectric waveguide, a 

conceptually simple technique has also been reported [Li 1994] in which the multilayer 
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structure is transformed to an equivalent, single-layer (or three-region) waveguide. To 

round out the list, we mention two more numerical methods which are described by 

Adams [1981] — the series solution of the wave equation for certain refractive-index 

profiles, and the evanescent field method — and an electromagnetic approach for modal 

analysis of multilayer structures based on straightforward recursion relations for the phase 

shift upon reflection at dielectric interfaces [Zhitkov 1985, Li and Lit 1987, Agapov et al. 

1992]. This last method, which plays an important part in this dissertation, will be 

developed further in a subsequent section. 

It would be appropriate to briefly review the basic formulation of stratification 

methods in the modal analysis of graded-index waveguides. As described above, 

stratification methods, which are also called multilayer or "staircase" approximation 

methods, involve the division of the continuous refractive-index variation into discrete, 

thin layers of homogeneous index. Solutions to the wave equation of the form 

are postulated in each homogeneous layer, where A, and Bt are arbitrary constants which 

have to be determined subject to boundary conditions, and Ky and (5 are the transverse and 

longitudinal wavenumbers, respectively, and are defined as before. A time dependence of 

the form exp(-/<iy) has been suppressed without loss of generality. For planar layers 

which are parallel to the x-z plane, p is invariant in all the layers as a consequence of 

Snell's law of refraction, and is therefore denoted as the propagation constant. Continuity 

(3.9) 
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of the tangential components of these field solutions across an interface yi further 

requires: 

and 

Iv, = 'y, 

1 ^ d y /  
o-,.i dy a, dy ' 

(3.10a) 

(3.10b) 

with a= /u (or e) for TE (or TM) modes. It should be clear from Eq. (3.9) that the terms 

corresponding to A, and Bi represent upward- and downward-propagating plane waves, as 

shown in Fig. 3.6. Substitution of Eq. (3.9) into Eq. (3.10) yields a field transfer relation 

involving the characteristic matrix of the interface: 

= 7: 
(3.11) 

With the appropriately-chosen field solutions in the bounding media (cover and substrate) 

so that boundary conditions at infinity are satisfied (see Fig. 3.6), we obtain from Eq. 

(3.11), 

'' A  ̂

0 ~  ̂ V - I ^ V - 2  • "  ^ - A r  +  l  \  yj / 
^ 0 ^ = T 0 (3.12) 

where T is the transfer matrix for the total multilayer structure. The condition for 

propagation of a guided wave is then obtained by requiring that the matrix element 

r , 2 = 0 .  ( 3 . 1 3 )  

This condition is also known as the modal or transverse resonance condition. In the case 

of graded-index waveguides (see Fig. 3.4), Eq. (3.13) is formally equivalent to Eq. (3.4) 
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and Eq. (3.5), which were obtained by WKB and ray-optical methods, respectively. With 

some algebraic manipulation, it can be shown that another form of the guidance condition 

is 

Fig. 3.6 Plane-wave field solutions in a multilayer waveguide. Boundary conditions at infinity require 
decaying fields in the cover and substrate; hence, Bn = = 0. 

/ ? > - = l ,  ( 3 . 1 4 )  

with p" = BQ IAQ and p' = A^]B^ being the complex reflection coefficients, looking 

upward and downward, respectively, at some plane in the O'*' layer (see Fig. 3.6). 

Physically, of course, we can associate these coefficients with Fresnel reflection of plane 

waves firom the dielectric interfaces. Having computed the propagation constant(s) using 



130 

Eq. (3.13), it is a straightforward matter, in principle, to subsequently determine the fields 

in each of the regions. In practice, errors due to roundoff [Press et al. 1988: Ch. 1] can 

accumulate as the field is calculated recursively, resulting in numerical instability. 

Nevertheless, carefiil numerical implementation of the algorithm can in general minimize 

the errors which are "propagated" through the structure [Delbare and De Zutter 1989]. 

3.1.3. Review of Thin-film Analysis and Design Techniques 

The analysis of multilayer structures that has been discussed upto now has been specific 

to waveguiding. However, much of the basic theoretical formulation has been borrowed 

from the literature of thin-film optical filters, the history of which is much older and well 

established (curiously, use of the matrix formulation in optical, thin-film filter analysis 

was borrowed fi-om even earlier work on electrical filters and their use in the field of 

transmission lines [Schelkunoff 1938, Muchmore 1948]). For example, the analysis of 

stratified or multilayer waveguides is a special case of the analysis of multilayer stacks for 

transmission and reflection perpendicular to the plane of the layers. When the modal 

condition Eq. (3.13) is satisfied, the rays in the geometrical picture undergo total internal 

reflection at the outermost dielectric interfaces, or in general, at interfaces with media 

whose index of refraction is lower than A'eff. Consequently, the optical field is entirely 

confined to the stack, and there is net power flow only parallel to the layers. If the rays are 

incident at the interfaces at angles smaller than the critical angle, however, the field 

propagates freely across the stack, with the reflectance (and transmittance) of the structure 
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being determined by coherent interference mechanisms within the optically-thin layers. 

Although particular attention is paid to the properties of reflectance and transmittance 

(and absorptance, in the case of lossy media), as a function of wavelength, incidence 

angle, and polarization, in the design of optical filters, the numerous design techniques, 

consisting of "a mixture of analysis, experience and the use of well-known building 

blocks' [Macleod 1986], can be of significant advantage to the designer of optical 

multilayer waveguides. It would therefore behoove us to review some of the analysis and 

design approaches developed for optical filters. 

The preferred method of analysis for thin-fihn stacks is the field transfer matrix 

method, a form of which was described earlier for waveguiding in multilayers. The 2x2 

characteristic matrix of the stack is defined such that it is a product of unimodular 

matrices, where each represents (electric and magnetic) field propagation through a 

specific layer. Although several numerical algorithms exist for algebraic manipulation of 

the matrices, thus making this method very efficient and accurate for analysis, this 

method by its nature does not offer much insight towards filter design. Numerical 

optimization or refinement techniques have however been developed to complement the 

direct numerical analysis by this matrix method. Nevertheless, analytical and even 

graphical approaches are sometimes indispensable in design. 

One such graphical method is the simple vector method [Macleod 1986] which 

makes use of Argand diagrams to coherently sum the "primary" reflections in each of the 

layers of a multilayer structure. Errors involved in neglecting multiple reflections can of 
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course be significant, especially when the reflectance of the layers is not weak. To reduce 

the errors in such calculations of overall reflectance, a method was developed by Rouard 

[1937] which takes multiple reflections into account as well. In this method, a thin film in 

a multilayer stack is replaced by an interface having effectively the same properties as the 

single layer. This equivalence is characterized by a complex reflection coefficient of the 

effective interface, which is calculated using the Airy equation [Bom and Wolf 1965: 

§ 1.6], For example, in the 3-layer structure in Fig. 3.7, we have 

yj 

yi 
yo 

r2 
layer 2 ^1 

layer 1 ^0 

Substrate 

layer 2 Pi 

Substrate 

n 

p\ 

Fig. 3.7 Substitution of thin-film layers by effective interfaces calculated using Rouard's method. 

_ r, +p,_, exp[+/2^,] (3.15) 

l + '-,A-iexp[+/2^,] 

where p, is the equivalent reflection coefficient of the interface, effectively replacing 

the layer, 2S, = 2kon,(yr-y,-i)cos6i is the round-trip phase accumulated by the wave in 
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propagating through the layer, and r, is the Fresnel reflection coefficient from an 

interface of the layer/medium in air. The recursive procedure is applied to successive 

layers until the reflectance of the whole multilayer is represented by that of a single 

interface. Unfortunately, although the approach is physically intuitive, it is 

computationally cumbersome especially when absorbing layers are present in the stack. It 

is interesting to note in passing that Rouard's method has even been applied to the 

approximate analysis of the deflection of guided modes by Bragg waveguide-gratings 

[Weller-Brophy and Hall 1986], 

Another insightful approach to design is that developed by Smith [1958] where an 

effective interface is used to represent a segment of multilayers so that calculation of the 

transmission and reflection coefficients of these interfaces allows separate segments to be 

effectively combined to obtain desired performance characteristics. This suggests the 

possibility of piecing together basic building blocks whose performance is known. It will 

be seen that this method is conceptually similar to what will be developed in this 

dissertation — "matching" a multilayer overlay to a waveguide to obtain specific 

characteristics for the modal distribution in the combined structure. 

Other very useful methods for filter design are the admittance diagram, the 

reflection circle diagram, and the Smith chart [Macleod 1986], which can be used to 

graphically trace the change in admittance, and consequently the reflection coefficient, or 

the latter directly, through succesive layers of the multilayer stack. These graphical 

techniques are especially useful for visualization of the effects of the various layers on the 
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properties of the whole stack, and once a satisfactory preliminary design is achieved, it 

can be refined numerically. 

An important milestone in the development of basic building blocks for filter 

design are the results of Herpin [1947] and Epstein [1952]. The transfer matrix for the 

electric and magnetic fields across a thin film, at incidence angle 6, is given by a matrix 

whose determinant equals unity: 

M = 
^ cos<p (i/rf) sin (p^ (3.16) 

\ I T]sin<p cos<p y 

where 7 = rtYoCos0(or wYq/cos^ is the optical input admittance of the film at /io for TE-

polarized (or TM-polarized) waves, n is its refiractive index, (p = {2n/Ao)ndcosd is its 

phase thickness, and Yo is the fi-ee-space admittance. According to Herpin's theorem, an 

arbitrary multilayer structiure is equivalent (in terms of its optical properties, rj and ^), at a 

given wavelength and angle of incidence, to a two-film combination but not necessarily to 

a single film. This follows fi:om the fact that a two-film combination provides the four 

degrees of freedom — the refractive indices and thicknesses of the two films — to solve 

the four equations that result from equating the characteristic matrix of a general film 

with that of a two-film combination. In fact, since the principal diagonal terms of Eq. 

(3.16) are equal, one of the four parameters of the two films may be chosen arbitrarily. 

This theorem was extended by Epstein when he suggested that a symmetric system, such 

as a single film sandwiched between identical films on either side, is equivalent to a 

single film at a given wavelength and angle of incidence (a proof of this theorem was 



135 

provided by Young [1970]). Epstein's results also indicated that the (Herpin-) equivalent 

phase thickness of the Epstein period, as the symmetrical structure is now called, is nearly 

equal to the sum of the phase thicknesses of each of the layers (within the passband of the 

filter). The significance of the Epstein period in filter design is that it allows the synthesis 

of films with material properties that may not be physically realizable otherwise, and its 

relevance to our synthesis of waveguide-overlays will become evident in subsequent 

sections. Graphical description of the dispersion properties of Herpin-equivalent 

structures for various thickness and index ratios of the two layers have also been 

developed to aid design [Ufford and Baumeister 1974]. As indispensable as graphical 

aids are, they provide insight to the designer mostly by providing a visualization of the 

analysis and its results, and in some sense are not as useful as the direct solution of the 

inverse problem. For example in the case of the Epstein period, the solution of the inverse 

problem would be to obtain analytical expressions for calculating the phase thicknesses of 

real films such that their combination would permit the construction of an equivalent film 

of arbitrary equivalent index and phase thickness. This inverse problem was solved by 

Ohmer [1978] for the normal incidence case, and was later generalized for the oblique 

incidence case by Knittl and Houserkova [1982]. The design of arbitrary waveguide-

overlays using Epstein periods at oblique incidence as a basic building block is therefore 

potentially very powerful. 

We close with a brief mention of the numerical techniques in thin-film filter 

design that have been developed with the advent of the computer. Refinement of 
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preliminary designs, and "brute-force" iterative design approaches which do not require 

starting designs, have been accomplished using numerical optimization algorithms 

[Dobrowolski 1965, Heavens and Liddel 1968, Zycha 1973, Dobrowolski 1973, 

Dobrowolski and Piotrowski 1982], A figure of merit, associated with one or more 

optical properties such as reflectance, transmittance, and phase change on reflection and 

transmission, is iteratively optimized with respect to the refractive index and thickness of 

some or all of the layers. 

3.1.4. Scope of Research 

So far, we have discussed in the introduction to this chapter some of the methods of 

analysis pertaining to inhomogeneous guided-wave structures, especially when multilayer 

overlays are present (Section 3.1.2), and also some of die approaches relevant to the 

design of thin-film optical filters (Section 3.1.3). In the rest of this chapter, we will draw 

upon both these subjects to an extent to develop an effective approach for the analysis, 

and perhaps more importantly, the design of inhomogeneous waveguides with planar, 

thin-film overlays. 

In Section 3.2.1, we will develop in detail the electromagnetic analysis of 

inhomogeneous waveguides with multilayer superstrates using the concept of the phase 

shift upon reflection from interfaces. In Section 3.2.2, the procedure for effectively 

"matching" the inhomogeneous waveguide to the multilayer overlay is described. The 

concept of matching or combining two, separate thin-film structures using a set of 
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parameters, calculated at an interface, was alluded to in the work of Smith [1952] for the 

purposes of effective filter design. In Section 3.2.2, we will show that for the purposes of 

designing graded-index waveguides possessing specific modal field characteristics, the 

relevant properties of multilayer or inhomogeneous structures can be reduced to a single 

parameter that can be determined at a specified interface, the parameter being the phase 

shift upon reflection. In Section 3.2.3, this method of analysis and design with respect to 

the phase shift is explored ftirther for a few special cases of overlays such as the single-, 

two-, and three-layer overlays consisting of both "high" and "low" refractive-index 

materials, and some future directions to this approach are suggested. 

Section 3.3 deals exclusively with the increase of SHG efficiency in diffused 

charmel waveguides by using specially-designed planar overlays to improve mode 

overlap. Furthermore, the significance of overlays for the "tuning" of SHG 

phasematching characteristics is also described. 
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3.2. ANALYSIS AND DESIGN OF WAVEGUIDES WITH THIN-FILM 

OVERLAYS 

In Chapter 2, we discussed the importance of the overlap between the modes at the 

fundamental and second harmonic wavelengths, (and (^lu. Although this is widely 

recognized as significant for efficient SHG, detailed studies such as in Chapter 2 on the 

nature of the mode overlap and its dependence on the various waveguide parameters have 

not yet been undertaken. One of the key points that emerged from our analysis up to this 

point is that the concept of mode overlap can clearly be differentiated into (i) the degree 

of mode confinement, represented by F, and (ii) the degree of spatial overlap of the 

modes, represented by 7. In other words, increasing the surface index change and 

reducing the physical dimensions of the guide causes the size of both modes to be 

reduced; they become tightly confined, and hence the overlapping fields are concentrated 

in a smaller region. However, this does not significantly change the degree to which the 

modes are spatially "centered" with respect to each other. In Chapter 2, Figs. 2.18(a) and 

(b) show that even with optimization of the waveguide parameters, resulting in increased 

mode confinement, the peaks of the modes are not centered with respect to each other. 

This naturally suggests that if can be "pulled" up towards the waveguide/cover 

interface without disturbing or conversely, if 6'io) can be pulled dovra towards the 

substrate, the spatial overlap of the modes can be improved. This corresponds to an 

increase in 77, with F possibly remaining constant. Such improvements to "mode 

overlap" may also offer benefit in terms of more relaxed phasematching characteristics. 
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As discussed in Section 3.1, a planar film on the surface of the inhomogeneous charmel 

waveguide can affect the modal characteristics. Precisely how a dielectric overlay, for 

example, influences the field distribution in the highly-asymmetric, inhomogeneous 

channel waveguide, is an important question that needs to be answered. Then, it remains 

to determine the characteristics (refractive index and thickness) of such an overlay, which 

should selectively influence the modes, and in a specific manner. Finally, if the design 

solution turns out to be a physically-unrealizable thin film, the possibility of constructing 

a flmctionally-equivalent multilayer structure, from available materials, has to be 

investigated. 

3.2.1. Electromagnetic Analysis of Diffused Planar Waveguides with a General 

Multilayer Superstrate 

We begin by recognizing that the inhomogeneous waveguide with a multilayer overlay 

can be partitioned into two structures — the graded-index waveguide and the multilayer 

superstrate — and that the two can be analyzed separately. Our approach will therefore be 

to first investigate the multilayer structure, followed by an analysis of the inhomogeneous 

medium, and then to establish a formal procedure by which to combine them to obtain 

certain desired characteristics. 

The general structure of the A'-layer medium that we shall consider is shown in 

Fig. 3.8, with the O'*' and (A'^-l)'*' layers adjacent to the semi-infinite substrate and cover 
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Fig. 3.8 Structure of the arbitrary A'-layer waveguide, consisting of dielectric layers of thickness h, and 

refractive index, n,. The and (/-l)"' interfaces are the upper and lower interfaces, 
respectively, of the i* layer. The phase shifts upon reflection at the 0'*' and substrate interfaces 
are also shown. 

regions, respectively. Each of the layers is assumed to be a homogeneous, non-magnetic, 

lossless mediiun, with thickness h, and refractive index n„ and the /'*' interface is defined 

to be the upper boundary of the layer. We also assume for convenience that the 0^ 

layer has the highest refi-active index. Solution of the wave equation in each layer yields a 

superposition of two linearly-independent solutions of the form of Eq. (3.9). Recasting 

Eq. (3.9) into another form, we have general solutions of the form AiCOs(/C(y + (p,) in 

resonant or guiding layers, and solutions of the form /l,cosh(/iy - ^,) in evanescent 

layers, where K is the transverse wavenumber of standing waves in guiding layers, / is the 
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decay rate in the evanescent layers, and ^ (or is an arbitrary phase shift. For a 

multilayer structure that satisfies the modal condition, we can assixme exponentially-

decaying solutions of the form for the transverse field distribution in the 

cover and substrate. Invoking the continuity of the tangential electric and magnetic fields 

across interfaces, we match the fields at the A'^l interfaces and determine the constants 

A„ <f>i, and the propagation constant, Pm, for the guided mode. 

In principle, the solution of the electromagnetic problem is now complete. 

Substitution of the above constants back into equations for the field solutions in each of 

the regions then provides a complete representation of the modal field. Alternatively, we 

can determine the solution to the modal problem in terms of the parameter, (pi, the phase 

shift in the layer. The phase shift, referred to by Li and Lit [1987a] as the half-phase 

shift, is defined in terms of the following recursion relations: 

— tan(^,) = —tan(</),,, 
^i+l 

with cr= /y (or e) for TE (or TM) modes, and with the recursion starting fi-om the (A'-l)'*' 

interface (cover side) using 

/ 
y ^ 

= arctan 

We recognize that Eq. (3.18) is simply the phase shift upon total internal reflection at the 

cover interface, and depends on the index of refi-action of the media on either side of the 

interface, and also indirectly on the propagation constant. We v^all therefore associate the 

phase shift with both the interface and layer interchangeably. Note that these recursion 

f - ^ (3.18) 
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relations follow in a straightforward manner from matching the fields at the interfaces. In 

the case of an evanescent (iV-1)''' layer {tin-x < Aetr = for example, we point out that 

Eq. (3.18) changes to 

/c o-
^,v-i = - ' arctanW -

^ (3.19) 

N-\ ^,v-K 

using the identity: / arctanh(z) = atan( / z). Consequently, Eq. (3.17) for the (N-T)^ 

interface changes to 

^^tan((Z>^.,) = ^^^tanh(/(2)^.,+r v-iVi) • 
N-l ^,V-1 

The modal condition for this multilayer waveguide can then be defined in terms of these 

phase shifts. For example, if we recursively calculate (p from the cover to the 0''' interface/ 

layer, we can establish the familiar transverse resonance condition in the 0''' layer (see 

Fig. 3.8): 

2'<^o^+(-2^>o)+(-2<^s) = , (3.21) 

where 

= arctan 
VACfl  ^Q'' 

Solution of Eq. (3.21) for mode number m directly leads to the determination of Pm- The 

reader is referred to the paper by Li and Lit [1987a] for the general field representation in 

terms of these (half-) phase shifts, although care may need to be taken regarding the 
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notation because the geometry of their general multilayer structure differs from ours 

slightly. 

Much insight can be developed with a more physically-intuitive description of 

these phase recursion relations. Recall that the field in each layer can be expressed in 

general as a superposition of upward- and downward-propagating waves as in Eq. (3.9). If 

we label the complex amplitude coefficients of the upward and downward waves as A and 

B as before, then we see that (j> is associated with the phase of the complex reflection 

coefficient at the interfaces, as shown in Fig. 3.9. Thus, the reflection coefficient looking 

up towards the cover is 

(3.23) 

and similarly, looking down towards the substrate, the reflection coefficient is 

= |^/5|exp(-/2^''') . (3.24) 

P 
.(-) 

/+1 

layer (/+1) 
r 

layer (/) 

/ - I  

Fig. 3.9 Interpretation of the arbitrary phase shift in each layer as the pbise shift upon reflection, at 
various interfaces, of the upward- and downward-propagating waves, A and B. Translation of 
the "reflecting plane" is also shown. 
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Furthermore, the evaluation of the reflection coefficient at a different plane within a 

homogeneous layer, with respect to the interface, is simply accomplished by adding a 

phase shift due to translation, or propagation, of the reference phase fronts of the plane 

waves, A and B. For example, in the case of p^'^\ relocation of the "reflecting plane" from 

just below the (/+!)"' interface to just above the interface, a translation through the 

(z+l)*'' layer, can be represented using the operator £, where 

where we have used a parenthetical notation. Similarly, a translation in the reverse 

direction, in the case of p^~\ gives 

The effect of an interface or boundary on the phase shift is represented in terms of the 

operator (E, where 

Combining Eq. (3.25) and Eq. (3.27) gives a result that is equivalent of course to Eq. 

(3.17). From this description, it is evident that the recursion relations for the phase shift 

are equivalent to (multiple) Fresnel reflections of plane waves at these interfaces, similar 

to the analysis by Roaurd's method in Section 3.1.3. The Fresnel reflection coefficient 

can of course be interpreted as a complex phase shift across interfaces, where the real part 

of the phase, equivalent to <f>, is sufficient to establish the modal condition. Although we 
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do not make an attempt here, it should be possible to show that the phase shift across a 

multilayer stack as derived from the effective reflection coefficient in Eq. (3.15) is 

identical to the result obtained from Eq. (3.17). 

The modal condition Eq. (3.14), derived using the field transfer matrix approach 

earlier, can now be interpreted in terms of the phase shift as well. For example, the modal 

condition at the plane just above the (/-l)'*' interface is 

=exp(-/2<z>;-')expj-/2(^>,y''] = 1 , 

which is equivalent to 

= ImTt . (3.29) 

The modal condition Eq. (3.14) is formally equivalent to Eq. (3.29), and of course to the 

transverse resonance condition Eq. (3.21). Thus, the modal condition can be established 

at any interface, or equivalently, within any layer of the multilayer stack. 

It should be noted that the value of the arctan (arctanh) ftmction is modulo k (m). 

This integral multiple of 7i in the phase shift arises from the fact that any resonant layer of 

the stack, when thick enough, can permit higher-order modes within that layer. 

Correspondingly, the "low-index" or evanescent layers can contribute to the decrement of 

the mode number of the entire structure [Li and Lit 1987b, Lit et al. 1988, De Jong 1989]. 

By including the integral multiple of n in our modal condition Eq. (3.29), we essentially 

"carry through", to the layer of interest, all information about possible higher-order 

resonances within arbitrary layers. 
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In the numerical calculation of these circular and hyperbolic functions, and their 

inverses, any complex values which might arise, such as in Eq. (3.19) when the argument 

of the inverse hyperbolic tangent function is greater than unity, can be easily avoided by 

expanding Eq. (3.20) using the addition formula for the tanh f\mction. The imaginary part 

of the complex number, resulting from the evaluation of the inverse tanh function for 

argument greater than unity is always an odd multiple of 7c/2, and subsequent calculations 

using recursion relations Eq. (3.17) and Eq. (3.20) eventually yield a phase shift at the O''' 

interface that is a real quantity. 

Having completed the modal analysis of the multilayer waveguide, we direct our 

attention to the inhomogeneous waveguide. Although our stated objective is to design 

overlays for diffused channel waveguides, we recognize first that the modal properties of 

the channel waveguide cannot be analyzed analytically (Section 2.2). Second, it may be 

possible to approximate the modal behaviour of the channel waveguide along the vertical 

direction in terms of the exact, analytical modal solutions of an inhomogeneous, 

anisotropic planar waveguide with a permittivity profile that follows the exponential 

function (Section 3.1.2). To that end, we begin with the general field solutions in such a 

waveguide, the Bessel flmctions of arbitrary (real) order and argument, which appeared in 

Eq. (3.6). For the TM polarization, we associate Eq. (3.6) with the magnetic field, JUy), 

in the graded-index medium, and assume an exponentially-decaying field solution of the 

form: J'xCy) = B exp(-/i;y) in the semi-infinite cover, where is the decay rate in the 

cover. To satisfy boundary conditions, we match Eq. (3.6) and its derivative (with respect 
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to y) at the cover interface (y = 0). Under the weak-guidance approximation, where we 

retain terms only to first order in (As/s), this results in the general dispersion relation or 

guidance condition (Appendix B): 

As. Y,iS, (3.30) 

J .^^  {2DK) 2DKVe,{Q-))  Kje^iOT)  '  

where &(0~) = and the rest of the parameters are defined as in Eq. (3.8). This 

result differs slightly fi^om Conwell's dispersion relation [1974; Eq. 25] in that she further 

neglects even terms to first order in {AeJe) so that the second term on the LHS of Eq. 

(3.30) is missing, and £^(0~) s ̂  in her result. If we multiply both sides of Eq. (3.30) by 

the constant ^xb(0~), and take their arctangent (modulo n), we obtain 

arctan< 
K 1 

( \ 

«r.(o-) ' 2Dk,{0-) (3.31) 

= - arctan -
Y s / c c + mn 

V/Co(0-) f,(0-). 

where /cb^(0~) = is the square of the transverse wavenumber (Appendix B) 

evaluated just below the waveguide/cover interface, and is defined as 

(3.32) 

V 
'^O 

, As. 
+ AE „ —^ P + 

2D'e^ 

We now recognize that the arctangent term on the RHS of Eq. (3.31) is simply 

proportional to the phase shift upon total internal reflection at the cover interface, If 

we then define the term on the LHS of Eq. (3.31) to be proportional to the substrate-side 
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phase shift, (^)'~*, evaluated at the cover interface, we find that Eq. (3.31) is formally 

equivalent to the modal conditions Eq. (3.28) and Eq. (3.29) for a graded-index medium 

with an exponential permittivity profile. 

We note that the above modal analysis for inhomogeneous planar waveguides, in 

terms of the phase shift upon reflection, is rigorous, and invokes only the weak-guidance 

approximation. If the refractive index variation in the graded-index medium is small over 

distances comparable to a wavelength, the ray-optical or WKB approach can be used to 

translate the substrate-side phase shift from the O"* interface to the turning point in the 

substrate; i.e., (^)'~* according to our notation, hi this manner, a transverse 

resonance condition similar to Eq. (3.5) can be established, possibly yielding a better 

estimate than 7t/4 for at the turning point (better approximations to the phase shift at 

the turning point — to ensure 'an exact evaluation of an approximate solution as is found 

in the W.K.B.J. method' [Mines 1953] — have been pursued by several researchers 

[Keller 1956, Keller and Rubinow 1960, Hocker and Bums 1975, Marcuse 1976, 

Srivastava et al. 1987, Qiao and Wang 1992, Xiang and Yip 1994]). However, this is 

necessarily approximate because the ray-optical approach neglects the "continuum" of 

interfaces in the inhomogeneous waveguide [Bremmer 1951]. 

The field in the graded-index waveguide has already been established in Eq. (3.6). 

It is also possible to determine the position of the peak of this field, for a given 

propagation constant J3, by numerically solving the equation 
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J.^^pDKe"") 
(3.33) 

where we have made use of recurrence formula that relates the Bessel function to its 

derivative. The significance of finding the peak position as a function of P will become 

evident in the next section. 

3.2.2. The Inverse Problem: Thin-film Design based on the Phase Shift upon 

Reflection at Interfaces 

We now move on to the "combined" structure — the graded-index waveguide with an 

arbitrary multilayer overlay. As outlined earlier, the analysis of such a structure, by the 

various methods that we have described so far, is fairly straightforward. However, the 

design of the overlay, separately, to achieve specific field distributions in the 

inhomogeneous medium has not been accomplished to date in a direct manner. Attempts 

to design optimum overlays by randomly varying the constituent layers, subject to certain 

desired performance characteristics, have been made [Asakawa and Kokubun 1994], but 

such "blind design" methods offer little insight if any. histead, we will use the concept of 

the phase shift, as suggested earlier, to "match" the optimized overlay to the 

inhomogeneous waveguide at the interface at^* = 0, as shown in Fig. 3.10. We first recall 

that the equations for both the field (Eq. (3.6)) and the position of its peak in the 

inhomogeneous waveguide (Eq. (3.33)) depend explicitly on the parameters of the 

graded-index medium as well as on the propagation constant P\ the dependence on the 
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superstrata, therefore, is implicit through p. Next, the dispersion relation Eq. (3.31) for 

TM modes of the inhomogeneous waveguide can be re-written in the form 

arctan 

f 
K 1 Af. 

1 o
 o
 

V
 • 2O«r.(0-) 

+ = 2mn, 
(3.34) 

where the first term on the LHS of Eq. (3.34) is defmed to be -2(^o' the substrate-side 

phase shift. We now recognize that for the mode of a particular physical structure, with 

propagation constant p, the term, is uniquely defmed and contains information 

about all that is below the interface at>' = 0. The term, on the other hand, which is 

Fig. 3.10 Trajectory of a "ray", using the geometrical picture, in the graded-index waveguide with a 
multilayer superstrata. The phase shift upon reflection of this ray at the waveguide/superstrate 
interface is defmed as 

also uniquely defmed for this value of p, carries information about the superstrata. This 

immediately suggests that if it were possible to define an arbitrary multilayer structure 

that is characterized by this phase shift, at "incidence angles" corresponding to 

the value of p, we would be able to match any arbitrary, multilayer superstrata to the 
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inhomogeneous waveguide below, without altering the modal properties — the field and 

the propagation constant — of the latter. This is significant for purposes of design 

because it now allows us to independently proceed with the definition of the multilayer 

superstrate in terms of a single parameter, which has been chosen to satisfy 

specific modal characteristics in the inhomogeneous medium. 

Thus, in order to define a superstrate that will ensure that the peak of the modal 

f ie ld  in  the  inhomogeneous  waveguide  is  a t  a  des i red posi t ion,  we calcula te  as  a  

flmction offrom Eq. (3.34), subject to the condition that konys < P< + ^y) 

(Appendix B). This condition ensures that the modal field is resonant, and not 

evanescent, in the graded-index waveguide; this is important in our case because we are 

designing the linear, guidance characteristics of a diffused, nonlinear waveguide for 

efficient SHG operation, which requires that the power be confined mostly to the strongly 

nonlinear medium. Then, from Eq. (3.33), we can calculate the implicit dependence of>'p, 

the position of the peak of the field, on -2(po^*\ Our design procedure can therefore be 

summarized as follows: (1) calculate ft, and consequently y^, as a fimction of the phase 

shift, -2^^^', at Aq, and A21U, upon reflection from the waveguide/superstrate interface, (2) 

determine the appropriate values of -2^^^' such that the peaks of the modes at these 

wavelengths are coincident, i.e., yp(cj) = yp(2a)), and (3) determine the refractive index 

and thickness of the optimum superstrate layer (or layers) that will be characterized by the 

above values of -2^'"^' at Aa, and A2a>- These three steps constitute our solution of this 

inverse problem. 



152 

It remains to define the range of physically-meaningful values that the phase shift, 

-2^'"*"', can assume. It is well knovra that at the interface between two semi-infinite 

media, a plane wave, incident fi-om the higher-index medium at angles greater than the 

critical angle, experiences a phase shift (under total internal reflection) over the interval 

(-TC, 0], depending on the angle of incidence and the indices of reflection of the two 

media [Kogelnik 1988: p. 10-11]. The variation in phase shift with respect to n^, the index 

of the cover,  for a  fixed mode angle 9> 0c,  is  shown in Fig.  3 . 1 1 .  It  is  clear that  as « c  

0 

Cover («c) 

-180 
1.50 1.65 1.80 1.95 2.10 

Refractive Index of Cover (nc) 

Fig. 3.11 Phase shift due to total internal reflection at the cover interface, for a fixed mode angle 6 > 6^, 
in a graded-inde.x waveguide (GRIN WG) (e.g. LiTaOs; fCv) = + A£-exp(y/£)), = 4.633, 
A£= 0.043, D = 3.29 ^m, A = 0.86 ^m). MAX{/Jc} = yVeff= 2.1545. 
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approaches Ncff, the phase shift rapidly approaches zero. It should be noted that the usage 

of the term "mode angle" is strictly not appropriate here because we arbitrarily vary the 

phase shift for a fixed A/efr; there is obviously a unique correspondence between the mode 

angle associated with a waveguide mode and the phase shift (upon reflection from 

interfaces) experienced by a ray propagating at this mode angle. 

If a fictitious thin-film overlay is now inserted between the waveguide and cover 

as shown in Fig. 3.12, and the phase shift due to total internal reflection is calculated as a 

function of this overlay's refractive index (Wove) and thickness (dove), the variation in 

phase shift is dramatically different. For example, if a ray in the substrate is incident at 

the waveguide/superstrate interface at a fixed mode angle 9 > 9c, it can be seen that the 

phase shift at this superstrate interface assumes positive values, exceeding the interval (-

71, 0] for total internal reflection, when Wove and/or doy, become large enough (Fig. 3.13). 

The increase in phase shift is greater, for a given n^, in thicker overlays. Furthermore, at a 

given overlay thickness, as Move is increased ftirther, the phase shift -2^'"^', which is 

Overlay («ove) 

Fig. 3.12 Phase shift due to total internal reflection at the waveguide/overlay interface, for a fixed mode 
angle 6> 0^, in a graded-index waveguide (GRIN WG) (e.g. LiTaO]: £{y) = £i + Af-exp(y/£)), 
£, = 4.633, As= 0.043, D = 3.29 |im,, A = 0.86 nm, A'eff = 2.1545). 



154 

180 

-180 

180 

0 

-180 

180 

-2<z5b^"^ 0 

-180 

ll 
1 j 

1 

1/ / 
1.5 1.8 2.1 2.4 2.7 

n ove 

Fig. 3.13 Phase shift versus n„ve, for various do^: (a) 0.25 |im, (b) 0.50 jim, (c) 1.00 [im, and (d) 1.50 
fim. The mode angle is fixed (LiTaOs; = 2.1545 at A = 0.86 [im), and the dashed vertical 
lines represent = Ncn-
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modulo 2n, changes to the higher branches. The effect of increasing Wovc and/or dove is the 

addition of higher-order resonances or standing waves in the overlay, corresponding to 

the various branches of the phase shift ftmction; thus, this behavior in the phase shift is 

not wholly unexpected. As mentioned earlier, in a general multilayer overlay structure, 

the higher-order standing waves may appear in any resonant layer, and the mode number 

corresponding to these resonances would have to be accounted in the recursion formula 

Eq. (3.17) for the phase shift. The range of physically-meaningftil values for with 

a single layer present, is therefore now the interval (-n, +ii), depending of course on the 

index and thickness of the overlay. It should also be noted that does not exceed 

zero when «ove < A^eff, no matter how thick the overlay, suggesting that an evanescent layer 

cannot increase the phase shift beyond the interval (-7t, 0]. This re-confirms that an 

evanescent layer, regardless of its thickness, caimot increment the mode number in a 

multilayer waveguide. 

To independently verify the appearance of the higher-order resonances as 

is increased to higher branches, we calculated the transverse profiles of the tangential 

magnetic field, J'x, using the waveguide mode-solver program. Beta [Li 1993], based on 

the transformation of a stratified, inhomogeneous waveguide to an equivalent, single-

layer, step-index waveguide [Li 1994]. In Fig. 3.14, we show the magnetic field 

distribution inside a graded-index (exponential permittivity profile) waveguide with a 
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Fig. 3.14 Plots of J'tCy) in the LiTaOs waveguide of Fig. 3.11, with a 0.5 mm-thick, planar, dielectric 

overlay for three different cases: (a) solid line — TMo mode with na„ = 1.842, (b) medium-
dashed line — TMi mode with /Jove = 2.362, and (c) short-dashed line — TMj mode with n^yc 
= 2.842. Also, /la, = 0.86 |im. The vertical lines represent the boundaries of the overlay aty = 0 
and y = 0.5. The phase shift -2 '̂*' at >> = 0 is identical (modulo 2n) in all three cases. The 
inset shows the field variation in the overlay and cover. 

single, 0.5 jam-thick, planar, dielectric overlay, corresponding to Fig. 3.13(b). For three 

separate cases the overlay is characterized by a phase shift equal to -2 a, -2 a + 

271, and -2a + 47r, respectively, where -2 a, in degrees, is equal to -166.26°; equivalently, 

/7ovc is equal to 1.842, 2.362, and 2.842, respectively, at Ac = 0.86 |am. The O"'-, P'-, and 

2"''-order resonances of the structure correspond to the TMo, TMi and TM2 modes of the 

three different waveguides, but all three modes have identical values for the propagation 

constant /S, indicating that the "fixed" phase shift (modulo 2n) at y = 0 ensures that p 

remains the same. More surprisingly, the field in the inhomogeneous waveguide is 



157 

identical for -<» < y < 0 in all three cases. This suggests that as long as the multilayer 

superstrate is designed such that the phase shift is fixed, for a particular mode 

angle corresponding to fi and at a particular wavelength, we can in principle construct it 

from any arbitrary combination of materials and (layer) thicknesses, and independent of 

the guiding region below, to produce a desired modal field distribution. The fact that the 

modal field in the waveguide is unaltered, provided the superstrate is characterized by a 

particular phase shift, can be understood on the grounds that the eigenfimction and 

eigenvalue corresponding to the solution of the modal condition Eq. (3.28) are unique. If 

the modal condition is established at >/ = 0, the substrate side of the structure "sees" no 

change even if the superstrate is changed, as long as the phase shift condition in Eq. 

(3.28) is met. In this sense, all three waveguides in Fig. 3.14 have an identical subset of 

eigenvalues that are solutions to the modal condition, but their eigenfimctions differ 

because the physical structures (superstrate) are different, and consequently ^ now 

corresponds to three distinct modes. Nevertheless, the region below the superstrate 

interface, which is of primary interest to us, sees essentially the same superstrate in all 

three cases, and consequently the field distribution in that region does not change. Thus, 

the two regions of the composite structure — the waveguide and the superstrate — have 

effectively been "partitioned" into structures that can be individually designed. It should 

be noted that although our calculations have focused on an overlay on the surface of an 

inhomogeneous waveguide, the concept of the phase shift may be used to match any 
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arbitrary, multilayer structure to a general, planar waveguide without altering the latter's 

modal characteristics. 

Applying our approach to the design of optimized waveguides for improved 

spatial overlap (I7) of the modes at Aai (equal to 0.86 ^m) and we begin by 

computing the variation of and (the position of the peak of the field) as a function 

ofat the two wavelengths; the results are shown in Fig. 3.15. For a planar, graded-

index waveguide with an exponential permittivity profile in the depth direction (as in 

LiTaOs), with the waveguide parameters defined as in Fig. 3.11, we vary the phase shift 

due to a ficititious overlay over the interval (-71, -Hi). We point out that A'eff increases with 

increasing phase shift (with MIN(A'efr) corresponding to the cutoff condition for the 0'*'-

order mode), and approaches its maximum value, , as approaches +71. As 

-2^'"' is increased even further to the next branch (-2^^"^' > +71), the mode number is 

incremented, and yS cycles back through the same range of values as before but for the 

next (higher-order) mode of the resonant structure. In addition, the peak position of the 

mode, at both wavelengths, moves towards the interface with increasing phase shift, and 

eventually moves into the overlay when -2^^^' > 0; we do not pIot>'p for_v > 0, however, 

because Eq. (3.33) applies exclusively to the field solution in the inhomogeneous region. 

Implicit in the arbitrary variation of the phase shift is the fact that it will somehow be 

possible to construct a multilayer overlay that is characterized by any given -2^'"^' in the 

interval (-n, +71), for a particular fidX Xoj- 0.86 ^im; the next section discusses this. 
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Peak position of modes (y^ — solid), and the effective refractive indices {Nca — dashed) 
versus the phase shift at the overlay interface (at y = 0). Wavelength is equal to (a) 0.86 ^m, 
and (b) 0.43 ^m. Vertical dashed lines represent = 0, at which point the peak of mode 
moves out of inhomogeneous region and into the overlay. MAX(A'efr) = +An^) when -
2^'*' = -t-Tt. 
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As an example, we employ, on the surface of our graded-index waveguide, a 0.5 

|im-thick, fictitious overlay, the refractive index of which is varied from 1.4 to 2.7. From 

Fig. 3.15, we determine conditions under which the peaks of the modes at the two 

wavelengths coincide: yp(co) =yp(2o)) = -0.774 jim, for example, when = -72°, 

and -2tpo^'^\2a)) = -172°. We also determine from Fig. 3.15 the effective refractive 

indices of the modes at these two wavelengths: Neff{o)) = 2.1578, and N^t^lco) = 2.2745. 

Using this information, we plot the variation of the phase shift due to this overlay as a 

ftmction of its refractive index at wavelengths equal to 0.86 ^m (^a,) and 0.43 fxm (Aaaj), 

respectively, as shown in Figs. 3.16(a) and 3.16(b). From Figs. 3.16(a) and 3.16(b), we 

subsequently estimate the refractive index of the dielectric overlay to be 2.183 and 1.738, 

at Aa, = 0.86 jim and A20, = 0.43 |im, respectively; such an overlay, with strongly 

anomalous dispersion (to be differentiated from the anomalous dispersion near absorption 

resonances) will provide the desired phase shifts at the overlay interface at the two 

wavelengths, and will appropriately "pull" the mode at Za, towards this interface without 

affecting the mode at A2eo. We again independently verified our results using the Beta 

program for modal analysis of multilayer waveguides [Li 1993]. The peaks of the modes 

are now almost perfectly coincident, as shown in Fig. 3.17, and consequently, improved 

spatial overlap of the modes has been achieved. Note that although it is the electric field 

( y), rather than the magnetic field (,fr), that enters the calculation of the SHG efficiency, 

we remain with Jfx because Eq. (2.9) from Chapter 2 relates these electric and magnetic 
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field components (in the graded-index region) through a simple proportionality that is 

essentially constant under the weak-guidance approximation. 

Recognizing that such an overlay with strong anomalous dispersion is impossible 

to attain using homogeneous, optically-transparent materials, we could possibly use an 
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Fig. 3.16 Phase shift at the overlay interface versus the index of the overlay for wavelength equal to (a) 
0.86 (im (jVcff = 2.1578), and (b) 0.43 |ini (A'ejf = 2.2745). kly^f^oi) =y^{2co) = -0.774 |im, we 
have (a) -2 '̂*'(ft>) = -72°, corresponding to /love(^w) = 2.183, and (b) -l(l)o\2ci)) = -172°, 
corresponding to novc(2«a) = 1.738 (indicated by short-dashed lines). 
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Fig. 3.17 Spatial overlap of(solid) and (dashed) for n„n(ci)) = 2.183, and (b) n„yci2co) = 

1.738. The peaks are coincident aty = -0.774 iim. Inset shows the field distributions when no 
overlay is present. 

overlay material that would have an index of refraction equal to 2.325 at /i2o„ 

corresponding to a phase shift of-2^^"^^ + 27t (see Fig. 3.16(b)). However, the overlay is 

then strongly resonant, and a higher-order mode results; this is not generally desirable for 

efficient SHG because power may no longer be predominantly flowing in the nonlinear, 

inhomogeneous medium (y < 0). If we could tolerate a slight decrease in SHG efficiency, 

we could alternatively design the overlay so that the peaks of the modes coincide closer to 

the interface, and yet be within the inhomogeneous medium. For example, yp(a;) =yp(2a)} 

= -0.297 |im when -2(Po^^\q)) = -28°, and -2(^*\2q)) = -60° (see Fig.3.18). The 
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effective refractive indices of the modes at these two wavelengths are: A'cfi(«y) = 2.1588, 

and = 2.2161. Following the same procedure, we calculate the equivalent overlay 

refractive index to be 2.1945 and 2.279, at Aa, = 0.86 ^un and X20, = 0.43 |am, respectively; 

such a material would possess relatively normal dispersion characteristics. However, in 

case both these alternatives are unacceptable, we may be able to engineer a transparent 

material with strong anomalous dispersion, or at least "very flat" dispersion; i.e., unlike 

most optical materials which have indices of refraction that increase rapidly as the short 

wavelength-side of the visible spectrum is approached, the material we desire should 

possess the refractive index characteristics; «(2<y) s n^co). This will be discussed in the 

next section. 

1.0 

0.0 

-5.0 -3.5 -2.0 -0.5 1.0 

Depth Position (^im) 

Fig. 3.18 Spatial overlap of ((solid) and i'l'"'"' (dashed) for ~ 2.1945 at Aa, = 0.86 urn, and 

(b) Move = 2.279 at = 0.43 (im. The peaks are now coincident at>' = -0.297 |im. 
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It is important to understand why the peak of the real modal field moves out of the 

inhomogeneous region and into the superstrate for > 0° (see Fig. 3.15). This 

follows fi-om the fact that Eq. (3.9) and Eq. (3.23) lead to 

^'(j/) = i4exp(jK>')[l + pexp(-/2Kj')] , (3-35) 

where p = |p| exp(-/2^^"^') is the reflection coefficient evaluated at the interface of 

interest. For example at>/ = 0, the (real part of the) field is at its minimum—^4(1 - \f\) — 

when -2^^"^* = ±k. When |/3| approaches unity, we have complete reflection of a wave, or 

an open circuit, in terms of transmission line theory, and the field has a node at this 

interface. The phase shift -2^^^' approaches -tt in practice as the index contrast between 

the waveguide surface and the superstrate is increased. The peak value of the (real part of 

the) field — ̂ (1 + |/?|) — is obtained at this interface when -2^^"^' (modulo tt) is equal to 

zero; this condition then always corresponds to an anti-node of the field at = 0. When -

exceeds zero, the fact that the peak of the field lies in the resonant overlay, rather 

than in the guiding region below the interface at 3/ = 0, can be explained partly by the fact 

that the round-trip phase condition Eq. (3.29) can no longer be satisfied in the region 

below this interface, and at least one additional resonant layer is required. This also 

suggests that the modal field will have a peak in the layer in which Eq. (3.29) can be 

satisfied. 
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3.2.3. Study of Phase Shift from Multilayer Overlays consisting of Resonant and 

Evanescent Layers 

So far, we have studied the properties of a fictitious, single-layer, planar waveguide-

overlay that is ideally suited for ensuring that the peaks of the modes, at the fundamental 

and second harmonic wavelengths, are coincident, thereby improving spatial overlap. 

Knowing the properties of this ideal single film, the task now is to construct a general 

multilayer overlay that is ftmctionally equivalent. For purposes of simplicity of 

fabrication, we will arbitrarily limit our multilayer designs to no more than three layers, 

although additional layers can be considered if the design constraints require them for 

optimum performance. We begin with an analysis of single-layer overlays that can be 

either resonant or evanescent, distinguishing between effects (on the phase shift) due to 

both the interfaces and the media between the interfaces. The reader is reminded at the 

outset that by a resonant layer, we mean one that has a refractive index larger than (or 

equal to) the effective refractive index of the mode at the wavelength of interest; 

similarly, an evanescent layer is defined as having an index of refraction lower than the 

effective refractive index. 

The effect of resonant layers on the effective refractive index and mode number in 

multilayer waveguide structures has been studied by several authors [Ruschin et al. 1986, 

Li and Lit 1987b, Lit et al. 1988]. Traversal of a wave from one boundary of a layer to the 

other results in a simple accumulation of phase as indicated by Eq. (3.25). However, as 

noted earlier, the mode number, or equivalently the number of zero-crossings in the 



166 

modal field distribution, of a particular layer, and consequently that of the whole 

multilayer structure, is incremented when the phase is increased by an integral multiple of 

In. This is demonstrated graphically in Figs. 3.19 and 3.20; in the former, we "trace" the 

phase shift -2^'"^' (modulo 2TZ), as a function of position along >/, from the cover interface 

« = 2.1625 rt = 1.0 

n = 2.222 

Fig. 3.19 A graphical "trace" of -2 '̂"' (left ordinate) as a function of distance propagated through a 1 
lom-thick, resonant overlay (NbiOs; Wove = 2.222, = 2.1578 at A. = 0.86 |im). The refractive 
index profile from the cover (air; /ic = 1.0) to the interface with the inhomogeneous region is 
also shown (right ordinate); the inset depicts the physical structure. The discontinuity in the 
phase at the overlay/waveguide interface at c/ = 1.0 |im is clearly apparent. 

to the interface with the inhomogeneous region at = 0, and in the latter, we show the 

resultant phase shift calculated at the interface >- = 0, as a function of the overlay 

thickness. It should be noted that the phase shift changes at interfaces between dissimilar 

media as indicated by Eq. (3.17), and this is depicted in Fig. 3.19 as a discontinuous jump 
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in the phase shift. These discontinuities in the phase shift are simply a consequence of the 

boundary conditions imposed on the electromagnetic field solutions in each of the layers. 

The interfaces can contribute a resultant phase shift that is either positive or negative, 

depending on the quadrant in which the tangent ftmction in Eq. (3.17) is evaluated. 

Normal dispersion of the overlay medium results in a higher mode number at the second 

180 

2.0 0.8 0.4 

Fig. 3.20 The resultant phase shift -2 '̂*', at the interface with the inhomogeneous region (y = 0), 
versus overlay thickness, ho^ (in |am). The phase shift is depicted for the wavelengths = 
0.86 iim (solid) and A.2a, = 0.43 (dashed). The mode number is incremented (0,1,2,...) as 
the phase shift moves to higher branches. At nove = 2.222 and Nca = 2.1578, and at Wove 
= 2.389 and = 2.2745. 

harmonic than at the fundamental wavelength, as shown in Fig. 3.20. Hypothetically, if 

the mode number was not relevant, we could easily incorporate such a resonant overlay, 

with a thickness of about 0.36 |xm, to achieve the phase shifts that were required for the 

example in Fig. 3.17 (-2(^(co) = -72°and -2(^(20)) = -172°). However, this is not the 
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case as the mode number is relevant, and we will therefore explore ways of obtaining 

anomalous dispersion in these overlays, if possible. 

Evanescent overlays have even more interesting effects on the modal properties of 

waveguides, especially when used in conjunction with resonant layers. The fact that the 

refractive index of evanescent layers is smaller than the effective refractive index of the 

mode causes the fields in such layers to be the superposition of exponentially-growing 

and decaying functions. In terms of the geometrical model, the rays do not penetrate these 

layers because of total internal reflection at interfaces with adjacent resonant layers, and 

these evanescent layers are strictly supposed to act as "barriers" to transverse power flow. 

However, analogous to the quantum mechanical concept of tunneling, rays can "tuimel" 

across such a barrier layer if it is sufficiently thin, and penetrate the resonant medium on 

the other side; this is known as optical turmeling [Yeh 1988]. The transmittance through a 

barrier layer, for example, can be calculated in a variety of equivalent ways. A 

geometrical approach based on the "ray simimation method" was described by Kapany 

and Burke [1972] for fhistrated total reflection (FTR) coupling of power into planar 

waveguides across a single air gap. The transmittance, often referred to as the timneling 

coefficient, can also be calculated using the 2x2 matrix formulation in Eq. (3.11), which 

can naturally be used for the analysis of more complicated structures involving several 

barrier layers interspersed between resonant layers [Yeh 1985]. 

Insight into the changes effected by the presence of barrier layers can be 

developed using the concept of the phase shift. Revisiting Eq. (3.19) and Eq. (3.20) for 
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"propagation" of the phase shift across an evanescent layer, we see that Eq. (3.19) can be 

re-written as 

= arctanh 
^ X, cT, ^ (3-36) 

with the substitution of , being purely real if the magnitude of the argument 

of the inverse hyperbolic tangent ftmction in Eq. (3.36) is less than unity. However, as 

noted earlier, when the aforementioned argument's magnitude is greater than unity, ^ 

becomes complex with the imaginary part equal to ±7i/2. Thus far, we have focused on 

only the real part of the phase, attributing the imaginary part to an amplitude component 

according to Eq. (3.23). The appearance of a jt phase shift (-2^^^' = n) upon total internal 

reflection at the boundaries of evanescent layers in such a tunneling scheme has not been 

noted in the literature to the best of our knowledge. In the calculation of the transmittance 

or tunneling coefficient across the first boundary of a single evanescent layer for example 

[Adams 1981: p. 152-155], we can make use of Eq. (3.23) to obtain 

T = \ - \ i ^ -  = \ - \ B / A \ '  exp(-2^,) , 

where is the real part of ^ in Eq. (3.36). Following Love and Winkler [1977], we can 

express the generalized transmittance across the barrier layer as 

T; = 7T'exp(-2x/z) , (3-38) 

where T andT' represent the transmittances across succesive boundaries and the 

exponential term represents attenuation due to the evanescent layer. It remains to be 
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shown that this is formally equivalent to a result that would be obtained from an analysis 

of reflection due to an evanescent layer using our recursion formulae for the phase shift. 

In any case, the tc phase shift that might appear at the interfaces is not relevant to the 

calculation of the tunneling coefficient across a single barrier, but it is certainly important 

for the calculation of the mode number and the resultant standing wave in die resonant 

part of any multilayer guiding structure. This idea of a phase shift of 0 or tt radians at the 

interfaces of evanescent layers, depending on the ratio of the transverse wavenumbers on 

the two sides of the interface, needs ftirther study. Extension of this approach to the 

calculation of the tunneling coefficient for arbitrary, multilayer structures would require, 

in general, the amplitude information in Eq. (3.23) as well. 

The real part of the complex phase shift, , is nevertheless significant even for 

our analysis because it is akin to the tunneling coefficient and therefore indicates the 

degree to which any adjacent, resonant layers are "coimected". For example, if the barrier 

layer's thickness is increased sufficiently, the turmeling coefficient can be made small 

enough so that the evanescent layer becomes essentially a semi-infinite medium, and the 

outer resonant layer is no longer significant to the modal properties of the multilayer 

waveguide below. In the present analysis of optical turmeling, we do not as yet 

differentiate between the contributions to the phase shift from the interfaces of an 

evanescent layer and its interior. We nevertheless consider the total effect of an 

evanescent layer in terms of the phase shift that is carried through to a subsequent 

interface with a resonant layer. In this way, mode number changes due to the evanescent 
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layer are reflected accurately. As mentioned earlier, Li and Lit [1987b] followed a similar 

approach to calculating the contributions of evanescent layers to the phase shift in 

resonant layers, and consequently to the changes in the mode number. They also noted 

that the mode number can only be decremented, and at most by one, by any given 

evanescent layer inserted between resonant layers (a set of adjacent evanescent layers can 

be represented by an equivalent evanescent layer). This follows directly from Eq. (3.19) 

and Eq. (3.20), which indicate that the phase shift due to an evanescent layer inserted 

between a waveguide and the cover can vary over the interval (-ti, 0], regardless of the 

thickness of the evanescent layer (see Fig. 3.21); note that in this case ^ froni Eq. 

(3.19) is always positive, and consequently, so is the argument of the tanh fimction on the 

RHS of Eq. (3.20). On the other hand, the phase shift due to an evanescent layer inserted 

between two resonant layers in a multilayer waveguide can vary over the interval (-n, 

+7i). The effects of evanescent layers on mode number were also analyzed by De Jong 

[1989], but in terms of a complex, hybrid-field vector whose phase part is related to the 

impedance (or admittance, depending on the polarization) of the wave that is propagating 

through the multilayer structure; similar conclusions were drawn regarding the increment 

and decrement of mode number due to resonant and evanescent layers. 

Having examined the resultant phase shift -2^^^' at the interface with the 

inhomogeneous LiTaOs waveguide (y = 0) in the case of a resonant overlay such as 

Nb205 in Fig. 3.20, we now study the effect of a single, evanescent layer as well as the 

effects of 2-layer overlay combinations. In Fig. 3.21, we show the phase shift versus the 
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thickness of an evanescent overlay such as ZrOz- Curiously, because the refractive indices 

of Zr02 at Aai and Aim are very close to those of the LiTaOs substrate (see Table 3.1), the 

overlay acts as a layer exhibiting normal dispersion at small thicknesses, with the phase 

shift at A2aj being influenced more significantly than at This situation is reversed, 

however, as soon as the thickness of the ZrOi layer is increased (we shall re-visit this case 

in Section 3.3). In Figs. 3.22 and 3.23, we show the phase shift due to various 2-layer 
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Fig. 3.21 

/Zove (l^m) 

Phase shift versus overlay thickness for a single (evanescent) ZrOi overlay, at 
0.86 fim (solid) and - 0.43 ^im (dashed). 

overlays, where one layer's thickness is varied from 0 to 2 |im, while that of the other 

layer is maintained at 1 |am. In Fig. 3.22(a), the effect of the Zr02 layer is significant only 

when the thickness of the Nb20s layer is nearly zero; for larger thicknesses, the resonant 

layer acts as if the Zr02 layer were non-existent. In Fig. 3.22(b), the thickness of the Zr02 

layer is important in that it can be used to vary the phase shift over the interval (-n, +7T) 

without risk of incrementing the mode number; again, normal dispersion characteristics 

are exhibited. In Fig. 3.22(c), the insertion of the evanescent layer between 
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Fig. 3.22 Phase shift -2^**' versus overlay thickness at Aa, (solid) and (dashed) for various 2-layer 
overlays as shown in the insets. The thickness of the "shaded" layer is varied, while the 

thickness of the other layer is fixed at 1 ^m. 
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Si02 AI2O3 Ta205 Zr02 Nb205 

n(Aa,= 0.86 nm) 1.453 1.679 2.075 2.14131 2.222 

«(/l2<u= 0.43 (Am) 1.467 1.701 2.195 2.21131 2.389 

Table 3.1 Refractive index values for various optical thin films [Pawlewicz et al. 1980, Macleod 1986], 

inhomogeneous waveguide and a resonant layer causes the 2-layer overlay to exhibit 

anomalous dispersion characteristics, with the phase shift being increased at Xa, but 

decreased at Ajm. This effect quickly saturates as the thickness of the ZxOj barrier layer is 

increased so that the effect of the resonant, outer layer is no longer present. The 

anomalous dispersion is more clearly visible in Fig. 3.22(d), where the thickness of the 

resonant layer is varied; the mode number is incremented at Xa while little changes at 

A2a,. It should be noted that the mode is extremely sensitive to the thickness of the 

resonant layer in the vicinity of the transition to the higher branch, making the tolerances 

on layer thicknesses critical. In Fig. 3.23, with the evanescent ZrO: layer replaced by an 

evanescent layer of Si02 (see Table 3.1), the dispersion behavior is essentially the same 

as before. In Fig. 3.23(c), the low refractive index of SiOi results in a very weak 

tunneling coefficient, so that the effect of the outer, resonant layer is no longer present 

even for extremely small thicknesses of the evanescent layer. Based on these simulations, 

it would seem that the desired anomalous behavior in the dispersion characteristics would 

be obtained if a single evanescent layer such as Zr02 (or even more than one) were 
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Fig. 3.23 Phase shift -2^'"' versus overlay thicioiess at (solid) and Ain, (dashed) for various 2-layer 
overlays as shown in the insets. The thickness of the "shaded" layer is varied, while the 

thickness of the other layer is fixed at 1 |im. 

inserted between the inhomogeneous waveguide and the resonant, outer layer (Nb205). 

The anomalous behavior may be attributed to the n phase shift that was discussed earlier. 

For the design example of Fig. 3.17, however, a more pronoimced anomalous 

dispersion behavior is required {-2^{co) = -72°, and -l<f)Q{2co) = -172°) than what is 
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possible with the 2-layer combinations in Figs. 3.22(c) and 3.22(d). As a result, we will 

examine overlays consisting of more than two layers. One approach to characterizing 

such structures is the visualization by graphical means of the effects on the phase shift of 

various multilayer combinations. Alternatively, if we could establish mathematical 

equivalences between these multilayer structures (or at least special cases, such as the 

symmetric Epstein period, which was briefly outlined earlier) and single films, we could 

calculate equivalent refiractive indices and thicknesses for the multilayer structures, 

analogous to the Herpin equivalences described in Section 3.1.3. Naturally, the matrix 

formalism would have to be extended to include guiding structures. The dispersion 

characteristics of these equivalent structures could then be studied graphically, permitting 

the designer to visually examine a parameter space consisting of various refractive-index 

and thickness combinations. 

However, parametric studies such as the ones we have described so far quickly 

become intractable when more layers are included. A more practical approach would be 

the direct solution of an inverse problem. For example, we mentioned earlier that for thin-

film filters, it is possible to construct the Herpin-equivalent of a single fihn in terms of a 

basic Epstein period [Ohmer 1978]. That is, given the refractive index and thickness of an 

ideal layer, we could analytically calculate the thicknesses, for example, of the middle 

and outer layers of the symmetric, 3-layer structure. In our case however, we seek to 

essentially construct a multilayer structure that will be equivalent to an ideal layer at two 

wavelengths, Xa, and Xim- Following the approach of Ohmer to construct equivalent 

Epstein periods would therefore require the consideration of additional parameters, such 
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as the refractive indices of the two materials in the symmetric structure. Fortunately, our 

approach based on the phase shift upon reflection makes it possible to calculate an 

equivalent waveguide in terms of a single parameter, the phase shift Our design 

strategy therefore will be to solve a system of two simultaneous equations in terms of the 

phase shift at the two wavelengths, with the two unknowns being the thicknesses of any 

two layers in a multilayer overlay. For example, we can construct a 3-layer overlay 

consisting of two evanescent layers, ZxOi and Si02, inserted in between the 

inhomogeneous region and a resonant (NbiOs) outer layer (see Fig. 3.24). With the 

thicknesses of the Si02 and Zr02 layers denoted as h\ and hj, respectively, we seek 

solutions of the form 

= . (3-39) 

This can be accomplished fairly easily using efficient one-dimensional root-fmding 

algorithms such as Brent's method [Press 1988: p. 251]. Calculating the thicknesses, h\ 

and /i2, of the evanescent layers such that the 3-layer overlay meets the design constraints 

of the case in Fig. 3.17, we obtained the results that are shown in Fig. 3.24. With 

thicknesses of 0.1431, 0.25, and 0.6 |im for the Si02, Zr02, and Nb205 layers, 

respectively, we calculated a net phase shift -2^^"^' of -72° and -175° at Aq, and Xico, 

respectively, at angles of incidence corresponding to N^ffico) = 2.1578, and Nt^lco) = 

2.2744. These results were verified independently using the Beta program, and modal 

fields were obtained at the two wavelengths. Although it appears that 
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Fig. 3.24 (solid), corresponding to a TMq mode, and (dashed), corresponding to a TMi 

mode, versus depth position. The short-dashed vertical lines represent the positions of the 3 
layers of the dielectric overlay: 1 = Si02, 2 = Z1O2, and 3 = Nb205- Interface with 
inhomogeneous region at}/ = 0. 

the peaks of the two modes do not coincide, a closer examination of the field profiles in 

the graded-index region (Fig. 3.25(a)) indicates that in fact the peaks of the modal fields 

coincide precisely at the position for which the overlays were designed: y = -0.774 fmi. 

However, the power is distributed mostly in the inhomogeneous region at Aza,, whereas it 

is in the resonant (NbiOs) overlay at Atu, making this particular design impractical for 

SHG applications. It seems that a multilayer overlay with apparently anomalous 

dispersion has been achieved, but Fig. 3.25(b), corresponding to the fields in the overlay 

region, clearly shows that is in fact a higher-order (TM2) mode; the reason is that 

the numerical solution of the inverse problem outlined above does not at present 

distinguish the mode number. The limitation or control of the mode number in these 
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multilayer solutions needs further study, requiring us perhaps to establish specific 

intervals for the "roots" so that a desired mode number is obtained. Nevertheless, the 

curious dispersive characteristics of the transverse power distribution in the multilayer 

guide warrants a deeper study of power distribution with respect to the phase shift. A 

preliminary analysis by Lit et al. [1988] yielded analytical expressions for power 

confinement in each layer as a function of the effective thickness of the muhilayer guide, 

which in turn was expressed in terms of the phase shift. Further work along these lines 

will perhaps elucidate how the transverse distribution of the power that is flowing in these 

multilayer waveguides can be precisely controlled by modifying the parameters of any 

given layer. 
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3.3. WAVEGUIDES WITH THIN-nLM OVERLAYS FOR EFFICIENT SHG 

Based on our analysis of thin-film overlays, we now present a novel approach for 

increasing second harmonic generation efficiency in KTP and LiTaOs channel 

waveguides by using planar, dielectric overlays. The overlay is designed to ensure that the 

peak positions of the electric fields at the fundamental and second harmonic wavelengths 

coincide, which then results in high, normalized SHG conversion efficiency. In addition, 

tunability of the phasematching wavelength can also be achieved with these overlays, 

with little change in the phasematching tolerances. 

3.3.1. Refractive-index and Dispersion Characteristics of the Ideal Homogeneous 

Overlay 

We have discussed the significance of improving the spatial overlap of the modes ( 7) in 

order to improve tlie SHG conversion efficiency, and the possibility of accomplishing this 

through the use of planar overlays. The peaks of the modes at the two wavelengths are not 

coincident (e.g.. Figs. 2.18 and 3.17), and the spatial separation, which is primarily in the 

depth direction, may be corrected by using planar overlays on the surface of these 

inhomogeneous waveguides. In what follows, we will revert to using the electric field 6'y, 

rather than J'x, because the former is the relevant field component for the SHG 

calculations involving the channel waveguide's quasi-TM transverse modes. 

We have seen in Section 3.2 that a dielectric overlay with refractive index that is 

much lower than jVeff, at any wavelength, hardly affects either or (e.g., «ove « 
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Neff for an SiOa film on a LiTaOs waveguide at a wavelength of 0.86 |im; see Table 3.1). 

However, when using a thin film with an index that is closer to A'efr (e.g., «ove s A'efr, for 

ZrOa on LiTaOa), the field is pulled moderately towards the superstrate interface. If the 

thin film has refiractive index that is higher than A/eff (e.g., «ove > for NbaOs on 

LiTaOs), the field is pulled up more strongly and possibly into the superstrate, depending 

on the thickness and index of the overlay. In Section 3.2, we showed that this physically-

intuitive result can in fact be confirmed by a rigorous, electromagnetic analysis based on 

the concept of the phase shift upon reflection fi-om interfaces. As a result, we concluded 

that an overlay with anomalous dispersion characteristics could selectively pull 

towards the superstrate interface, without significantly affecting the distribution of 

Anomalous dispersion in homogeneous, transparent dielectrics is not physically attainable 

easily, and as Section 3.2.3 pointed out, even an equivalent, multilayer structure may be 

difficult to obtain. Fortunately, a quick review of the results of Fig. 3.21, where a Zr02 

overlay was utilized on the surface of a LiTa03 waveguide, indicates that a homogeneous 

layer, with n{co) = and "flat" dispersion characteristics, may be a satisfactory 

solution. By flat dispersion we mean that the dispersion, n(2co) - n(o)), of the thin film 

should be smaller than the waveguide dispersion, Ne{f(2o}) - Neffio)). Figure 3.16 confirms 

this idea as well, indicating that for a material with Nefficj) = n(a)) = n{2(o), the phase shift 

-2ipo(2.(i)) is still approximately equal to its value in the absence of the overlay (s -175°), 

but -2<fK){co) has increased to approximately -120°. With the aid of Figs. 3.15(a) and 
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3.15(b), we can see that the peak position of will not change significantly, whereas 

that of increases, albeit moderately. In this manner, even though the peak positions of 

the two modes will not be perfectly coincident, we will obtain some improvement in 

spatial overlap. Within this constraint then, we propose three possible overlay solutions: 

(1) use of a single, homogeneous fihn with the appropriate refractive index, «ove(^y) = 

and a dispersion characteristic, Wovc(26>) - nove((o), that is flatter than the 

waveguide dispersion, (2) engineering such an overlay by co-sputtering two or more 

materials, and (3) using a very general, multilayer structure that has dispersion and index 

properties equivalent to that of the ideal single layer (Section 3.2.3). 

The significance of the flat dispersion can be understood using simple, physical 

reasoning. When an overlay is deposited onto the surface of a waveguide, its effective 

thickness will increase, and consequently, based on the dispersion characteristics of 

waveguides, the effective refractive index of its modes will increase as well [Weller and 

Giallorenzi 1975]. From our analysis of the peak position of the mode with respect to A^efr, 

we know that the mode will be pulled towards the superstrate when jVeff increases. The 

ideal overlay will therefore provide a large increase in the effective thickness of the 

diffused planar waveguide at Aca, but only a moderate increase at A2c^ Thus, an altemative, 

more physical approach to our thin-film overlay design would be to ensure that the 

effective thickness of the structure is increased only at Aq,. As suggested earlier in Section 

3.2, the converse — pulling towards the substrate — may not be physically possible 
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precisely for this reason; it would be necessary to somehow reduce the effective thickness 

at Xto, by the addition of an overlay. 

We have so far discussed only the spatial overlap of the modes at the two 

wavelengths. In some cases, overlap of v/ith the domain-inverted region, especially 

when the inversion is accomplished by ionic diffiision which results in shallow domains, 

can become critical to efficient SHG (Section 2.1). In such cases, efforts have been made 

to in fact use thin-film overlays to improve the overlap between the mode and the 

domains [Harada 1993], although the thin fihns were not required to have special 

refractive index and dispersion characteristics. Consequently, the normal dispersion of 

films such as Ta205 would cause to be pulled towards the superstrate as well, 

eliminating any expected gains in SHG efficiency. Fortimately, the overlap with the 

domain-inverted regions is not an issue in our case because electric field-poled domains 

are uniform and much deeper than the spatial extent of the waveguide modes in the depth 

direction (Section 2.2). 

3.3.2. SHG Efficiency Results: Single, Composite, and Multilayer Films 

We calculated, using the semi-vector Fourier method, the normalized SHG efficiency in 

KTP and LiTaOs waveguides with these specially-designed thin-film overlays. As before, 

the computation of the coefficients of the Fourier matrix involved two-dimensional 

integration which, if solved numerically as is generally the case with inhomogeneous 

refractive-index profiles, can be very time-consuming. Fortunately, judicious 
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approximations of the integrals permits analytical solutions in the case of profiles such as 

the complementary error function (erfc) and the Gaussian function, even when several 

planar overlays are present (Appendix A). 

Figure 3.26(a) shows the quasi-TMoo modal fields of a Rb:KTP waveguide at the 

fundamental and second harmonic wavelengths. It is clear that the peaks of the electric 

fields, (and in this QPM-SHG interaction between lowest-order transverse 

modes, are not perfectly superimposed. The parameters of the KTP waveguide, which has 

a single quasi-TM mode at the flmdamental wavelength, are: Aq, = 0.86 jam, ns(a}) = 

1.84036, n^(2co) = 1.94148, AA7(<y) = 0.025, and An(2o}) = 0.03125, with erfc and step-

function refj-active index distributions in the depth and width directions, respectively. The 

effective width and depth of the channel are 3.1125 and 3 ^m, respectively. The degree of 

spatial overlap in this example is characterized by rj = 0.67, v^dth the normalized SHG 

efficiency, 7, and quasi-confinement factor, F, equal to 779 %AV cm^ and 0.14 

respectively. The Ist-order nonlinear grating, formed by electric field poling, has 

rectangular domains and a 50% duty-cycle. The depth distribution of the nonlinearity 

is assumed to be uniform in this case, and equal to the bulk value of 18.5 pmA^. 

Figure 3.26(b) shows the mode overlap in the same KTP waveguide in the 

presence of a thin, composite-film, dielectric overlay ((Si02)x;(Zr02)i.i, with x = 0.44 so 

that the film is effectively an evanescent layer). With the overlay, the degree of spatial 

overlap in this waveguide, which now supports two, transverse, quasi-TM modes at the 

increases to 7 = 0.92, with 7 = 1167 %/W-cm^ and f = 0.15 |am~^; note that the 



186 

c o 

o 
a. 

D. V Q 

-1 0 

Lateral Position (nm) (a) 

B 
3, 
c o 

o 
a. 

Q. 
U Q 

Si02:Zr02 

-1 0 

Lateral Position (p,in) (b) 

Fig. 3.26 Overlap of modal fields, (d" (dotted lines)and tT (solid lines), in a KTP channel 

waveguide (a) without an overlay, and (b) with a 0.8 |im-thick, (Si02)i:(Zr02)i-^ overlay for 
improved mode overlap. The stoichiometric ratio x = 0.44 so that the overlay is an evanescent 
layer (see Table 3.1). The dashed lines represent the effective dimensions of the diffused 
channel waveguide. 
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confinement of the modes has not been increased significantly. As stated earlier, the film 

can be formed by co-sputtering any combination of materials (see Table 3.1) such that the 

desired optical, as well as mechanical and thermal, characteristics are obtained. In this 

case, the 0.8 |im-thick overlay is formed by co-sputtering silica (Si02) and zirconia 

(ZrOa). The refractive index of the composite material, at any wavelength, is assumed to 

be a linearly-weighted sum of the indices of the constituent materials, provided that voids 

are minimized [Macleod 1986]. When co-sputtering dissimilar materials, the different 

sputtering rates should be taken into account in the index model. Furthermore, in 

selecting the constituent materials, one should also consider optical loss, stress-induced 

changes in the refractive index, and mismatch in thermal expansion. 

Figures 3.27(a) and 3.27(b) show plots of normalized internal SHG efficiency 

versus overlay thickness, for a variety of overlays, in KTP and LiTaOs channel 

waveguides, respectively. The parameters of the LiTaOs waveguide are: Aa, = 0.86 |xm, 

rts((i>) = 2.1525, ns(2oj) = 2.2614, A/i(<y) = 0.01, and An(2a}) = 0.02, with exponential and 

Gaussian refractive-index distributions in the depth and width directions, respectively. 

The effective width, fV, and depth, D, of the channel are 4.75 and 3.29 nm, respectively. 

The Ist-order nonlinear grating, also formed by electric field poling, has rectangular 

domains and a 50% duty-cycle. The depth distribution of the J33 nonlinearity is again 

assumed to be uniform and equal to the bulk value of 26 pmA^. Both waveguides support 

only one transverse mode in the absence of any overlays, but the number of modes can 

increase when an overlay is present, depending on the type of overlay and its thickness. 
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Fig. 3.27 Normalized internal SHG conversion efficiency, rj ,  versus overlay thickness for various 
dielectric overlays on (a) KTP, and (b) LiTaOs channel waveguides. The different overlays are 
single films, composite films (A:B), and multilayer structures (A, B, C). For the symmetric 3-
layer structure, the NbiOs layer thickness is varied while the thickness of the ZrOi layers is 
fi.xed at 0.534 ^un. For the KTP case, the two (Si02)j:(Zr02)i-x results are for (1) x = 0.44, and 
(2)x = 0.4. 
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All three types of overlays — (1) the homogeneous thin fikn, (2) the co-sputtered, 

composite thin film, and (3) the multilayer structure consisting of homogeneous fihns — 

are represented. Normalized efficiencies as high as 1259 and 628 %AV cm^ are 

theoretically possible in unoptimized KTP and LiTaOs waveguides, respectively, using 

planar, dielectric overlays. In the case of KTP, a single, homogeneous overlay (selected 

ft-om the materials listed in Table 3.1) was generally inferior, in terms of SHG efficiency, 

to the composite materials. For the (Si02)x:(Zr02)i-i overlay on K.TP, with x = 0.4, the 

efficiency decreases beyond a critical overlay thickness because the composite structure 

has a refiractive index now that is larger than A'efr. Thus, for thicknesses exceeding this 

critical value, Z'"' is pulled into the resonant overlay, and the overlap between the modal 

fields and the nonlinear domains is reduced. This is also the case for a (Zr02),:(Nb205)i-x 

overlay on LiTaOs, with x = 0.72. Use of a symmetric multilayer structure, such as the 3-

layer Epstein period [Epstein 1952], allows some design flexibility as well, hi the case of 

LiTaOs, a symmetric structure, consisting of a high-index Nb205 layer sandwiched 

between two evanescent Zr02 layers, increases the SHG efficiency beyond what is 

possible with a homogeneous Zr02 layer. However, as described earlier for resonant 

layers, when the Nb205 layer thickness exceeds a critical value, the efficiency is reduced 

dramatically. 

Degradation of the nonlinearity near the waveguide surface due to ion exchange 

can reduce the SHG efficiency in both unoptimized nonlinear waveguides as well as in 

those that are optimized for high efficiency by increasing mode confinement [Ramanujam 
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and Burke 1997]. The effect of a non-uniform nonlinearity on the SHG efficiency for 

these overlay-based designs is also examined. Figure 3.28 shows a plot of normalized 

efficiency versus the thickness, a, of the surface layer where the crystal nonlinearity is 

negligible. The parameters of the KTP guide are the same as in Fig. 3.26(b), but the 

LiTaOs guide, which has a a 1.2 |im-thick, Zr02 overlay, has also been optimized for 

strong confinement of the modes, as in the example of Fig. 2.22(b). After optimization, 

the modified parameters of the LiTaOs waveguide are: An((D) = 0.08, An(2co) = 0.16, and 

fV= 1.85 ^m, and D = 0.92 |im. Without any overlay, 7 = 0.391 and t] = 1597 %/W cm^; 
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Fig. 3.28 Normalized SHG efficiency versus the thickness, a, of the surface layer where the crystal 
nonlinearity has been degraded. The left and right ordinates correspond to a KTP guide (same 

as in Fig. 3.26(b)) with 0.8 ^m-thick, Si02:Zr02 overlay), and a LiTaOj guide with 1.2 |im-
thick, ZrOj overlay, respectively. The LiTa03 guide has also been optimized for strong mode 
confinement. The solid and dashed lines are polynomial curve fits to the points represented by 
the circles and triangles, respectively. 
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for these parameters, the LiTaOs guide supports a single transverse mode. With the 

overlay, 7 =0.718 and 7 = 3470 %/W-cm^, and the additional increase in efficiency is 

now due to improved spatial overlap; however, the guide now supports two modes at Aoj. 

Not surprisingly, the rate of fall-off in SHG efficiency due to the non-uniform 

nonlinearity in a waveguide with an overlay is very similar to that without any overlay 

(cf Fig. 2.19(a): unoptimized K.TP). The reason is that which partly defines the 

region of mode overlap, remains essentially unchanged by these special overlays (if at all, 

it is pulled up only slightly); hence, the reduction in spatial overlap (and SHG efficiency), 

due to the surface layer in which the nonlinearity is degraded, is essentially the same 

regardless of whether or not the overlay is present. 

3.3.3. QPM Characteristics: Tolerances and Tunability 

The phasematching characteristics of these overlay-based waveguide designs were also 

evaluated. Figures 3.29(a) and 3.29(b) show plots of the QPM phasematching wavelength 

versus the effective channel width, for the KTP guide of Figs. 3.26(a) and 3.26(b), 

respectively, for various QPM grating periods (in |im). The slopes of these contours 

effectively represent the phasematching tolerance to variations in the width of the 

channel. It can be clearly seen that, apart fi'om a shift of approximately 70 nm in the QPM 

grating period, the phasematching tolerances remain essentially unchanged by the 

presence of the overlay. Figure 3.30 shows similar phasematching curves for the LiTaOs 

waveguide example of Fig. 3.28. It was shown in Section 2.3 (see Fig. 2.22(b)) that this 
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Fig. 3.29 Phasematching wavelength versus channel width for the same KTP guide as in Fig. 3.26 for 
the cases (a) without any overlay, and (b) with a composite, 0.8 nm-thick, (Si02)i:(Zr02 )i-x 
overlay with x = 0.44. Contours correspond to various QPM grating periods (in fim). 
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Fig. 3.30 Phasematching wavelength versus channel width for a LiTaOs guide with a single, 1.2 nm-
thick, Zr02 overlay. The guide has also been optimized for strong mode confinement (as in 
Fig. 3.28). Contours correspond to various QPM grating periods (in ^m). The extrema 
correspond to non-critical phasematching points of SHG operation. The vertical lines separate 

1 2-, and 3-mode regions (at A J. 

Structure, which was optimized for strong mode confinement, also had non-critical 

phasematching points (for fV = 2.7 |a.m), where wide phasematching tolerances are 

available. Such an optimized guide also supported two transverse modes at Aa,. With the 

overlay present, the extrema in the contours shift to operating points corresponding to 

narrower channel widths, and non-critical phasematching is possible for fV = 1.85 ^m. 

Even though the guide still supports two transverse modes at the fundamental 

wavelength, the higher-order mode is fairly close to cutoff, and it is generally possible to 

re-adjust the waveguide dimensions slightly to ensure single-mode operation without 

compromising either SHG efficiency or non-critical phasematching characteristics. 
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The shift in the QPM grating period in Fig. 3.29(b) due to the overlay also 

suggests that the overlay can be used to shift, or tune, the QPM phasematching 

wavelength in a nonlinear grating. Figure 3.31 clearly demonstrates this tunability 
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Fig. 3 .31 Tunability of the phasematching wavelength as a function of the thickness of a Zr02 overlay 
on a LiTaOj guide (same as in Fig. 3.27(b)). The contours represent various QPM grating 

periods (in nm). 

of the QPM phasematching wavelength by control of the overlay thickness in a LiTaOs 

guide with a ZrOa overlay (the parameters of the LiTaOs waveguide are the same as in 

Fig. 3.27(b)). It can be seen that the QPM wavelength is fairly insensitive to the overlay 

thickness except around an overlay thickness of 0.75 |im, where there is an approximately 

linear variation of 3.3 mn/|im. 
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3.4. CONCLUSIONS AND FUTURE WORK 

To the best of our knowledge, this is the first instance of the use of planar dielectric 

overlays, with very specific refi-active index and dispersion characteristics, to increase 

SHG efficiency in ferroelectric channel waveguides by improving the spatial overlap 

between the modal fields at the fundamental and second harmonic wavelengths (by 

ensuring that the peak positions are coincident). The principal characteristics of these 

overlays are that they generally have refractive index values close to the effective 

refractive index at and dispersion characteristics that are flatter than the waveguide 

dispersion. The overlay can be designed to be either a single, composite, or multilayer 

film, and a variety of materials were considered. The tolerances on the overlay's 

refractive index and thickness are about 5x10"^ and 0.1 |jjn, respectively. Normalized 

SHG efficiencies as high as 1259 and 634 %/W cm^, for interaction between lowest-order 

transverse modes, are theoretically possible in overlay-based KTP and LiTaOs 

waveguides, respectively. Our results have indicated that although the number of 

transverse modes generally increases when an overlay is present, the waveguide 

dimensions can be re-adjusted for single-mode operation without compromising SHG 

efficiency significantly. With optimization of the waveguide for strong mode 

confinement, as in Section 2.3, we have suggested that the normalized, internal, SHG 

efficiency in a ZrOi overlay-based, two-mode LiTaOs guide (where the higher-order 

mode is close to cutoff) can be increased to as much as 3470 %/W cm^, while ensuring 

that the SHG interaction is non-critically phasematched. To the best of our knowledge. 
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this is the highest performance for waveguide-SHG that has been theoretically predicted 

or experimentally measured to date; the only caveat is that a large surface refractive-index 

increase (/S/i(£o) = 0.08, Afj(2a}) = 0.16) is required for the strong mode confinement. If 

the guide is not optimized for strong mode confinement, the presence of the overlay still 

helps to increase the SHG efficiency by as much as 60% in KTP and nearly triples it in 

LiTaOs, with respect to what is achievable without an overlay. Furthermore, this can be 

accomplished without any changes to the difftised chaimel waveguide itself Finally, even 

without non-critical phasematching, the phasematching tolerances are generally 

unaffected by the overlay, except for a shift in the phasematching wavelength. Linear 

timability of the QPM phasematching wavelength is possible by control of the overlay 

thickness. The results are also generally applicable to nonlinear waveguides other than 

ferroelectrics. In summary, if the mechanical and thermal issues associated with 

depositing these thin films onto ferroelectric channel waveguides are solved, the overlay 

offers a simple, practical solution to efficient waveguide-SHG. 

The design of the overlays was based on an elegant and novel design approach 

that made use of the concept of phase shift upon reflection at interfaces. This rigorous 

method provides considerable physical insight into the dependence of the modal field 

distribution and mode number on the constituent layers of an arbitrary multilayer overlay. 

The central idea in the design approach is the "matching" of separate waveguiding 

sections, after each has been independently designed to obtain specific performance 

characteristics. Although the exact analysis involved planar waveguides, the shift in the 
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peaks of the modes was achieved in diffused channel waveguides as well, permitting 

efficient SHG operation in KTP and LiTaOs guides. However, if necessary, the effective 

index method can be applied to provide more accurate results for control of the modal 

field distribution in channel waveguides. Graphical results based on the phase shift 

parameter would also be very usefiil for the establishment of dispersion data for various 

multilayers; this would make it easier to locate valid solutions (i.e., real, positive values 

for overlay thicknesses). 

The phase shift at the interfaces of evanescent layers in multilayer waveguiding 

structures certainly needs to be explored further. This is particularly important in 

multilayer designs which incorporate several barrier layers through which the 

electromagnetic radiation has to tunnel. The relationship between the phase shift and 

transverse power distribution in the layers, as well as that between the phase shift and 

mode number, particularly as a fimction of wavelength, has to be established on firmer 

theoretical footing. The design example in Fig. 3.24 (3-layer overlay) can alternatively be 

viewed as two separate waveguides coupled to each other across evanescent layers. This 

perspective enables the use of the concept of the supermode, and the dispersive 

characteristics of coupling between the two waveguides [Yariv 1991], to develop an 

understanding of the relationship between the phase shift and transverse power 

distribution. This also suggests that the concept of the phase shift could be used to 

effectively design directional couplers. 
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A logical extension would be to include absorbing and even gain layers. Solid-

state devices such as superlattices have already received attention in terms of how 

electromagnetic radiation propagates in these multilayer structures, and turmels across 

barrier layers to excite guided modes in neighboring resonant layers [Yeh 1985], 

However, the method of analysis has principally been the 2x2 matrix method which does 

not lend itself well to the direct solution of inverse problems such as the one that we have 

discussed in this chapter. The concept of the phase shift will serve to provide not only a 

direct design approach in these cases but also valuable physical insight. 
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BRAGG DEFLECTION IN WAVEGUIDES 

4.1. INTRODUCTION 

In this chapter we discuss Bragg deflection of the modal field in a waveguide using 

waveguide-gratings. We approach this problem as we did the waveguide-SHG problem, 

where we had distributed coupling, via the periodic nonlinearity, of two waveguide 

modes that were propagating collinearly. In the present case however, we have distributed 

coupling, via a periodic perturbation of the waveguide surface, of two waveguide modes 

that are propagating non-collinearly. 

4.1.1. Review of Grating Diffraction in Waveguides 

Thin-fihn waveguides with periodic surface variation are important components in 

integrated-optical devices. These waveguide-gratings provide the means for efficient 

coupling of light into and out of such films. They can also be used for the mutual coupling 

of guided waves, resulting in interesting phenomena such as polarization conversion, mode 

conversion, deflection, reflection, dispersion, and dispersion compensation [Tamir 1975, 

Nishihara et al. 1989]. A fundamental condition that has to be satisfied by the wave vectors 

of the interacting fields is the Bragg condition (see Fig. 4.1(a)): 

= (4.1) 
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Fig. 4.1 Schematic of (a) Bragg dif&action process, showing single diffracted order, and (b) Raman-Nath 
diffraction process, showing multiple scattered orders. 

where , (or ,, in the case of guided modes) are the wave vectors of the incident and 

diffracted fields, and qK^ is the spatial harmonic of the grating vector K^, whose 

magnitude is lid A, A being the period of the grating. Satisfaction of the Bragg condition 

Eq. (4.1) along a particular coordinate direction by the respective components of the wave 

vectors is also referred to as the phasematching condition, which we have already 

encoimtered in Chapter 2. The dif&action of waves can generally be classified into one of 

two regimes — the Raman-Nath diffraction regime, and the Bragg diffraction regime — 

where the distinction is made in terms of a parameter Q = Lip [Klein and Cook 1967, 
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Nishihara et al. 1989], with K and defined as the magnitudes of the grating and wave 

vectors, respectively, and Z, as the interaction length. The Raman-Nath regime applies when 

Q« 1, and Bragg diffraction applies when Q » 1. Phenomenologically, several diffraction 

orders appear in the Raman-Nath regime, whereas only a single diffraction order appears in 

the Bragg regime, resulting in increased angular and wavelength selectivity (see Fig. 4.1). 

The phasematching diagram shown in Fig. 4.2 corresponds to a collinear, Bragg-

type, diffraction process in which a forward-propagating guided mode is coupled to a 

single, backward-propagating guided mode; this process is also known as Bragg 

reflection or contra-directional coupling. We keep in mind that the Bragg condition Eq. 

(4.1) permits coplanar or non-collinear coupling between guided modes in general, in 

which case the interacting modes can propagate along different directions in the plane of 

the guiding layer (see Fig. 4.1(a)); this type of interaction is the principal subject of this 

chapter, and we shall re-visit it in Section 4.2. The collinear geometry is nevertheless 

extremely important, and has been studied extensively. The coupling between the incident 

and diffracted fields in the presence of a scattering object can be analyzed in general in 

terms of several electromagnetic approaches [Harrington 1961, Kong 1986] as well as by 

methods employing geometric optics [Hansen 1981]. However, for interactions involving 

only a few modal fields, as is often the case in guided-wave interactions, a rigorous, 

analytical, perturbative approach known as coupled mode theory (CMT) is used widely. 

This method is simple and yet powerful, because it provides much physical insight (we 
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Fig. 4.2 Phasematching diagram showing the wave and grating vectors for diffraction (reflection) into a 
single Bragg order. 

recall that in Chapter 2, the SHG interaction was described using CMT). CMT is 

especially useful when the coupling between the waves is "distributed" as in the case of a 

Bragg grating reflector or a directional coupler; i.e., the interaction is not localized to a 

point but extends over the finite length for which the modes are coupled. The spatial 

evolution of the diffracted field can then be described simply in terms of the driving field 

over this interaction length. 

The CMT formulation can be explained in simple, physical terms [e.g. Kogelnik 

1988, Lee 1986]. As in Chapter 2 of this dissertation, the interaction of two, coherent, 

quasi-monochromatic fields is expressed through the Lorentz reciprocity theorem. A 

polarization source is set up as a result of the interaction between the driving field and the 

perturbation in the medium, where the perturbation can be a surface corrugation, a 

modulation of the surface refractive index, a modulation of the nonlinearity of the 

medium, or even the presence of a second waveguide as in a directional coupler [Yariv 
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1973, Louisell I960]. In the present case, the perturbation is a grating due to either a 

periodic surface corrugation or a periodic modulation of the surface refractive index. The 

polarization source in turn coherently radiates another field if the Bragg condition in Eq. 

(4.1) is satisified. Through this mechanism, the driving and radiated fields are coupled 

over the extent of the region where the perturbation is non-zero. 

The driving field, i.e, the field in the presence of the perturbation, can be 

expressed, to zeroth-order, as the superposition of the modes of the unperturbed 

waveguide. The radiation modes, which also form a part of the complete basis set, are in 

general neglected, because of the implicit assumption that the coupling between guided 

modes and radiation modes in these particular guided-to-guided mode interactions is 

relatively weak (there are however interactions such as those in a leaky grating coupler 

where the coupling between guided modes and radiation modes cannot be neglected). 

Invoking the (power) orthogonality of the modes, we obtain the coupled equations that 

describe the variation of any particular mode in response to one or more polarization 

sources in the waveguide, as in Eq. (2.2); 

^ Z • Kix ,y ) t \ ^ ( - iP „2)dxdy . 

The strength of the coupling in these various interactions is denoted by a coupling 

coefficient, which is determined by evaluating the polarization in terms of the driving 

field and the perturbation of the dielectric permittivity (see Appendix C). At this point. 
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consideration of phasematching in these interactions determines which of the fields £„, 

associated with the polarization P„, will participate with significant exchange of power. 

For the case of the Bragg grating reflector (Fig. 4.3), the canonical coupled 

equations for a forward-propagating mode and a backward-propagating mode of the 

waveguide are: 

^  Aiz)  =  zK- /  exp(+/^ , z )  •  B (z )  

d  /  ^  '  (4 .3 )  
— B{z)  =  - iK^  Qxp[- iS^z j -  A i z )  

where = - fio ~{P\ + ) is the detuning factor or deviation fi-om the Bragg 

condition in Eq. (4.1), is a coupling coefficient and represents the rate of coupling in 

the ^'''-order grating interaction, and A and B are the amplitude coefficients of the 

forward- and backward-propagating modes, respectively. Note that Eq. (4.3) is formally 

identical to Eq. (2.4) except that the interacting fields are different, and the negative sign 

on the RHS of the second equation in Eq. (4.3) is a consequence of ^-reversal symmetry 

when backward-propagating modes are involved [Kogelnik 1988]. 

When the grating has a constant groove depth, or more generally when the 

qrth-order Fourier coefficient of the periodic variation of the surface (or refractive index), 

is uniform, the coupling coefficient K is also uniform, independent of z. In this case, when 

the  boundary  condi t ions  a re  imposed  a t  z  =  0  and  z  =  L  ( see  F ig .  4 .3 ) ,  the  ampl i tudes  (A  

and B) of the well-known solutions to this boundary value problem are independent of the 

transverse coordinates, x and^ [Kogelnik 1988, Lee 1986, Yariv 1973]. 
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Fig. 4.3 Amplitude variation (as a function of z) of the forward- (A)  and backward propagating (B)  
modes. 

A reflection coefficient can then be defined as the ratio of the amplitudes of the 

backward-propagating and forward-propagating modal fields at z = 0, i.e., p(0) = 

B(0)/A(0). 

Another grating device that is important to review briefly is the leaky-wave 

grating coupler, which couples a beam of light out of or into an optical waveguide. The 

modal analysis of such structures in terms of simple, perturbational methods [Handa et al. 

1975, Streifer et al. 1976] has yielded valuable physical insight into the behavior of these 

devices. Figure 4.4 shows a guided mode coupled to a -1 diffracted order as a result of 

the interaction with the grating. At each point along the grating, the guided mode 

launches a leaky wave that "leaks" power from the waveguide. However, unlike the 

coupling mechanism that we have looked at so far, the leaky wave is not re-coupled to 
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Fig. 4.4 Leaky-wave grating coupler. Guided mode is attenuated as it propagates through the grating 
region because power leaks out of the waveguide. However, the leaky wave does not re-couple 
to the guided mode. 

the guided mode. Nevertheless, there is a variation in the amplitude of the guided mode 

as it propagates in the z direction, but this variation is simply an exponential decay due to 

leakage according to this single-scattering model. The uniform leakage rate, a, of the 

field is the imaginary part of the complex propagation constant of the guided mode, and is 

equivalent in this case to the parameter ac, which was defined as the strength or rate of 

coupling between two modal fields. 
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As shown in Fig. 4.4, the uniform leakage rate causes the amplitude profile of the 

leaky wave to be highly asymmetric; in the near-field, the transverse, amplitude 

distribution of the leaky wave follows an exponential function. It can be imagined that the 

reverse problem of coupling a symmetric Gaussian beam into a waveguide with a 

constant leakage rate would be inefficient due to the mismatch in the amplitude profiles. 

To overcome this problem, Lipovskaya and Lipovskii [1983] designed and fabricated an 

output grating coupler with a highly-non-uniform (nearly hyperbolic) variation in the 

depth profile of the grooves of the grating, the result being an outcoupled beam with a 

uniform or "top-hat" intensity profile. Bates et al. [1993] subsequently obtained the 

precise modulation of the groove depth of the grating to radiate a leaky wave with a 

Gaussian intensity profile in the transverse direction, and experimentally demonstrated 

higher coupling efficiency in such gratings with variable groove depth. Non-uniform 

coupling of this nature was also theoretically studied by Kogelnik [1975] in Bragg 

reflecting structures, where the modulation of the complex coupling coefficient of a 

corrugated waveguide-grating led to interesting filter characteristics. The amplitude 

variation in /c(z) was achieved through modulation of the groove depth as before, while 

the phase variation was achieved through linear and quadratic chirping of the grating 

period. 
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4.1.2. Survey of Guided-wave Devices for Beam Deflection 

An important characteristic that guided-wave devices should possess is the ability to 

efficiently route or deflect the optical signal from point to point on an optical, integrated 

circuit so that the chip area can be minimized; it should be emphasized that this is crucial 

for large-scale integration. This change in the direction of propagation of the modal field 

is also called "path bending", and the reader is referred to Nishihara et al. [1989] for an 

excellent review of path-bending components based on passive, integrated-optical 

approaches. Based on our earlier discussions of Bragg diffraction, a waveguide-grating, in 

the general, coplanar or non-collinear geometry, can be used to deflect the modal field in 

the plane of the waveguide with high efficiency. We will also discuss other path-bending 

devices briefly, only to provide a context in which the Bragg grating deflector can be 

studied. 

The modal field in a waveguide can be viewed as an inhomogeneous, optical 

beam propagating through a medium with refractive index equal to the effective refractive 

index, TVefr, of the mode. From this perspective, local changes in the waveguide's 

thickness or refractive index can perturb A'eff adiabatically or even abruptly so that the 

"ray" path can be deviated in the sense of geometric optics. Mode-index or geodesic 

lenses, which are formed by creating a gradual, concave (depression) or convex (bump) 

variation in the surface, or even by variations in the refractive index due to ionic 

diffusion, can achieve this adiabatic change in A'eff. Similarly, the guiding film can be 

tapered during deposition to achieve the adiabatic change in A/etr- Unfortunately, these 



209 

adiabatically-varying devices have dimensions that are on the order of several square 

millimeters, and are thus somewhat impractical for large-scale integration. 

Abrupt transitions in A'efr can be accomplished by utilizing "prism-like", planar 

components. However, the deflection angle is still limited because large refractive-index 

discontinuities (at the interfaces of different optical fihns) on the surface of the 

waveguide are not easily attained. Furthermore, the optical smoothness of these planar 

interfaces has to be good enough to minimize losses due to scattering. Similar to the 

planar prism, it is possible to create effectively a single "interface" by fabricating a ridge

like structure where the modal field encounters an abrupt change in The mode is 

consequently deflected or even split into transmitted and reflected components; again, the 

smoothness requiren-.onts apply for all practical purposes. 

Another approach to beam deflection in integrated optics is the use of total 

internal reflection (TIR) at interfaces between the film and air. This is accomplished by 

etching a shallow groove with steep (nearly vertical) walls, or even using the end facets of 

the film. The maximum deflection angle under these TIR conditions is then limited by the 

critical angle; again, scattering losses can limit the practical use of such devices. Along 

these same lines, it also possible to use non-planar interfaces for TIR-based beam 

deflection. One example is an etched parabolic mirror which can not only deflect (or 

reflect) the beam but also provide some optical power to focus a modal field, or even to 

collimate the divergent phase front of the mode of a charmel waveguide after the channel 

has been abruptly terminated (see Fig. 4.5). 
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Fig. 4.5 Beam deflection and collimation in a waveguide using an etched, parabolic, total-intemai-
reflection (TIR) mirror. 

Routing of a modal field is also possible in a channel-waveguide configuration if 

the propagation axis of the waveguide itself is changed. Such waveguides are known as 

bent waveguides, with the bend being either abrupt (comer-bent waveguide) or 

continuous. However, practical comer-bent waveguides with large bend-angle suffer from 

scattering losses at the abmpt transition. On the other hand, continuously bent 

waveguides either require a large radius of curvature, thereby requiring a large interaction 

area, or are affected by mode mixing due to the fact that the modes of the waveguide are 

no longer orthogonal to each other in the bend [Rivera 1996]; the mode-mixing effects 

are obviously a problem when single-mode operation of the guide is not possible. 
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4.1.3. Survey of Bragg Grating Deflectors 

It is important to note that Bragg grating deflectors have been employed in several, 

significant applications. Polarization conversion and Bragg filtering using uniform 

gratings at non-normal incidence in planar glass and semiconductor waveguides were 

both theoretically and experimentally demonstrated by several researchers in the field 

[Wagatsuma et al. 1979, Marcou et al. 1980a, Marcou et al. 1980b, Heise et al. 1989] 

with suggestions of possible WDM applications [Heise el al. 1989, Livanos et al. 1977]. 

Expansion of non-normally-incident beams, using Bragg gratings with constant and 

linearly-varying groove depth, was demonstrated in cesium- and silver-ion-exchanged, 

planar glass waveguides [Walpita and Pitt 1984]. This followed earlier theoretical work 

that described the influence of the geometry of finite-area grating deflectors (FGD) on the 

deformation of the lateral amplitude profiles of the diffracted fields [Svidzinskii 1980, 

Van Roey and Lagasse 1981]. Another important application is the use of Bragg 

deflectors for optical signal processing. An FGD device has been shown to effectively 

perform a Hankel spatial transformation of the incident field [Svidzinskii 1981]. The use 

of two reciprocal FGD devices in cascade can perform both the Hankel and the inverse 

Hankel transformations, suggesting that it may be possible to perform matched filtering 

or auto-correlation operations in integrated optical devices. Optical interconnects have 

also been suggested as potential applications for FGD devices. Volume gratings of fmite 

extent have been proposed to interconnect integrated diode lasers and detectors via a 

signal distribution scheme within a planar, highly-multimode waveguide bus on the back 
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side of a multichip module [Jones et al. 1995]. Finally, real time, all-optical switching 

was demonstrated in intersecting channel waveguides fabricated using Titanium-

indiffiised Lithium Niobate [Aronson and Hesselink 1990]. Interfering beams of shorter 

wavelength than the signal wavelength were used to write index gratings at the 

waveguide intersections which were doped with iron to have photorefractive sensitivity. 

The photorefractivity was exhibited only at the shorter wavelength so that erasure at the 

signal wavelength did not occur. 

4.1.4. Scope of Research 

hi what follows, we will discuss a guided-wave deflector which incorporates a finite-area 

Bragg grating with an adiabatic variation of the groove depth [Ramanujam et al. 1995]. We 

will present the differential equations that describe the interaction of modes of planar 

waveguides in the non-collinear grating geometry, and discuss approximate analytical 

solutions for the case of a grating with non-uniform groove depth. This approximate 

formulation is then used to solve the inverse problem of determining the particular depth 

variation of the grating that will reshape the lateral amplitude profile and hence rectify the 

beam deformation diat occurs when uniform gratings are used. The analytical result, which 

will be shown to be valid only for limiting cases, will be augmented by numerical 

optimization to satisfy the design criteria of both deflection efficiency and beam shape. 
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4.2. FINITE-AREA WAVEGUIDE-GRATINGS FOR BRAGG DEFLECTION 

OF GUIDED MODES 

As noted in Section 4.1, earlier investigations of non-collinear coupling between planar-

waveguide modes using finite-area gratings have revealed that the scattered wave has a 

lateral (in the plane of the waveguide), amplitude profile that is different from that of the 

incident wave, as shown in Fig 4.6. This deformation of the lateral profile is undesirable in 

many applications such as optical data storage, in which a collimated Gaussian beam is 

desired at the objective lens. The beam deformation is also unacceptable in cases where 

additional planar optics such as mode-index lenses are to be employed in cascade. However, 

reshaping of the beam is important not only for these purposes but also for some mode-

matching applications in which the coupling efficiency is to be optimized. We shall begin 

with an analysis of the uniform grating in the non-collinear geometry, and then proceed to 

analyze and design a Bragg grating with adiabatic depth variation to rectify the beam 

deformation. 

4.2.1. Non-collinear Coupled ModeTheory: Theoretical Formulation 

Our analysis of the non-collinear coupling of guided waves follows the work of Svidzinskii 

[1980] closely. We begin by defining the coupling geometry as shown in Fig. 4.7. The 

periodic perturbation of the surface of an anisotropic waveguide, within a layer of thickness 

ha corresponding to the depth of the grating, can be defined in terms of the variation in the 

dielectric permittivity as 
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Fig. 4.6 Planar-waveguide mode, with symmetric, Gaussian lateral-amplitude distribution, is incident 
on a finite-area, variable-groove-depth waveguide-grating, at an oblique angle relative to the 
grating normal. The non-uniform grating ensures that the deflected field has a symmetric 
lateral distribution, rather than the asymmetric distribution that would result from a uniform 
grating. 
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CO 

= •^« + Z A£'^(r)exp(/^2;r>//A); -hQ<z<0 (4.4) 
» = 0 

where z is directed normal to the plane of the waveguide and out of the substrate, Scs is the 

substrate permittivity along the direction a = x, y, z, and A£;,(z) is the ^""-order Fourier 

coef f ic ien t  o f  the  permi t t iv i ty  in  the  gra t ing  reg ion .  The  gra t ing  grooves  run  para l le l  to  the  x  

direction, and in this particular case, the finite-area grating is defined by the region of 

overlap of the incident and deflected modes, propagating at angles 6i and Oq, respectively, 

with respect to the grating vector. This type of coupling geometry is more realistic for the 

problem at hand than the semi-infinite grating structure (with infinitely long grating 

A{u)  B (v )  

> AC 

Fig. 4.7 Top view of non-collinear coupling geometry using a finite-area waveguide-grating with uniform 
groove depth. Grating boundaries are defined by intersection of beams. Deformation of deflected 
beam's lateral distribution is shown. 
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grooves), which has been traditionally employed [e.g. Wagatsuma et al. 1979, Weller-

Brophy and Hall 1988]. In general, the finite-area grating can be of an arbitrary shape but 

we shall focus on the rectangular geometry shown in Fig. 4.6 without loss of generality. 

We analyze the modal interaction using coupled mode theory, wdth the assumption 

that the corrugated grating is a weak periodic perturbation of the waveguide-cover interface. 

This assumption is reasonable in the case of shallow surface-relief gratings with small index 

contrast between the waveguide surface and the cover, as is the case for example with ion-

exchanged glass waveguides. If the perturbation is "strong", variational techniques can be 

used to extend the validity of the perturbation solution to obtain higher-order accuracy [e.g. 

Hausetal. 1987]. 

The transverse components of the fields m the perturbation (grating) region can in 

general be expanded in terms of the ideal modes of the unperturbed waveguide. We note 

that any contribution fi-om Asoiz), the O'^'-order Fourier component of the expansion in Eq. 

(4.4), is included as a part of a modified "unperturbed" structure. Strictly, a complete, 

orthogonal modal expansion has to consider the continuum of radiation modes as well, but 

by its omission, we have implicitly assumed that the coupling to the radiation modes is 

insignificant. We consider then only the forward- and backward-propagating guided modes 

of the planar waveguide. Although the TE- or TM-polarized modes have only three non

zero components for the electric and magnetic fields, a spatial transformation to the 

grating's coordinate system in the non-collinear geometry gives rise to five non-zero 

components for each of the polarization states. The phase variation of the fields is expressed 
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by the factor exp|//ff • r - icot^, and the longitudinal components of the fields follow directly 

fi-om Maxwell's equations. We can conveniently neglect the backward-propagating modes 

of the waveguide as well because phasematching constraints dictate that negligible power is 

coupled to these modes in this type of non-collinear guided-wave interaction. A detailed 

derivation is included in Appendix C. 

Following the standard procedures outlined in coupled mode analysis [Kogelnik 

1988] — invoking the Lorentz reciprocity theorem and (power) orthogonality, and 

considering only a (nearly-) phasematched interaction between two, "forward-propagating" 

modes in a coordinate system as defined in Fig. 4.7 — we arrive at a set of coupled 

equations: 

^A. (x ,y )  ^  dAAx ,y )  / - . (4.5a) 
sm0^  ^+  COS0,  j  =  iexp(+iS  r j / c  A^(x ,y )  

ox  ay  \  

. ^ ^A^{x ,y )  ^Ao{x ,y )  . (  ^ (4-5b) 
sm^D - cos^D —— = i exp \^ - iS^ -r jK^A^{x ,y )  

that describe the interaction between the incident and deflected modes in the grating region 

(see also Fig. 4.7). The coefficients A\ and Ad correspond to the slowly-varying amplitudes 

of the incident and deflected modes, respectively. In Eqs. (4.5a) and (4.5b), the first terms 

on the left hand side can be dropped if the grating extends to infinity along the x direction 

and the planar modes are of infinite width. In this case, we obtain the familiar coupled 

equations that are used to describe non-collinear coupling in semi-infinite gratings 

[Wagatsuma et al. 1979, Stegeman et al. 1981, Weller-Brophy and Hall 1988]. For two, 

arbitrarily-polarized modes then, the coupling coefficient is defined in general as 
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and is a measure of the rate of mutual conversion of the waves. The term, Ae^, represents 

the ^'''-order Fourier component of the surface perturbation for a medium with a diagonal 

permittivity tensor, as in Eq. (4.4). The measure of angle and wavelength mismatch in this 

resonant interaction is represented by the detuning factor, ~ ' where q is 

the grating order, Kq = lid A is the magnitude of the grating vector, and A is the period of 

the grating. This interaction is assumed to be phasematched when Sq is approximately zero. 

The cos0 factor, which appears here explicitly, has been the subject of a discussion over the 

accuracy of the coupling coefficient as derived by standard CMT [Stegeman et al. 1981, 

Hall 1990]; the concern was primarily the proper normalization of the fields in the non-

collinear geometry which gave rise to the cos ̂ factor. 

The coupling coefficient K is the parameter of interest for the rest of our work here. 

It is well known that for shallow, surface-relief gratings, the coupling coefficient is linearly 

proportional to the grating's groove depth [Streifer et al. 1975]. Hence, by modulating the 

groove depth, we can in effect adiabatically vary the coupling strength across the grating. It 

should be noted that the strength of the coupling strongly depends on both the angle of 

incidence as well as the polarization states of the individual modes, and consequently, 

polarization conversion effects come into play when guided waves are obliquely incident 

upon the grating (Appendix C). 
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4.2.2. The Characteristic Coordinate System 

If the problem of interest is similar to that shown in Fig. 4.7, where the grating region is 

defined by the overlap region of finite-width planar modes, we can make some significant 

simplifications by transforming the problem to the "characteristic" coordinate system. This 

terminology derives fi-om the fact that the boundaries of the grating are delineated by the so-

called characteristics of the boundary value problem [Courant and Hilbert 1962]. The 

characteristics in this case are defined by the directions ^ and rf, corresponding to the paths 

along which the incident and deflected modes are evolving. This in essence changes the 

boundary value problem to an initial value problem for which the initial conditions are 

specified ai ^ = 0 and 7 = 0. At ^ = 0, we project the incident field onto the entrance 

aperture to obtain one of the initial conditions, and at 7 = 0, we assume that the deflected or 

scattered field is zero because there are no sources in the system. With a straightforward 

coordinate transformation, and with the substitution of A = AiCKpi-iSoTj) and B = 

^Dexp(+/^^, where S^ =S-^ and =S r} (Appendix C), we obtain a new set of 

coupled equations: 

where A and B are proportional to the slowly-varying amplitudes of the incident and 

deflected modes, respectively. These equations can of course also be written as a second-

order, hyperbolic, partial differential equation. 
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(4.8) 

which may be recognized as being similar in form to the transmission-line equation. 

However, Svidzinskii [1980] notes that the physical problems ijertaining to this particular 

equation have not been solved to date using transmission-line theory. 

4.2.3. Field Propagation along the Characteristic Grating 

The importance of the transformation to the characteristic coordinate system is that an 

analytical solution of Eq. (4.7) is now possible using an appropriate Reimann's function 

[Svidzinskii 1980, Courant and Hilbert 1962] when the coupling coefficient is constant, or 

equivalently, when the grating is of uniform depth and fixed periodicity. These 

characteristic coupled equations can also be solved numerically using (explicit) Euler fmite-

differencing techniques [Van Roey and Lagasse 1981, Press et al. 1988: Ch. 17], with the 

results being identical to those obtained analytically. In Fig. 4.8(a), we show the evolution 

of an initially-uniform, incident field along the length direction) of a grating with a 

rectangular shape and a constant coupling coefficient. In Fig. 4.8(b), the deflected field 

evolution along the rj direction of the same grating is depicted. From these plots, it is clear 

that for finite-area gratings, the coupling of the incident and scattered fields in the grating 

region results not only in power exchange but also in a transformation of the angular 

spectrum. As a consequence, the lateral amplitude profile of the deflected field at the exit 

aperture is 
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(a) 

Fig. 4.8 Evolution of (a) uniform incident field, and (b) deflected field (initially zero), along directions 
indicated by arrows. Grating dimensions are 500 x 500 ^m", with k = 0.03 [im"'. Field 
evolution was computed using an Euler (explicit) finite-differencing scheme. 
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significantly different from the uniform incident field at the entrance aperture. In fact, the 

profile is grossly asymmetric with most of the energy being concentrated near one end of 

the exit aperture. 

4.2.4. The Inverse Problem: Determining the Non-uniform Coupling-coefficient 

Distribution 

The analytical solution of the characteristic coupled equations becomes more complicated if 

the coupling coefficient is no longer uniform. This is the case if the grating depth is non

uniform or if the grating period is not constant. These changes to the grating can be 

represented mathematically in terms of a complex, position-dependent, coupling coefficient, 

K{^,r]) = |/c(^,r/)j, where the magnitude represents any adiabatic variation of 

the grating's groove depth, and the phase represents a chirping of the grating period 

[Kogelnik 1976]. For reasons that will become apparent shortly, we chose in our case to 

examine a constant-period grating with a slow groove-depth variation along the ^ direction, 

represented by xo(4) = Part of the difficulty in obtaining a rigorous, analytical solution 

is due to the fact that Eq. (4.7a) and Eq. (4.7b) are not separable. If we turn again to 

Reimann's method for characteristic problems, a suitable Reimann's fiinction for this 

modified partial differential equation is not easily found. Certainly, the coupled equations 

can still be solved numerically as before using finite differencing, but this provides a 

solution to the forward problem only, where the deflected and transmitted fields can be 

computed given a particular coupling-coefficient distribution. However, if we wish to solve 
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the inverse problem, where we need to determine the particular coupling-coefficient 

distribution that will yield a desired deflected field profile, the numerical technique alone is 

inadequate. In such cases, an analytical solution is preferred. To attain this end, we will 

make some judicious, simplifying approximations, based on a physically-intuitive model. 

Consider for now the narrow grating shown in Fig. 4.9, with length a  and width b .  

An incident field is scattered by the grating into a specific direction dictated by the Bragg 

condition in Eq. (4.1). If the grating is narrow (along the rj direction), then the deflected 

field has little opportunity to couple back to the incident field (which is evolving along the ^ 

direction). This simple, single-scattering model presumes weak coupling between the 

modes. Therefore, we could equivalently widen the grating but still restrict the strength of 

coupling so that the degree of recoupling or secondary scattering is effectively negligible. 

This translates mathematically into a decoupling of Eq. (4.7a) and Eq. (4.7b). Formally, this 

is similar to the physical mechanism governing the interaction of fields in input/output 

grating couplers, where recoupling between scattered and incident fields is not present 

[Bates el al. 1993]. Upon integration of Eq. (4.7b) with respect to t], with the assumption 

that the incident modal field, rf), is a slowly-varying function of 7, the deflected field 

becomes 

B{^,b)= iK(^)bA(^,Tj) , (4.9) 

where A[^,'rj) is the root-mean-square (RMS) strength of the incident field along the 

length of the grating. By substituting this result into Eq. (4.7a), we find, as expected, that the 

incident field is given by 
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Fig. 4.9 Schematic of a very narrow grating of length a and width A, and weak coupling strength, 
depicting the "weak-coupling" or single-scattering limit. 

f i 

n)  =  ̂ (0 '  7 )exp  -b  \ \ k{^ ' ) \  d^ '  
\ 0 

(4.10) 

Very simply, the incident field decays exponentially as power leaks out along the 7 

direction, as per our model. From this perspective, it should be clear that the "leakage rate" 

(of the incident mode) can be most effectively modulated through a variation in the groove 

depth principally along the indirection; hence the choice, K= k(^. Then, by substituting Eq. 

(4.10) into Eq. (4.9), we can obtain an expression for the deflected field in terms of the 

grating's coupling coefficient, k, and the incident (RMS) field strength, /l(0,j7), where 

^(0,7) can be expressed as 



40'^)  = DT] .  
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(4.11) 

Our aim, however, is to determine the coupling-coefficient distribution that will 

yield a deflected beam with a desired lateral amplitude profile. We therefore define a 

deflectivity distribution, 

^ ^ (4.12) 

'^(0, l) V 0 

which we shall specify to be Gaussian and centered about the midpoint of the exit aperture 

(at T] = b), i.e., = exp(-(^-a/2)V2o^). This equation can then be recast in the form of a 

differential equation, which we readily recognize to be a Bernoulli equation [Tennenbaum 

and Pollard 1963]: 

dKg 

d4  
= b K ^ + K ^  

1 dp  

pd4 .  

(4.13) 

After some algebraic manipulation, we obtain the expression 

exp(-(^-a.2)V2cT-
'^oU) = -r= 

(4.14) 

by/ira 
1 + r 
l - T  

e r f  ( a  2a )  -  erf 
^2#-a 
<  2a  J  

for the coupling-coefficient function that will yield a deflected field with a Gaussian-like 

lateral profile. The parameter. 

T = -4(a, rj) 
1^(0,7). 

= \\A{a,rif drj dr] , 
(4.15) 
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is a necessary boundary condition for the problem and represents fractional power 

transmissivity through the grating. It follows then from power conservation that the 

deflection efficiency is 1 - T. 

To verify our analytical result based on the weak coupling approximation, we 

incorporated the coupling-coefficient function into our finite-differencing scheme and 

allowed the fields to evolve. Figure 4.10(a) clearly shows that the deflected field has the 

desired Gaussian shape for its lateral amplitude distribution. The other important design 

criterion that has to be met is the deflection efficiency. For a grating which had been 

designed to produce a deflection efficiency of 0.05, we find that the numerical scheme 

results in a deflection efficiency of 0.02. This result is satisfactory and indicates that, in the 

weak coupling limit, our analytical theory is indeed valid. However, when the coupling is 

stronger, our analytical theory begins to break down. For example, when we design a 

grating with a deflection efficiency of 0.99, we numerically obtain an efficiency of only 

0.47. In addition, although it is not readily apparent, the Gaussian profile is very slightly 

asymmetric (see Fig. 4.10(b)). We conclude that although the approximate theory made 

possible analytical solutions, its validity was limited to the weak-coupling regime. 

4.2.5. Numerical Optimization of the Non-uniform Grating 

Clearly, the useflilness of such a beam-shaping deflector depends on how well the design 

targets for deflection efficiency and beam profile are simultaneously met. In view of 
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(b) 

Fig. 4.10 Evolution of deflected field (initially zero), along directions indicated by arrows. Grating has 
adiabatic depth variation to rectify beam deformation. Grating dimensions are 500 x 500 
with (a) Ko = 6 y. 10~* nm"' at its deepest point, and deflection efficiency of 0.02, and (b) Kq = 

5.5 X 10"' |im"' at its deepest point, and deflection efficiency of 0.47. Field evolution was 
computed using an Euler (explicit) fmite-differencing scheme. 
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the limitation of the approximate theory, we developed an algorithm for numerically 

improving the deflection efficiency while maintaining the desired shape of the deflected 

beam. 

In this algorithm, the coupling-coefficient function that is obtained analytically from 

the single-scattering model, is used as the trial function for a numerical scheme. The goal is 

to somehow manipulate the trial function until the desired beam shape and deflection 

efficiency for the deflected beam are simultaneously obtained. If the trial fiinction is 

continuous and smoothly varying, as is the case, we can express it as a superposition of 

Chebyshev polynomials r„(4) [Press et al. 1988: pp. 147-154] which are orthogonal in the 

interval [-1, 1]. Thus, 

— ^ r (4-16) 

r t=l  ^  

where the coefficients of the expansion Cm are determined as 

^ 2 ^ ^ (4.17) 

^ n=l  

and (rt = 1, 2,..., AO are the zeros of the A'*''-order polynomial given by 

(4.18) 

The significance of an expansion in terms of Chebyshev polynomials is that it involves the 

least number of terms (i.e., smallest truncation order) for an approximation of a given 

degree of accuracy. We have empirically determined that a truncation order of about 20 

yields a sufficiently accurate fit to the trial fiinction. 
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This coupling-coefficient function is then incorporated into our finite-differencing 

scheme, and both the incident and deflected fields are allowed to evolve through the grating. 

The deflected field at the exit aperture Bo{^ is then compared to the desired field 

distribution the residual error in the fit is calculated as 

Since the objective now is to minimize the error term s, the optimization of the coupling-

coefficient distribution can be performed using the downhill simplex minimization method 

[Press et al. 1988: pp. 289-293], as in Chapter 2. If the error term is not sufficiently small, 

the function can be efficiently and systematically modified simply by varying the 

coefficients of the Chebyshev polynomials. The fields are once again propagated through 

the grating with the modified coupling-coefficient function, and the deflected field is 

recomputed at the exit aperture. It should be noted that a measure of the deflection 

efficiency is implicit in the magnitude of the deflected field distribution in Eq. (4.19). 

Our results indicate that this algorithm efficiently generates the correct coupling-

coefficient distribution (see Fig. 4.11(a)) to satisfy our design requirements for deflection 

efficiency and beam shape. In our test case, the analytically-derived, coupling-coefficient 

function was modified until the deflection efficiency of 0.65 was obtained (see Fig. 

4.11(b)). The optimization algorithm required 86 minutes on an HP Apollo series 735 

workstation for a 300 x 50 computational grid. It appears that the analytical result based on 

the weak-coupling approximation was significant in generating a suitable starting point for 

(4.19) 
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Fig. 4.11 Results of numerical optimization of analytically-derived, coupling-coefficient distribution using 
downhill simplex minimization method in conjunction with the finite-differencing propagation 
algorithm. Grating dimensions are; length = 6 mm, width = 1 mm. Deflected beam with 
Gaussian-like profile and deflection efficiency of 0.65 is obtained after optimization, as per the 
design specifications. 
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the optimization routine. In fact, in the absence of the initial, analytical estimate for the 

coupling coefficient, which is surprisingly similar to the final result, the numerical 

algorithm does not even converge. In principle then, this approach of numerically refining 

the approximate, analytical solution can be applied to designing beam-shaping deflectors 

with arbitrarily-high deflection efiSciency. 
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4.3. CONCLUSIONS AND FUTURE WORK 

We have discussed the theory of the finite-aperture grating deflector, and derived an 

analytical result for the adiabatically-varying depth profile of the grating that would yield a 

desired lateral amplitude profile for the deflected field. To accomplish this, we have 

developed a physically-intuitive, weak-coupling model to describe the coupling mechanism. 

We have discussed the limitations of this model, and demonstrated a numerical algorithm 

through which the design criteria of deflection efficiency and beam shape can be 

simultaneously met. This technique can be extended to the design of grating deflectors that 

generate other, continuous, slowly-varying beam profiles. 

A closer examination of Eq. (4.8) reveals that simple scaling laws may be 

formulated with regards to the dimension and strength (*:) of a uniform grating. For 

example, it appears that if the length of the grating for a particular design is increased by a 

specific factor, the diffraction results would remain essentially unchanged if the strength of 

the grating is also "scaled down" by the same factor; similar relationships apply to the width 

of the grating as well. When the grating is non-uniform along one of the characteristics (say 

it then follows from Eq. (4.8) that the above scaling laws still apply, but only to one of 

the output field distributions (in this case, the transmitted field). 

As the coupling strength is increased, or equivalently, as the grating's dimensions 

are increased (resulting in a larger interaction area), the amount of power in the deflected 

field is commensurately increased, corresponding to a higher deflection efficiency. In other 

words, the magnitudes of the interacting modes are comparable, and the weak-scattering 
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formulation does not apply. This is qualitatively similar to the "depletion" of the pump 

beam in the SHG process in which case a solution derived on the basis of the undepleted-

pump-beam approximation would no longer be valid (of. Section 2.1). In this strong-

coupling case for the Bragg deflector, it is very likely that it will be impossible to obtain the 

desired profiles for the deflected field with simply a continuous, adiabatic modulation of the 

groove depth. The reason is that when the transmitted and deflected fields are comparable in 

magnitude, and re-scattering of the deflected field into the direction of the transmitted field 

is now considered in the coupling process, strong destructive spatial interference can be 

expected when the two waves are out of phase. One solution may be to artificially "reverse 

the phase" as in the quasi-phasematching process which we have studied in Chapter 2. The 

"exact" grating profile for high deflection efficiency will very likely incorporate both 

groove-depth modulation as well as phase shifts in the grating period. Such a solution may 

be obtained using the analytical method that is based on the Reimann-Green function. 

In order to evaluate the feasibility of the Bragg grating deflector as a filter, it is 

necessary to calculate the effect of angular and wavelength detuning on the power transfer 

(or deflection) efficiency. It has been shown that for the case of non-normal incidence of 

finite-width, planar-waveguide modes onto a Bragg grating, the resonance bandwidth 

increases as a fimction of angle [Van Roey And Lagasse 1981]. There is also an 

associated, increased suppression of the side bands of the filter response. It is also known 

that for shorter gratings as well as for gratings with groove-depth profiles that are 

modulated as in our case, the resonance bandwidth is generally broadened [Kogelnik 
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1976]. However, it should be kept in mind that if the "mode-matching" condition (i.e., 

improved spatial overlap of the modes) is imposed, as might be case, for example, for 

efficient power transfer between intersecting channel waveguides, the filter bandwidth 

will probably be much narrower. 

In our analysis thus far, we have not considered diffraction effects at the input 

aperture of the grating. When a planar waveguide of finite width is incident on the finite-

area grating, there will be diffraction of this "beam" at the entrance aperture, resulting in 

a spread of wave vectors in the lateral direction. Even when the incident mode is that of a 

channel waveguide, scattering due to poor grating fidelity during the fabrication process 

may result in a small spread of wave vectors. This can result in inefficient power transfer 

between the modes because of the deleterious interference effects arising from the spread 

of the wave vectors [Russell 1986a, Russel 1986b]. There will also be a spread of wave 

vectors in the depth direction due to the modulation of the grating profile, and this too 

may affect the coupling process through a deviation from the Bragg condition. By 

neglecting any spread in the angular spectrum of the coupled waves, our analysis is 

strictly valid only in the limit of geometrical optics. In this limit, our design yields a 

deflected field with not only a Gaussian distribution in the lateral direction but also a 

planar phase front; i.e. the deflected beam is approximately "collimated". To fully 

understand the effects due to diffraction from the aperture, a two-dimensional, angular-

spectrum approach [Goodman 1968] should be used to analyze the coupling between 

beams with a finite spread of wave vectors. Fortunately, the geometrical analysis of the 
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coupling process yields results for the deflected and transmitted field profiles that are 

suprisingly similar to those when diffraction effects are included [Van Roey and Lagasse 

1981]. 

A logical extension of this theoretical study — the coupling of planar-waveguide 

modes using Bragg gratings with non-uniform groove-depth — is the coupling between 

modes of channel waveguides using similar gratings. Another issue that needs to be 

explored fiirther is cascadability, taking into consideration of that the coupling process in 

these devices affects the amplitude distribution of the transmitted field as well. Depth-

modulated gratings with area on the order of several square millimeters, for efficient 

coupling to leaky modes, have been fabricated using both slit apertures with non-uniform 

exposure to the etchant, as well as with specially-designed apertures with non-uniform 

shape that permit uniform exposure to the etchant [Bates 1995]. 
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CHAPTER V 

SUMMARY 

The work in this dissertation has focused on the analysis and design of optical 

waveguides for efficient, quasi-phasematched, second harmonic generation, as well as 

Bragg deflection. 

In Chapter 2, we showed how a fast and accurate mode-solver program, based on 

the semi-vector Fourier method, was developed to analyze channel waveguides, 

especially with inhomogeneous refractive-index distributions. The method incorporated 

the 2-D WKB technique in order to "automatically" determine the computational 

parameters; this is critical when such a method is to be used in the context of an 

algorithm for optimization of waveguide designs. The accuracy of this approximate 

method also makes it suitable for use as a "pre-processor" in other iterative numerical 

methods for modal analysis such as FDTD and BPM, where a reasonably-accurate trial 

eigenfimction greatly accelerates the convergence to a solution. 

Using this tool, we studied how the process of QPM-SHG in waveguides can be 

made more efficient, with consideration of wide tolerances for design parameters that can 

affect the phasematching (and consequently the efficiency) of this interaction. The results 

of the optimization indicated that it was possible to significantly increase normalized 

SHG efficiency through stronger mode confinement, with recent experimental results 
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supporting these conclusions. High efficiency as well as non-critical phasematching was 

possible if the optimized guide could support more than one transverse mode at the 

fundamental wavelength. 

In Chapter 3, we explored ways to increase the SHG efficiency simply by using 

planar dielectric films as overlays on the surface of the waveguide. A systematic study of 

the modal properties of diffused waveguides with, in general, multilayer overlays, was 

undertaken. The theoretical investigation, which was based on the analysis of the phase 

shift upon reflection from planar interfaces, led in particular to the design of overlays 

with specific properties for efficient waveguide-SHG. In the presence of these overlays, 

higher SHG efficiency as well as non-critical phasematching was obtained, even with 

single-mode operation; these are some of the best theoretical results to date. 

The concept of the phase shift upon reflection proved particularly useful for the 

design of inhomogeneous waveguides (with thin-film overlays) having specific modal 

characteristics. It also enabled the "matching" or combining of separate waveguiding 

segments; this promises a means of elegantly integrating simple "building blocks" to 

obtain complex designs in several applications involving multilayer waveguides such as 

multiple quantum wells (MQW), superlattices, directional couplers, and prism coupling 

through multilayer stacks. 

In Chapter 4, we studied the deflection of guided modes using novel Bragg 

gratings with rectangular shape and modulated groove depth. We demonstrated that the 

adiabatic variation in the grating's depth profile ensured that the lateral amplitude 
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distribution of the deflected beam remained the same as that of the incident beam even 

after diffraction from the finite-area grating. Equivalently, we could say that the beam 

was "re-shaped" by modulating the grating's depth in order to correct for the beam 

deformation that normally results when the field is diffracted by a uniform, finite-area 

grating. The shape of the groove depth of the grating was determined by solving the 

inverse problem using the approximate but physically-insightful single-scattering model. 

This permitted the analytical calculation of the groove profile which was further 

optimized for high deflection efficiency using an iterative numerical scheme. 

The possibility of using such finite-area, depth-modulated gratings for beam 

collimation in integrated optics requires further study of the diffraction effects resulting 

from the entrance and exit apertures of the gratings. Such waveguide-grating devices also 

hold promise for efficient waveguide filtering and routing, as well as polarization and 

mode conversion. 

The analysis in all three chapters was formulated so as to permit suitable design 

approaches specific to the problem. We used analytical or semi-analytical approaches, as 

opposed to purely numerical approaches wherever possible, because this inevitably led to 

greater insight, and consequently to improved designs. The problems that we studied 

dealt with Bragg-type interactions of guided optical waves in periodic media, where the 

periodicity was due to a periodic variation of either (the sign of) the nonlinearity, the 

linear refractive index, or the height of the waveguide. Coupled mode theory formed the 

basis of our analysis of the coupling of these waves. Where the analytical approach was 

limited in its validity or accuracy, the analysis was extended using numerical techniques. 
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In some instances, this amounted to straightforward, numerical refinement of an 

analytical solution in a limiting case, and in others, a hybrid analytical/numerical 

approach was used to advance the design. 
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APPENDIX A 

SOLUTION OF THE WAVE EQUATION IN INHOMOGENEOUS CHANNEL 

WAVEGUIDES WITH PLANAR OVERLAYS BY THE FOURIER METHOD 

In the Fourier method, the solution to the scalar wave equation (Eq. (2.11)) is expressed 

as a double sum of orthonormal basis functions. The solution can be expressed in the 

form 

n, n, 

where 

i i / {x ,y , z )= Qxp{+i /3z)Y ,  X ' 
f j s \  

(A.1) 

N (• \ 

sin 
Ttvy 

sin 
y 

(A.2) 

Substituting Eq. (A.l) into Eq. (2.11), and multiplying throughout by exp(-/y&), we 

obtain 

-V, -v, 

ZI' 
psi r= I 

/ \ 2 / \ 
;r/i _ KV 

wj uJ 

(A.3) 

with A'eflf = pika- Multiplying Eq. (A.3) by integrating from 0 to /* in the x 

direction and from 0 to /y in the>^ direction (see Fig. A.l), dividing throughout by k], and 

invoking the orthonormality property of which is defined as 
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Fig. A. I Computational window in the Fourier method calculation, showing diffused charmel 
waveguide (effective dimensions indicated by dashed lines) and planar waveguide-overlays (/ 
= 1,2, ..., M) with refractive indices, n,. The refractive index of the "semi-infinite" substrate 
and cover are n, and n^, respectively. The basic dimensions of the window, defined by U and 
ly, are calculated using the WKB and effective index methods. 
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with for p = fd,  V  being the Kronecker delta, we obtain the result 

k l  y 
S .5 . w 

(A.4) 

(A.5) 

If the structure of interest is a step-index channel waveguide, then the double integral in 

Eq. (A.5) can be calculated analytically. Otherwise, an arbitrary, inhomogeneous 

refractive-index distribution can be discretized into piece-wise-homogeneous regions, and 

contributions from these regions can be summed; however, this approach may suffer from 

lack of accuracy. In order to maintain accuracy, the double integral in Eq. (A.5) can be 
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computed numerically over the inhomogeneous region but at the expense of making the 

computation time-consuming. Alternatively, the graded-index distribution can be 

approximated by profiles that are separable in x dady so that we have 

n '{x ,y ) -n l  = In ,^ - f {2x /W)-g{y lD)  .  (A.6) 

It follows then that the double integral in Eq. (A.5) can be written as: 

2n,An 

I J .  
|2sin 

TT/JX 
sm 

nfjx 
^[/(2x/Pf • j2sinl 
^  X '  0  \ ^ v >  

sm 
Ttvy 

vV/ 
g(y lD)dy  

I K  I J y  J  
f2sin^ sin^U. f2sin 

U. ^ W J , , 

f  ,  ^ 
nvy  

V 'y / 
sm 

nvy 
dy  (A.7) 

where Z^+i = U and n^+x = n^. Thus, we now have a product of two 1-D integrals, each of 

which may have an analytical solution, depending on the particular refractive-index 

distribution. 

Recognizing that the second term in Eq. (A.7) (which applies to planar overlays 

and the cover region) can be calculated analytically, we focus our attention on the first 

term. First, the integral in y, represented as Sy, is calculated analytically for refractive-

index distributions that are similar in form to exponential, Gaussian, and complementary 

error functions. Thus, with the surface of the inhomogeneous region located at >' = /q (see 

Fig. A.l), and with a = n{v- v')Djl^ , b = 7r[v+ v')Dll^, and 1' = IqID, we have: 

(1)  foxg{yID)  = exp(+(3;  - ) /D),  

S ,  =  D <  

cos(a/') + a sin(a/') - exp(-/') cos(W) + b s \n{bl ' )  -  exp(-/') (A.8) 

1+a^ 1 + 6' 
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(2) for g{ylD)  = exp 
r  ^  ,  s i \  

y - ip  

D 

S.. = D 

exp| -(a/2) ̂  j cos(al')+daw(a/2) sin(a/') -

—^ exp| -(6/2) ̂  j cos(6/')+daw(6/2) sin(6/') 

and (3) for g{y/D)  = erfc(-(>' - / J/D) , 

(A.9) 

S, = D 

2 
^ daw(a/ 2) cos(a/') + 1 - exp|-(a/2)^ 1 sin(a/') 

a 

^ daw(6 2)cos(6/') + 
•4k 

1 -exp|-(6/2)^| sin(6/') 

b 

(A.10) 

The function, daw(z), is known as Dawson's integral [Spanier and Oldham 1987] and is 

defined as 

daw(z ) = exp(-z ̂ )|exp(+r^y/ = - / 2jexp(-z ̂  jerf(/z) . 
0 

For real values of z, the function daw(z) is real-valued, and efficient numerical algorithms 

exist for its computation [Numerical Algorithm Group Inc. 1993], In arriving at Eq. (A.9) 

and Eq. (A. 10), we had to approximate the finite integral in Eq. (A.7) (over [0 , Iq]) by the 

infinite integral (over [0, oo)). The reason is that Sy does not have analytical solutions in 

the case of Gaussian and erfc profiles when integrating over a finite interval. This 

approximation is valid if the integrand is negligible for y> Iq so that the remainder of the 

integral over [k , «) can be neglected. For example, in the case of the Gaussian profile, 
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this condition is satisfied when exp(-(/o/Z))^) = C « 1, where C is an arbitrary constant. 

Under this condition, we can specify the (minimum) height of the "inhomogeneous" 

portion of the computational window as 

where erfc"' is the inverse of the complementary error function. In most of our 

calculations, we have set C equal to 0.01. 

Next, the integral in x ,  represented as Sx, is calculated analytically for symmetric 

(about X = IJ2) refi-active-index distributions that are similar in form to exponential, 

Gauss ian ,  and  complementary  er ror  funct ions .  Thus ,  now wi th  b = n[ f i - f ^ ' )Wl{2l^) ,  

b = K[^ + /j')Wl{2l^), and I' =IJW, we have: 

(A.I2) 

Similarly, for the erfc case, we have 

/o >-Z)-erfc-'(C) , (A. 13) 

(  2{x-L2)  
(1)  tor f{2xlW) = exp — 

V "  \j  

5 ,  = W-
(A.14) 

(2) for f [2x lW)  = exp -(2(x -/2)IW)\  
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S,  = Pr|^exp(-(a/2)^)cos(a/') - ^exp(-(Z»/2)')cos(W)l , 
(A. 15) 

and (3) for / {2x /W)  = erfc(|2(x - /, 2)/fF|), 

5", = 
daw(a/2)cos(a/') daw(6/2)cos(6/') 

a 
(A. 16) 

We also highlight the fact that when v=v '  (i.e., a = 0) in Eq. (A. 10), the first term 

evaluates to £)/V^. Similarly, when //=//' (i.e., a = 0) in Eq. (A.16), the first term 

evaluates to Wj Jlr . 
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DERIVATION OF THE PHASE SHIFT AT THE SURFACE OF AN 

INHOMOGENEOUS WAVEGUIDE 

The scalar wave equation, for TM-polarized waves in anisotropic media (diagonalized 

tensor), is 

dy  
'  +  — ^ +  =  0  .  

dy)  s^{y)  dz-

We will be concerned with planar, anisotropic, inhomogeneous waveguides with relative 

dielectric permittivity profiles of the form 

(>') = ^,s ^ exp(+y / D ) .  (B.2) 

With the definition of all variables and the coordinate system as in Sections 3.1.2 and 

3.2.1, and with the variable substitution, T(_y) = j£,[y)G{y), we can re-write the wave 

equation as 

d 'G \  1 d 's , (y )  ^ 0 

dy-  |2^.(y) dy '  dy  j 33) 

After some manipulation, we can rewrite Eq. (B.3) in the form of Bessel's equation 

[Abramowitz and Stegtm 1972: p. 362, Eq. (9.1.54)], so that we obtain 

K^QX^{ylD)G-Y]G = 0 ,  ^ ^ 
dy  
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where 

'^0 
(B.5) 

and 

K -  + A £ ,  

• 

e  2D^e ,  ^ ys rs / 

(B.6) 

In arriving at Eq. (B.4) from Eq. (B.3), we have made use of the weak-guidance 

approximation so that all terms higher than first-order in Ae are neglected. A solution of 

Eq. (B.4) that satisfies boundary conditions at infinity is 

^r{y)= Ay[£j^J20rpDKexp{y /2D));  y<0 .  (^ '7)  

In the case of a semi-infinite cover, the field is evanescent for >' > 0. Matching the field 

solutions and their normal derivatives at the boundary, we obtain the dispersion relation 

(B.8) 1 {  Af.  '  Y € / C ' c 

From Eq. (B.4), we recognize that an oscillatory solution in the inhomogeneous medium 

requires (the square of) the transverse component of the wave vector to be 

^^v[+ylD)-y]  .  (B.9) 

Evaluating Eq. (B.9) just below the interface at >> = 0", we obtain the local transverse 

wavenumber (squared), Ko^(0~) = If we multiply both sides of Eq. (B.8) by the 

constant A7/cb(0 ), and take their arctangent (modulo 7t), we obtain 
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arctan 

+ arctan 

A: (Jio,X2DK)\ ^ 1 ( y (B.10) 

where the second term on the LHS of Eq. (B.IO) is recognized to be so that the 

first term on the LHS of Eq. (B.10) is equivalent to according to the convention 

that we established Ln Section 3.2.1 (see Fig. B.l). 

Fig. B. 1 Phase shift upon reflection for both upward- and downward-propagating waves at the 
inhomogeneous waveguide/cover interface. 

This result can be verified by examining the case of a resonant waveguide-overlay (wove > 

iVeff) on the surface of the inhomogeneous waveguide. Postulating oscillatory and 

evanescent field solutions in the overlay and cover, respectively, we impose the boundary 

conditions, and arrive at the dispersion relation 

2m~' 



- arctan 
AnXWK)\  

K,!S ,  ^J^OrX^DK\  

Af.  

2Dk,  
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(B.ll) 

- arctan ' / c Z f c  

K K ^ e J  
= mj t  

Again, we recognize that the first term on the LHS of Eq. (B.l 1) is equal to and 

the second term on the LHS of Eq. (B.l 1) is simply the result of translating the phase 

shift -2(^)'"' across the interface between the inhomogeneous medium and the overlay in 

Fig. B.2 (cf Eq. (B.IO) and Eq. (3.27)): 

^(o-)  £_(0-)  
tan(((Z>,)^'* 

J ' lOrX^DK) , g, Ag, 

J , , ,X2DK)]  2D^,(^(o-)) '  

(B.12) 

overlay 
-2<f>x (-) I h\  

-m)  
(-) 

Fig. B.2 Phase shift upon reflection for both upward- and downward-propagating waves in a resonant 
overlay above the inhomogeneous waveguide. 
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Finally, the range of values which the propagation constant p can assume is 

determined from Eq. (B.3) and Eq. (B.5). It is clear from Eq. (B.3), neglecting terms that 

involve derivatives of the permittivity, that an oscillatory solution is possible in the 

inhomogeneous region only if 

Similarly, Eq. (B.5) shows that an evanescent solution is possible in the substrate only if 

P' >kls^ . (B.14) 
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APPENDIX C 

COUPLED MODE EQUATIONS IN THE NON-COLLINEAR GEOMETRY 

Although our derivation of the equations that describe the coupling of guided waves in 

the non-collinear geometry closely follows the work of Svidzinskii [1980], we reproduce 

here a detailed derivation because there are several typographical errors in the above 

reference. In what follows, the coupled mode equations and the coupling coefficient are 

derived for both the Cartesian and the characteristic coordinate systems. 

The electric and magnetic fields of the guided modes of the planar waveguide can 

be written in general as 

where the direction of propagation is defined by yff, the subscripts t  and / denote the 

transverse and longitudinal components of the fields respectively, and the transverse field 

distribution is a ftmction of z, which is directed normal to the plane of the waveguide and 

out of the substrate (see Fig. C.l). The transverse components of the fields in the grating 

region can be expanded in terms of the complete set of guided modes (coupling to 

radiation modes is neglected) as 

EJr ,2; t )  = E„ (z)• exp(/^„ F-icot^  (C.l) 
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y 

Fig. C. I Guided waves transmitted and deflected by a grating in the non-collinear geometry. 

where A'^ and A~ are the amplitude coefficients of the forward- and backward-propagating 

modes of the structure, and the summation extends in general over all polarization states 

and directions of propagation. The fields E, and H, satisfy Maxwell's equations so that 

we have 

VxE-/^y/zH = 0 (C.3) 

V X H + ioj^ = -icoP 

with the polarization source P defined by 

P(r,z) = Ae(r , z )E(r , z )  .  (C.4) 

The term Ae is in general a tensor which describes in this case the periodic perturbation 

of the dielectric permittivity due to the presence of the grating. If the perturbation is 

sufficiently weak, coupled mode theory can be utilized to analyze the interaction between 

incident and deflected waves. Substituting Eq. (C.4) into Eq. (C.3), and invoking the 
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Lorentz reciprocity theorem to describe the mutual coupling, via an induced polarization, 

of the field in the grating region to a particular guided mode, we obtain 

Before proceeding fijrther, we first determine the components of the modal fields 

of the unperturbed planar waveguide. Working in the coordinate system defined by the 

grating, with the grating vector parallel to y direction, we specify the waveguide axis to be 

along the x direction. The three non-zero components of the modal fields of planar 

waveguides, for both TE and TM polari2ation states, are now transformed into five non

zero components each for the incident and deflected modes (see Fig. C.l). For a TE-

polarized incident mode, we thus obtain 

V • (e X exp(-/y5„ • r) - H X exp(-/^„ • f)) = +io)P • E'„ exp(-/^„ • f) . 

= + NcosO 

E^.  =  -  Ns\n6  

£ -  = 0  
(C.6a) 

/ /  = -

= —— NcosO 
co/j dz (C.6b) 

//, = -N-^  £{z)  
COfJ. 

and in the TM case, we obtain 

= NcosO J^{z)  

=-  NsxnO ^{z)  

H.=0 

(C.7a) 
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r- ' xr • = + Nsind  
0)£^ dz 

£ ^ =  +  J _ i V c o s « i 2 £ )  ,  
^ (C.7b) 

£. = -^ NJf iz )  
cos. 

where /'and Tare the electric and magnetic field distributions of the mode, normalized 

to unity. We assume an anisotropic substrate described by a diagonal permittivity tensor, 

with the extraordinary axis in the +z direction, so that the refractive indices are rt* = = 

rio and n: = rig. The fields /"and J'obey the orthonormality relations 

IC 4* 
(C.8) 

<o . 

• '  n ,  ( z )  -<o e  

The constant N is determined such that the fields are normalized for unit power flow (/ = 

1 W) along the x direction through a strip of width W (which can be arbitrarily set equal 

to 1 cm), i.e., 

1 ^ (C.9) 
- ^dy jdz[EJz)x H'„{z)) x = (/sin^)cJ„„ , 
^ -W'/2 

so that N = {Icd/J QI / in the TE case, and N = ( IqjS QI / f iWY' '  in the TM case. 

Next, we express the longitudinal components of the fields in the grating region 

{Ex and H,) in terms of the transverse components using Maxwell's equations and the 

modal expansion in Eq. (C.2). As a result, we obtain 



E,™ = exp(+/y3„ -r) 
a2„ +aw (y , z )  v !  
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(C.IO) 

where 

. 2 /  - V  ^ a 2 / \  / - T  / » - .  ( C . l l )  A/z (>',2) = (^) exp(/^2;^ / A) , 

q*Q 

/^~q{ z )  is the ^'''-order Fourier coefficient of a surface grating, and A  is the grating period. 

It is important to note that the O'^'-order component of the Fourier expansion of the 

permittivity perturbation has been omitted because its contribution has been incorporated 

into the index distribution of the "unperturbed waveguide" to ensure power orthogonality 

at least to order (see Eq. (C.9)). We can also express the induced polarization in Eq. 

(C.4) in component form: 

Pa =  ^0 Z ) exp(/92;9/ / A) 

V q*0 

•,a = x,y,z . 
(C.12) 

Finally, after substituting Eq. (C.2) into Eq. (C.5), and using the identity 

V (AF) = y4(V F) + F - , we obtain 

where 

e ,  = 5Re{£,xw;)  

A ^ • (C-14) 
- ^ 2 (£ i x ) tn > A ' / \ I •*'" ffi / 

n;+An (y , z )^  '  
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Integrating both sides of Eq. (C.13) over the infinite cross-section along the z  direction 

and over the finite interval [-Pf72, +Pf72] in the direction, we find that the second term 

on the LHS of Eq. (C.13) vanishes due to Gauss' divergence theorem provided the 

amplitude of the beam. Am, can be assimied to be slowly varying. We also note that the 

second term on the RHS of Eq. (C.13) spatially averages to zero. Invoking power 

orthogonality of the modes (Eq. (C.9)), using Eq. (C.12), and retaining only the terms that 

are slowly varying, we obtain an interaction between two (nearly-) phasematched waves. 

Denoting these two, mutually-coupled waves as the incident and deflected waves, with 

the corresponding subscripts I and D, we obtain the two coupled equations 

. i^Ai(x,y) i^Af(x,y} / 7. . w \ (C.I5a) 
sm(9, ^ + COS0, = +iexp(+iS  -r jA:  Aa(x ,y )  

ox oy V '' / •* 

. ^Aoix,y) ^ ^Ao{x,y) ( -l, A w \ (C.15b) 
sm^D — —^ -  cos^D = +iQxp\- i5^  rY^A^{x ,y)  ,  

where the rate of mutual coupling of the guided waves is given by k, which is defined as 

*wi2 (C.16) 

-wi2 —00 

ki component form, 

coeJV K  ̂  ̂ . (C.17) 
^  I dz ,  

_ '0 
'  II  K -00^ a=I 

where the index a corresponds to the directions x, y ,  z .  The measure of the angle and 

wavelength mismatch in this resonant interaction is represented by the detuning factor. 
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5^ = + qk^, with Kg = 2ti/A. This interaction is phasematched when is 

approximately zero. 

For example, for a I'^-order, cosinusoidal modulation of the refractive index near the 

surface of a lossless waveguide, the Fourier coefficients for the refractive-index perturbation 

can be evaluated as 

where is the difference in the refractive index (squared) for example between the 

doped and undoped regions of an index-modulated grating. The coupling coefficient k can 

then be evaluated for waves of various polarization states by substituting Eqs. (C.6) and 

(C.7) into Eq. (C.17). In general, 

n] Anl cos(2ny I A) 

nl + An] cos(2;9^ / A) 

(C.18) 

expi-ilTiy I A) dy 

K(0)  = v  f i0)  ,  (C.19) 

with 

(C.20a) 

(C.20b) 

(C.20c) 
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and 

f(0)j^_^j^=-cos20 + b-^cos'9 (C.21a) 

/(^)tm-»tm =l-aMC0s2d + bj^sm' 0 (C.21b) 

/(^)TE^TM =sin20 , (C.21c) 

and where ko  is the free-space wavenumber, 0d = 0 i -  0 ,  and 

W 

^  n  dz  
^ nr (C-22a) 

^  n  dz  
bu = ^ (C.22b) 

2Vtm->TM(A^D) " 

• (C.22c) 

In arriving at these results, it is important to retain the correct signs of the angles, 

according to the direction of propagation of the modes. A close examination of Eqs. 

(C.22a)-(C.22c) indicates that in the case of weak gratings, qtm is close to unity, and Atm 

and 6te are nearly zero, so that for right-angle deflection {0= 90°), the TE-TE coupling is 

negligibly weak, and strong polarization conversion occurs. 

The solution of the coupled equations in Eqs. (C.15a) and (C.I5b) is more 

straightforward if we transform the problem to the characteristic coordinate system 

defined by the directions (^and 7 (see Fig. C.l), with 



259 

sin(^,+^d) 2vsin0 cosO) 

xcos^i -.ysingi X ;/ "j ^ ^0=0 (C.23b) 
sin(^,+0[j) 2vsin0 cosd) ' ° ' 

Upon substituting Eqs. (C.23a) and (C.23b) into Eq. (C.15a) and (C.15b), and with the 

substitution of A = AiCxp^-iS^r}) and 5 = ^4^ exp(+/<J,^), where S,=S-^ and 

<^0 = S - r},wQ obtain in the characteristic coordinate system. 

When evaluating the coupling coefficient in the TM-TM case, it should be 

remembered that the component of the electric field normal to the interfaces (see Eq. 

(C.16)) is discontinuous. In this particular case, the correct field should be chosen, 

depending on which side of the boundary Eq. (C.16) is being evaluated, so that boundary 

conditions are not violated [Kogelnik 1988: p. 85, Hall 1990]. 

Under strong perturbation, the perturbed fields may be only approximately 

expanded in terms of the ideal modes of the unperturbed guide. In such cases, one can 

apply variational techniques in the spirit of the perturbation approach, so that an 

improved field in the perturbation region can be obtained fi-om the trial field (ideal 

mode). The improved estimates for the propagation constant and the field in the grating 

region can then be utilized in Eq. (C.I6) to obtain more accurate values for the coupling 
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coefficient. In this way, power orthogonality is ensured even in the strong coupling limit 

(a similar approach was used by Hardy and Streifer [1985] in the analysis of strongly-

coupled directional couplers). A semi-vector formulation can also be employed to include 

the effects of material birefringence and large index discontinuities (strong-guidance 

case), along the lines of the work by Haus et al. [1989] for directional couplers. 
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