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ABSTRACT 

This thesis deals with the research development in design and modeling of the 

lithium niobate (LiNb03) optical waveguides. In particular, the material and modal 

properties of the titanium (Ti)-indiffusion and annealed proton-exchange (APE) are 

investigated thoroughly. By linking the relation of the design and fabrication parameters 

with modal properties of the LiNb03 waveguides, a comparative study on modeling and 

characterization of diffused optical waveguides is presented. 

First we investigate the diffusion, exchange, and annealing processes analytically 

and numerically. Through comparing different models of index change with 

concentration of the related species such as titanium and hydrogen, the material 

properties can be calculated. The accuracy and the scope of validity for the analytical 

methods are also investigated. Some important fabrication and design parameters are 

abstracted and used for calculating the index distribution of the optical waveguides. Then, 

by applying a rigorous finite difference method, the modal properties of the diffused 

waveguides, such as modal profile, effective index, and coupling loss with the standard 

fiber, can be calculated. The modal properties of the optical waveguides directly link to 

the fabrication parameters of corresponding waveguides. Based on modal properties of 

optimized waveguides, the device performances of the related devices can be easily 

obtained. 

Based on the analysis of general LiNb03 optical waveguides, the detail material 

and modal properties of the titanium-indiffusion and APE LiNb03 optical waveguides are 

further investigated. Their fabrication processes are reviewed and typical process 

parameters are given. Furthermore, by comparing with measurement results of the 

titanium-indiffusion and APE LiNb03 optical waveguides made in McMaster University, 

the relation between the waveguide modal performance and design parameters is built 

through some effective methods and ready to be applied in the design of optical devices. 

Finally, we reconstruct the refractive index distribution of the optical waveguides 

by using the measurement results of modal properties. 
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Chapter I Introduction 

Chapter 1 

Introduction 

The continuous expansion of data communications, telecommunications, and high 

speed internet services is accelerating the research and development of broadband high 

capacity optical and high flexibility wireless networks for worldwide communications 

traffic. Due to its huge bandwidth nature, the WDM (wavelength division multiplexing) 

optical network becomes one of the hottest research areas for next-generation internet 

services, including IP (internet protocol)-routing WDM networks and WDM optical 

access networks. In order to increase the capacity and high flexibility of communication 

networks, optical components such as lasers, modulators, switches, wavelength routers, 

wavelength multiplexers, and wavelength converters are key devices for WDM optical 

networks. By integrating all optical functions of individual components into one package 

at the wafer level for low cost and high efficiency, waveguide-based photonic integrated 

circuits (PICs), or photonic lightwave circuits (PLCs), play an important role in realizing 

multi-function and low cost of the optical components. 

As one of the important basic optical waveguides, due to some unique features 

such as large electro-optic (EO) coefficients and high second-order nonlinearity, lithium 

niobate (LiNb03)-based optical waveguides have been used in many components such as 

optical modulators, switches, directional couplers, mode splitters, phase shifters, and 

wavelength converters. They have been received considerable attention for four decades 

and still stay as a hot research topic [ 1 ]-[7]. There are tremendous theoretical and 

experimental efforts to analyze and design the LiNb03-based diffused waveguides and 

related devices. 

1.1 Optical waveguides 

Optical waveguides (WGs) are the fundamental component of the optical 

communication systems. Figure 1.1 shows the schematic view of the optical waveguide 

in corresponding Cartesian coordinate system (x, y, and z), in which the waveguide cross

1 




Chapter I Introduction 

section is in the x-y plane, the wave propagation is along the z-axis, and the coordinate 

zero point (0, 0, 0) is located at the interface between LiNb03 substrate and buffer layer. 

In general, optical waveguides are guided-wave devices composed of a guiding core (i. 

e., the shade area in Figure 1.1) and a cladding region, in which the refractive index of 

the core is higher than that of the cladding and the light is confined in the transverse 

plane (i. e., x-y plane in Figure 1.1 ). Their guiding mechanism is based on the total 

internal reflection (TIR) effect. Except the well-known fiber structure, the common-used 

optical waveguide is a planar waveguide in which the light is confined in the cross

section and propagates in the z direction. 

y 

X z 

Figure 1.1 A schematic view of coordinate system of the diffused waveguide 

Silica- based waveguide 

Step- index Semiconductor -based waveguide 

Other waveguides 1 


Fiber 

Planar Ti - indiffusion 
Optical waveguides 

Graded -m ex 
. d LiNb03 

{
waveguides Annealed proton exchange 

Others 
Other waveguides 

Step -index 
{Graded - index 

Figure 1.2 Simple classification of the optical waveguides 
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Chapter I Introduction 

According to the different index profiles, optical waveguides can be classified 

into two kinds of waveguides: step-index waveguide and graded-index waveguide. 

According to the property of the base material (i. e., wafer), optical waveguides can be 

categories into several technologies such as III-V (e. g., InP and GaAs) semiconductor, 

Silica-on-Silicon (SOS), Silicon-on-Insulator (SON), Polymer, lithium niobate (LiNb03), 

and Ion-exchange. According to the index variations of the media with the direction of 

the electric filed, optical waveguides also can be categorized into three kinds of medium: 

isotropic, uniaxial, and biaxial. Due to the anisotropy nature, the LiNb03 crystal is a 

uniaxial media. If the principle axis of media is chosen as shown in Figure 1.1, we have 

that 11xx = 11yy t: 11zz for the LiNb03 crystal, where 11xx. nyy and 11zz are the refractive indices 

along the x, y, z direction. Figure 1.2 shows the typical classification of the optical 

waveguides. From Figure 1.2, we know that the LiNb03-based waveguide is one of the 

planar uniaxial graded-index waveguides. 

1.2 LiNbOrbased Optical Waveguides 

Bulk LiNb03 crystal is a synthetic, single-crystal, and negative uniaxial oxide 

material. It was first discovered in 1949 by B. T. Matthias and J.P. Remeika [8]. LiNb03 

has some applications in non-linear optics and electro optics. With some diffusion 

processes such as titanium diffusion and proton exchange, LiNb03 optical waveguide has 

diffused index profile and can be used as guided-wave devices. The first commercial 

LiNb03-based device, an optical modulator, was introduced in 1986 by Crystal 

Technology Inc.[9]. By using different LiNb03 crystal orientations, some typical optical 

diffused waveguides are realized and some features such as large electro-optic 

coefficients and high second-order nonlinearity can be utilized. Without loss of 

generality, for example, Z-cut X-propagating LiNb03 optical waveguides is shown in 

Figure 1.3, where X, Y, Z are the crystal orientations. By compared with the waveguide 

coordinators x, y, z as shown in Figure 1.1. The refractive index tensor of the 

corresponding optical waveguide has the form of uniaxial crystal (nxx = 11yy t: nzz) and 

can be expressed as follows, 

3 




Chapter 1 Introduction 

0 

n 2 
a (1.1) 

0 

where n_u, nyy and nzz are the refractive indices along the x, y, z direction, no and ne are the 

refractive indices of ordinary and extraordinary beam, respectively. It is worth to note 

that, due to the nature of proton exchange process, only the extraordinary index ne is 

increased and only one type of modes in proton exchange waveguides is supported. For 

example, X-cut proton exchanged waveguides support TE modes and Z-cut proton 

exchanged waveguides support TM modes. The detailed definition of the crystal 

orientation cuts and relation between them are described in Appendix A. 

Figure 1.3 The crystal orientation (X, Y, Z) ofLiNb03 optical waveguides 

Several techniques are used to fabricate the LiNb03-based optical waveguide 

substrates. They are titanium in-diffusion, annealed proton exchange, LizO out-diffusion, 

Silver-lithium ion exchange, ion-implantation, and liquid phase epitaxy. The Li20 out

diffusion is the first available technique. Low optical confinement and single 

polarization are the major drawbacks of this technique. The second fabrication technique 

is the proton exchange process with high optical confinement. However, it has some 

shortcomings such as high propagation loss and reduced electro-optic efficiency due to 

the high proton concentration during the proton exchange process. In order to overcome 

these problems, some advanced fabrication techniques were developed. Among them, the 

4 




Chapter 1 Introduction 

titanium in-diffusion and annealed proton exchange, as underlined in Figure 1.2, are the 

two important techniques and focused in this thesis. Figure 1.4 shows the cross-section of 

LiNb03 optical waveguides, where the species strip (e. g., Ti strip in Ti:LiNb03 

waveguides and H+ proton strip in APE LiNb03 waveguides) has the width w and 

thickness r. In the current model, the Ti strip in Ti:LiNb03 waveguides is above the y

axis, and the H+ proton strip in APE LiNb03 waveguides is below they-axis. 

w Ti strip 	 dy 
0111 ... 

y 	 y 

(a) Before in-diffusion/annealing 	 (b) After in-diffusion/annealing 

Figure 1.4 The cross-section of LiNb03 optical waveguides 

Due to some unique features, such as easy fabrication and low loss, titanium in

diffused LiNb03 waveguides are most widely used. In this technique, a Ti-strip with a 

certain thickness and width is deposited on the LiNb03 substrate, and then the substrate is 

heated in a diffusion furnace with time at a high temperature. In order to prevent the out

diffusion of lithium, some type of wet oxygen-like atmosphere or gas flow condition is 

needed. Indices within the diffusion region are changed and become graded-index 

distribution during the thermal diffusion process. Since the indices within the diffusion 

region are usually slightly higher than those in the surrounding area, the weakly guided 

diffused waveguides are fabricated. The detailed fabrication process is described in 

Appendix B. 

Annealed proton exchange (APE) on the LiNb03 material is an effective 

technique for the formation of low-loss and high electro-optical optical waveguides. In 

this technique, hydrogen (H+) ions in the liquid (e. g., benzoic or pyrophosphoric acid) are 
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exchanged with Lithium (Lt) ions that lead to a large mcrease in the extraordinary 

refractive index. Then annealing is used to eliminate compositional instabilities in the 

exchanged layer and to restore desirable optical properties such as the large electro

optical coefficients. While a step-like hydrogen profile is retained during the early stages 

of annealing at relatively low temperature, annealing at higher temperature produces a 

highly graded profile. Therefore, the two-step proton-exchange and thermal annealing 

process are used in the formation of optical annealed proton-exchange (APE) LiNb03 

waveguides. Again, typical fabrication process for APE LiNb03-based waveguides IS 

given in Appendix B. 

1.3 Motivations and Objectives 

As we know, LiNb03-based optical waveguides, one of the important basic 

optical waveguides, have been used in many components such as optical modulators, and 

wavelength converters. There are tremendous theoretical and experimental efforts to 

analyze and design the LiNb03-based diffused waveguides and related devices. In order 

to design the optical waveguides with certain required properties, the relation between the 

required properties and design parameters should be understood. Due to complexity of 

the overall process, in general, the material properties and modal characteristics of the 

LiNb03-based diffused waveguides were investigated separately. For example, the 

material properties of the waveguides were researched based on the simplified model of 

modal calculation, or the modal characteristics of the waveguides are calculated based on 

the analytical model of the material properties. There are few efforts to link this whole 

process. In order to understand the working principle of the LiNb03-based diffused 

waveguides, it is necessary to do some research study on modeling and design methods 

of the diffused waveguides by considering the whole fabrication process, which includes 

material properties, fabrication parameters, index profiles, near-filed patterns, and inverse 

index algorithms. 

In this research, based on the titanium in-diffusion and annealed proton-exchange 

waveguides, the material properties and modal characteristics of the lithium niobate 
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optical waveguides based on are investigated thoroughly. By linking the relation of the 

design and fabrication parameters with modal properties of the LiNb03-based 

waveguides, a comparative study on modeling and characterization of diffused optical 

waveguides is presented [7]. 

Based on the analysis of general LiNb03 optical waveguides, the detail material 

and modal properties of the titanium in-diffusion and annealed proton-exchange LiNb03 

optical waveguides can be further investigated. Through comparing different models of 

index change with concentration of the related species such as titanium and hydrogen, the 

material properties can be obtained. Therefore, the relation between the waveguide modal 

performance and design parameters can be built through some effective methods and this 

process is very useful to be applied in the design of optical devices. 

1.4 Thesis Outline 

This thesis presents the design and simulation of lithium niobate (LiNb03)-based 

optical waveguides. The material models of LiNb03-based optical waveguides are 

summarized and solved analytically and numerically, and corresponding index models 

are obtained. Also, based on the finite difference method, the modal properties are 

calculated and used to compare with the measured values of Ti: LiNb03 and APE 

LiNb03optical waveguides. 

In Chapter 2, the material models of LiNb03-based optical waveguides are 

summarized and solved analytically and numerically, and corresponding index models 

are obtained. Based on the finite difference method, the modal properties such as modal 

profiles and coupling loss with fiber are calculated in Chapter 3. In Chapter 4 and 

Chapter 5, the individual material and model properties for the Ti:LiNb03 and APE 

LiNb03 optical waveguides are presented and compared with the measured values of the 

different optical waveguides. In Chapter 6, by utilizing the measured values, some 

reverse algorithms are used to obtain the index profile of the optical waveguides. Finally, 

conclusions are given in Chapter 7. 
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Chapter 2 

Material Properties of LiNb03 Optical 

Waveguides 
As we know, the modal properties of the diffused waveguides are solely 

dependent on its refractive index distribution, which can be calculated by the diffusion 

parameters of the diffusion processes such as well-known titanium in-diffusion and 

annealed proton exchange (APE) in lithium niobate (LiNb03). In this chapter, we start the 

two-dimensional (2D) Fickian diffusion equation for general diffusion process. Then the 

corresponding analytical and numerical solutions are given. Finally, the general relations 

between material properties and index properties are presented. 

2.1 Bulk Lithium Niobate (LiNb03) 

For the successful use of LiNb03functional devices and nonlinear experiments, 

knowledge of bulk LiNb03 uniaxial crystal's refractive indices as a function of 

wavelength, temperature, and LhO ratio is necessary. In particular, the stoichometric 

(i.e., 50% ofLi20) and congruent (i.e., 48.6% ofLi20) bulk LiNb03crystals, on which 

most of practical LiNb03-based devices are based, are most useful. 

For the sake of simplicity, we assume that the operating wavelength is within 

communication bands (i.e., 0.1~2.0 Jlm) and far from the absorption peak. For the 

congruently grown (melting) LiNb03(i.e., 48.6 mol% ofLizO, or 94.2 mol% ofLi/Nb), 

the dispersion relations of (Lio.4s6Nbo.si4)z03 material have the following equations, which 

we label as Mode/1[10], 

(2.1) 

n2 0 097 2 7 10 8 2 

=4.5567 + 2.605 x 10-7 T2 + · + · x - T -2.24 x 10-2 ..1? 
e ..1?-(0.201+5.4x10-8T2

) 
2 

where A. is the wavelength in nanometers (nm) (e. g., 400 - 4000 nm), and Tis the 

temperature in Kelvin (K) (e. g., 292 - 647K). From the Reference (10], we know that 
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standard deviation of(2.1) is 2.2x10·4. At the room temperature (or 20°C), the refractive 

indices of ordinary and extraordinary no and ne of the LiNb03 crystal can be simplified as 

the following modified Sellmeier equations with 5x10-5 standard deviation, which we 

label as Mode/2 [11][12], 

n~ =4.9048- [0.117681(0.04750- A2
)]- 0.027169..1? 

(2.2) 
n; =4.5820 -[0.099169 1(0.04432- A2

)]- 0.021950A2 

where A is the wavelength in micrometers (J-tm). From (2.2), the refractive index no = 

2.2866 and ne= 2.2026 at a wavelength of0.6328 J-tm, and n0 = 2.2112 and ne= 2.1381 at 

a wavelength of 1.55 J-tm. In general, based on the function of wavelength and 

composition, the refractive index n(A) of bulk LiNb03 crystal can be expressed as the 

following general Sellmeier formula [13], 

(2.3) 


where A; and A; (i = 0, 1, 2, ... ) are amplitude coefficients and oscillator wavelengths 

determined by fitting with experimental results. In general, with respect to the 

stoichiometric composition, Lithium niobate can be grown with Li deficits up to 4% 

proving a comparably wide composition range for LiNb03 single crystals. Usually, the 

generalized two-term Sellmeier formula (i = 0 and 1) is utilized [14], 

n 2 = 1+ Ao (8) + A1( 8) (2.4)
1- A~ I A2 1- A; I A2 

where Ao (8) = Ao (1 - y8) , A1( 8) = A18 , 8 is a function of mole ratio of LizO material, 

andy has a value between 0 (only contributions for plasmons, dependent on 0 2- content) 

and 415 (only transitions into the conduction band, dependent on Nb5 
+ content). For the 

sake of convenience and simplicity, we chose y = 3110 and 8 with the relation [14], 

8 = .!_Q 50-Cu (2.5)
3 100 

where Cudonates a mole ratio (mol%) ofLizO material. By combining (2.2) with (2.3), 

the general material model ofbulk LiNb03 is deduced, which we label as Mode/3, 
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2 1 50+eL,· Aoi 50-eL,· A,;n = + . + . (2.6) 
l 100 1-~.)..1? 100 1-~.i!A? 

where A is wavelength in nanometers (nm), ni( i = e, o) are the extraordinary and ordinary 

refractive indices of LiNb03. By fitting the above generalized Sellmeier equation to the 

experimental data, a set of four coefficients of Ao.i, A l,i, AoJ, and A-u ( i = e, o) in (2.6) can 

be extracted. For example, the typical values of A; andA-i of bulk LiNb03 with a range 

from 46.1 to 50.0 mol % of LizO are the following [ 14], 

Ao,a= 3.854 Ao. e= 3.489 

Ao,o = 186.535 nm Ao.e= 176.466 nm 

At.a= 3.552 A1, e= 6.004 

At,a = 208.592 nm At.e= 223.479 nm (2.7) 

where A, is the wavelength in nm with a range from 405 to 1650 nm. 

By substituting (2.7) into (2.6), we have, 

2 so+ eu 3.854 50- eLi 3.552 
n =1+ + ---=------

o 100 1-(186.535/A-)2 100 1-(208.592/A-)2 

2 50+ eu 3.489 50- eu 6.004 
n =1+ + --=-------~ (2.8) 

e 100 1-(176.466/A-)2 100 1-(223.479/,.1,)2 

Figure 2.1 shows extraordinary and ordinary refractive indices of bulk LiNb03 as 

a function of wavelength for various crystal compositions with experimental results. The 

agreement between experimental data and the numeral fits is excellent. In general, the 

standard deviation is 1.8x10"3 [14], which is mainly due to uncertainties in the 

concentration data. In order to compare the results from different models, the 

extraordinary and ordinary refractive indices as a function of wavelength of the congruent 

(Lio.4s6Nbo.st4h03 (20°C, 48.6 mol % of LizO) are calculated and shown in Figure 2.2. 

From Figure 2.2, it is found that, except slight difference of ne due to different measured 

environments, they agree well. Figure 2.3 shows the extraordinary and ordinary refractive 

indices of mode3 as a function of wavelength of the congruent (Lio.4s6Nbo.st4h03 

(24.5°C, 48.6 mol % of LizO) with some experimental results. 
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(a) Extraordinary refractive index. 

o'" Model3: 
.0 z --Cu=46.1:.J 
=s 2.4 ---- Cu=47.2 
.0 · · · · · · Cu=48.40 
><
Q) -·-·- Cu=49.2 
"0 
c: -------· Cu=50.0 
Q) 
> • Exp.t5 
Jg 
Q) 

0::: 

2.2 ._.__......_...........,_.._,_............................._.............._._.._._._.._,_....................._._._~.............................. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

Wavelength, f..lm 

(b) Ordinary refractive index. 

Figure 2.1 Extraordinary and ordinary refractive indices of bulk LiNb03 as a 
function of wavelength for various crystal compositions with 
experimental results: (a) Extraordinary index and (b) Ordinary index. 
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Figure 2.2 Extraordinary and ordinary refractive indices of three modes as a 
function of wavelength of the congruent (Lio.4s6Nbo.st4)203 (20°C, 48.6 
mol% ofLi20). 
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Figure 2.3 Extraordinary and ordinary refractive indices of mode3 as a function of 
wavelength of the congruent (Lio.4s6Nbo.st4)203 (24.5°C, 48.6 mol% of 
LhO) with some experimental results [14]. 
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Finally, the refractive indices of ordinary and extraordinary beam, no and ne of the 

congruently melting LiNb03 crystal at wavelength of 0.6328 J..tm with their experiment 

results are calculated and shown in Table 2.1. 

Table 2.1 Extraordinary and ordinary refractive indices of mode 3 as a function of 
wavelength of the congruent (Li0.486Nbo.s 14)203(48.6 mol % of LbO) with some 

. l lexpenmenta resu ts 
Source no ne Standard deviation note 

Model 1 2.2875 2.2002 2.2x10-4 T=20°C 
Mode2 2.2849 2.1969 5xl0·5 T=20°C 
Model3 2.2865 2.2024 1.8xl0·4 

Exp. (14] 2.2866 2.2026 T=20°C 
Exp.(12] 2.2865 2.2012 5.0xl0·4 Prism coupling method 

From above figure, we are able to know that the three models about ordinary 

refractive index are in very good agreements while the three models about extraordinary 

index have a slight deviation. 

2.2 Two Dimensional (2D) Fickian Diffusion Equation 

For the sake of simplicity, we assume that the longitudinal direction of considered 

diffused waveguide is invariant (8/oz = 0). The diffusion of the diffused waveguide can 

be modeled by the two-dimensional (2D) Fickian thermal diffusion equation (15], 

(2.9) 


where C (x, y, t) is the relative concentration distribution of the diffusion species such as 

Tt of Ti:LiNb03 waveguide or H+ of APE LiNb03 waveguide, Dx and Dy are the 

diffusion coefficients along the x-axis and y-axis, respectively, which are given 

approximately by [16] 

(2.10) 


where D~ ( i = x , y) is the diffusion constant, which is proportional to the jump distance 

and to the jump frequency of the diffusion atoms in the crystal, and E~ (=kT; , i = x , y) is 

the activation energy along i direction, which produced by the surrounding ions or atoms 

13 




Chapter 2 Material Properties ofLiNb03 Optical Waveguides 

of the crystal. The constant k is Boltzmann's constant and Tis the diffusion temperature 

in Kevin (K). 

In general, the diffusion coefficients are not necessarily constant in the crystal 

smce this activation energy may be affected locally by defects, vacancies, or 

compositional variations in the crystal. In most of cases, the diffusion coefficients can be 

calculated as a constant of independence of x andy. Therefore, the 2D diffusion equation 

of(2.10) can be simplified as 

2 2 
ac =D a C + D a C (2.11)
at ax2 y cy 2 

X 

which can be found in most of published papers. 

w Co 

t Ymax 

T t X 

X max 

(a) Original (b) Equivalent 

Figure 2.4 The transformation of the computational region 

In order to simplify our problem, we consider the initial layer of strip just below 

the surface (i. e., 0 <x < r; -w/2 < y < w/2) as shown in Figure 2.4. This approximation is 

appropriate for diffusion times that are long compared to the time required to diffuse the 

source material into the bulk. The symmetric mathematical space can be reduced to the 

computation window: 0 <x < Xmax. 0 <y< Ymax· In order to model the diffusion equation 

efficiently, we assume the computation window (i. e., Xmax and Ymax) large enough, which 

leads the general boundary conditions (C, Dxac/ax, and DyaC/&y continuous) into the 

boundary conditions of the computation window: 

C(Xmax. y, t) = 0 for all 0 < y < Ymax (2.12) 

c (x, Ymax. t) = 0 for all 0 < X < Xmax (2.13) 

aC(x,y,t) I 0 c. II 0 ax x=O = lOr a <y < Ymax (2.14) 
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ac(x,y,t) I o £ 11 ocy y=O = Or a <x< Xmax (2.15) 

As described in Figure 2.4, the physical initial conditions of strip layer are in the 

region: 0 <x < r, -w/2 <y< w/2 with the thickness rand the half width w/2, 

C(x, y, t) It=o = Co, 0 <x < r, - w/2 <y< w/2 (2.16) 

C(x, y, t) It=O = 0, elsewhere. (2.17) 

where C(x, y, t) is the diffusion concentration and Co IS the initial diffusion 

concentration. 

2.3 Analytical Solution of 2D Diffusion Equation 

For a strip of film deposited on a LiNb03 substrate with a width w and thickness r 

deposited on a LiNb03 substrate as shown in Figure 2.4, the waveguide cross section is in 

the x-y plane, and the wave propagation is along the z-axis. In the absence of any external 

perturbation or source, the diffusion equation of (2.9) with constant diffusion coefficients 

Dx and Dy can be rewritten as 

aC(x,y,t) =D a 
2
C(x,y,t) + D a 

2
C(x,y,t) (2.18)

at ax2 
y cy2 

X 

The significant feature of (2.18) of the 2D diffusion equations is that the x and y 

dependences of C(x, y, t) are separable. By using the method of separate variables, the 

approximate analytical solution of the diffusion equation goes as follow: 

C(x, y, t)=Co F(x, t)G(y, t) (2.19) 

where F(x,t) and G(y,t) are one dimensional functions, and Co is the initial diffusion 

concentration (e. g., the atomic density of the Ti strip in Ti:LiNb03 waveguide). The 

corresponding physical parameters (i. e., Co, diffusion coefficients Dx and Dy) are 

determined by the individual diffusion techniques such as Ti indiffusion and proton 

exchange. By putting (2.19) into (2.18), 1D diffusion concentration functions F(x, t) and 

G(y, t) are defined by the following one dimensional (1D) diffusion equations, 

2aF(x,t) =D a F(x,t) 
2 

(2.20)
at axX 
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8
2

8G(y,t) = D G(y,t) 
(2.21)at ay2 y 

where the boundary conditions and initial conditions are modified as follows 

F(Xmax, t )= F(-Xmax• t) = 0 (2.22) 

G(ymax, t) = G(-ymax, t) = 0 (2.23) 

F(x, t) It=O = 1, - r <x < r; F(x, t) It=O = 0, elsewhere. (2.24) 

G(y,t) It=o= 1, -w/2 <y< w/2; C(y,t) It=O = 0, elsewhere. (2.25) 

where F(x, t) and G(y, t) are the ID diffusion concentrations of the unity strip source 

along the x-axis andy-axis, respectively. It is worth to note that the symmetrical boundary 

conditions of (2.16) and (2.17) are eliminated by extending the boundary conditions into 

whole region: - Xmax <x < Xmax and - Ymax <y< Ymax· Therefore, the extended strip has width 

wand thickness 2 r. From the diffusion theory [15], the solution of lD diffusion equation 

is given from a line source of unity strength aty' along z, 

g(y, y', t)~ k exp(-(y- y')' 1(2JD,t)') ~ \.::: exp(-(y- y')' Ia;) (2.26)
2 7dJi . dy....;Tr 

where -w/2 :s:y' :s: w/2, dy = 2.,JD; is the diffusion length along they-axis and t is the 

diffusion time in the fabrication process. In general, the above expression holds when t is 

much larger than the diffused time from the strip to the bulk LiNb03, which means that 

concentration has a Gaussian-like distribution. By considering the w-width strip source, 

which is made up of a series of line sources integrating y' from -w/2 to w/2, the 

concentration of 1 D diffusion equation becomes, 

w/2 1 fw/2
G(y, t)= g(y,y',t)dy' = -- exp(-(y- y')2 ld:)dy' (2.27)

f -w/2 d .j; -w/2 > 
y 

Let (y-y')ldy = u, or dy'=- dydu, the concentration G(y, t) of 1D diffusion equation 

with a unity strength strip source becomes, 

1 i(y-w/2)/dy
G(y, t)=-- exp(-u 2 )du.j; (y+w/2)/dy 

1 i(w/2-y)ld5 1 i(y+w/2)/dy= exp(-u 2 )du + exp(-u 2 )du1 1"'1/Tr 0 "'1/Tr 0 
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(2.28) 

2 fY 2
where the error function erj(y) = ..[; Jo exp(-u )du was used and its properties are 

described in Appendix C. It is noticed that erj(y)Jy->.too= ±1 and boundary conditions of 

(2.23) at y = ±Ymax are met naturally. Similarly, the concentration F(x, t) is given from a 

2r-thickness strip source of unity strength along z, 

( l' -X) (l' +X)]F(x,t) = 21 [ erf d, + erf d, (2.29) 

where dx =2.fi5J is the diffusion length along the x-axis. Therefore, the analytical 

solution of the 2D diffusion equation of (2.18) with constant diffusion coefficients Dx, Dy 

of a strip source defined by boundary conditions of (2.12)-(2.17) is 

C( ) =- er +er1( r + x)] [er1(w I 2 + YJ 1(w I 2 - Y]] (2.30)x,y,t Co [ 1( r - x) +er 
4 dx dx dy dy 

where d x =2.fi5J and dY =2..jD; are the diffusion lengths along the x-axis and they-

axis, respectively. According to the property of concentration functions F(x, t) and G(y, 

t), which are described in Appendix C, the function C(x, y, t) has the maximum surface 

diffusion concentration when x = y = 0, which is called the surface diffusion 

concentration Cs, 

(2.31) 

If the thickness of the strip is very thin (or dx » r), the exponent factor exp((y

y')21d/) ~ exp(ild/), and the ID concentration function ofF(x, t) can be simplified as 

1 
F(x,t)= - - f exp(-(x-x') 2 ld;)dx' ~~exp(- ;:) (2.32) 

dx.J; r dxJ;i x 

Then, the 2D concentration C(x, y, t) becomes, 
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r ( 
2 J[ (w/2+ yJ (w/2- yJ]xC(x,y,t) = .[; C0 exp -""""ji erf +erf (2.33) 

2dt 1[ dy dyX 

which can also be found in many published papers [ 18]. 

On the other hand, if the width of the strip is very large (or w » dy), the lD 

concentration function of G(y, t) is simplified as 

G(y,t) =.!._[erf(w/ 2 -y)+erf(w/ 2 + y)] ~ erf(_::'_)~ 1 (2.34) 
2 dy dy 2dy 

where the property of the error function, described in Appendix C, was used. Then, the 2D 

concentration C(x, y, t) becomes, 

1 r-x r+x
C(x,y,t) =	-C0[erf(-) +erf(-)] (2.35) 

2 dx dx 
where dx is the diffusion lengths along the x-axis. 

2.4 Numerical Solution of 2D Diffusion Equation 

In the previous section, we assume that diffusion coefficients of the strip are 

constant in the whole computation domain and independent of process parameters. 

Actually, the diffusion coefficients may not be constant in the crystal because the 

activation energy may be affected locally by defects, vacancies, or compositional 

variations. In order to consider this variation, the 2D diffusion equation of (2.18) belongs 

to a initial value problem and can be solved by the numerical methods such as the finite 

difference method (FDM). In general, there are various possibilities to solve the diffusion 

equation of (2.18), but only some of which are stable. The well-known Crank-Nicholson 

scheme is stable, which we employ here. For the sake of simplicity, the uniform-mesh 

sizes ~/=Lix"), ~J (=,1y), and ~~ are used. We may employ the following "forward and 

backward in half time, centered in space" scheme for the 1D diffusion equation of (2.20) 

as shown in Figure 2.5, 

=en en 2cn en 	 cn+l 2cn+l cn+l 
en+ II2 A D i+l - i + i-1 = en+I - A D i+l - i + i-1 . . +ut. . ut. 	 (2.36) 

I I I 2~. 2 I I 2~. 2 

I I 


or 
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l'l.tDC"+1 -2(/'l.tD +Ax2)C"+1 +MD.C"+1 =-2Ax2C" -l'l.tD(C" -2C" +C")
I 1-l I I I 1+1 I I 1+l I 1-l 

which is the well-known Crank-Nicholson scheme, an implicit form and stable. By 

applying the corresponding boundary conditions (BCs) such as Neumann BC: Ci-t= C, 

and Dirichet BC: C+t = -Ci at l'l.i 12 ( i = 1, nx), we have the following matrix form, 

(2.37) 


where [ M] is a regional matrix and updating C for each time step is easily realized. 

i\i-1 i\i i\i+l 

i. -r- ·~- --+~ 

Fi-1 i Fi+l . Fi+t 

()---l----()---l---() 
I I I 


I ht I h2 I

I I I 

\.,. ~~+- ~II I I . . . 

Figure 2.5 The 1D finite difference (FD) mesh allocation 

In general, the diffusion coefficients are the functions of variables x andy, and 

concentrations (nonlinear), the2D diffusion equation can be solved numerically (e. g., 

FDM method) as shown in Figure 2.6. 

L\j+l 

i\i ............... i\i+l 

1-+-i\_J_.----()i+lj 

Figure 2.6 The 2D finite difference (FD) mesh allocation 
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From Figure 2.6, the corresponding finite difference term of (2.9) can be obtained, 

oF';= 1 (pi+l_pi-I)+O(tl:) (2.3S)
of h 1 +h2 

~(DoF)j; = 2 (pi+l Di+l/2 _pi[Di+l/2 + Di-I/2)+Fi-l Di-I/2J+O(tl/) (2.39)
of of hl+h2 h 2 h 2 ~ ~ 

where the non-uniform mesh sizes tli-I' tli, and tli+/ are used. The mesh distances are that 

h 1 = (tli_ 1+tl)l2 and h 2 = (tli+I+tl)/2. The diffusion coefficients at the mesh nodes: 

(2.40) 

By employing the "forward and backward in half time, centered in space" 

scheme, the 2D diffusion equation can be discretized as follows, 

I DY 1/2 I Dxl/2 · I( Dxl/2 · D':l/2 · DY. 112 DY. 112 J-en+ t,;- -en+ (- ,j +en+ 1+ t+ ,j + (- ,j + l,j+ + 1,)

k-nx S k-1 S k S S S S 

ly lx 2x lx 2y !y 

Dx DY DY Dx 
_ en+l i+ti2,J _ en+l i,J+I/2 =en i,;-112 + e" H12,J ( 2.4 1) 

k+l S k+nx S k-nx S k-! S 
2x 2y !y lx 

Dxl/2. Dxl/2. DY. l/2 DY. I/2J Dx!/2. DY !12+ e" 1 + t+ ,j + ,_ ,j ,,j+ l,j- +en t+ ,j e" ,,}+ 
k S S + S + S k+l S + k+nx S( 

2x lx 2y !y 2x 2y 

where k=(j-1)xnx+i, where i=l, ... , nx,j=1, ... , 11y, and k=1, ... , nxny, Sx=h1x+h2x and 

Sy=h1y+h2y, Six=SxhixiM, S2x=Sxh2xltlt and Siy=Syhiy!M, S2y=Syh2yiM. By applying the 

corresponding BCs at tli 12 (i, or j = 1, nx or ny), we have the following matrix form, 

(2.42) 


where M is a band matrix with the bandwidth (2nx+1) and dimension nxxny, in which nx 

and ny are the numbers of meshes in x andy directions. The concentration distribution can 

be obtained by using band solvers. 

In order to obtain the scope ofvalidity of the model parameters (i.e., window size 

Wx, mesh size &, time step M, and non-uniform mesh ratio) in the numerical analysis, we 

first investigate the optical waveguide with following parameters: D = 4 J..lm2/hrs, r = 4 

J..lm, t =1 hour, and Wx =15 J..lm. Figure 2.7 shows the concentration solution of diffusion 

equation with a function of window size (a), uniform mesh size (b), time step( c), and 
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non-uniform mesh ratio(Lixnxltix1) (d). It is found that, due to the nature of the boundary 

condition, the window size should be reasonable large. The selection of the mesh size and 

time step depends on the size of the waveguide. In order to cope with the small size of the 

film strip, the non-uniform mesh has to be used. Once the scope of validity of the model 

parameters is identified, the diffusion equation with the different diffusion functions and 

boundary conditions can be easily solved, where the analytical solution of (2.30) may not 

be accurate enough. 
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Figure 2.7 Concentration solution of diffusion equation with a function of window 
size (a), uniform mesh size (b), time step( c), and non-uniform mesh ratio (d). 

2.5 Index Model of LiNb03 Optical Waveguides 

After obtaining the species concentration, the corresponding transverse profiles 

for the ordinary and extraordinary refractive indices can be calculated accordingly, 

n (X,y,..t) =nob(A,) +~n0 (x,y,..t)0 (2.43) 

where .1n
0 
(x,y,A.) and ~ne(x,y,A.) are the change of refractive indices induced by the 

diffusion process, and n
0 
(A) and ne(A,) are the bulk refractive indices. The relationships 

between the C(x, y) and ~no,e have been considered by several groups of researchers. It 

has been observed, for example, that the extraordinary index change L1ne of Ti:LiNb03 

waveguide at a fixed wavelength increases almost linearly with the titanium concentration 

C(x, y), while the ordinary index change L1no only has a linear relationship with C(x, y) for 

small values of C(x, y), and becomes nonlinear at large values of C(x, y) [16][17]. In order 

to make consistent between various models, the transverse profile (2.43) for the ordinary 
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and extraordinary refractive indices of the LiNb03-based optical waveguides can be 

modified as follows, 

no (x,y,A.) = nob(A.) +aoL1no(C(x,y),A.) 
(2.44)

ne(x,y, A)= neb (A.)+ aeL1ne(C(x,y),A.) 

where ao and ae are adjustable fitting parameters to generalize the refractive index 

change. In general, the following empirical power-law relation between the species 

concentration and L1na. Line has been used: 

(2.45) 


where Yo and Ye are constants independent of x-axis and y-axis and Cs is the surface 

concentration. It is worth to note, for the optical waveguides based on the APE process, 

only the extraordinary refractive index is considered. In general, the above model can be 

simplified as follows [ 16], 

~na(x,y,A-) = aora(C0 ,A)[a0 (A-r)C(x,y) + On
0 

] 

(2.46)
~ne(x,y,A) = aere(C0 ,A)ae(Ar)C(x,y) 

where Ar is the reference wavelength, r0 (C0 ,A) and re(C0 ,A) represent the relative 

wavelength dispersion of the species-induced refractive index changes. Furthermore, the 

model of (2.46) can be further simplified as a linear simplified model, 

L1no(x,y,A.) =aoro(C
0 
,A.)a0 (A.r)C(x,y) 

(2.47)
L1ne(x,y,A.) =aere(C

0 
,A)ae(A.JC(x,y) 

where the index change is directly proportional to the species concentration. For 

Ti :LiNb03 waveguide, due to isotropic indiffusion, both ordinary and extraordinary 

refractive index changes L1n0 and Line are positive and their maximal values are in a range 

of 1o·2 
- 1o·3

• On the other hand, for APE waveguide, due to nature of proton exchange, 

only extraordinary refractive index change Line is positive and the diffused waveguide 

only supports one type of propagation modes (TE or TM). For examples, APE 

waveguides fabricated on Z-cut LiNb03 only support TM modes and APE waveguides 

fabricated on X-cut (or Y-cut) LiNb03 only support TE modes. 
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2.6 Summary 

In this chapter, the general index models of bulk LiNb03 substrate and diffused 

LiNb03 waveguides due to titanium indiffusion and annealed proton exchange are 

described. The two-dimensional (2D) Fickian thermal diffusion equations related to the 

transverse section of optical waveguides are presented and their analytical and numerical 

solutions are given, which lay a solid foundation for the following chapters. 
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Chapter 3 

Modal Properties of LiNb03 Optical Waveguides 
After obtaining the refractive index distribution, the modal properties of the 

diffused waveguides are solely determined. In this chapter, the two-dimensional (2D) 

wave equations based on anisotropic media and its corresponding analytical and 

numerical solutions are described. Then the general simulation flow chat for mode solvers 

is presented and some modal properties such as modal profile and effective index are 

calculated. Finally, the effect of model parameters on the coupling loss (or overlap 

integral) with standard single mode fiber (SMF) are investigated. 

3.1 Two Dimensional (2D) Wave Equation 

Throughout this paper, a Cartesian coordinate system (x, y, z), as shown in Figure 

3.1, and a time propagation dependence of exp[i(mt-kzz)] are used, where co is the angular 

frequency, kz is the z component of the wave vector (i.e., kz = knerr), and neff is the modal 

index or effective index. In general, the Maxwell's equations of the electric field E and 

magnetic field H in the frequency domain can be expressed as follows, 

V x E = -}cvj.i0H 
(3.1)

V x H = jcv'ir&0 E 

where Eo and f-lo are the permittivity and permeability of free space, respectively. The 

=n2relative dielectric constant 'jfr is defined by (1.1) or has the following general form, 

2 0n2nxx xy 

2 n2& = nyx 0r (3.2)Y.Y 

0 0 nzz 
2 

where nxx (or nx), nyy (or ny), nzz (or nz) are the refractive indices along x, y, z, respectively. 

nxy and nyx are the refractive indices due to the material anisotropy of the LiNb03 

material. For the isotropic material, nxx= nyy= nzz =nand nxy= nyx= 0. 
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Figure 3.1 The Cartesian coordinate system of the diffused optic waveguide 

By considering the uniform nature of the optical waveguide along z, the solutions 

of the above wave equations (or so-called the modal solutions) with the appropriate 

boundary conditions take the following forms for the electric field E: 

(3.3) 


where k ( = 2ni"A) is the propagation constant of free space and neff is the modal effective 

index at wavelength A,, and Ex!Ey and Ez are modal field patterns related to transverse 

and longitudinal components of the electric field E, respectively. From the above 

equations, the full-vectorial wave equations for the transverse electric fields in 

anisotropic optical waveguides are directly deduced and expressed in simple matrix form 

[19], 

(3.4) 


where the operators are defined as: 
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where we note that the above full-vector wave equations are exact without any 

approximation and consider the polarization dependence and the polarization coupling, 

and both waveguide geometry and material anisotropy contribute to polarization 

coupling. If the polarization coupling is weak (i.e., the index difference is very small, 

-1 o-2
) and become negligible as in many practical optical waveguides, such that Pxy::::: Pyx 

::::: 0, the above full-vector equations reduce to two decoupled semi-vector wave equations, 

(3.5) 

If the waveguide is weakly guiding, even the polarization dependence can be 

ignored (i.e., Pxx ::::: Pyy)· The wave equations of (3.5) are further reduced to a single well

known scalar Helmholtz wave equation, 

V 2 k2 2E - k2 2E 
T Ex,y + n x,y - neff x,y (3.6) 

where Vr (i.e., yo I 8y +xo I ox) is the transverse gradient operator. 

For some of LiNb03-based waveguides, where the width of the strip is very large 

and the refractive index n(x,y) is only the function ofx, the semi-vector equations of (3.5) 

are further simplified to two decoupled one dimensional (lD) wave equations for the 

electrical fields, 

(3.7) 

where Pxy = Pyx = nxy = nyx = 0 was used. These decoupled wave equations for the TE 

and TM modes can be solved through the field Ey and Ex, respectively. It is noted that the 
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similar wave equations for magnetic fields Hx and Hy can be deduced and Ey!Hx and ExiHv 

for are governed by the same one dimensional (ID) wave equation. 

Again, if the waveguide is weakly guiding, even the polarization dependence can 

be ignored. The wave equations of (3.6) are further reduced to a single well-known scalar 

Helmholtz wave equation: 

d2cl> 
--+e(n2 -n2 )cl> =o (3.8)dx2 eff 

where C/J is the scalar field (i.e., Ex, Ey, Ez, Hx, Hy, or Hz). 

3.2 Analytical and Numerical Solutions 

Based on the above theoretical formulas, by solving the governing equations for 

the transverse electric or magnetic fields under the full-vector or semi-vector/scalar 

assumptions for the 1 D and 2D LiNb03 diffused waveguides, the dispersion curves of the 

optical waveguides can obtained. In general, LiNb03 diffused waveguides can be 

simulated by two kinds of methods: simple and intuitive analytical approaches (e.g., ray 

tracing and WKB method) and time-intensive rigorous numerical approaches (e.g., the 

finite difference method). For the 2D LiNb03 diffused waveguides, the analytical or 

approximate solutionss, although they gain some physical insight into LiNb03 diffused 

techniques, may only have for some specific structures. Due to their complicated index 

profiles, modal properties of the LiNb03 diffused waveguides can be calculated generally 

by employing accurate and versatile numerical methods. In this thesis, a rigorous and 

versatile finite difference method (FDM) [20] is utilized to solve the wave equations by 

employing popular perfectly matched layer (PML) boundary conditions [21]. 

3.2.1 Analytical solution 

A graded index waveguides are usually fabricated by metal-diffusion (i.e., Ti) and 

ion-exchange (i.e., proton) techniques discussed previously. By utilizing some 

approximate methods such as the effective index method (ElM) for 2D index distribution 

of graded optical waveguides, the 1D equivalent graded index profile along the depth 

direction can be obtained. The modal properties of corresponding waveguides can be 
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obtained by some well-known approximate approaches such as Wentzel-Kramers

Brillouin (WKB) method. Here we introduce the WKB method briefly. 

The wave equation of (3.8) for the ID graded index waveguide is rewritten with 

the electrical field rJJ = Hy for TM mode and rJJ =Ey forTE mode, 

d 2E 2------f- + e[n (x)- ne/JEY =0 
dx 

(3.9) 
d 2H 
__Y + e(n 2(X)- n 2 )H = 0dx2 eff Y 

where neff is the effective index of the mode. 

dz 
I I I dz 

....: :... I 

: nc z nC I I

--.: ~ 
0~----+-------~---. 

z 

: neff : 

:~:dxi 
n(xJ 

X X 

(a) Whole domain (b) The ith segment. 

Figure 3.2 The ray-tracing picture of mode in lD graded index waveguide: (a) 
whole domain, (b) the ith segment. 

By dividing whole domain into small regions and utilizing the ray-approximation 

through small segment as shown in Figure 3.2, a ray trajectory of the mode in a graded 

index waveguide experiences a total internal reflection (TIR) at the guiding-cover 

interface (x = Xa) and curves through the guided region with a turning point (x = x1). In the 

ith segment, the length dx; along x is dz tan(BJ and the phase shift along x is dx; kx(x;.), 

1 2
where B; = cos- (neff I n(x;)), kx(X;) = k~n 2 (x;)- neff , and n(x;) is a average value of 

index in the ith segment. When neff= n(x;) or B; =0, the ray trajectory turns back to the 

guided region. Similar to the step index waveguide, the phase matching condition for 

guided modes is that the total transverse phase shift of the round trip is an integer 

multiple of 2n, 
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x,. 

2k J)n 2 (x)- ne/ dx =m27r + 2</Ja + 2¢, (3.10) 

where na is the peak surface index, ko = 2n/A-, </Ja = tan-1(ra sqrt[(nl:!j(m)-n2c)l(n2
a - neff 

(m))]) with ra = 1 for TE modes and ra = (nalnc)2 for TM modes, and <Pt = n/4 if the 

variation of index at the turning point is sufficiently slow for both TE and TM modes. If 

we assume that </Ja = n/2 for the guiding-cover interface and <Pt = n/4 for the graded index 

region, we have 

or 

xi"~ 2 2 2+p A n (x) -neff dx =(m +--)- (3.11)
4 2 

x, 

where m = 0, 1, 2, ... mode order and p = 0 for the double side (or symmetrical) diffused 

waveguide and p = 1 for single side diffused waveguide (i.e., one side with step index as 

shown in Figure 3.2). Because the index of n(x) changes monotonically, the above 

equation in general can be solved numerically by trial and error. Once the mode order m 

(and p) is selected, a guess fle!Jand Xa, x1 is made between lla and ns (suppose ns > nc), 

where ns is the refractive index of the substrate. By comparing both sides of the equation 

of (3 .11 ), the next possible neff is obtained. The process is repeated until convergence is 

obtained or no solution (i.e., cut-off) is found. For the modal profiles, the WKB method 

predicts the oscillatory field distribution in the guiding region where n(x)> neff and 

exponentially decaying fields where n(x) < neff For example, the modal profiles for the 

single-side diffused waveguide (p = 1) are following, 

EY =Ae.xp(ycx), x<xa 


B 7r 

E)' = 11:1:\ cos(-- K(x)), xa <X< x, (3.12) 

...;ks(x) 4 

B
EY = r.::t:\exp(-rs(x)x), x>x, 


2...; Ys(x) 
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wherek(x)=k~n 2 (x)-n~ ,yc(x)=k~n3r -n~' r,.(x)=k~n;IT -n:' K(x)= fk(x)dx, 
I 

and r(x) = rr,.(x)dx. 
8 

3.2.2 Numerical solution 

In this section, a rigorous and versatile finite difference method (FDM) [20] is 

utilized to solve the wave equations by employing popular perfectly matched layer 

(PML) boundary conditions [21]. Due to the simplicity and easy implementation, the 

FDM method is one of the most commonly used numerical methods for the boundary

value eigen-value problem. It is based on a semi-local approximation of the partial 

derivative through low-order Taylor series expansions. By employing the same formulas 

discussed in chapter 2, corresponding finite difference terms in the above wave equations 

can be obtained easily. Furthermore, all functions under the partial derivatives in the full

vector eigen-value equations of (3.4), (3.5), and (3.6) are continuous and they are directly 

discretized by using the central difference approximations without any extra treatment at 

the dielectric interface of the waveguide. For example, the finite difference expressions of 

wave equations of (3.4) for electric fields can be expressed as follows [22], 

yi+1,J Ei+1,J _ yi,JEi,J + yi-I,JEi-1,J . . Ei,J+1 _ 2Ei,J + Ei,J-1 
X X X X X X + n~ .k2£l,j + X X X 

XX X = 2 lj X 2P E 
Ax , 4Y 

p E = 1 
xy y 4AxL1y 
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(3.13) 


where 

Ti±l,j = 2nt±I,j Ti,j±l = 2nlj±l 
X 2 2'Y 2 2 

ni±I,j + ni,J ni,j±l + ni,j 

2n? . 2n? . 2n? . 2n? .
Ti±l,j = 1,; + 1,; Ti,j±1 = 1,1 + 1,1 

X 2 2 2 2'Y 2 2 2 2 
ni+l,j + ni,j ni-l,j + ni,j ni,j+I + ni,j ni,j-1 + ni,j 

where the uniform meshes tu/11y, and isotropic index are used for the sake of simplicity. 

In order to facilitate numerical solution within a finite computation domain, proper 

numerical boundary conditions must be used. In this work, we utilize the popular 

perfectly matched layer (PML) boundary conditions [21] at the edge of the computation 

window to reduce the computation effort without sacrifice for accuracy. By substituting 

the above finite difference expressions into the wave equation of (3.4), a system of the 

linear equations is obtained: 

(3.14) 


where k is the propagating constant in free space, Neff is the complex modal effective 

index, and M is a band matrix with the bandwidth (4Nx+6) and dimension (2NxxNy), in 

which Nx and Ny are the numbers of meshes in x andy directions. For the semi-vectorial 

and scalar cases, due to the decoupled wave equations, the band matrix M is simplified a 

matrix with the bandwidth (2Nx+1) and dimension NxxNy. The effective indices and mode 

profiles can be obtained by using some eigen-value solvers such as the shifted inverse 

power method, the Lanczos method, and the Arnoldi method. 
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3.2.3 Flow chat of simulation 

Once modal profiles (i.e., electric fields ExlEy) and modal index (i.e., effective 

index neff) are solved, other modal properties of the LiNb03-based optical waveguides 

such as magnetic fields and confinement factor are readily obtained. Flow chat of 

simulation for LiNb03 optical waveguides is given in Figure 3.3. 

start 

IInput w, r, t, T, A, 
orientation of LiNb03 and ~~ 

diffusion conditions 
Choose the diffusion constants or 

functions Dx. and Dv 

~ 
Generate the Ti-distribution profile by 

solving the diffusion equation analytically 
or numerically 

JGenerate the substrate 1
index ne and no 

Calculate the transverse 
index change Ltno and Line 

1 
Obtain the transverse index 
distribution n0 (x,y) and ne(x,y) 

l 

Solve the modal profile 
and effective index 

+ 

Calculation of other modal properties 

1 
end 

Figure 3.3 Flow chat of simulation for LiNb03 optical waveguides 
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3.3 Modal Properties of LiNb03 Optical Waveguides 

In the following calculation, the optical waveguides based on Titanium in

diffusion are investigated, which have the following parameters: w = 7~-tm and r= 90 nm 

with six hours Ti-ion diffusion at the temperature of 1050 °C. Figure 3.4 shows the 

calculated optical modal profile for both TE and TM modes. As predicted, the TM mode 

has stronger confinement than the TE mode. Once the effective index neff and mode 

profile E(x) are obtained, other modal properties such as dispersion, confinement factor, 

mode effective area, and far-field with the relation of the design parameters can be 

obtained. For example, Figure 3.5 shows the effective indices of optical waveguide with a 

function of film width (a) and film thickness (b) of the Ti strip. 
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Figure 3.4 Optical waveguide mode profiles: (a) TE mode, and (b) TM mode 
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Figure 3.5 Optical waveguide modal indices with a function 	of film width (a) 
and film thickness (b) 

3.4 Coupling Loss 

For the calculation of the coupling loss between the optical waveguide and 

standard SMF optical fiber, which is another important parameter in design of weakly

guided LiNb03-based optical waveguide, a overlap integral between two related modes 

can be utilized to calculate the coupling loss Lf, 

(3.15) 


where the superscript * represent a complex conjugate, E and Hare modal profiles of the 

optical waveguide and e and It are modal profiles of the optical fiber. 

Through the overlap integral of (3.15), the effects of the various parameters such 

as the buffer thickness, Ti-strip size, and diffusion conditions on the coupling loss can be 

investigated. Here the SMF optical fiber used has the following parameters: radius of 4.1 

f.lill and .1 = 0.35%. In order to maintain the low coupling loss, the modal profile of the 

37 




,J 
.'l 

,'/ 
,'/ 

;-,- ·- 

- - . . \ 
--60 nm L-- •--- --- 
-  90nm ', ' \-, 

1  - - - 11 Onm I1 . _, 

! \ 

Chapter 3 Modal Properties ofLiNb03 Optical Waveguides 

optical waveguide should have similar mode spot size (or mode field diameter) with one 

of the optical fiber. Figure 3.6 shows the coupling loss between the modal profiles of Z

cut LiNb03 waveguide and standard SMF fiber for different Ti-strip thickness and widths 

at a wavelength of 1.55 ~-tm. 
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Figure 3.6 Coupling loss between the Z-cut LiNb03 waveguide and standard SMF 
fiber as a function of vertical displacement from surface 
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3.5 Summary 

In this chapter, by linking the relation of the design and fabrication parameters 

with modal properties of the LiNb03 waveguides, a comparative study on modeling and 

characterization of diffused optical waveguides is presented. Then, by applying a 

rigorous finite difference method, the modal properties of the diffused waveguides are 

solved and the modal properties are directly linked to some design and fabrication 

parameters (e.g., width and thickness of the strip film). Finally, some related issues such 

as the coupling loss with the standard fiber are discussed. 
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Chapter 4 

Modeling and Design of Ti:LiNb03 Optical 

Waveguides 
In this chapter, the material index, and model properties of Ti:LiNb03 optical 

waveguides are summarized and corresponding simulation flow chat is presented. Based 

on the modeling results, the corresponding Ti:LiNb03 optical waveguides were made in 

McMaster University. 

4.1 Material Properties of Ti:LiNb03 Waveguides 

Titanium indiffusion is one of the most widespread fabrication techniques for the 

LiNb03-based optical waveguides and the Ti:LiNb03-based optical waveguides have 

been intensively researched for more than four decades. Due to some unique features, 

such as easy fabrication, they are most widely used. In this technique, titanium and 

lithium within the diffusion region are exchanged and a graded-index distribution is 

realized during the thermal diffusion process. Since the indices within the diffusion 

region are usually slightly higher than those in the surrounding area, the weakly guided 

diffused waveguides are fabricated. The detailed fabrication process of Ti:LiNb03-based 

optical waveguides is described in Appendix B. 

In general, the controlling parameters of the fabrication of Ti:LiNb03 waveguides 

are the width w and thickness r of the deposited Ti-strip as shown in Figure 4.1. The 

diffusion process parameters of Ti:LiNb03 waveguides in the diffusion process are the 

followings: temperature T (around 1000°C), timet (about several hours), and ambient A 

(e.g., wet oxygen-like atmosphere or gas flow condition through a high temperature 

diffusion furnace). 
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Ti strip 	 dy 
r 

y 

X 	 X 

(a) Before diffusion 	 (b) After diffusion 

Figure 4.1 The schematic view ofTi:LiNb03 optical waveguides 

As shown in Figure 4.l(a), the Ti-strip is sputtered on the bulk LiNb03 substrate 

(i. e., - r <x < 0, -w/2 < y < w/2). For the sake of simplicity, we assume that the Ti-strip is 

embedded in LiNb03 substrate (i. e., 0 <x < r, -w/2 < y < w/2) and constant diffusion 

coefficients Dx and Dy are used. Hence the Ti-concentration distribution C(x, y, t) can be 

obtained analytically by solving 2D Fickian diffusion equation as discussed previously [i. 

e., (2.30)], 

C(x,y,t) =Co F(x)G(y); x:2:: 0 	 (4.1) 

and 
1 r-x r+x

F(x)= 	-[eif(-)+eif(-)] 

2 dx dx 


G(y)= ..!_[eif( w/ 2- y) + eif( w/2 + y )] 

2 dy dy 


where the error function erj(y) = }; ! exp(-u 2 )du is used (see Appendix C), Co is the 

initial Ti-concentration, which can be derived from the law of conservation of the matter 

(see Appendix C). The parameters dx = 2ji5; and dY = 2.Ji51, as shown in Figure 

4.1 (b), are the diffusion lengths along the x-axis and the y-axis, respectively, for a 

diffusion time t. Dx and Dy are the diffusion coefficients are also called the bulk and 

surface diffusion constants, respectively. The surface Ti-concentration Cs is defined the 

concentration at the center of the waveguide surface and has a relation with initial Ti
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concentration Co: Cs = Coerf{ Tldx)erj{w/2dx). Overall, except the above-mentioned 

controlling parameters, the physical (or experimental) parameters required to be specified 

are the following fabrication parameters: C0, Dx, and Dy, which depend on the crystal cut, 

temperature T, and environment A, and can be extracted from the experimental results. 

For most ofTi:LiNb03 optical waveguides with a thin thickness ofthe Ti-strip (i., 

e., -r << dx), as demonstrated by (2.32), the solution (4.1) can be simplified as follows 

[28] [29][31], 

C(x,y,t)= C~ j(x)G(y); x2:: 0 (4.2) 

and 

2-r x 2 

f(x)=F(x)/(--) =exp(-df) 

dx .j; x 


G6;)= 	 .!.[erf( w/2- y) + erf( w/2 + y)] 

2 dy dy 


where 	C~ = 2rC0 l(dx .J;) and the surface Ti-concentration Cs = C~ e1[w/(2dy)]. By 

setting Co equal to one, C~ = 2-r I d, .J; is called the normalized initial coefficient. 

For some cases of Ti-LiNb03 optical waveguides with large width of the Ti-strip 

(i., e. W>> dy), as demonstrated by (2.34), the solution (4.1) can be simplified, 

C(x,y,t)= C0 F(x)= Cs F(x)/ erj{ Tldx) (4.3) 

and 

1 T-X T+X
F(x)= -[erf(-)+erf(-)] 

2 dx dx 

where the surface Ti-concentration Cs = Coerf(r-ld.J. 

Finally, if Ti:LiNb03 optical waveguides have large width and thin thickness of 

the Ti-strip, the solution (4.2) and (4.3) can be further simplified, 

C(x, y, t) = C~ fix); x2:: 0 (4.4) 

and 

2-r x 2 

j(x)=F(x)/(--) =exp(--) 


dx.J; dx
2
 

where the surface Ti-concentration Cs = c~ = 2-r /(dX .j;) Co . 
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Usually, the diffusion coefficients Dx and Dy are given approximately by an 

Arrhenius law [16], 

(4.5) 


where D~ (i = x , y) is the diffusion constant, which is proportional to the jump distance 

and the jump frequency of the diffusion atoms in the crystal, and E~ (i. e., kT:, i =x, y) is 

the activation energy along i (i. e., x, y) direction in eV, which produced by the 

surrounding ions or atoms of the crystal. The constant ks is the Boltzmann's constant and 

Tis the diffusion temperature in Kevin (K). Some typical values of D~, E~, and r: of Z

cut Ti:LiNb03 optical waveguides are presented in Table 4.1. 

Table 4.1 Some typical values of diffusion constant and activation energy 

Atmosphere n;, 
cm 2/s 

n;, 
J.!m2/h 

Ex 
0 ' 

eV 
'Fr/, K 
x10-4 

Dt, 
cm 2/s 

Dt, 
J..tm2/h 

£Y 
0 ' 

eV 

Ti',K 
x10-4 

Dry air [29] 0.378 1.36x10 11 2.95 3.42 7.37x10-7 2.65 x105 1.48 1.72 
Dry Ar [16] 0.180 5.0x109 2.60 3.02 9.93x10-4 1.35 x10ll 2.22 2.58 

As mentioned previously, the surface Ti-concentration can be calculated as long 

as the initial Ti-concentration is given. For example, by choosing Co = 70.72 mass % [3] 

for the Z-cut LiNb03 waveguide, the surface Ti-concentration Cs in mass % can be 

calculated within ±6% of the experimental data [16] as shown in Table 4.2. 

Table 4.2 The surface Ti-concentration for Z-cut LiNb03 waveguide 

T(oC) T, ~-tm Dx, ~-tm2/hr Tldx Cs, sim. [3] Cs, exp. [16] 
1050 0.03 0.6232 0.0035 0.2793 0.29 
1000 0.07 0.2544 0.0080 0.6384 0.60 
1000 0.07 0.2544 0.0093 0.7421 0.80 
1000 0.15 0.2544 0.0200 1.5958 1.49 
1000 0.15 0.2544 0.0243 1.9387 1.95 
1050 0.185 0.6232 0.0150 1.1969 1.22 
1000 0.200 0.2544 0.0243 1.9387 1.89 

Once the initial conditions and corresponding parameters of the diffusion process 

are given, by using some analytical and numerical approaches, the diffusion equation 

with the different diffusion functions and boundary conditions can be easily solved. For 

example, by using the following parameters [3][30]: w = 10 J.!m, T = 0.05 J.!m, t = 6 hrs, 
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T = 1050°, A =1.55 J..tm, A =dry air, and Co =70.72%, Dx = 0.792 J..tm2/hrs, Dy = 0.504 

)lm2/hrs for Z-cut and Co= 53.33%, Dx = 0.504 J..tm2/hrs, Dy = I 0.8 )lm2/hrs for Y-cut 

Ti:LiNb03 waveguide, where Dx and Dy are calculated by ( 4.5) with Do = 3.47x10-2
, 2.50 

x10·5 cm2/s and E = 2.45, 1.54 eV for Y-cut waveguide [30]. The corresponding Ti

concentration distributions with a function of x and y of Y-cut and Z-cut Ti:LiNb03 

waveguides are shown in Figure 4.2. Also some parametric study can be realized 

naturally. For example, for the Z-cut Ti:LiNb03 waveguide with following parameters 

[3][30]: w = 10 J..tm, r = 0.05 )lm, t = 6 hrs, T = 1050°, A =1.55 J..tm, A= wet air, and 

C0 =70.72%, Dx = 0.792 J..tm2/hrs, Dy = 0.504 J..tm2/hrs for Z-cut, the corresponding Ti

concentration distributions with a function ofx andy are shown in Figure 4.3. 

1.0 

1-Z-cut0.8 
2--Y-cut 

0 ~ .._.. 

(.) 

c: 0.6 

.Q 
~ 
"E 
G) 0.4 
u --x§ 

0 
 --- y 
i= 0.2 

0.0 
0 5 10 15 20 25 30 35 

Position along x or y, J!ffi 

Figure 4.2 Ti-concentration distribution with a function of x andy of Y-cut 
and Z-cut Ti:LiNb03 waveguide with following parameters: 
width of metal 10 J..tm, thickness of metal 0.05 J..tm, diffusion time 
6hrs, diffusion temperature 1050 °C, Co =53.33% or 70.72% at 
dry air ambient. 
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1.0 
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-
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Figure 4.3 Ti-concentration distribution with 	a function of x and y of Z-cut 
Ti:LiNb03 waveguide with following parameters: width of metal 10 
1-1m, thickness of metal 0.05 1-1m, diffusion time 6hrs, diffusion 
temperature 1050 °C, C0 =70.72% at wet 0 2 ambient. 

In most cases of Ti:LiNb03 waveguides, the analytical solution of the diffusion 

equation agrees well with the numerical solution. However, for some cases ofTi:LiNb03 

waveguides, the analytical solution of (2.32) may not be accurate enough. For example, 

by considering the fact that the diffusion coefficient is much larger close to the surface 

due to the nature of the activation energy, the diffusion coefficient D becomes depth 

dependent [24 ], 

D(x)=Do [1 +Aexp(-xlx0)]; x2 0 	 (4.6) 

where D(x) can be further approximately ifA » 1 and x0 is small, 

D(x) =D1 	=Do[1+A];xo>x 2 0 

D(x) = D2 =Do; Xma? X 2xo 	 (4.7) 

where D(x) is a step-like function (D1 » D2). The Ti-concentration distribution C(x,y,t) 

can be obtained by solving the diffusion equation numerically. Figure 4.4 shows the Ti

1 

0 

1--t=10 hrs 

2--t = 8 hrs 

3--t = 6 hrs 

4--t =4 hrs 
5--t = 2 hrs 

-- ·x 
--y 
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concentration distributions with different Ti-strip widths at following parameters: t = 100 

hrs, T= 1000 °C, Co =53.33mass% [26]. 

1.2 

1.0 

-~ 0 

0.8-() 
c 
0 

-..:::; 0.6 ~-c 
(J) 
(.) 

0.4c 
0 
() 

i= 0.2 

0.0 
0 
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5 10 
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3--w =30 IJ.m 

4--w =15/J.m 

--Analytical 
- - - · Numerical 

• Exper. 

15 20 

Position along x, llm 

Figure 4.4 Ti-concentration distributions of Ti:LiNb03 waveguide for 
different Ti-strip widths 

4.2 Index Properties of Ti:LiNb03 Waveguides 

After obtaining the Ti-concentration distribution, the transverse profile for the 

extraordinary refractive indices of the Ti-indifussion process can be rewritten from 

(2.44), 

n (x,y,A.) =nob +a ,1n (C(x,y),A.)0 0 0 (4.8)
ne(x,y,A.) =neb+ ae,1ne(C(x,y),A.) 

where a 0 and ae are adjustable fitting parameters to generalize the refractive index 

change. The relationships between the C(xJ') and ,1no,e have been considered by several 

groups of searchers and are not consistent. For Ti:LiNb03 waveguide, it has been 

observed that the extraordinary index change L1ne at a fixed wavelength increases almost 

linearly with the titanium concentration, while the ordinary index change Lln0 does not. 

By adding an offset index &o for the ordinary index, the index changes of the ordinary 
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and extraordinary refractive indices can be expressed simply as a linear function of 

(2.46)[16] [26] (Modell), 

L\no (x, y, A.)= ro (Cs, A.)[a0 (A.r)C(x,y) + bizoJ 
(4.9) 

a

L\ne(x,y,A.) =re(Cs,A.)ae(A.JC(x,y) 

where Ar = 0.6328 J..tm is the reference wavelength, Cs is the surface Ti concentration, 

ra(Cs,A) and re(Cs,A.) represent the relative wavelength dispersion of the Ti-induced 

refractive index changes. In order to accomplish the differences between research groups 

due to their own sample preparation, fabrication, and calibration procedures, the 

adjustable parameters a0 (A.r) and ae (A.r) are introduced, which are in the vicinity of unity 

and can be obtained by fitting calculations to the measurement results. At the reference 

wavelength of Ar = 0.6328 J..lm, ae = dn/dc is approximately a constant and the values of 

0 = dn/dc and & 0 change as Ti-concentration C (mol%). Table 4.3 shows some typical 

values of a0 , ae, and &a change as Ti-concentration C (mol%). 

Table 4.3 Typical values of a0 , ae. and Ono change as Ti-concentration C (mol%) 

Year/Ref a/On0 , O<C<0.5 aol&a,0.5<C<1.1 aol&o, C> 1.1 ae Note 
1989 [26] 0.85/0 0.65/0.0001 0.35/0.00043 0.76 
1984 (31] 0.65/0 0.6510 N/A 0.65 ro=re* 
1983132] 0.89/0 0.4710 0.32 0.764 

Lln

Note:* r = r 0 = re= 0.86344- 0.06193/A-2 + 0.06393/A-4
- 0.00690/A-6

. 

By further considering nonlinear relationship between titanium concentration 

C(x,JJ) and the ordinary index change Lln0 , the ordinary and extraordinary index changes 

0 , Line at a wavelength of A. have the following form (25][27] (Model 2), 

L\no(x,y,A.) = r
0 
(A)[a0 (A.r)C(x,y)Y 

(4.10) 
L\ne(x,y,A.) =re(A.)ae(A.r)C(x,y) 

where r0 (A.) and re(A.) represent the relative wavelength dispersion of the Ti-induced 

refractive index changes. The adjustable fitting parameters have the following values: 

ao(A.r) = 6.5x10-5 (or 1.3x10-25 em\ ae(A.r) = 6.0x10-3 (or 1.2x10-23 em\ andy= 0.55 at 

the reference wavelength of A.r = 0.6328 J..lm, which are extracted from the experimental 
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data for the Y-cut Ti:LiNb03 waveguide [26]. The wavelength dispersion terms r0 (A-) and 

re(A) are adopted [25], 

r 
0 
(A) =0.67 A2 /(A-2 - 0.13) 

(4.11) 
re(A,) = 0.839/!? /(A-2 - 0.0645) 

where A is the wavelength in micrometers (!Jm) with r0 (Ar) = 0.992 and re(Ar) = 1.0. 

In general, the following empirical power-law relation between the Ti

concentration and index changes Llna, Line has been used [3][16] (Mode/3): 

(4.12) 

where Yo and Ye are constants independent of x-axis and y-axis and Cs is the surface 

concentration, and 

(4.13) 

with the wavelength dispersion of B'a e(A-) and B"a e(A-) in the range 0.6 s A (JUn) s 1.6 
' ' 

can be approximated by the following polynomials [3][16], 

B'
0 
=0.0653- 0.0315A, + 0.00709A,2 

B"o =0.478 + 0.464A- 0.0348A,2 

B'e =0.385 -0.430A- + 0.17U2 

B''e =9.13 + 3.85A,- 2.49A,2 

Co =70.72 mass%, Yo= 0.500, and Ye = 0.765 for the Z-cut LiNb03. 

Co =53.33 mass% Yo= 0.561, and Ye = 0.877 for theY-cut LiNb03. 

By using the above formula, it is found that the lateral profile is about two-and

half broader for the Y-cut waveguide than the Z-cut waveguide, and the surface Ti

concentration Cs in the Y-cut waveguide is less than that of Z-cut waveguide by the same 

amount. It is worth to note that Co is the Ti initial concentration of the Ti strip (-1:s xs 0) 

in LiNb03 waveguide at t = 0. Usually Co is dependent on the diffusion temperature on 
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the ambient condition (the sputtering technique and the crystal cut). Since it is a 

complicated procedure from the diffusion temperature and ambient condition to get Ti 

initial concentration C0, usually Co is extracted from experimental concentration profiles. 

For examples, for certain diffusion temperature and ambient condition, the values of C0 

have been found to be 53.33 mass % for Y-cut LiNb03 waveguide and 70.72 mass% for 

Z-cut waveguides (3]. 

By following formulas of (4.8) to (4.13), the index distribution of Z-cut 

Ti:LiNb03 can be obtained as shown in Figure 4.5 with the following parameters (3]: A,= 

0. 6238 J..tm, C0 =70.72 mass%, w =10 J..tm, r=0.06 Jlm, T = 1050 °C, t = 6 hrs at wet 0 2 

ambient (ao = 0.500, <Xe = 0.810, B'o = 0.048, B"o = 0.632, B'e = 0.191, B"e = 10.53). By 

comparing refractive indices with experimental results, it is found that the Model 3 of the 

index change due to diffusion agrees well with the experimental data. It is also found that 

the index difference of the extraordinary index is larger than one of the ordinary index. 

Thus, for the Z-cut waveguide, the TM mode will be more strongly confined in the 

waveguide than the TE mode, which is in agreement with the experimental results [3]. It 

is interesting to note that, for Z-cut Ti:LiNb03 waveguide, there is a fixed point Ceo of the 

Ti concentration with iln0 = llne, in which iln0 > llne if C < Ceo, and llno < llne if C > Ceo· 
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Figure 4.5 Index distribution ofZ-cut LiNb03waveguide 

4.3 Modal Properties of Ti:LiNb03 Waveguides 

After getting the index distribution of the Ti:LiNb03 optical waveguides, the 

modal properties are readily solved by the methods discussed in Chapter 3. The overall 

simulation flow chat of Ti:LiNb03 waveguides involving material and modal properties 

is shown in Figure 4.6. Once modal profiles (i.e., electric fields ExlEy) and modal index 

(i.e., effective index nerr) are solved, other modal properties of the LiNb03-based optical 

waveguides such as magnetic fields, bending loss, coupling loss with the standard single 

mode fiber, and confinement factor are easily obtained. In our current work, the Z-cut 

Ti:LiNb03 waveguides with T= 1050°C, r= 0.11 J..tm, w = 6.0 -10.0 J..tm, t =3, 4 hrs are 

used. Figure 4.7 shows typical electric fields Ex and Ey of TM and TE modes with the 

mesh size L1x = Lty = 0.1 J..tm. Table 4.4 show the corresponding effective indices of Z-cut 

Ti:LiNb03 waveguide at T=1050°C, t = 4 hrs, r-=0.11 J..tm and w = 8, 9, 10 J..tm. 
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Figure 4.6 Schematic diagram of simulation ofTi:LiNb03 index profile 
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Figure 4.7 Electric fields ofZ-cut Ti:LiNb03 waveguide at T= 1050°C, 

r = 0.11 J..tm, w = 9.0 J..tm, and t = 4 hrs: (a) Ex ofTM mode and 
(b) Ey of TE mode. 
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Table 4.4 Effective indices of Z-cut Ti:LiNb03 waveguide at T = 1 050°C, t = 4 hrs 

w, J..tffi r, !Jill nrE nrM 

8 0.11 2.21295 2.14702 
9 0.11 2.21313 2.14797 
10 0.11 2.21328 2.14868 

4.4 Design and Fabrication of Ti:LiNb03 optical waveguides 

In order to verify the model and gain some physical insight of guiding 

waveguides, some Z-cut Ti:LiNb03 waveguides are fabricated in McMaster University. 

Here we describe design, fabrication, and measurement results of the Ti:LiNb03 

waveguides. 

4.4.1 Design ofZ-cut Ti:LiNb03 waveguides 

Once the relationship between the modal properties and process parameters is 

built, it is ready to design the Ti:LiNb03waveguides. For the sake of simplicity, the Z-cut 

Ti:LiNb03 waveguides are selected. By following the simulation procedure as shown in 

Figure 4.6, the modal fields of the Z-cut Ti:LiNb03 waveguides with different Ti-strip 

dimensions and fabrication conditions can be calculated. Table 4.5 shows some typical 

fabrication conditions of the Z-cut Ti:LiNb03 waveguides. 

Table 4.5 Fabrication conditions of current work and other published examples of Z-
cut T'I:L'NbOI 3 wavegm 'de. 

Year[Ref] 
Wavelength, 

A(Jlm) 
Ti thickness, 

r (Jlm) 

Diffusion 
temperature, 

T(OC) 

Diffusion 
time, t(h) 

note 

Current work 1.55, 0.633 0.11 1050 3,4 w= 6-10!-lm 
1974 f231 0.633 0.05 960 6 
1978 [29] 0.633 0.04 950-1050 5 
1979 [27] 1.15 0.05 1000 10 
1980(30] 1.15 0.05 1000,1030,1050 5 Dry air 
1987[16] 0.633-1.523 0.03-0.21 1000-1050 9 Dry 0 2 /Ar 

4.4.2 Fabrication ofZ-cut Ti:LiNb03 waveguides 

By using the same Ti-strip patterns, the several optical waveguides under different 

diffusion conditions are fabricated. Figure 4.8 shows the Ti Patterns before thermal 
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diffusion. 	 Figure 4.9 and Figure 4.10 show Ti patterns after thern1al diffusion with 

thermal diffusion condition: T = 1050°C, t = 4 hours. 

(a) XlOO (a) XlOOO 


Figure 4.8 Ti Patterns before thermal diffusion 


(a) XlOO 

Figure 4.9 Ti patterns after thermal diffusion with thermal diffusion condition: 	T 
= 1050°C, t = 4 hours, atmosphere: argon and oxygen flow 
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(a) Xl 00 

Figure 4.10 Ti Patterns after thermal diffusion with thermal diffusion condition: T 
= 1050 o C, t = 4 hours, atmosphere: airflow 

From Figure 4.8 to Figure 4.1 0, it is found that the diffusion atmosphere IS 

crucial for manufacturing the Ti-indiffusion optical waveguides. It is observed that, in 

airflow ambient, there exists severe Li-outdiffusion and waveguides fabricated suffers 

high loss. On the other hand, in argon and oxygen flow ambient, there exists little Li

outdiffusion and waveguides fabricated have low loss. 

4.4.3 Measurements of Z-cut Ti:LiNb03 waveguides 

The experimental setup for measuring near-field pattern is shown in Figure 4.11. 

In this setup, an amplified spontaneous emission broad band source (BBS) with 1.55 ~m 

central wavelength and an attenuator for controlling the source power are utilized. The 

connection between the single mode fiber and Ti:LiNb03 waveguide is through butt 

coupling. The output near-field pattern of Ti:LiNb03 waveguide is amplified by a lOX 

objective lens with a numerical aperture of 0.25 and captured by an Infrared camera. The 

measurement results of the Infrared camera are collected and analyzed through a video 

grabber card by the BeamPro Analysis Software [33]. 
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Figure 4.11 The experimental setup for measuring near-field pattern 

By using different Ti-strip patterns, the several optical waveguides under different 

diffusion conditions are fabricated. Figure 4.12 shows the measured near-field profiles of 

Ti:LiNb03 waveguide with t = 4 hrs, T = 1050 °C, r = 0.11 f.!m, Pin = 1 m W, and w = 10 

f.!m (a), 9 llm (b), 8 f.!m (c). Figure 4.13 shows the measured near-field profiles of 

Ti:LiNb03 waveguide with t = 3 hrs, T = 1050 °C, r = 0.11 f.!m, Pin = 1 m W, and w = 10 

f.!m (a), 9 f.!m (b), 6 f.!m (c). In both figures, the resolutions along x (vertical axis) andy 

(horizontal axis) directions are 0.018 f.!m. All fields are measured at a wavelength of 1.55 

f.!m, except one ofFigure 4.13 (c) at a wavelength of0.633 f.!m. 
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ForHetJ. preu F1 

(c) w =8 Jlm 

Figure 4 .12 Measured near-field profiles of Ti:LiNb03 waveguide with t = 4 
hrs, T= 1050 °C, r = 0.11 Jlm, and w = 10 Jlm (a), 9 Jlm (b), 8 Jlm (c) . 

(a) w = 10 Jlm 
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(b) w = 9 !J-ill 

(c)w=6~-tm 

Figure 4.13 Measured near-field profiles of Ti:LiNb03 waveguide with t = 3 

hrs, T= 1050 °C, r= 0.11 IJ.ID, and w = 10 IJ.ID (a), 9 ~-tm (b), 6~-tm (c). 
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From Figure 4.12 to Figure 4.13, as expected, due to the symmetrical nature 

along y (horizontal axis) direction, the peak positions of the measured fields along y 

direction are always located at the center of the waveguide (i.e., y = 0). However, on the 

other hand, due to the different Ti strip widths and fabrication conditions, the 

asymmetrical strengths of the species concentration (or index distribution) along x 

direction are different so that the peak positions of the measured fields along xdirection 

are different, as shown clearly in Figure 4.14, where the different Ti:LiNb03 waveguides 

with T = 1050 °C, t = 4 hrs, and r = 0.11 1-1m are measured. Figure 4.15 show the 

normalized near-field profiles of Ti:LiNb03 waveguide with T = 1050 °C along x 

direction (a) andy direction(b). In order to compare the modal profiles, the peak positions 

of modal profiles along x direction are moved to x = 0. It is found that measured near

field profiles along y direction (horizontal axis) are Gassian-like and the measured near

field profiles along x direction (vertical axis) are not. In order to compare the modal 

profile, the simulation and measured results of the normalized near-field profiles of 

Ti:LiNb03waveguide with T = 1050 °C, t = 4 hrs, w = 9 IJm, and r = 0.11 J.lm are shown 

in Figure 4.16. From Figure 4.16, the simulation results of the normalized near-field 

profiles along y direction agree well with measured results. However, there are some 

discrepancies between the simulation and measured results of the normalized near-field 

profiles along x direction (Co= 70.72%, Dx = 0.7884, Dy = 0.612). Those may be caused 

by the measurement setup and accuracy of the equipment. 
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Figure 4.16 Normalized near-field profiles of Ti:LiNb03 waveguide with T = 

1050 °C, t = 4 hrs, and w = 9 J..tm, and r = 0.11 J..tm along x direction 
(a) andy direction(b). 

4.5 Summary 

In this chapter, the material, index, and model properties of Ti:LiNb03 optical 

waveguides are summarized and corresponding simulation flow chat is presented. 

Detailed design, fabrication, and measured results of Ti:LiNb03 optical waveguides are 

presented. 
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Chapter 5 

Modeling and Design of APE LiNb03 Optical 

Waveguides 
As one of the well-known lithium niobate (LiNb03)-based optical waveguides, the 

material, index, and modal properties of annealed proton exchanged (APE) LiNb03-based 

optical diffused waveguides are described in this chapter. Also design, fabrication, and 

measured results ofAPE LiNb03-based waveguides are given. 

5.1 Material Properties of APE LiNb03 Waveguides 

Annealed proton exchanged (APE) LiNb03 process is an effective technique for 

the formation of low-loss and high nonlinearity optical waveguides. In this technique, the 

two-step proton-exchange and thermal annealing process are used. During the stage of 

proton exchange process, a step-like hydrogen (H+) profile is retained at relatively low 

temperature. Then the annealing process at higher temperature produces a highly graded 

profile. Typical fabrication procedures for APE LiNb03 waveguides are shown in 

Appendix B. The related fabrication parameters of the whole APE process: opening 

width w, exchange temperature T1, exchange time t 1 of proton exchange process, and 

thickness r (diffusion depth), annealing temperature T, annealing time t of thermal 

annealing process. 

5.1.1 Proton exchange (PE) process 

The LiNb03 optical waveguide based on the proton-lithium exchange process was 

proposed in 1982 [34]. This technique consists in immersing Z-cut or X-cut LiNb03 

substrates into a molten bath of benzonic acid at a fixed temperature between 122 °C 

(melting point of benzonic acid) and 249 °C (boiling point of benzonic acid) for a given 

period of time. The index distribution has a step-like profile at the end of exchange 

process and its depth for the guiding layer depends on the process temperature and time. 

Overall, the PE process is a low temperature process which creates a high index increase 
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(~ne ~ 0.12 at /...= 0.633 JJm) in the extraordinary refractive index and a slight index 

decrease (~no ~ -0.04 at /...= 0.633 JJm) in the ordinary refractive index [35][36]. Due to 

the nature of the high index change, the PE LiNb03 optical waveguides have found some 

applications such as grating beam splitters, polarization strippers, modulators, and 

birefringence controllers [3 7]. 

Mask Liquid interface 

x,ZIX 

w 

I rIt 
LiNb03 

X, ZIX 

(a) Before PE process (b) After PE process 

Figure 5.1 The schematic view ofZ-cut or X-cut PE LiNb03 waveguides 

For the Z-cut or X-cut PE LiNb03 waveguides as shown in Figure 5.1, the index 

increase in x direction is a step-like profile with the index increase of ~ne and the depth of 

r. This step-like profile is verified by modeling the diffusion profile of the 1D proton 

change nonlinear diffusion (or inter self-diffusion )equation [39], 

(5.1) 


where a= I - D 1/D 1a, D 1 is the diffusion coefficient for protons (W), D1a is the diffusion 

coefficient for lithium (Lt) ions, and C is the concentration of protons. Because the rate 

of proton diffusion in is much less than that of the lithium ions diffusing out (e. g., D1a = 

1.62 JJm2/h and D 1 = 0.08 JJm2/h at 200 oc, or a= I), the solution of the above diffusion 

equation is a step-like function. The dependence of D1 on temperature T1 is given by 

Arrhenius' Law: 
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where D 1(T1) is a diffusion coefficient of the PE process, which depends on the PE 

temperature T1 in Kevin (K), D 10 is the diffusion constant in ~-tm2/h, £ 10 is the activation 

energy in eV, and k8 the Boltzmann's constant. The values of the diffusion constant and 

activation energy are related to the substrate materials, the substrate orientation and the 

proton source. Some typical values for D 10, £ 10, and J; 0 for proton exchange in Z-cut 

LiNb03 using benzoic acid as the proton source are presented in Table 5.1 (here, 150 °C 

<I; < 249°C, and 5 min< t 1 < 5h). By utilizing D 10, £ 10, andJ;0 , for example, the PE 

diffusion coefficients of Z-cut LiNb03 with the benzoic acid for different temperatures 

I; can be easily calculated as shown in Table 5.2. 

By assuming that the PE diffusion coefficient D 1 (T1) is a constant at the process 

temperature of T1, the exchanged depth T can be obtained analytically by solving the 1 D 

diffusion equation, 

(5.3) 


where T1 is the PE process temperature and t 1 is the exchange time in the PE process. For 

the Z-cut LiNb03 using benzoic acid as the proton source as shown in Table 5.1, Eo1 = 

0.974 eV, D 10 = 1.84xl09 ~-tm2/h [39]. From (5.2) and (5.3), the exchanged depth can be 

rewritten as follows, 
3.£! 

r =&.-&5 x 104 ~t 1 exp(~ I I;), ~-tm (5.4)
/.13 01- e4

,' 

where T1 is the PE process temperature in K and t1 is the exchange time in hour. 

Table 5.1 Some typical values for D 10, £ 10, and J; 0 for proton exchange in Z-cut 

LiNb03 using benzoic acid 

PE Atmosphere D 10, ~-tm2/h E 10, eV I;o' K Ref 

Benzoic acid 1.84x 109 0.974 1.1302x104 [39] 
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Table 5.2 The PE diffusion coefficients of Z-cut LiNb03 using benzoic acid 

T; 'oc D1(T1), J.lm2/h, Calculated D 1(T1), J.lm2/h, Experiment [39] 

180 0.027243 0.027 
200 0.078163 0.081 
220 0.205888 0.207 

5.1.2 Thermal annealing process 

Due to the nature of the high index change and a dead layer, optical waveguides 

with the PE process suffer high loss and instability. In order to restore the second order 

nonlinearity and instability, the annealing process is generally needed. Annealing at 

higher temperature of near 400°C rapidly produces a highly graded profile. The thermal 

annealing process can lower surface index, allow for tailoring the modal shape, and 

restore the second order nonlinearity. The graded hydrogen (H+) profile, with lower 

concentration, extends far deeper than the original exchange depth. The diffusion of the 

diffused waveguide during the annealing process can be modeled by the 2D thermal 

diffusion equation of (2.9), 

oC = j_(Dx oC) + j_(Dv oC) (5.5)ot ox ox ay · ay 

where C (x, y, t) is the hydrogen concentration distribution, Dx and Dy are the diffusion 

coefficients along the x-axis and y-axis, respectively. As shown in Figure 5.2, the 

controlling parameters of the fabrication of APE LiNb03 waveguides during the 

annealing process are the annealing temperature T and annealing time t. 
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(a) Before annealing process (b) After annealing process 

Figure 5.2 The schematic view ofZ-cut APE LiNb03 waveguides 

First, we introduce the analytical solution (2.30) of proton change linear diffusion 

equation of (5.6) in the hydrogen diffusion process with constant diffusion coefficients. 

From Ref [17], it is understood that, as shown in Figure 5.2a, hydrogen diffusion from 

the PE layer is governed by the initial conditions of a thin surface layer with a constant 

amount of diffusant and no out-diffusion of H from crystal during the annealing process. 

In other words, due to the nature of the thin PE layer (or w >> r; G(y, t) = 1 in 2.19), only 

1D diffusion equation along x direction is considered here. The initial condition C(x, t) of 

H concentration is given as follows, 

C (x, 0) = C0 for 0 < x < 1: (5.6) 

and 

C (x, 0) = 0 for x > -r: (5.7) 

where Co is the initial H surface concentration after the PE process (before the annealing 

process). With the condition of the zero H flow from the surface, as discussed in Chapter 

2, the boundary condition ofH concentration is given by 

oC(x,t)l = 0 (5.8) 
OX x=O 

where C(x, t) is the H concentration in f..tm-3 at the distance x in f.!m and diffusion time t 

in hour. From (2.31), the solution ofdiffusion equation of (5.5) is given by 

C [ ( T+X) + erf( T-X)]fi5i =C0 F(x,t) (5.9)C(x,t) =-;f erf fi5i 
2 2 
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where function F(x, t) and error function erf{) are defined in Appendix C, and Co is the H 

initial concentration at t = 0, and D is the diffusion coefficients along the x-axis. When r 

<< .fi5i, the above equation reduces to Gaussian function, 

2 2 

C r (- x ) = ~exp-Q (- x ) (5.10)C(x,t)= ~exp-
-vtrDt 4Dt -vnDt 4Dt 

where Q0 = Cor is the amount of H per Jlm2 in the PE layer. It is found that the Gaussian 

function is suitable for analyzing the thin H depth profiles in Z-cut APE LiNb03 

waveguides. However, an order of magnitude difference between calculated Gaussian 

function and measured profile exists at a depth of 10 r [ 1 7]. 

In order to obtain a better fit between calculated concentration function and 

measured profile, two separate Gaussian function method for low H concentration tail 

and high H concentration surface is proposed in Ref [17]. By introducing the interstitial 

diffusion coefficient Di and initial H concentration Coi for low H concentration substrate 

region, the substitutional diffusion coefficient Ds and initial H concentration Cos for high 

H concentration surface region, where Co = Coi +Cos, the sum of two Gaussian functions 

fit easily the measured profile, 

C(x,t) =C;(x,t) + Cs(x,t) (5.11) 

where 

C; (X, t) =___Q!_ erf Jn: + erj Jn: 

2 2....;D;t 2....;DJ

c.[ (•+x] (•-xJJ 

C [ ( r+x J ( r-x ]]Cs(x,t)= ;s erf .JD:i +erf .JD:i
2 2

In the solution of two Gaussian functions of (5.11), constant amount of H in the 

annealing process is assumed. In fact, the flowing wet oxygen acts as a constant source 

Cow of H at the PE surface and additional term of H concentration of ( 5.11) is needed. For 

the constant source Cow, the boundary condition at the surface (x = 0) is given by 

Cw (0, t) =Cow fort> 0 (5.12) 
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By considering the fact that the hydrogen (H) due to the wet oxygen annealing 

enters the PE samples primarily as an interstitial species [ 17], the solution of the 1 D 

diffusion equation from a constant source is given as the following, 

(5.13) 

where the function erfc() is the complementary error function defined in Appendix C. 

The overall expression of the H concentration in the APE LiNb03 waveguides is 

obtained, 

C(x,t) =C,.(x,t) + C,(x,t) + Cw(x,t) (5.14) 

From the above solution of (5.14), two different diffusion mechanisms are 

represented: a finite layer diffusion source of the PE region and a constant surface 

diffusion source from the water vapor. This expression also involves two species of 

interstitial H and substitutional H, each having a different diffusivity. The interstitial H 

enters the samples from wet oxygen annealing as well as during PE. The substitutional H 

enters the crystal only through the PE. The substitutional H is the most important H 

component because it forms crystal bonds and alters the extraordinary refractive index. 

For example, the best-fit values of the diffusivities Ds =5.0 x 1 o- 12 cm 2 Is and 

D,. ~ 1.4 x 1 o- 11 cm 2 Is (or D; ""3Ds ) for the Z-cut APE LiNb03 waveguides are nearly 

constant over the full range of annealing times from 6 to 180 minutes. So are the best-fit 

values for the X-cut APE LiNb03 waveguides: Ds ~ 3.4 x 1 o- 12 cm 2 Is and 

Figure 5.3 shows the hydrogen concentration distribution with a function of x of Z-cut 

APE LiNb03waveguide with following parameters: A.= 0.6328 J.lffi, T = 400°C, r = 0.65 

J..I.ID, t = 2.25 hrs (or 135 min) [17]. From Figure 5.3, it is found that interstitial H diffuses 

faster than the substitutional H and interstitial H is the main contributor deep into the 

crystal. Near the surface (or small x), the substitutional H dominates. Figure 5.4 shows 

comparison of the hydrogen concentration of Z-cut APE LiNb03 waveguide solved by 

analytical and numerical methods. 
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Figure 5.3 The hydrogen concentration distribution with a function ofx of Z-cut 

APE LiNb03 waveguide with following parameters: annealed time 

2.25 hrs, annealed temperature 400 °C [17]. 
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Figure 5.4 Comparison of the hydrogen concentration of Z-cut APE LiNb03 
waveguide solved by analytical and numerical methods with 
following parameters: annealed time 2.25 hrs, annealed 
temperature 400 oc [17]. 
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Overall, the controlling parameters for the fabrication of the APE LiNb03 

waveguide are the initial pattern parameters (w, C0), the LiNb03 substrate parameters 

such as composition ofLi, the crystal cut, and material dispersion nb(li), and the diffusion 

process (tJ, T1, A1; r; t, T, A). Once the LiNb03 substrate, mask geometry, and diffusion 

conditions are determined, the APE LiNb03 waveguides are formulated. 

5.2 Index Properties of APE LiNb03 Waveguides 

As we know, the extraordinary refractive index depth profile in the PE LiNb03 is 

approximately a step function. With the annealing process, the index depth profile 

becomes highly graded. The empirical models between the induced index change and the 

hydrogen concentration at certain wavelengths are obtained by several research groups. 

By fitting the parameters within a wavelength range from 0.633J..tm to 1.55 J..lm, a novel 

combined model of the index change L1 ne is proposed. 

5.2.1 Proton exchange (PE) process 

The extraordinary refractive index depth profile in the PE LiNb03 is a step-like 

function, which depends on the process time and temperature. Through some 

experimental results, a Sellmeier expression can be obtained [40], 

(5.15) 

where a1, a2, and a3 are fitting parameters and A, is a wavelength in micron unit. For the 

PE waveguides, a1 = 7.43x10-3
, a2 = 2.64xl0-3

, a3 = 0.336 [40]. For the APE 

waveguides, a1 = 3.43x10-3,a2 = l.lOxl0-3
, and a3 = 0.326. 

5.2.2 Annealed PE (APE' process 

We can model the diffusion of the refractive index when annealed with the 

following initial conditions [17], 

(5.16) 

and 

(5.17) 
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where neb 1s the extraordinary refractive index of the bulk 

LiNb03crystal and ne is the index of the PE layer. So we label it as Modell, 

11ne( (r+x) (r-x)Jne(x,t) =neb+- erftJ.. rr:;-; + erf~ rr:;-; =neb+ aC(x, t) (5.18) 
2 2-.,;D"t 2-.,;Dnt 

where 11ne =ne -neb is the initial change for the PE crystal, a is the scaling factor in (H 

ions per cm\1
, and Dn is the index diffusivity with the similar level of substitutional 

diffusivity (or Dn ::::::: D5). For example, for the Z-cut PE LiNb03 waveguides, neb= 2.204 

at A= 0.6328 ).liD, and ne(x,t)-nbe =aC(x,t) with a =1.85x10-23 . For the X-cut PE 

LiNb03 waveguides, where ne(x,t)-nbe =aC(x,t) with a= 3.9x10-23 
. 

In general, the index models of APE LiNb03 waveguides can be obtained by 

fitting the measuring results with certain wavelengths and fabrication parameters. 

Through those empirical models, the relations between the index change Ll ne and the 

hydrogen concentration at certain wavelengths are obtained by several research groups. 

For example, the index change Line at a wavelength of 0.633).lm, 0.807).lm, 1.55 ).liD is 

given by [41][42][43] (Mode/2), 

0.2115 C(x,y), c < 0.05 

0.0669 C(x,y) + 0.00724, 0.05$ c < 0.16 
(5.19)11ne(x,y,C,A =0.633~-tm) = 

0.235 C(x,y)- 0.0197, 0.16 $ c < 0.55 

0.0676 C(x,y) + 0.0724, C;:::0.55 

0.184C(x,y), c < 0.05 

0.0582C(x,y) + 0.0063, 0.05 s; c < 0.16 
(5.20)11ne(x,y,C,A =0.807~-tm) = 

0.2044C(x,y)- 0.0171, 0.16 s; c < 0.55 

0.0588C(x,y) + 0.063, c;:::o.55 

0.158C(x,y), c < 0.05.. 
0.05C(x,y) + 0.0054, 0.05 s; c < 0.16 

(5.21)11ne(x,y,C,A =1.55~-tm) = 
0.176C(x,y)- 0.0147, 0.16 s; c < 0.55 

0.051C(x,y) + 0.054, c;:::o.55 
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By fitting the parameters within a wavelength range from 0.633~-tm to 1.55 IJ.m, a 

novel combined model of the index change L1 ne is obtained, 

(0.1310A.2 -0.3438,.1, +0.3761)C, c < 0.05 

(0.0425 A.2 
- 0.1111 A.+ 0.1202 )C + 

(0.004569 A.2 
- 0.01198 A.+ 0.01299 ), 0.05 $ c < 0.16 

(5.22)L1ne(x,y,A.) = 	(0.1501 A2 
- 0.3919 A.+ 0.4230 )C

(0.0128 A. 2 
- 0.0333 A.+ 0.0357 ), 0.16 $ c < 0.55 

(0.0437 A- 2 
- 0.1135 A.+ 0.1219 )C + 

(0.0457 A.2 -0.1198 A.+ 0.1299 ), c ~ 0.55 

where A is the operating wavelength from 0.633~-tm to 1.55 IJ.m. Figure 5.5 shows the 

comparison of index change 11ne of Z-cut APE LiNb03 waveguide with following 

parameters: A= 0.6328 IJ.m, T= 400°C, r= 0.65 IJ.m, and t = 1.5 hrs. From Figure 5.5, it 

is found that both models agree with the measured results well. 
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Figure 5.5 Comparison of index change !1ne of Z-cut APE LiNb03 
waveguide with following parameters: A = 0.6328 IJ.m, T = 

400°C, 't= 0.65 IJ.m, t = 1.5 hrs, and exp. results [17] 
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5.3 Modal Properties of APE LiNb03 Waveguides 

After getting the index distribution of the APE LiNb03 optical waveguides, the 

modal properties are readily solved by the methods discussed in Chapter 3. The overall 

simulation flow chat of APE LiNb03 waveguides involving material and modal 

properties is shown in 

Figure 5.6. Once modal profiles (i.e., electric fields Ex!Ey) and modal index (i.e., 

effective index nerr) are solved, other modal properties of the LiNb03-based optical 

waveguides such as magnetic fields and confinement factor are easily obtained. In our 

current work, the Z-cut APE LiNb03 waveguides with T= 350°C, t = 6.25 ~ 9.75 hrs, T1 

= 200°C, t1 = 1.92 hrs, w = 6.0 Jlm are used. Figure 5.7 shows typical electric fields Ex of 

TM mode with the mesh size L1x = L1y = 0.2 Jlm, where t= 6 hrs. 
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Input: PE parameters (T~, 
t1), annealing parameters 
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Figure 5.6 Flow chat of simulation of APE LiNb03 index profile 
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Figure 5.7 Electric field Ex ofTM mode of Z-cut APE LiNb03 waveguide with 

T1 = 200 °C, t1 = 2 hrs, w = 6J.!m, T= 350 °C, t = 6 hrs 

5.4 Design and Fabrication of APE LiNb03 waveguides 

In order to verify the model and gain some physical insight of guiding 

waveguides, some Z-cut APE LiNb03 waveguides are fabricated in McMaster University 

[45]. Here we describe fabrication and measurement results of the APE waveguides . By 

comparing with the measured results, the modal properties of APE waveguides are 

obtained through anisotropic mode solvers discussed in Chapter 2. 

5.4.1 Design of Z-cut APE LiNb03 waveguides 

Like Ti:LiNb03 waveguides, once the relationship between the modal properties 

and process parameters is built, it is ready to design the APE LiNb03 waveguides. For the 

sake of simplicity, the Z-cut APE LiNb03 waveguides are selected. By following the 

simulation procedure as shown in 
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Figure 5.6, the modal fields of the Z-cut APE LiNb03 waveguides with different 

fabrication conditions can be calculated. Table 5.3 shows the fabrication conditions of the 

Z-cut APE LiNb03waveguides [45]. 

Table 5.3 Fabrication conditions of APE in Z-cut LiNb03 waveguides 

Sample w Mask Proton exchange Annealing 
No A.(~-tm) 

(~-tm) film Tl (0 C) t1 (hrs) Gas req t (hrs) 
current 
work 

1.55 6 Cr 200 2.0 air 350 6.00 

[45] 1.55 6 Cr 200 1.92 air 350 
6.25, 6.75, 7.25, 
7.75, 8.25, 9.25, 

9.75 

Note: w--width of mask opemng, T1--PE temperature, t 1--PE duration, T--annealing 

temperature, /--annealing duration 

From Table 5.3 in the proton exchange process, the dicing pieces with 6 J..Lm 

opening width are put into the benzoic acid for 1.92 hrs at 200°C. In the thermal 

annealing process, the mask-removing pieces are put into a quartz tube furnace with air 

atmosphere at 350°C. The annealing time is from 6.25 to 9.75 hrs. 

5.4.2 Fabrication ofZ-cut APE LiNb03 waveguides 

As discussed in Appendix C, the fabrication procedure of APE 

waveguides consists of three steps: a photolithography process, the proton exchange (PE) 

process, and the annealing process. In the photolithography process, 3-inch Z-cut LiNb03 

substrate is patterned by 1-J..Lm thickness positive photoresist PR1808. The mask film is a 

50-nm thickness chromium film. 

Figure 5.8 shows optical microscope photographs of the waveguide channel 

pattern: (a) Central part of the waveguide array sample, and (b) typical waveguide after 

lift off. 
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(a) Central part of the waveguide array sample(x50) 

(b) The waveguide after lift off ( x 1 000) 

Figure 5.8 Optical microscope photographs of the waveguide channel pattern 

5.4.3 Experiment results of Z-cut APE LiNb03 waveguides 

The experimental setup for measuring near-field pattern and loss is shown in 

Figure 5.9 [45]. In this setup, a broad band source (BBS) with 1.55 )-lm central 

wavelength and a attenuator for controlling the source power are utilized. The connection 

between the single mode fiber and APE LiNb03 waveguide is through butt coupling. The 
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output near-field pattern of APE LiNb03 waveguide is amplified by a lOX objective lens 

with a numerical aperture of 0.25 and captured by a CCD camera. The measurement 

results of the CCD camera are collected and analyzed through a video grabber card by the 

BeamPro Analysis Software [33]. The resolutions along x (vertical axis) andy (horizontal 

axis) directions are 0.48 J..tm. 

Figure 5.10 shows the measured insertion loss of the 2-cm long waveguide with a 

function of the annealing time. From Figure 5.10, the lowest insertion loss is around 4 

dB, in which the annealing time is 7.75 hrs. 

Single mode fiber 

~ 
BBS with 
Attenuator 

CCD 
Camera 

LiNb03 waveguide 
Computer 

Figure 5.9 The experimental setup for measuring near-field pattern and loss [45] 
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Figure 5.10 Measured waveguide insertion loss of the 2-cm long 

waveguide with a function of the annealing time [45]. 
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Figure 5.11 shows the measured near-field profiles of corresponding 6-).!m wide 

waveguide (i .e., proton exchange for 1.92 hrs at 200°C and them1al annealing for 7.75 hrs 

at 350°C). As expected, the measured near-field profiles along y direction (horizontal 

axis) are symmetrical and the peak positions are fixed at y = 0. However, due to the 

different annealing time, the peak positions of the measured near-field profiles along x 

direction (vertical axis) are different. Figure 5.12 show the normalized near-field profiles 

of APE LiNb03 waveguide with T= 350 °C along x direction (a) andy direction (b). It is 

found that measured near-field profiles along x andy directions are Gassian-like. 

16 

12 

10 

·2 

·6 .. 
·10 

·12 

·16 

l 
0.0 0.2 0.4 06 0.6 

Intensity 

(a) The vertical (x) direction (b) 2b near-field profile 

·20 ·10 10 20 

Horizontal direction 

(c) The horizontal (y) direction 

Figure 5.11 Measured near-field profiles for 6 ).!m wide waveguide after proton 
exchange for 1.92 hrs at 200°C and annealing for 7.75 hrs at 350°C: (a) 
The vertical (x) direction, (b) 2D near-field profile, and (c) The 
horizontal (y) direction [45]. 
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Figure 5.12 Normalized near-field profiles for 6 )lll1 wide APE waveguide at T = 

350°C: (a) The vertical (x) direction, (b) The horizontal (y) direction. 
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In order to compare the modal profile, the simulation and measured results of the 

normalized near-field profiles of Z-cut APE LiNb03 waveguide with T1 = 200°C, t1 = 

1.92 hrs, T= 350°C, t= 7.25 hrs, and w = 6.0 )liD are shown in Figure 5.13. From Figure 

5.13, the simulation results of the normalized near-field profiles along x and y direction 

both agree well with measured results( Co= 100.0%, Dx = 1.8628, Dy = 1.5479). 
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Figure 5.13 Measured and simulated near-field profiles for 6 	11m wide APE 

waveguide with T1 = 200°C, t1 = 1.92 hrs, T= 350°C, t= 7.25 hrs, and w = 
6.0 11m: (a) The vertical (x) direction, (b) The horizontal (y) direction. 

5.5 Summary 

In this chapter, the material, index, and model properties of APE LiNb03 optical 

waveguides are summarized and corresponding simulation flow chat is presented. 

Detailed design, fabrication, and measured results of APE LiNb03 optical waveguides are 

presented. 
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Chapter 6 

Characteristics of Ti:LiNb03 and APE LiNb03 

Waveguides 

The refractive index distribution of the optical waveguide detennines its optical 

properties such as mode profile, effective index, single-mode condition, optical loss, and 

coupling loss, which we discussed in the previous chapters. In this chapter, we start to 

reconstruct the refractive index distribution of the optical waveguides by using the 

measurement results of modal properties such as mode profile and effective index. First, 

theoretical principles are reviewed and their simulation flow chats are presented. Then 

applications to different diffusion techniques such as Ti:LiNb03 and APE LiNb03 

waveguides are discussed. Finally, simulation results are given. 

6.1 Characteristics ofLiNb03 Optical Waveguides 

The refractive index profile is one of the most important properties of an optical 

waveguide. As long as the refractive index of the optical waveguide is known, the modal 

properties of the waveguide such as the propagation loss, cut-off wavelength, and modal 

profile can be easily detennined. The main task to design the optical waveguide, by 

adjusting the design and control parameters used in the fabrication process, is to modify 

and optimize the index profile to meet some specific requirements such as low loss, 

modal spot size, single-mode operation, and low coupling loss. Therefore, it is very 

important to establish an efficient method for measuring the index distribution profile as 

a function ofwaveguide design and fabrication process parameters. 

Various methods are developed to detennine the refractive index distribution of 

waveguides, which have been categorized into two groups: indirect or direct methods 

(including modal index and near-filed) as shown in Figure 6.1[52]. In the indirect 

method, the index profile is calculated from the species concentration profile, which can 

be obtained by using secondary ion mass spectrometry (SIMS) technique. It also requires 

knowing in advance the relation between the species concentration and refractive index 
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variations. In the direct method, the index profile is directly calculated from the measured 

optical properties such as modal profile and modal index. Again, the index profile of the 

optical waveguide can be obtained by using direct reverse method and the iterative 

simplex method. Here some direct methods, based on mode effective index and near-field 

mode profile, are introduced briefly. 

Compositional method : SIMS 
Reverse method : IWKB 

Effective index { Simplex : FDM 

Reverse method 
Characteristics of waveguides 

Near field { Simplex : FDM 

Figure 6.1 Simple classification of characteristics of waveguides 

6.1.1 Direct method based on effective index 

The direct method based on effective index of the guided modes was proposed by 

White [ 4 7] to predict the shape of the index profile of the optical diffused waveguide. It 

assumes that the index profile changes monotonically or symmetrically. For weakly 

guiding waveguide, the optical field strength E(x,y) is described by the lD scalar wave 

equation of (3.8), which is rewritten as follows, 

2
d [ 2 2 2 1....
dx 2 E(x) + k (n (x)- neff,m )JC(X) =0 (6.1) 

where k(i.e., mlc) is the propagation constant in free space, and neff, m is the effective 

index of the mth guided mode and m = 0, 1, 2, ... , M-1 (M is the number of the guided 

modes). By assuming the one side index profile with air-surface interface (p = 1), the 

WKB solution of (3 .11) of the wave equation of ( 6.1) is rewritten as follows [ 4 7], 

~ 3 A
J~n 2 (x)- neff,m 

2 
dx =(m +4)2 (6.2) 

0 

where m = 0, 1, 2, ... , M-1 and Xm is defined by n(xm) =neff, m· In order to determine the 

values of x1,m (or the index distribution n(x)), the above WKB solution is proceeded by a 

sum of integral [47], 
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(6.3) 

where we assume n(x) is a piecewise linear function connecting the measured values of 

ne« k I - ne« k
11 11n(x) ~ n + - • (x - x) (6.4)eff,k • k 
xk- xk-1 

where XE [ x k-1, x k]· if we let n(x) + neff,m be replaced by a midpoint value of [(nk-l 

+nk)/2]+nerr, m for xE [ x k-1, x k], the solution for x k is obtained. 

Originally, due to the obvious reasons, this algorithm 1s only accurate and 

efficient for highly multimode waveguide. Later, a different method for the construction 

of the index profiles from the measured effective indices was proposed by Chiang [48], in 

which a continuous effective-index function is utilized. In this method, the key step is 

how to construct the continuous effective-index function based on the measured modal 

indices. Among them, as shown in [ 48] [ 49], with considering the different combinations 

such as polarization (TE and TM) and external refractive indexes, the refractive index 

distribution with less number of modes, even for single-mode case, can be calculated 

accurately. For example, the following exponential index distribution is assumed [47], 

n(x)=ns+L1nexp(-xlw), x>O; =nc, x<O (6.5) 

where ns = 2.177, L1n = 0.09837, w = 2.22726 J..tm, and nc = 1. There are nine guided 

modes in this waveguides as shown in Figure 6.2. Through (6.4), it is found that there is 

an inverse error near x = 0. After using continuous effective index, through the general 

polynomial interpolation technique, the actual refractive index distribution is recovered 

exactly. 
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(b) Refractive index distribution 

Figure 6.2 Refractive index distribution of optical graded waveguides 

6.1.2 Direct reserve method based on near-field mode profile 

The direct propagation-mode near-field method estimates the refractive index 

distribution in the optical waveguide from its mode field intensity by an inversion of the 
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scalar wave equation directly. It requires no a priori knowledge of the shape of the 

refractive index distribution, and does not require the waveguide to have any kind of 

cross sectional symmetry. Due to the nature of the direct inversion, this technique 

requires that the waveguide is weakly guiding and only the fundamental mode of 

propagation is excited. 

For weakly guiding waveguide, the optical field strength E(x,y) is described by 

the scalar wave equation of, which is rewritten as follows, 

V / E(x,y) + le(n 2 (x,y)- ne/)jE(x,y) =0 (6.6) 

where VT (i.e., y8/8y+x8/8x) is the transverse gradient operator, k(i.e., mlc) is the 

propagation constant in free space, and nerr is the effective index. By rearranging the 

above equation of(6.6), we have [50], 

2 

n 2(x )= /) __1 V/E(x,y) 
 (6.7)

k 2,y e E(x,y) 

where fJ =kneff is the propagation constant of the guiding mode. By assuming that n(x,y) 

= ns+~n(x,y),or n2(x,y) ::::: n25+2ns~n(x,y), where ns is the substrate index of the optical 

waveguide. By making the substitution for near-field intensity /(x,y) = E2(x,y), we get 

~n(x,y) =_if!____!!L_ __1_ V / E(x,y) 

2nse 2 2nse E(x,y) 


(6.8)-(L_!!:LJ __l_V/ ~I(x,y) 
- 2nse 2 2nsk 2 ~I(x,y) 

where the first two terms on the right-hand side of (6.8) are an unknown constant and 

expressed by C0, which represent the refractive index away from the waveguide core to 

the substrate. By moving this constant term to the left-hand side of (6.8), we obtain 

~n(x,y)-Co =--~-2V/E(x,y) =--1-2 V/~I(x,y) (6.9) 
2nsk E(x,y) 2nsk ~l(x,y) 

The refractive index profile of the optical waveguide can be determined based on 

the measured near-field modal profile through utilizing the finite difference method. For 

example, for the sake of simplicity, with uniform mesh, the right-hand term of (6.9) has 
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\1 2E(x y) E 1 . + E+1 - 2E . E . 1 + E . 1 - 2E .T ' = 1- ,) I ,) 1,) + t,;- l,j+ 1,) (6.10)
E(x,y) D.x 2E. tJ.iE. 

1,) 1,) 

where E(x, y) =Ei,j at corresponding positions Xi, Yj where Xi = i D.x , Yj = j !J.y, and 

D.x, !J.y are the mesh sizes along x, y, respectively. As long as the derivative term of 

(6.1 0) is calculated numerically, the refractive index distribution of the optical waveguide 

can be calculated from the intensity pattern of the mode profile if the constant term Co is 

measured. 

From (6.9), it is found that the calculated index profile n(x,y) depends on the 

second derivative of the measured data I(x,y) through the inverse scalar wave equation 

process. In order to reconstruct the index profile n(x,y), the original data must have high 

signal-to-noise ratio (SNR) with minimum of very-high spatial frequency noise in the 

measured image and high resolution of the optical components of the image-detecting 

setup. The image noise may be introduced by misalignment ofthe equipments, electronic 

noise, quantization noise in conversion process, vibrations, and defocusing. Some of 

these sources may be reduced by the accurate instrument setup, taking multiple time

averaging tests, and numerical filtering techniques. In order to maximize the SNR of the 

intensity data l(x,y), the measuring system needs high quality equipments such as 12-bit 

CCD digital data and the optimum measurement conditions such as low operating current 

of laser diode and long CCD exposed time. However, due to the diffraction effects on 

light waves passing through an aperture, such as the objective of a microscope or a 

focusing lens, the problem represented from the limited resolving power of optics cannot 

be overcome thoroughly. On the other hand, some digital signal processing (DSP) 

techniques such as low-pass filter technique and neighbor averaging technique are used to 

further increase the SNR of the intensity data I(x,y). 

For the neighbor averaging technique, the measuring intensity data is smoothing 

before the data processing through the nearest neighbor averaging technique with 

window width w(even number), 
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1 w-1 

B 	= -l:Ei+J-w/ 2 , i=w/2, ... ,N-w/2 
(6.11)W j:Oi 	

{ 
E;, otherwise 

where N is the number element in the array. The large size of the averaging window was 

chosen as long as it is below the optical resolution limit of the measuring system. In order 

to increase the SNR of the intensity data, the measured data are also averaged among 

repeating measurements up to ten. 

For the low-pass filter technique, there are the following low-pass filter functions, 

where xis the distance from the origin, cis the cut-off value, and n defines the steepness 

or order of the function: 

1. 	 Ideal filter with a square cutoff function; 

2. 	 Butterworth filter with a maximally flat amplitude response defined by 


11[1 +(xlc)2n]; For example, c = 2 J.tm and n = 2; 


3. 	 Chebyshev with an equiripple amplitude response in the passband 

4. 	 Cauer filter with an equiripple amplitude response in both passband and stopband 

defined by 

5. 	 Filter with an exponential cutoff function defined by exp[-(x/c)n]; 

6. 	 Finite impulse response digital filter with cutoff c and order n in the same range 

as others. 

The digital filter procedure contains three steps: 

1. 	 Applying 1D or 2D FFT to the measued data A(x,y) into A(Kx, Ky). 

2. 	 Multiplying A(Kx, Ky) by the low-pass filter amplitude response H(Kx, Ky) such 

that more than 99% of signal power is within passband: B(Kx, Ky) = A(Kx, Ky) 

H(Kx, Ky). 

3. 	 Applying ID or 2D IFFT ofB(Kx, Ky) to B(x,y) in the spatial domain. 

In order to apply the FFT, we needs uniform mesh. 

A systematical analysis of different errors such as noise, quantization, diffraction, 

defocusing, and nonlinearities in a real measurement setup is done in Ref [46]. Among 

them, the simulation error due to the noise has the largest value and is about 20% - 26% 
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when measuring typical LiNb03 waveguide [ 46]. For example, a Gaussian index 

distribution is assumed as follows, 

n(x)=ns +1'1nexp(-(x/w)2
), x>O; =nc, x<O (6.12) 

where ns = 2.2, w = 6.0 J.lm, and nc = 1. Four different index differences: 5x10-4
, lxl0-3

, 

3x10-3
, 5x10-3 are assumed. There exists single guided mode in this waveguides when .1n 

< 3x 1 o-3as shown in Table 6.1. Figure 6.3 shows the corresponding refractive index and 

intensity distribution of optical graded waveguides. Figure 6.4 show the reverse the 

refractive index with limited mesh size and noise. From Figure 6.4, it is found that the 

direct reverse method based on near-field mode profile is inherently sensitive to noise 

and image distortion. 

Table 6.1 Modal properties of assumed graded optical waveguide 

11n 5xl04 lxlo-j 3xlo-j 5xl0-3 

neff 2.2030982158 2.2033748478 2.2048271900 
2.2036129977 

2.2064536585 
2.2047166442 

Co in (6.9) 9.7xl0-5 3.68x104 l.826xl0-3 3.454xlo-3 
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(a) Refractive index distribution 
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Figure 6.3 Refractive index and intensity distribution of optical graded waveguides 
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Figure 6.4 Refractive index distribution of optical graded waveguides 

6.1.3 Indirect iterative method based on near-field mode profile 

As we know, quality of the calculated index profile n(x,y) for the near-field direct 

method depends on the image noise, which consists of the very-high spatial frequency 

noise and resolution noise of the optical components of the image-detecting setup. As 

discussed in the previous chapter, some of these sources may be reduced. However, 

through the second-order derivation, the high spatial frequency noise components of the 

measured image are magnified by a factor of the order of K
4

, where K is the spatial 

frequency. On the other hand, due to the diffraction effects on light waves passing 

through an aperture, such as the objective of a microscope or a focusing lens, the problem 

represented from the limited resolving power of optics cannot be overcame thoroughly. 

In order to avoid the noise problems, an indirect method based on the search of 

the optimal index profile is proposed [52]. By comparing with measured modal profile, 

the best-fit numerical solution of the optical waveguide can be obtained through adjusting 

the waveguide parameters. The shape of the index profile and the initial values can be 

extracted from the detailed knowledge of the fabrication process of the waveguide or by 
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secondary ion mass spectrometry (SIMS). The numerical solution of the waveguide 

profile can be calculated by the wave equation discussed in chapter 3. The Helmoltz 

equation of (3 .6) can be written as an eigenvalue equation, 

2 2 2v T E(x,y) + lk 2 
(n (x,y)- neff ) jEcx,y) =0 (6.13) 

where n = n(x,y,aJ,a2, ...,an), and a1,a2, ... ,an are design parameters about the maximum 

index variation, profile depth, and width, etc. For the eigen value problem, the FDM 

Algorithm discussed previously can be utilized, 

(Ei-I,J + Ei+l,J) + [(kn .)2- _2_- _2_]E .+ (Ei,J-1 + Ei,J+t) = (kn )2 E . (6.14)
L\.x2 t,; L\x2 dy2 t,; dy2 ejf l,J 

where the uniform mesh sizes L\x , dy are utilized for the sake of simplicity, and the 

corresponding electric modal profile Ec can be obtained. 
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Determine input parameters (a~>a2, ••. ,a11 ) 

according to knowledge of fabrication process 

Calculate index profile n(x,y,a1,a2, .•• ,a11 ) 

1 

Calculate the fundamental mode profile by some 
analytical or numerical methods such as FDM 

Compare calculated and measured NF profiles, and 
calculate the error merit function & 

Update parameters (a 1,a2, •• •,a11 ) 

Save the modal profiles, modal index, 
and parameters (al,a2, ... ,an) 

Figure 6.5 The flow chart of indirect method based on measured near-field profile 

In order to minimize the difference between the measured near-field profile Em 

and Ec, the error merit function is utilized, 

(6.15) 
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where E
111 

and Ec are both normalized to their maximum value. Through some standard 

optimization packages, some optimal design parameters a1, a2, •. . , an can be obtained. The 

corresponding flow chart is shown in Figure 6.5. The advantage of the indirect method is 

the insensitivity of the method to the high spatial frequency noise due to the fact that the 

noise is averaged out by calculating the merit function. On the other hand, this indirect 

method suffers huge numerical work, especially for two-dimensional channel 

waveguides. Finally, the comparison of various direct and indirect reverse index methods 

is made in Table 6.2. 

Table 6.2 Comparison ofvarious direct and indirect reverse index methods 

Method Index profile in 
advance 

sensitive to noise and 
image distortion 

Efficiency 

Direct method based on 
index (IWKB) 

Yes No high 

Indirect method based 
on index (FDM) 

Yes No low 

Direct method based on 
field 

No Yes high 

Indirect method based 
on field x (FDM) 

Yes No low 

6.2 Index Profile ofTi:LiNb03 Waveguides 

By considering the nonlinearity of the video camera, the modal intensity I(x,y) 

can be obtained from the measured intensity Im(x,y) of the video camera, 

(6.16) 


where y is the nonlinearity coefficient of the video camera. The normalized electric field 

intensity is calculated as 

E(x,y) =~ft(x,y)/ I max (6.17) 

By utilizing the measured modal profiles introduce in chapter 4, the index 

distributions of corresponding waveguides can be calculated. Several reverse methods are 

tried. The direct methods have large errors no matter what filtering methods are used. 
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Here the index distributions are calculated by the indirect iterative method based on 

measured near-field mode profiles. 

For the Z-cut Ti:LiNb03 waveguides with T = 1050 °C, t = 4 hrs, r = 0.11 !J.m, 

and argon flow, Figure 6.6 shows the measure results of near-fields with different widths 

w = 8, 9, 10 !J.m. Figure 6.7 shows the calculated index distribution of Z-cut Ti:LiNb03 

optical waveguides. The best fitting is Llnmax= 0.022, and corresponding fit error= 12.5%. 

For the Z-cut Ti:LiNb03 waveguides with T = 1050 °C, t = 3 hrs, r = 0.11 !J.m, 

and argon flow, Figure 6.8 shows the measure results of near-fields with different widths 

w = 9, 10 !J.m. Figure 6.9 shows the calculated index distribution of Z-cut Ti:LiNb03 

optical waveguides. Again the best fitting is Llnmax= 0.03, and corresponding fit 

error= 10.5%. 
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Figure 6.6 Measured intensity distribution ofZ-cut Ti:LiNb03 optical 
waveguides with T = 1050 °C, t = 4 hrs, and T = 0.11 J.Lm. 
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Figure 6.7 Index distribution of Z-cut Ti:LiNb03 optical waveguides with T = 

1050 °C, t = 4 hrs, and r= 0.11 ~-tm. 
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Figure 	 6.8 Measured intensity distribution of Z-cut Ti:LiNb03 optical 
waveguides with T = 1050 °C, t = 3 hrs, and r = 0.11 Jlm. 
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Figure 6.9 Index distribution of Z-cut Ti:LiNb03optical waveguides with T = 
1050 °C, t =3 hrs, and r= 0.11 /-liD. 

6.3 Index Profile of APE LiNb03 Waveguides 

In modeling of APE LiNb03 waveguides, a cosh-2 profile of the hydrogen 

concentration of (5.19) and an isotropic index distribution of (4.12) are utilized in Ref 

[45]. Here we utilize material and refractive index models discussed in chapter 5. By 

comparison the simulated near-field patterns with the measured patterns for various 

optical waveguides, the relationship between the parameter's value of model and 

fabrication condition can be obtained. 

As discussed previously, a two-step method (i. e., proton-exchange and thermal 

annealing) is used in the modeling of APE LiNb03 optical waveguides. From (5.4) and 

(5.5), the PE exchanged depth r = 0.77 /-liD with T1 =200 oc and t 1 = 1.92 hrs. From 

(5.21), the extraordinary refractive index change !J..ne = 0.093 with A.= 1.55 /-liD. From 

(5.20), the refractive index profile ne (x, y, A)= neb+ !J..ne C(x, y) with neb= 2.1372, ae =1, 

and A = 1.55 /-liD, no (x, y, A) = nob= 2.20542. Based on measured near-field mode 
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profiles through the indirect iterative method, the index distributions of the APE 

waveguides can be calculated. 

By comparing with the measured values of modal profiles, as shown in Figure 

6.10, and the refractive index distribution can be calculated easily. Figure 6.11 shows the 

calculated index distributions of Z-cut APE LiNb03 waveguides. The corresponding 

diffusion coefficients and depths during the annealing process are calculated as shown in 

Table 6.3. 
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Figure 6. 10 Measured intensity di stributions of Z-cut APE LiNb03 
waveguides 
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Figure 6.11 Simulated index distribution of Z-cut APE LiNb03 waveguides 

Table 6.3 Diffusion coefficients and depths of APE in Z-cut LiNb03 waveguides 

Samp 
le 

T(OC) t(min) t(h) D., 11m2/h D y, 11m2/h d., 11m dy, 11m 

I 350 375 6.25 1.8225 1.5625 6.75 6.25 
2 350 405 6.75 1.8828 1.5408 7.13 6.45 
3 350 435 7.25 1.8628 1.5497 7.35 6.70 
4 350 465 7.75 1.8632 1.5358 7.60 6.90 
5 350 495 8.25 1.8436 2.6505 7.80 7.13 
6 350 555 9.25 1.9527 1.5202 8.50 7.50 
7 350 585 9.75 1.963 1 1.5400 8.75 7.75 

6.4 Summary 

In this chapter, several indirect nondestructive methods, based on mode effective 

index and near-field mode profile, are introduced. Their advantages and disadvantages are 

discussed. By comparing with the measured results of modal profiles, the index 

distribution of Ti:LiNb03 and APE optical waveguides are obtained. 
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Chapter 7 
Conclusions 

In this thesis, the material properties and modal characteristics of the lithium 

niobate optical waveguides based on the titanium in-diffusion and annealed proton

exchange process are investigated thoroughly. By linking the relation of the design and 

fabrication parameters with modal properties of the LiNb03-based waveguides, a 

comparative study on modeling and characterization of diffused optical waveguides is 

presented. 

First we investigate the material property of LiNb03-based optical waveguides. We 

start with the two-dimensional (2D) Fickian thermal diffusion equation for general 

diffusion process. Both analytical and numerical methods are introduced to solve the 2D 

diffusion equation. The accuracy and the scope of validity for the analytical methods and 

numerical methods with different solver settings are presented. Then the index model 

with relation of the species concentration is built and the index distribution of the 

LiNb03-based optical waveguides with considering different processes such as diffusion, 

exchange, and annealing can be calculated analytically and numerically. After 

understanding the physical insight of the diffused waveguides, some important 

fabrication and design parameters are abstracted and used for calculating the index 

distribution of the optical waveguides. In addition, the different models of the refractive 

indices of ordinary and extraordinary no and ne of the bulk LiNb03 crystal are 

investigated. 

Then, by applying a rigorous finite difference method, the modal properties of the 

diffused waveguides, such as modal profile, effective index, and coupling loss with the 

standard fiber, can be calculated. In order to understand the physical insight of the 

diffused waveguides, the analytical methods such as WKB method are also introduced. 

The modal properties of the optical waveguides are directly linked to the fabrication 

parameters of corresponding waveguides. Based on modal properties of optimized 

waveguides, the device performances of the related devices can be easily obtained. 
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Based on the analysis of general LiNb03 optical waveguides, the detail material 

and modal properties of the titanium in-diffusion and annealed proton-exchange LiNb03 

optical waveguides are further investigated. Their fabrication processes are reviewed and 

typical process parameters are given. Through comparing different models of index 

change with concentration of the related species such as titanium and hydrogen, the 

material properties can be calibrated. Furthermore, by comparing with measurement 

results of the titanium in-diffusion and annealed proton-exchange LiNb03 optical 

waveguides made in McMaster University, the relation between the waveguide modal 

performance and design parameters is built through some effective methods and ready to 

be applied in the design of optical devices. 

Finally, we reconstruct the refractive index distribution of the optical waveguides 

by using the measurement results of modal properties such as mode profile and effective 

index. 
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Appendix A 

Lithium Niobate and Types of Cuts 

The crystalline lithium niobate (LiNb03) is one of important waveguide materials 

for modem optoelectronic device applications. Due to several profound physical 

properties such as low loss, large electro-optic coefficient, and high second-order 

nonlinearity, LiNb03 has found to be intensively used in many areas of guided-wave 

devices such as optical modulation, optical switching and filtering, signal processing, 

mode splitting, and wavelength conversion. 

A.l Lithium Niobate 

Lithium Niobate (LiNb03) is a synthetic single crystal oxide material and has a 

transparency wavelength range from 0.33 to 5.5 ~m. In general, LiNb03 is a negative 

uniaxial crystal (i. e., n0 > ne, where no and ne are ordinary index and extraordinary 

refractive index of the media, respectively). Mathematically, according to the definition 

of media refractive index in section 1.1, its relative dielectric constant ir can be 

described in tensor format, 

(A.l) 

where X, Y, Z are the crystal axes and n0 , ne are ordinary and extraordinary indices, 

respectively. With the uniaxial crystal property ofLiNb03, we have nx = nr (i.e., n0 ) -:1:- nz 

(i.e., ne), or nx= ny= no and nz= ne. 

A.2 Types of Cuts 

Normally, the guided-wave devices are realized based on the crystal wafer. In 

order to express the dielectric constant tensor explicitly of the wafer substrate, a suitable 

coordinate system needs to be determined as well. As discussed in chapter 1, Figure A.1 
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shows the corresponding coordinate system, where the x-y plane defines the cross-section 

of the waveguide and the axis z defines the wave propagation direction. 

z 
X 

Figure A.l Schematic view of optical waveguide coordinate system 

According to different crystal orientation cuts defined by the axis x (normal to the 

wafer facet) and propagation directions defined the axis z, there are six possible 

orientations of LiNb03 crystal in optical diffused waveguides as shown in Figure A.2. In 

other words, if the crystal orientation X (or Y, Z) is normal to the wafer facet plane, the 

wafer is said to X-cut (or Y-cut, Z-cut). 

X X 


y 

(a) X-Cut andY-Propagation (b) X-Cut and Z-Propagation 

y 

z 

(c) Y-Cut and X-Propagation (d) Y-Cut and Z-Propagation 
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zz 

(e) Z-Cut and X-Propagation (f) Z-Cut andY-Propagation 

Figure A.2 Schematic view ofpossible orientations ofLiNb03 crystal 

In the current coordinate system defined in Figure A.1, by comparing with the 

crystal axis as shown in Figure A.2, for instances, the relative dielectric constants &, for 

Z-Cut and Y -Cut have the following forms, 

0 I[n; 0 0 I
&r [ n~ = 0 

0 

0 
n~ 0 

0 n; 
= 0 

0 

n~ 0 

0 n~ 

for Z-Cut (A.2) 

&r = 0 n; 0[n~ 0 0 J 

0 0 n 2 
0 

for Y-Cut and X-Propagation (A.3) 

&r = 0 n; 0[ n~ 0 0 J 

0 0 n; 
for Y-Cut and Z-Propagation (A.4) 

where n0 and ne are ordinary and extraordinary refractive indices, respectively. The detail 

relations between crystal axes and waveguide coordinate system are summarized in 

Table A.1. 

Table A.1 The relations between crystal axes and waveguide coordinate system 

Relation between crystal axes 
and waveguide coordinate 

nx ny nz Configuration 

Z-axis II x ne no no Z-Cut, and X/Y-Prc>pagate 
Z-axis II y no ne no X-Cut, andY-Propagate 

Y -Cut, and X -Propagate 
Z-axis II z no no ne X!Y-Cut, and Z-Propagate 
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Appendix B 

LiNb03 Waveguide Fabrication Technologies 
As mentioned previously, titanium in-diffusion and proton exchange have become 

the most important fabrication techniques for the LiNb03-based optical waveguides . In 

this appendix, some major features of those two fabrication techniques are discussed. 

B.l Titanium In-diffusion Optical Waveguide 

Titanium in-diffusion technique is one of the most widespread and well

established techniques for fabrication of optical waveguide based on LiNb03 substrate. 

For the LiNb03 waveguides based on titanium in-diffusion, there are two typical 

fabrication processes as shown in Figure B.1. In general, the former is called the lift off 

method and the later is the etching method. UV light exposition 

Spin-coating photoresist 

Bulk LiNb03 

Mask 

RF sputtering 

Lift off Ti-film _,Yhoto-resis~ 
~ ~ J ~(Development)Ti Strio 

I I 

1 
Ti-diffused WG 

'iiltriJA;,1 
LiNb03 

(a) The Lift off method for Ti:LiNb03 optical waveguide 
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Bulk LiNb03 

RF sputtering Ti-layer 

Bulk LiNb03 Bulk LiNb03 Bulk LiNb03 

Thermal diffusion ==:> ~ 
Ti-diffused WG 

(b) The Etching method for Ti:LiNb03 op~ical waveguide 

Figure B.l Fabrication techniques ofTi:LiNb03 optical waveguides 

In order to realize the optical waveguide on LiNb03 wafer, the main steps of the 

fabrication techniques of Ti:LiNb03 optical waveguides, as shown in Figure B.l, are 

summarized as followings: 

1. 	 Clean the polished bulk LiNb03 wafer carefully. 

2. 	 Deposit the patterning photo-resist for the lift off method or the Ti layer 

for the etching method. 

3. 	 Deposit the Ti layer for the lift off method or set photolithographic mask 

for the etching method. 

4. 	 Pattern the Ti stripe by using lift-off or etching techniques. 

5. 	 Put the LiNb03 wafer at a high temperature environment of 950-1100°C 

with flowing gas (e. g., oxygen, argon, or air) for high temperature 

diffusion. 

114 




Appendix B LiNb03 Waveguide Fabrication Technologies 

6. 	 Spin-on buffer layer (e. g., Si02) for some applications such as 

modulators. 

7. Cut the wafer into small pieces and polish the waveguide for testing. 

Some typical fabrication conditions for Ti:LiNb03 waveguides are shown m 

Table B.l. 

Table B.l Fabrication conditions of some examples ofz-cut Ti:LiNb03substrate. 

Year[Ref] 
Wavelength, 

A(~m) 

Ti thickness, 
r(~m) 

Diffusion 
temperature, T(0 C) 

Diffusion 
time, t(h) 

Environment 
A 

1974 [23] 0.633 0.05 960 6 
1978 [29] 0.633 0.04 950-1050 5 
1979 f27l l.l5 0.05 IOOO 10 
1980 [30] l.l5 0.05 1000, 1 030, 1050 5 Dry air 
1987 [l6J 0.633-1.523 0.03-0.21 1000-1050 9 Dry02 /Ar 

B.2 Annealed Proton-Exchang Waveguide 

As we discussed previously, annealed proton-exchanged (APE) process on the 

LiNb03 wafer is an effective technique for formation of low loss and high index 

difference optical waveguides. In this technique, whole fabrication procedure is divided 

into three major processes: a photolithography process, the proton-exchange (PE) process, 

and the annealing process. Figure B.2 shows the typical fabrication procedure of the APE 

LiNb03 waveguide. 

As the first step of the APE process, a photolithography process is needed to 

define the waveguide channels. In this stage, waveguide channel layout is patterning on 

the LiNb03 wafer through a single-step photolithographic processing by using 1-j..lm 

thickness positive photo-resist. A mask film, made by chromium, aluminum, or Si02, is 

deposited and lifted off for the PE opening. Then the whole wafer is cut into small pieces 

of samples by using a diamond blade dicing machine for the PE process. 

In the PE process, the dicing LiNb03 wafer is put into the liquid such as benzoic 

or pyrophosphoric acid at a low fixed temperature (150-250°C). Hydrogen atoms in the 

liquid are exchanged with lithium (Li) atoms of the LiNb03 wafer, which leads to a large 

increase in the extraordinary refractive index and a slightly decrease in the ordinary 

refractive index. Because the rate of proton diffusing in is much less than that of the 
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lithium ions diffusing out, the index distribution of the LiNb03 wafer after the PE process 

is a step-like function with certain compositional instabilities in the exchanged layer. 

After the immersion of a certain PE exchange time, the LiNb03 samples are allowed to 

cool down and then the mask is removed for the annealing process. 

In order to eliminate compositional instabilities in the exchanged layer and to 

restore desirable optical properties such as the large electro-optical coefficients, a thermal 

annealing process is required at a higher temperature (350°C) in a longer period of time ( 

several hours). The graded hydrogen profile, with lower concentration, extends far deeper 

than the original exchange depth. The highly graded profile of the extraordinary 

refractive index in the PE layer is strongly dependent upon the annealing procedures such 

as temperature, time, and annealing atmosphere. Finally, two ends of the waveguide need 

to be polished. Some typical fabrication conditions for APE LiNb03 waveguides are 

shown in Table B.2. 

Table B.2 Fabrication conditions of some examples of Z-cut APE LiNb03 substrate. 
Th t . b . 'de pro on source ts enz01c act . 

Years ..1-(~-tm) 
w 

(Jlm) 
Mask 
film 

Proton exchange Annealing 
T,(oC) t 1(min) Gas T(OC) t(min) 

04[45] 1.55 6 Cr 200 115 atr 350 
375,405,435,465, 

495,555,585 
89 0.82 3 AI 200 20 oxygen 350 180 
99 1.5 3.5 AI 200 90 oxygen 350 240 
93 1.5 10 Cr 200 60 wet oxygen 350 60 
91 2.1 2-15 AI 200 120 air 333 720 

Note: W--width of mask opening, T1--PE temperature, t1--proton-exchange duration, T-
annealing temperature, t--annealing duration 
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uv light 

Photo-resist deposition 
AI thin film 

Bulk LiNb03 Q 

Resist Develooment 
Resi st removed Chemical etching Photo-resist 

II I 

AI 

PE process Benzoic acid 

After PE process After thermal annealing 

I . I 

Figure B.2 The fabrication procedure of an APE LiNb03 waveguide 

B.3 Comparison Between Ti:LiNb03 and APE Waveguides 

Through comprehensive analysis of previous chapters, the typical design 

parameters and modal properties of the Ti:LiNb03 and APE LiNb03 waveguides related 

to the Ti in-diffusion, proton exchange and thennal annealing process are summarized in 

Table B.3. 

117 




Appendix B LiNb03 Waveguide Fabrication Technologies 

Table B.3 Comparison between Ti:LiNb03 and APE LiNb03 waveguides 

Parameters Ti indiffusion Proton exchange Thermal annealing 
Crystal cuts YandZ XandZ XandZ 

Temperature T, oc High (890-11 00) Low (120-250) Mediate (300- 400) 
Timet, hour Long_ (4-1 0) Short (0.3-2.0) Mediate (2- 9) 

Index change 11n Small (10-2 
- 10-3

) Large(0.1- 0.14) of 11ne 
Negative(-0.04) of 11no 

Mediate (10-'- 10-2
) of 

11ne, negative of 11n0 

St!pl'_Orting_ modes TEand TM TEorTM TEorTM 
Loss, dB/em Small (0.5- 1.0) high (1.0- 1.5) Small (0.5- 1.0) 

Photorefractive high Mediate Low 
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Appendix C 

Error Function and Law of Conservation of the 

Matter 

C.l Error Function 

The error function erj{x) and its complementary error function erfc(x) are defined 

as follows [15], 

erf(x) = }; J:exp(-u 2 )du (C.l) 

2 foo 2erfc(x) = ,[; x exp(-u )du (C.2) 

where xis a real variable and erf(x)+ erfc(x) = 1. The error functions have the following 

limit values and symmetry properties, 

erj{O) = erfc(OC>) = 0, erj(OCJ)= erfc(O) = 1 (C.3) 

efr(-x) =- erj{x), efrc(-x) = 1 - erj{-x) = 1 + erf(x) (C.4) 

As shown in Figure C.l, the values of error function erf(x) are within [-1, 1] and 

its complementary error function erfc(x) belongs to [0, 2]. 

2.5 

2+------....... 

1.5 

~ 1 ---------\ 

\ ••Cl) 0.5 . 
~ 
~ 0 \ 
Cl) :, 

-0.5 • \ 

-1~; L· ·············. " --------· 
-10 -5 0 5 10 

X 

Figure C.l The error function erj{x) and complementary error function erfc(x) 
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C.2 Solution Function F(x) of Diffusion Equation 

The solution of 1D diffusion equation, from (2.29), is a function F(x) related to 

error functions, which have the following normalized form, 

1 [ ( W -X) +erf(-rJW + X)] (C.5)F(x)=2 erf ~ 

where W is the half-width of the strip (i.e., 2 W is the width of the strip), D is the diffusion 

length. From (C.4), it is found that F(x) is an even function of the variable x: F(-x) = 

F(x). In general, the function F(x) is a function of variables W, D, and x. 

Here we can prove that function F(x) becomes unity when W >> D (e. g., W = 

10D) and a Gaussian function when W << D (e. g., W = O.lD) analytically and 

numerically. According to the definition of error function of (C.1), when W >> D, the 

function F(x) becomes, 

1 W-x W+x W 
F(x) = 2[erf(--r;-)+erf(-r;)J~erf(D) 

=]; rexp(-u 2 )du = erj{oo) = 1 (C.6) 

where an equality of Jo"" exp(-u 2 )du =.J; I 2 was used. When W < < D, the function F(x) 

becomes, 

1 X + W X- W 1 l(x+W)I D 2
F(x)= -[erf(--)-erf(--)] =- exp(-u )du

2 D D -[;; (x-W)/D 

2 J2 2 2W --x= --1 Jw exp(-(x-u) /D )du~--exp( (C.7)
n.J; -w n.J; D 2 

which is the Gaussian function with a amplitude of 2W /(D.f;) . 

On the other hand, we prove (C.6) and (C. 7) numerically. Without loss of 

generality, we assume that D = 4 J.tm. The curves ofF(x) for different W= 100, 10, 4, 0.1, 

and 0.01 J.tm are shown in Figure C.2. From Figure C.2, it is found that curves of the 

function F(x) with W > 10 J.tm are unity. In order to show the Gaussian-like behavior of 

the function F(x), the values of normalized function F'(x) =D.f; F(x)/2W with the 

Gaussian function exp (-x2/D2
) are shown in Figure C.3. 
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Figure C.2 The solution F(x) of lD diffusion equation with different W 
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Figure C.3 The normalized F'(x) of lD diffusion equation with small WID 

From Figure C.3, it is found that curves with W < 0.1 J.tm are indistinguishable 

with the Gaussian function. In other words, when W << D (or W = 0.1 J.tm), the solution 

Function F(x) of the diffusion equation becomes a Gaussian function. 
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C.3 Law of Conservation of the Matter 

Finally, a very interesting property of the function F(x) can be obtained 

analytically or numerically. For example, from (C.6) with the equality 

rexp(-x2 I D 2)dx =n.J;12, we have 

[ F(x)dx =2W (C.8) 

which is called the law of conservation of the matter and means that total matter on the 

strip is normalized with respect to the strip width 2 Wand the law of conservation of the 

matter is guaranteed no matter how changes of the diffusion length D. 

For a two-dimensional waveguides with a strip width 2W and thicknessr, the law 

of conservation of the matter has the following formula, 

[ dy f C(x,y)dx = [ G(y)dy f F(x)dx =2rW (C.9) 

where the function C(x,y)~ F(x)G(y) and the G(y) ~Heif( T ;!')+eif( T;;) ] are used. 
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