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ABSTRACT

Waveguide lenses are a key element in integrated optical devices. Even though 

several types of waveguide lenses have been developed, they do not fully satisfy the 

requirements of their applications. Existing waveguide lenses were reviewed and it 

was pointed out that the homogenous refracting lens has advantages over other types 

of waveguide lenses. Resolution, field of curvature, signal— to— noise ratio, field of 

view and relative aperture are the main characteristics of lens perform ance. A 

comprehensive understanding of the homogenous lens perform ance was obtained by 

raytracing and Huygens— Fresnel analysis. Anisotropic aberration was studied and the 

lens perform ance in an anisotropic waveguide was analysed.

Even though the multi—element lens design provided excellent optical performance, 

even on anisotropic waveguide, the boundary losses limited its application. The 

existing one— element lenses had curvature of the focal field and anisotropic 

aberration was not taken into consideration in the design. A new one— element lens 

design lens was proposed, which, taking anisotropic aberration into consideration, was 

free of field curvature and had an acceptable resolution.

Mode matching between two disparate waveguides was studied and it was shown that 

by careful design and choice of processing param eters mode mismatch would not 

significantly affect the coupling between two fundamental modes in high and low 

index waveguides. However, boundary scattering reduced the transmission of light 

power across the boundary and therefore the number of lens elements should be 

minimised.

The fabrication of waveguide lenses was studied. Ti indiffused waveguide had
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advantages over dilute— proton— exchanged waveguide as a low index waveguide, but 

was subject to the risk of producing a spurious out—diffused waveguide. SiC>2 gave 

the best behaviour in blocking proton exchange and was easy to process.

Waveguide optical components, prisms and one— elem ent lenses, were successfully 

fabricated, while the experimental four— elem ent lens suffered low light power 

transmission due to boundary losses.

In addition to the study of waveguide lenses, some other integrated optical devices 

were developed. Ti indiffused waveguide was buried by a subsequent proton 

exchange and annealing. The buried waveguide had low scattering loss, nearly 

symmetric optical intensity profile and single polarisation. The co— doping of E r and 

Ti enhanced the indiffusion rate of E r and much less annealing time was used than 

required in E r— only— doping.
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CHAPTER ONE: INTRODUCTION

1.1. Background of the Project

1.1.1. The Lens Application in Integrated Optical Devices

The emergence of integrated optics ( IO ) has activated a new research field, to 

which numerous scientists have contributed. New results are reported almost daily 

and a new technology era is expected. Unlike integrated circuit ( IC ) technology, 

in most cases IO is not, as the term  suggests, simply the integration or reduction of 

the existing optical systems. Many new physical phenom ena, optically and 

electronically, take place in the size scale of IO devices, several micrometers. The 

phenom ena inspire many completely new ideas and provide new products or

possibilities, and at the same time new challenges.

One aspect of IO is in the fields of computing and signal processing. Utilizing the

properties of particular materials and new ideas and technologies in IO, computing 

and signal processing could be much easier, more compact, more functional or 

cheaper. Many designs have been reported [ Verber 1984, Taylor 1987, Tsai 1988 ]. 

A key elem ent in many devices is a waveguide lens which acts to collimate a light 

wave source such as a laser diode and to Fourier transform the angle of a

surface— acoustic— wave ( SAW ) diffracted light beam into a new focal spot position. 

A typical application is the so— called integrated optics spectrum analyser ( IOSA ) as 

depicted in figure 1—1, where the lens on the left hand is a collimating lens and the 

lens on the right hand is a Fourier transform lens. The SAW diffracts the parallel 

beam into a parlicular angle, depending on the frequency of the SAW. The lens 

focuses the beam onto the detection plane. The position of the focused spot in the
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plane depends on the angle of the diffracted beams and therefore on the frequency 

of the SAW.

The IOSA has been developed on LiNbOa [ Zang 1986, Suhara 1986 ] and on GaAs 

[ Vu 1989a, 1989b ]. The best result was an IOSA on LiNbOa which had a 

frequency resolution of 2MHz in the bandwidth of 1GHz corresponding to 500 

resolvable spots of 2 /un within the angle range of ±70 [ Suhara 1986 ]. Much 

higher frequency resolution could be achieved if the lens were to have better 

resolution; more research is necessary to improve the lens perform ance and therefore 

the IOSA perform ance.

1.1.2. Existing Lenses in Integrated Optical Devices

At the very inception of IO, a waveguide was fabricated by depositing a high index 

layer on a substrate. Another top layer induced effective refractive index increase. 

Different thickness resulted in different effective refractive index and then formed two 

waveguide. Refraction, reflection and lens focusing were realized by this means 

[ Shubert 1968, Ulrich 1971 ]. Fresnel lenses were also made by the same method 

[ Valette 1982 ]. Besides the high attenuation of such a thin film waveguide, the 

substantial difference between the depths of two waveguides, required for a large 

difference in effective refractive indices, led to severe mismatch of mode profiles, and 

then the transmission of the guided wave energy was inefficient.

A waveguide region with changing effective refractive index profile in waveguide can 

act as a lens, the so -c a lle d  Luneburg lens [ Zernike 1974, Anderson 1977 ]. The 

effective refractive index profile can be obtained by an index variation in the 

waveguide or by a thickness variation of the top layer. But, technically, the accurate 

control of the index profile or the thickness profile is not easy to handle. It is also 

possible to employ a curved waveguide surface topology which alters the propagation 

length, instead of the effective refractive index. The guided wave will propagate
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along geodesics of the waveguide surface according to Ferm at's principle, and so such 

lenses are named the Geodesic Lens [ Righini 1973, Anderson 1977 ]. A computer 

controlled grinding machine can grind the surface with the section profile as designed 

but the machine itself is expensive and the fabrication is still complex. Another 

intrinsic weakness of Luneburg lenses and Geodesic lenses is their curvature of field 

even though they can be free of all other aberrations. This is simply because of 

their circular lens contours and therefore circular focal surface.

Planar processing has been well developed for IC technology and is always preferred 

in IO fabrication when possible. Conventional photolithography produces the lens 

pattern and subsequent diffusion processing forms another waveguide in the patterned 

lens region. In this two— dimensional processing, the lens contour can be of any 

shape, while in the bulk optical lens even a single non— spherical surface is difficult 

to make. Since two step waveguide fabrication became possible, i.e. potassium ion 

exchange and silver ion exchange in glass [ Chartier 1986 ] and titanium indiffusion 

and proton exchange ( TIPE ) in lithium niobate [ De Micheli 1982 ], various planar 

lens configuration have been explored: chirp grating diffraction lens or Fresnel 

diffraction lens [ Suhara 1982, W arren 1983, Suhara 1986, Pitt 1988, Reid 1989 ] 

and homogenous refraction lens [ Zang 1983, 1985, 1986, Tatsumi, 1988 ].

It is interesting to note that the Fresnel lens seems more favoured without a

fundamental convincing reason. Up to now, the most successful example of 

waveguide lens application in IOSA is a Fresnel lens on LiNbO 3 which could resolve 

500 spots in the angle range of ±70, corresponding to a frequency resolution of 

2MHz in a bandwidth of 1GHz [ Suhara 1986 ], and recently a Fresnel lens has

been fabricated on GaAs [ Vu 1989a, 1989b ]. The intrinsic drawback of the

Fresnel lens is its basically elliptic— shaped ( with higher effective index in the lens 

region ) or hyperbolic— shaped ( with lower effective index in the lens region ) 

contour, with quantised phase shift, which leads to bad off— axis performance. So it 

is just addressed with on—axis light [ Pitt 1988 ]. Another disadvantage is its low
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transmission efficiency of light energy because of the reduced effective aperture

imposed by the phase shifting mechanism and reduced coupling efficiency between the 

modes in the guide region and the lens region where the effective index is modified 

[ Pitt 1988 ]. Fabrication difficulties occur in the photolithography of a perfect lens 

pattern which consists of many small features with dimensions of down to 1 /urn.

Another type of planar lens is the homogenous refracting lens, which takes the form 

of a conventional bulk optical lens but in 2— dimensions. Abundant experience in 

conventional bulk optical lens design is at hand. Many commercial software packages 

are available. The acircular lens surface, which is required to overcome aberrations, 

is no longer a problem and off— plane aberrations do not exist in this two 

dimensional case, while a contrasting point is the small difference in the indices of 

the lens and the surrounding medium. A multi element circular lens can give 

uniform optical quality in an incident angle range of ±9° [ Laybourn 1986, Righini 

1986 ] but with too many elements or boundaries, it is difficult to realize in with

sufficiently low loss. Using an acircular design, the num ber of lenses used to

eliminate off— axis aberration can be greatly reduced as examplified by the designs of 

4— elem ent [ Laybourn 1988 ] and 5— element [ Righini 1987 ] homogenous refracting 

lenses both of which offer excellent optical perform ance over a large range of 

incident angle. A single— element double— convex homogenous refracting lens has 

been used in an IOSA, but with bad o ff -a x is  performance [ Zang 1986 ]. An 

one— elem ent bi— aspherical lens has been reported to have a uniform optical 

performance of 1.5 /an spot size at — 3dB over the incident angle range of ±6°

[ Tatsumi 1988 ].

1.2. Review

The single— element ellipse lens or elliptical— hyperbolic lens has good focusing 

perform ance for an on— axis image but the off— axis performance is bad [ Laybourn
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1988 ]

The single—element double—convex lens [ Zang 1986 ] was an aplanatic lens based 

on the satisfaction of the sine condition, under which the lens should be aberration 

free over a very small off— axis angle range. Its off— axis perform ance was shown 

experimentally to be poor and the lens focus suffered from field curvature [ Zang 

1986 ]. There are at least two reasons for this degradation: 1) the sine condition 

was not rigorously satisfied; 2) the anisotropic optical aberration was not taken into 

consideration in the lens design.

The one—elem ent bi—aspherical lens [ Tatsumi 1988 ] consisted of two aspherical 

surfaces, the contours of which was expressed as polynomial function:

y(z) =  C z2{ l+ [1 —( l+ K ) C 2z 2] i} “  !+  A iz 4+  A 2z 6+  A 3z 8+  A «z1 0 (1 - 1 )

where C is the paraxial curvature, K the conic coefficient and the Ai coefficients are 

the i'th— order deformation terms. y and z are refered in figure 2— 1 in next

chapter. The parameters in the formula and some other param eters were taken as 

in Table 1—1, but the thickness of the lens and the ratio of the index of the lens

and the surrounding material were not given. By analogy, the thickness of the lens

was found to be 4.5mm and the index ratio to be 1.49. The lens is depicted in 

figure 1—2(a).

The lens was optimised by raytracing. The calculated spot width as a function of 

incident angle is shown in figure 1—2(b). The measured half—power width of the 

focal spot is also shown in the figure. The spot width was within 1.5/mi in the 

incident angle range of ±5°, which is actually a very good result. This was reported 

in a letter but no further detail about the lens analysis and measurement and its

application to IOSA was reported.
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The lens design was based on isotropic waveguide. W hen working on an anisotropic 

waveguide, the spot size will broaden and the background noise rise as will be seen 

in the next chapter, even though the calculated result ( on isotropic waveguide ) was 

in good agreem ent with the experiment result on an anisotropic x— cut LiNbO 3 

waveguide, as shown in figure 1—2(b).

The same param eters are used for raytracing and Huygens— Fresnel analysis in the

next chapter. The spot width calculated from raytracing and that from 

Huygens— Fresnel analysis differ substantially. The spot width from raytracing is 

bigger than that in figure 1—2(b) and changes with o ff-a x is  angle dramatically. The

spot width from Huygens— Fresnel analysis is only slightly larger than that in figure

1—2(b) but not as uniform as shown here. However, the best focal surface is a 

curve. On any fixed plane, the spot width changes with off—axis angle. The 

analysis shows that when the lens is working on an anisotropic waveguide the spot 

width is even bigger. One may conclude that even with as small relative aperture as 

0.25, the one—element lens still has field curvature, although the spot size could be 

very small, near diffraction limit.

Using a multi— element lens is an effective means of reducing aberration. There 

have been some contributions in the study of multi— element acircular lenses [ Righini 

1987, Laybourn 1988 ]. It was found that the number of refracting boundaries 

needed to obtain a well— aberration— corrected lens— set has the following empirical 

formula [ Righini 1987, Laybourn 1988 ],

( 1 + m0 2 )
h = -----------------------------------------------------------  (1 -2 )

4 m0 ( n -  1 ) ( 1 -  a 0 ) ( f # )#

where m 0= 5  and a= 0.03 are empirical coefficients, 6 is the working semi—field 

angle range in degrees, f# = f /D , the f/number, D is the aperture of the entrance
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pupil diam eter, n is the index ratio of lens and surrounding material, h is the 

minimum num ber of the refracting boundaries required for the desired performance. 

The larger the relative aperture and angle range and the lower the ratio of high 

index of the lens to the low index of the surrounding waveguide, the more the 

boundaries. For the LiNbO 3 waveguide system and glass waveguide system the index 

ratio available can be up to a little more than 1.055. For the lens with 

f/num ber= 3 .0  ( relative aperture 0.33 ) and angle range ±8°, at least five acircular 

lenses must be used [ Righini 1987 ], while for the lens with f/num ber= 3.3  ( relative 

aperture 0.3 ) and angle range ±6°, a four—element acircular lens is feasible 

[ Laybourn 1988 ]. For the lens with f/num ber= 4.0 ( relative aperture 0.25 ), angle 

range 6= ±5° and n= 1.049, as used in [ Tatsumi 1988 ], 4 lenses ( h = 7 .8  ) are 

needed, and if n= 1.055 3 lenses ( h = 6 .9  ) are needed. For a one—element lens 

with 0= ±5° and n=  1.055, the relative aperture has to be less than 0.14 

( f/num ber>7.1 ), otherwise the wide beam aberrations will distort the lens 

performance and then there might be some sacrifice, such as field curvature. For 

small relative aperture, the diffraction spot will be large and the dynamic range of 

the device will be small. If two lenses are used the relative aperture can be up to

0.22 ( f/num ber> 4.6  ). On the other hand, if a one—elem ent lens is to be used

with f/num ber= 4 ( relative aperture =  0.25 ), 0 = ± 5 °, the index ratio n must be

bigger than 1.1, which is not available for LiNbO 3 waveguide technology at present.

A four— element acircular lens design has been reported [ Laybourn 1988 ]. The 

lens surfaces have the form of (1—1) and the param eters are as in table 1—2. The 

lens is depicted in the next chapter. In the next chapter, it will be shown that this 

four— element lens has an excellent optical performance even on anisotropic

waveguide.

The fabrication of multi— element thin— film lenses has not been reported so far. It 

is apparent that the more the boundaries, the more difficult the fabrication because 

of the multi— fold coupling losses on the boundaries, which is an intrinsic problem in



integrated optics. The possibility of fabrication of multi—elem ent lenses is the main 

concern in this work.

x— cut and y— cut LiNbO 3 are the most im portant substrate materials for 

acousto— optic application. But waveguides on these materials are optically 

anisotropic. The refractive index varies with the direction of the light beam and so 

the light is traveling in a different way from that in the normal isotropic optical 

material. The study of the anisotropic optical perform ance of the lens is of great

im portant to achieve good lens performance and this is another main object of this 

work.

1.3. S tructure of the Thesis

Chapter Two addresses performance analysis of waveguide lens. At the beginning, it 

talks about the differences between normal bulk lens and waveguide lens. Then it 

considers how to assess waveguide lens performance. Anisotropic optical analysis will 

be the main issue in this chapter. Raytracing and Huygens— Fresnel analysis are 

used, considering anisotropic behaviour of the light beam. Optical performance of 

the four— element lens and the one— element bi— aspherical lens, which are optimally 

designed on isotropic waveguide, are analysed on anisotropic waveguide. The 

waveguide lens can be designed on anisotropic waveguide, and there will be an

example of one— element lens design at the end of the chapter.

Chapter Three presents theoretical modeling of the overlap integral of electromagnetic 

field, for both TE and TM modes, on the boundary of two waveguides with several 

index profiles. The waveguide structures for optimum overlap integral are predicted. 

Optical field profiles were measured experimentally and overlap integrals were 

calculated for LiNbO 3 waveguide and glass waveguide and compared with the theory.

Coupling efficiency was mearsured as light intensity distribution in m— line, which



gives the actual optical energy transmission over the lens boundary.

In Chapter Four, LiNbO 3 waveguide technologies of TI, PE, DPE and TIPE are 

described and Li 2O outdiffusion is addressed because it is still a controversial 

problem. In addition to the main object of producing waveguide lenses, some work 

on other integrated optical devices was undertaken. Buried TI waveguide and a

buried waveguide polariser were developed. A new method of E r:T i co—doping for 

a waveguide laser was explored.

In Chapter Five, the process of lens fabrication is discussed where mask layer for 

blocking PE is addressed. Some fabricated waveguide optical components are shown 

and the fabrication tolerances on the waveguide lens perform ances are discussed.

Finally, there is a review of the work and suggestion for future work in Chapter Six.
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T a b le  1 -1  P a ra m e te rs  f o r  th e  s in g l e - e l e m e n t  b i - a s p h e r i c a l  le n s

[ T atsum i 1988 ] . D=3mm. f==12mm. D /f= 0 .2 5

P a ra m e te r Ent ra n e e b o u n d a ry E x i t  b o u n d a ry

C 8 .3 2 6 5 X 1 0 " 1 -1 .0 3 5 2

K -5 .6 8 0 3 X 1 0 " 1 -1 .0 0 7 9

Ai -2 .7 4 6 1 X IO " 2 3 .0 7 7 0  X IO " 2

A 2 -8 .4 0 7 7 X IO " 3 -1 .7 8 0 6  X IO " 3

A3 1 .6 7 1 6 X 10-3 -3 .2 0 1 9  X IO " 3

A4 -1 .2 6 8 7 X IO " 3 7 .4 3 4 5  X 1 0 “ 4

T a b le  1 -2 .  G e o m e tr ic a l  and  o p t i c a l  c h a r a c t e r i s t i c s  o f  th e  fo u r -e le m e n t  

a c i r c u l a r  hom ogenous r e f r a c t i n g  le n s  [ L ay b o u rn  1988 ] .  

D im en sio n s  a r e  g iv e n  in  mm. Space i s  th e  a x i a l  d i s t a n c e  to  

th e  n e x t s u r f a c e .  E f f e c t i v e  f o c a l  l e n g th  f= 1 9 .7 9 9 9 , b ack  

f o c a l  l e n g th  = 1 4 .8 7 1 1 , sy s te m  t h i c k n e s s  = 9 .2 5 8 5 , l i n e a r  

a p e r t u r e  = 6mm, f /n u m b e r = 3 .3  an d  s e m i - f i e l d  a n g le  = ±6°-

in d a ry C K Ai

1 0 .1 9 4 9 5 5 2 1 -1 .5 7 8 7 7 5 -1 .2 6 5 2 4 X 1 0 -4

2 0 .0 2 7 0 9 1 8 6 1 .6 5 1 0 4 4 3 .0 8 4 0 6 x 1 0 -4

3 0 .2 0 6 2 1 0 4 1 -0 .0 4 8 1 8 6 -7 .9 8 6 9 5 X 1 0 -5

4 -0 .1 2 6 9 4 0 1 4 -1 .9 0 9 4 3 1 1 .4 7 5 7 4 x 1 0 -4

5 0 .0 8 9 2 1 8 5 1 -1 .7 5 0 2 6 4 -2 .7 4 1 4 1 x 1 0 -4

6 -0 .1 8 8 1 9 8 5 9 -0 .9 4 7 8 1 6 1 .2 8 4 9 1 x 1 0 -4

7 0 .0 0 7 5 5 8 5 7 1 4 2 .4 5 5 7 6 2 -3 .9 4 2 1 4 x 1 0 -4

8 -0 .2 3 7 6 4 2 5 8 -0 .8 8 8 1 1 2 6 .5 2 2 2 9 x 1 0 -4

A2 A3 A4 S pace

1 -6 .1 1 4 8 4 X 1 0 -5 -3 .0 6 7 1 7 X 1 0 "6 3 .5 4 3 6 8 X 1 0 "9 1 .0 9 8 8

2 -1 .1 0 4 1 5 x 1 0 -5 -1 .0 7 6 0 5 X 1 0 " 6 -3 .5 9 9 5 5 x 1 0 -9 0 .1 1 4 0

3 1 .2 3 8 0 1 x 1 0 -5 7 .7 6 3 8 7 X 1 0 "7 -9 .8 7 9 5 5 X 1 0 " 8 2 .2 9 7 5

4 -4 .7 7 2 4 5 X 1 0 "6 -2 .1 7 9 1 4 x 1 0 -5 5 .4 5 0 4 2 x 1 0 -5 0 .6 4 0 1

5 1 .9 9 7 3 2 x 1 0 -5 5 .4 8 2 4 6 X 1 0 -7 -3 .7 9 7 2 6 x 1 0 -5 2 .6 5 1 6

6 -1 .9 7 8 4 9 x 1 0 -5 -1 .0 6 9 8 6 x 1 0 -7 -1 .5 0 2 4 0 x 1 0 -7 0 .4 1 9 6

7 -1 .2 8 4 4 9 x 1 0 -5 -6 .2 5 0 7 7 x 1 0 -7 -1 .6 6 8 1 1 x 1 0 -7 2 .0 3 6 9

8 2 .6 3 3 6 5 x 1 0 -5 1 .4 9 9 0 0 x 1 0 -5 -9 .4 0 1 6 0 x 1 0 -9 .
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Figure 1—2 (a) the one—element bi—aspherical lens; (b) the 

dependence of spot width on incident beam angle, 

  calculated, • • • • experimental [ Tatsumi 1988 ].
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CHAPTER TW O: HOM OGENOUS LENS PERFORM ANCE

II.1. Introduction

This chapter deals with some considerations in waveguide lens design. Optical lens 

design has a long history and there have been abundant papers, books and 

commercial lens design software. But waveguide lenses have some different

characteristics from normal conventional bulk optical lenses. In the second section, 

there will be some explanation of the differences. In the third section, there will be 

discussion about how to assess the performance of waveguide lens, where there are 

again some differences from bulk lens assessment.

Even though anisotropic optical propagation has been well understood in bulk

materials and some anisotropic optical components have been developed, it seems that 

no body would dare to use anisotropic optical lenses because of the tricky behaviour 

of the light beam. But we may have to wake up the sleeping dog because of the 

strong interest in LiNbOa devices which is unfortunately optically anisotropic. In the 

fourth section, there will be discussion about anisotropic optical analysis in integrated 

optical devices, which is more complicated than the bulk optical case, and in the 

fifth and sixth sections there are theoretical results of anisotropic performance of 

four— element and one— element homogenous lenses. As will be seen in the next 

chapter, the coupling efficiency on the boundary of the lenses limits the overall 

power transmission; multi— element lenses have poor overall power transmission 

efficiency. So, in section seven a new design of single— element lens is provided,

considering anisotropic aberration, making some compromises with the optical

performances.
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II.2. Differences between Waveguide Lens and Bulk Lens

II.2.1. M aterial Refractive Index and Effective Refractive Index

The basic physical difference between the conventional bulk optical lens and the

waveguide lens is in the form of the propagation of an electromagnetic wave. In the 

bulk lens, the electromagnetic wave is travelling in a 3— dimensional region, uniform 

in refractive index or with just slow variation, except on the interface of two 

different media. The propagation of the wave is characterised by its speed v= c/n

where c is the speed of electromagnetic wave in vacuum and n is the refractive

index of the medium where the light is propagating. Refraction on the interface

obeys Snell's law using refractive indices of the two media. In the waveguide lens, 

the electromagnetic wave is confined in a guiding layer of high refractive index in 

2— dimensions, a so— called guided wave. The propagating speed of the guided wave 

is now characterised by its propagation constant /3= kne=  kc/ve , where k=2?r/X is the 

wave vector, ne is the effective refractive index and ve=  c/ne could be called the

effective propagating speed. (3 equals the phase change in a unit length and the

speed ve=  c/ne=  kc/ (3. When the guided wave crosses the boundary of two disparate

waveguides, refraction takes place because the guided wave has different propagating

speed, and hence effective refractive indices, in the two waveguides and the guided 

wave must change its direction to preserve the wavefronts on the boundary. 

Considering that it is the effective index ne rather than the material refractive index 

n that decides the wave propagating speed, Snell's law still holds good provided n e is 

used instead of n. For any given waveguide structure, the effective refractive index 

can be calculated by solving wave equation as done in the next chapter, and then it 

can be used in optical design. Once the effective refractive indices all over the

propagating area are known, the optical design can be carried out using the normal 

procedure.
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II.2.2. Ratio of the Indices of the Lens and that of Surrounding M aterial

In the normal bulk glass optical lenses, the index of the lens material is about 

n j p l . 5  and that of surrounding material is n p l .O .  The difference of the indices 

^ n = 0 .5  and the ratio of them n j j /n p l .5 .  The difference between the refractive

indices ( and the effective refractive indices ) of the lens the surrounding material is

very small. For LiNbOa, the effective refractive index of low index waveguide, as

surrounding m aterial, is about n eff p  2.208 and that of high index waveguide, as

lens, is about neff j p  2.330. ^n =  0.122 and neff h /neff p  1.0553. For glass

waveguide, the effective refractive index of the low index waveguide is about 

ngff p  1.516 and that of the high index waveguide is about nef f j p  1.600. ^n=  0.08

and neff h/neff p  1.0554. The low ratio of the high index to low index results in

poor refraction power at the boundary and one can see that the focusing point would 

be far away from the lens, which means a small relative aperture. To strengthen 

the refraction power, the curvature of the lens must be bigger or more lens elements 

must be used.

II.2.3. Aberrations

In normal bulk optical lens, there are seven defined aberrations: Chromatic

Aberration, Spherical Aberration, Coma, Astigmatism, Curvature of Field, Distortion 

and Lateral Chromatic Aberration. The situation is quite different in the case of the 

waveguide lens. In integrated optical devices, the light source is laser which is 

monochromatic. So the Chromatic Aberration and Lateral Chromatic Aberration, 

which occur only when the light has mixed wavelengths, can be ignored.

Astigmatism results from a spatial ( out of the optical plane ) light beam. Because 

the waveguide lens lies in a 2— dimensional plane, there is no skew ray into or out 

of the waveguide plane. Therefore, there is no Astigmatism Aberration. O ther

aberrations still exist. Distortion is the departure of the actual position of focal spot 

from the ideal position. It will be no bother, because from the practical point of
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view the exact relationship between the angle of the incident beam and the position 

of the focal spot will be calibrated. If the rays at different positions in the aperture 

have different optical paths they will not all intersect at a common focus. When the

incident beam is along the lens axis the distortion is called Spherical Aberration, and

when the beam is at off— axis angle it is called Coma which is also caused by the 

lack of symmetry and is one of the most objectionable aberrations. In a bulk optical 

lens Coma appears as a 2— dimensional comet shape on the focal plane, but in a 

waveguide lens it is turned into a line with varying intensity. The Curvature of 

Field is the failure of the lens to transform a plane object into a plane image. 

Among those aberrations, Spherical Aberration, Coma and Curvature of Field are the 

m ajor factors affecting the lens performance and will be of main concern to the 

homogenous lens designer.

In an anisotropic material, the light beam has varying refractive index related to the 

direction, which will obviously change the focusing behaviour and introduce 

Anisotropic Aberration. Because the most interesting materials for integrated optics 

acousto— optics applications are x— cut and y— cut LiNbO 3 on which the waveguides

are anisotropic, Anisotropic Aberration must be taken into consideration.

II.2.4. Flexibility of Design

The surface of normal bulk optical lens is spherical, because of the easy manufacture. 

Aspherical surfaces can made by computer controlled polishing machine, but are 

costly. The waveguide lens is actually a 2— dimension shape, and its contour is just 

a line. Using planar techniques, any shape of contour can be made. So, the 

equivalent of aspherical surfaces can be used in waveguide lenses, giving great 

flexibility to the lens design, reducing aberration and the num ber of lenses.

II.3. Assessment of Lens Perform ance
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With commercial lens design software, the aberrations can be automatically corrected 

and the lens optimized for the param eters required. The only thing needed to be 

aware is what param eters are wanted for the lens. The detailed procedure of lens 

design using commercial software is not part of this project and will not be discussed

here. Some excellent designs have been made and have been used in this project.

In section seven a single— element lens design is described but it has not been 

produced by the standard software. Here it is shown how to assess lens

performance.

The m ajor parameters of the performance of homogenous lens are as follows:

1. Relative Aperture D/f: where D is the aperture of the entrance pupil diameter. 

For a fixed focal length, the bigger the D /f is, the more light the lens can collect, 

and the larger the dynamic range of the device. Correction of aberrations is difficult 

for large relative aperture. The focal spot size will be limited by diffraction. This 

diffraction limitation is approximately expressed as X0f/neD, where X0 is the

wavelength in vacuum, ne is the refractive index ( effective refractive index in the

case of a guided wave ) in the surrounding area. The larger the D /f, the smaller

the diffraction limited spot size. The 4—element lens design [ Laybourn 1988 ] has 

relative aperture of 0.3 but the lens with relative aperture 0.33 must have 5 elements 

[ Righini 1987 ];

2. Resolution N: It is the capacity of the lens to discriminate between two closely

focused spots. For the Fourier transform lens, high resolution in the focal plane 

means high resolution of incident beam angle and hence high resolution of the

measured param eter, i.e. the frequency in the case of an IOSA. There are two 

factors affecting the resolution: aberration and diffraction. Aberration increases the 

spot size and diffraction prevents the focussed spot from further decreasing. Ideally, 

the aperture of the lens should be as big as possible so that the diffraction limited
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spot size is the minimum, and the aberration is reduced to the extent that the spot 

size is no longer bigger than the diffraction limited spot size, then it is thought 

aberration free. But increasing the aperture of the lens will increase the difficulty of

aberration correction. The 4— element lens has a theoretical resolvable spot size of

2  /xm and can resolve 2800 spots in the incident angle range of ±8 0 on isotropic

material, as will be shown in the next chapter;

3. Focal length f: It determines the device size, so f should be limited, otherwise the 

device will be too large and attenuation of the guided wave will increase. In a 

Fourier lens, the angle resolution ^ a  could be expressed as ^ a =  <=>cr/f, where is 

the resolvable spot size on the detection plane. Increasing f could increase anglular 

resolution. For a bigger lens with the same relative aperture D/f, the diffraction 

limitation does not increase but the angle resolution increases because of larger f,

provided that the spot size is still near diffraction limitation;

4. Field of View 2a: Over the entire field of view, the lens should focus to below 

the required resolvable spot size. This decides the measurement range. The 

4— element lens has field of view of ±8 0;

5. Curvature of Field: It is where the optimal focused spots with different incident 

angles are located. Normally, it should be a plane or straight line in the

2 — dimensional case so that all these focused spots can be detected by the steady 

optoelectronic detector. Nevertheless, with the development of hybrid thin film 

detector on glass or LiNbO 3 [ Yi— Yan 1989 ], an optoelectronic detector array with 

any shape of detection surface maybe possible in the near future. In that case, the 

curvature of field will not be a trouble and then it is not necessary to restrict the 

focus to a plane or straight line.

6 . Signal Noise Ratio ( SNR ) by Huygens— Fresnel Analysis: SNR is defined as the 

ratio of the intensity of the signal to that of the background noise. Obviously a
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signal level smaller than the noise level will unlikely to be detectable. The

background noise level decides the ability of the component or the system to detect 

the small signal level. The smaller the background noise level, the larger the range 

( so called dynamic range ) of the detectable signal. There are many sources of

noise, but the lens itself introduces noise and this is a concern in the lens design 

and analysis. All parameters mentioned previously are calculated by geometrical 

optics analysis. In geometrical analysis, all light rays are thought to be independent. 

But from the point of view of physical optics they will interfere with each other,

when diffraction will happen in the pupil. Taking diffraction into consideration, the

physical optics method of Huygens— Fresnel analysis can give optical intensity

distribution on the focal plane, and then allow the analysis of the SNR.

II.4. Anisotropic Optical Analysis for Integrated Optics P lanar Lenses

All the lens designs mentioned previously were based on isotropic material, i.e. glass, 

GaAs or z—cut L iN b0 3 waveguide on which the propagation is isotropic. However

the most interesting materials for acousto— optical applications are planar waveguides

grown on y—cut or x—cut LiNb0 3, which are anisotropic. Those lenses must have

modified parameters when used on anisotropic waveguide. Zhou and Ristic have 

contributed to the study of anisotropic aberration of a single element homogenous 

lens using geometrical optical analysis [ Zhou 1989 ]. Such analysis is necessary for 

lens design, but more comprehensive understanding of the lens behaviour is needed in 

practice. This section will analyse the anisotropic performances of waveguide lens 

using ray tracing and Huygens— Fresnel analysis.

The 4— element homogenous planar lens is depicted in figure 2— 1 to help to 

understand the anisotropic structure of the materials. The substrate material is x— cut 

LiNbOs, while the analysis is identical for y—cut LiNbOs because the two are 

optically similar. The optical axis of LiNbC>3 is along the Z  direction, so the TE
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mode will see the extraordinary refractive index when propagating along the Y

direction and see the ordinary refractive index when propagating along the Z

direction, while the TM mode has polarisation direction perpendicular to optic axis

and sees a constant ordinary refractive index. Because proton exchange 

( PE ) produces an increased extraordinary refractive index and a decreased ordinary 

index, only the TE mode is guided. In IV.4. it will be seen that TM mode

propagation is also possible for the TIPE system.

For refraction to take place, the lens region should be a high refractive index

waveguide with effective refractive index n^  eff(|S) and the surrounding guide region a 

low refractive index waveguide with effective refractive index nj eff(/3). These 

effective refractive indices vary with the angle (3 of the ray with respect to the Z

axis in the Y— Z plane because the refractive indices of the waveguide material, i.e. 

ns(@) for the substrate, n^/S) for the high index waveguide and nj[/3) for the low 

index waveguide, vary with (3.

Because of the anisotropic performance of x— cut and y— cut LiNbO 3 , raytracing in

the planar waveguide is not straightforward. The light ray E  ( direction of

propagation, see figure 2—2 ) and the wave normal K are not in the same direction, 

and on the boundary of two different waveguides the refraction of the wave normal 

K, not the ray E, obeys Snell's law, using effective index instead of material index. 

Ray E is the direction of energy flow and is to be used for raytracing. So it must 

be kept in mind that the direction and effective index of the ray E are used for 

raytracing and calculating the optical path, while the direction and effective index of 

the wave normal K are used for calculating angles of refraction.

II.4 .1 . Material Refractive Indices

A point light source polarised as a TE wave spreads out in the Y— Z  plane with a 

elliptical energy velocity profile as shown in figure 2—2(b). The velocity of ray E in
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the direction /3 is expressed as

v „ vo ve
v E ( 0 ) --------------------------------------------------------------------------------( 2 - 1 )

7 ( v 0 2 s i n 2 ((3) + v e 2 c o s 2 (|3 ))

where v0 and ve are velocities of ray E along the Z  and Y directions respectively.

The wave normal K is in the direction 0. The velocity of K can be obtained as vj^ 

in the figure, the cross point of the tangent through vj? and the wave normal K 

which is perpendicular to the tangent. The angles 0 and |3 are related by

v e 2 n o 2
ta n ( |3 )  = -----------  X t a n ( 0 )  =------------- X t a n ( 0 )  (2 -2 )

where nD is the ordinary refractive index and ne is the extraordinary refractive index 

of the wave normal K. vj^ can be obtained from vg:

1 + t a n 2 (/3) X n e 2 /  n Q 2
vK( 0 ) -  v E (|S) x  co s  ( 0 ) x  -------------------------------------------------

7 (1  + t a n 2 (|3) X  n e 4 /  n Q4 )

1 + t a n 2 ( 0 ) X n Q 2 /  n e 2

= v e ( 0 )  x  c o s ( 0 )  X ------------------------------------------------------------------  (2 -3 )
7 (1  + t a n 2 (0 ) X n Q 4  /  n e 4)

The index of the wave normal forms another elliptic section as shown in Fig.2— 2(a) 

and is expressed as

n on e
nK( 0 ) ------------------------------------------------------------------------------- (2 -4 )

7 ( n o 2 s i n 2 (0 ) + n e 2 c o s 2 ( 0 ) )
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When nQ and ne take the values in Table 2—1, which are quoted as the parameters 

of Ti indiffused ( TI ) waveguide and TI plus proton exchange ( TIPE ) waveguide, 

nj£(0), expressed in (2—4), becomes the corresponding material indices of the 

substrate ( n ^ # ) ) ,  low index waveguide (nj£i(0)), and high index waveguide (nKh(0)) 

for the wave normal K, which are plotted as function of 0 in figure 2—3.

nE , the index of the ray E is at the cross point of the tangent at and the ray

E which is perpendicular to the tangent, nE is related to nj^ as

1 + t a n 2(|5) X n e 2 /  n Q2
nE (|S) = nK(0 ) X c o s (0 ) X ----------------------------------------------------

7 (1  + t a n 2(0 ) X ne 4 /  n Q4 )

1 + t a n 2 (0 ) X n Q2 /  n e 2
= n ^ (0 )  X c o s (0 ) X ---------------------------------------------------  (2 -5 )

7 (1  + t a n 2 (0 ) X n Q4 /  n e 4 )

Substitute (2—2) and (2—4) into (2—5), giving

nE (0 ) = 7 ( n 0 2 X c o s 2 (0 ) + ne 2 X s i n 2 (|3 )) (2 -6 )

The following relationship always holds

v o x  n o = v e x  n e "  vK(0 ) X nK(0 ) = v E (|3) X n E (|8) = c (2 -7 )

where c is the speed of light in vacuum.

II.4.2. Waveguide Effective Index Calculation

The guided wave will see the effective refractive index of the waveguide. As with 

the material refractive index, an effective refractive index profile can be found for
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the wave normal K as a function of 0, n ^  eff(0), and for the ray E as a function 

of (3, n g  eff(/3), and then the relationship between n ^  eff( 0) and n g .eff(|3) may be 

obtained. Firstly we define the waveguide structure. Perpendicular to the plane

Y— Z of propagation, in the X direction, the variation of material refractive index is 

steplike:

n ( x , 0 ) = nw( 0 )

x > 0

0  > x > -d

-d  x

a i r

w avegui de 

s u b s t r a t e

( 2 - 8 )

The waveguide depth is d, and the values calculated for maximum coupling efficiency 

on isotropic z—cut LiNbO 3 waveguide ( see Chapter III ) have been used: d is 

2 .2 0 /mi and 2 .6 6 /mi in the low index and high index guide sections, respectively. 

ns( 0) and n ^ f l )  are calculated from (2—4), using the values of ordinary and 

extraordinary index in each material layer given in Table 2 — 1 .

The effective refractive indices, nKLeff(0) anc* nKh e f f ( ^ or wave normal K and 

nEl.eff(£0 anc* nEh.eff(£0 ôr t îe ray ^  *n *ow anc* index waveguide may be

obtained by solving the wave equation [ Yariv 1973 ] at any given angle.

However, an analytical solution is required in order to establish a relation between 0 

and /3, and an approximation by analogy with the bulk material refractive indices is 

required. The equations (2—4), (2—6) and (2—2), used to determine nj^(0), ng(|3) 

and the relation between 6 and (3 in anisotropic bulk medium, have been applied to 

the anisotropic waveguides to determine the equivalent effective indices and angles. 

In order to apply these equations we need the effective indices n 0  eff and ne eff, 

which are the effective refractive indices of the TE mode along the Z and Y 

directions respectively, in each waveguide. For the low index waveguide they may be 

calculated, and applied to equations (2— 4) and (2— 6 ) to give n^Q eff( 6) and 

nEl.eff(^)- The values of njQ eff( 6) and n g j>eff(|3) calculated from (2—4) and 

(2—6), using n0j eff and nej eff in Table 2—1, agree with values calculated from the
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wave equation to ^nKl.eff(^) and ^ n g j>eff(|3) <  3 X 10— 5, justifying the extension 

of the bulk index equation to the waveguide case. The function of nK l.eff^ ) is 

shown in figure 2—3. In the high index waveguide case, because of the anomalous 

variation of the bulk n^( 0) and ng(/3) in TIPE waveguide ( after proton exchange, 

the n0 decreases rather than increases ), the guide is cut off for 0 < 3 1 °, and there 

is no physical meaning for n ^  eff(0) or n g ^  eff(0) =  n ^ ^ f f .  However, a value 

for n ^  eff can be obtained by calculating nj^h.efK 0) from the wave equation at an 

arbitrary value of 0, near to cut off, and substituting into equation (2—4). The

approximated njQj eff( 0) is shown in figure 2— 3 and is found to be good for 0

large, well away from waveguide c u t-o f f .  The values of njch.efK 0) and n g ^  eff(/3) 

calculated from (2—4) and (2—6), using nQh.eff and nejj>eff in Table 2—1, agree 

with the values calculated from the wave equation to an accuracy of better than 3 x 

10“  5 in the angle range of 0 >  75°, where in our calculation the light ray lies.

Because the effective refractive index profiles of the wave normal K and the ray E 

have identical form as material index profiles, the relation between their direction 0 

and (3 must be the same as in bulk material, expressed in (2—2). With any

direction of ray E or wave normal K, the effective index can be obtained from 

(2—4) or (2—6), and the direction of the corresponding E or K calculated from 

(2—2). In the calculations that were made, the ratio of effective extraordinary

indices of high and low index waveguide sections, shown in Table 2—1, was 

2.3293/2.2080= 1.0549365^1.055. The ratio 1.0550 was used in optimising the 

performance of the 4— element lens design on isotropic z— cut LiNbO 3 waveguide 

[ Laybourn 1988 ].

II.4.3. Ray Tracing Procedures

The raytracing is carried out as follows, and illustrated in figure 2— 4 where WG1 

and WG2 represent two different waveguide divided by refractive planes. A known 

incident ray E i ^ )  in WG1 is considered, propagating in direction (3^, with respect
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to the Z  axis. The direction 0 1 of the corresponding wave normal K i(0 .,) is 

obtained through (2— 2) with nQ and ne taking effective values of the related 

waveguide in Table 2—1. The effective indices n ^  and n E i.e fK ^ i)  are

worked out from (2—4) and (2—6). Then the ray E i (̂ 3 n) is traced to the first 

boundary and the optical path calculated. At the boundary the refraction of the 

wave normal is calculated by a successive approximation routine, necessary since the 

effective refractive index, n j^2 eff(0 2) to be used in Snell's law is itself dependent on 

0 2, the direction of the wave normal K 2( 0 2) in the next waveguide section. /32 is 

then calculated from 0 2 using equation (2—2) and E 2 ((32) is traced to the next 

boundary. The process is repeated for each ray at every boundary, giving the 

position, direction and relative phase of each ray at any surface ( including the focal 

plane ).

II.5. Anisotropic Perform ance of Four— Elem ent Waveguide Lens

II.5.1. Raytracing

A program was written for light beam raytracing on anisotropic waveguides. 

Repeating the computation for 101 rays, forming a parallel incident beam, on all 

boundaries, the beam waist size can be obtained by ray analysis at the detection 

plane.

Figure 2— 5 shows the performance of the four— element lens on anisotropic material, 

the parameters of the lens is given in the Chapter One. The waist varies with 

off— axis angle with back focal length as a param eter. The incident beam is 2mm 

wide. The back focal length is taken as the distance from the back surface of the 

lens to the detection plane. As a comparison, the dashed lines in the figure show 

the waist size of the lens on isotropic material.
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II.5.2. Huygens— Fresnel Analysis

Ray analysis breaks down if the focused spot size is within or near to the diffraction 

limit. The Huygens— Fresnel method allows the calculation of the amplitude and 

phase of the wave in the focal plane. The data on the positions and phases of all 

101 rays on the last surface of the lens, as the result of raytracing, were then fed 

into another program. Each position was considered as a new wavelet source with a 

calculated initial phase. All 101 wavelets interfere and, by summing in phase and 

out of phase components of all wavelets on the detection plane, the optical intensity 

profile can be obtained. The electric field amplitude from each wavelet is

1
E ( r ) =  ----------- e x p ( “ *k( rne ) c o s ( y )  ( 2 - 9 )

r i / 2

where k= 2ir/X 0, r is the distance from the wavelet to detection point, <p is the initial 

phase at the lens surface, ne(/3) is the effective refractive index of the ray E, y  is 

the angle between the ray and the normal of the lens surface. Note that the energy 

from the point source is spreading out in an elliptic wavefront with an approximate 

perim eter of 27rr, but in the normal bulk lenses, the wavefront is spherical with area 

of 4 ttt2. So the intensity on the wavefront is proportional to 1/r instead of 1 / r2, 

and the amplitude E(r) is proportional to 1 / r 1̂ 2 instead of 1/r. cos(y) is the 

declination factor showing the reduction of intensity because of the non— normal 

radiation from the surface. The back focal length is large compared with lens 

aperture, so, as confirmed by calculation, c o s C y ) /^ 2 contributes no significant 

difference and can be ignored.

An incident Gaussian beam can be constructured by giving an initial amplitude 

distribution to the incident beam. Figure 2— 6 shows optical intensity profiles on a 

focal plane for a Gaussian intensity profile incident beam with Gaussian width
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A =6m m , beam width D= 6mm and wavelength X= 0.633pm  at the incident angle of

0°, 2°, 5° and 8°. The spot size cr is listed in table 2—2. From the figures and

the table it can be seen that at the focal plane 15.91mm away from the last lens 

surface the focal spot size can be held to 2 .8 /un at — 8.1 dB of peak intensity in the 

incident angle range of ±8°. The optimum focal surface is still considered to be a 

plane, or straight line in this 2— D planar lens case. The number of resolvable spots 

N then is estimated as in table 2— 2, assuming an average diffraction spot size of cr 

=  2.8/mi in the range of Yc on the focal plane, while Yc is the distance between 

the spot and lens axis in the focal plane ( shown in figure 2—1 ), and

N =  2 x  Yc / cr.

Using a 2mm wide incident beam the focused spot widened, because of stronger

diffraction, and the sidelobes were reduced somewhat. Vice versa, with a wider

beam, the spot size decreases, but at the same time the background noise increases,

as the sidelobes rise up. This fact means that, here, diffraction is limiting the spot

size. Reducing the light beam aperture only reduces background noise but not spot

size, even though aberration may be reduced somewhat.

As a comparison with the isotropic case (z—cut LiN b0 3 waveguide), figure 2—7

shows optical intensity profiles for an incident beam of D = A= 6mm wide and 

X=0.633/mn at the incident angles of 5 0 and 8°. At the focal plane 14.87mm away 

from the last lens surface the focal spot size can be maintained at about 2fjxn at 

— 17dB in the incident angle range of ±8°. The spot sizes and estimated resolvable

spot numbers are listed in Table 2—3.

II.6. Perform ances of O ne— Elem ent Lens

The same analysis procedures as in the last section for the four— element lens are 

used for one— element lens analysis. Figure 2— 8 shows intensity profiles for an
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Elliptical—Hyperbolic lens [ Laybourn 1988 ] used on anisotropic material. The 

on— axis performance is acceptable but the off— axis performance is greatly degraded.

Raytracing calculations for the one—element bi— aspherical lens [ Tatsumi 1988 ] show 

that the spot width is bigger than reported ( shown in figure 1—2(b), Chapter One ) 

and it increases dramatically with off— axis angle on isotropic waveguide. The detail 

calculation was not given in the Letter so there is no way to compare the

calculations. The parameters used include some deduced ones which did not appear 

in the letter, as mentioned in section 1.2. The situation on anisotropic waveguide is 

even worse. Tables 2—4 and 2—5 show the spot sizes, back focal lengths and the 

estimated resolvable number of spots from Huygens— Fresnel analysis. Even though

there are enough resolvable spots, the optimum focuses are on the different focal 

planes. There is field curvature. In addition, as compared with the four— element 

lens, the background noise is much higher.

II.7. O ne— Elem ent Lens on Anisotropic Waveguide, a New Design

It seems that some kind of compromise must be made. To get high overall power 

transmission, the number of lens elements must be reduced to the minimum, and a 

single— element lens is the ultimate configuration. The index ratio must be no bigger 

than 1.055, the largest value obtainable from the present L iN b0 3 and glass waveguide 

technologies. The number of resolvable spots should be more than 1000 in the field 

of view of a few degrees, here ±50 was used. Anisotropic aberration must be taken 

into consideration. There should be no field curvature. The background noise

should be as low as possible. In this section, a new design is provided, of

one— element lens on anisotropic waveguide.

There was no lens design software available ( specially for anisotropic lenses ), so the 

aberration optimisation can not be done automatically. Because of the huge
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computation work, the high power terms in the polynomial form of the lens contour

(1—1) are omitted and the the lens contour is expressed as:

z(y) =  Cyz{l  +  [ l - ( l + K ) C V ] * } -  ' ( 2 - 1 0 )

1). Raytracing.

Using the same programme as in section II.5.1. for anisotropic analysis, the waist

sizes are calculated to find the best C and K so that a compromise performances

over the whole range of field was obtained. The best C and K for on— axis and

off— axis points are not obtained simultaneously and there are some compromises to

be made. Several sets of raytracing results were chosen for the Huygens— Fresnel

analysis.

2). Huygens—Fresnel analysis.

The same programme as used in the section II.5.2 was used. The optical intensity 

profiles were calculated for the selected results from raytracing. Finally, one set of 

C and K giving the best performance in the incident angle range of ±50 was taken 

as the optimised design. The analysis showed that if the lens is working at a little 

lower index ratio the off— axis performance would be improved, while this was found 

in geometrical optic analysis [ Laybourn 1988 ]. So finally the index ratio of 1.0548 

was used, which can be obtained by a high effective index of 2.3290 and a low

effective index of 2.2080.

The lens is depicted in the figure 2— 9 and the parameters of C and K are given in

table 2—6. The intensity profiles for the incident angle of o = 0 ° ,  3° and 5°  are

shown in figure 2—10. The spot sizes, back focal lengths and the resolvable spot

numbers are given in table 2—7, calculated as in section II.5.2. The back focal

lengths are slightly different for different incident angles but on some optmised plane
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surface a reasonable focusing spot size can be obtained as shown in table 2—7. 

Even though there is no field curvature, the background noise is high especially for 

large off— axis angle. A marked improvement would be possible if more calculation 

time were spent and the higher polynomial terms were re— introduced.

II.8. Discussion and Summary

From  the point view of optics, the m ajor differences between the waveguide lens and 

the normal bulk optical lens are the small refractive index ratio of the lens and the 

surrounding material, and the relaxation of aberrations. The small index ratio 

complicates the lens design even though its 2— dimensional form has eased the 

fabrication of acircular boundaries and provided more freedom for lens design. The 

light beam is propagating in a form of guided wave which results in a mode 

mismatch loss on the boundary as will be discussed in next chapter. This limits the 

use of multi— element lens which otherwise could be used to tackle the problem of 

small index difference.

The assessment of the performance of a waveguide lens is concentrated on focal 

length, relative aperture, resolution, field of view, field curvature and signal—to—noise 

ratio. The successful lens design depends on the reduction of aberrations. Besides 

the conventionally defined aberrations, anisotropic aberration is addressed, considering 

the potential application of the lens on x— cut and y—cut LiNbOa.

The method of lens analysis in anisotropic waveguide is developed and comprehensive 

understanding of lens behaviour in such waveguide can be obtained.

When the 4— element lens which is optimized on isotropic material is used on 

anisotropic material, even though the waist size analysis by raytracing ( in section

II.5.1. ) shows sensitivity of waist size and position of focal plane to incident angle,
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the Huygens— Fresnel analysis shows that spot size becomes a little wider and the 

sidelobes rises but the focal surface still keeps plane. The spot size is still 

acceptable, with the number of resolvable spots estimated to be about 1320 in the 

incident angle range of ±5°, or 1060 in a range of ±4°. The m ajor drawback will 

be the higher background noise which will reduce the main lobe intensity and hence 

the signal— noise ratio.

The analysis shows that the single— element bi— aspherical lens, which has been 

reported as having good resolvable spot size [ Tatsumi 1988 ], has a big aberration 

of field of curvature. The background noise is higher than that of the four— element 

lens.

A new design of one— element lens is proposed, allowing for anisotropic aberration. 

There is no aberration of field of curvature. The spot size can be held to 2 .7 /mi 

over the incident angle range of ±5°, equivalent to 1200 resolvable spots. But the 

background noise level is high. The SNR is just — 5.7dB at an incident angle of 5°. 

The optical performance is obviously worse than that of the four— element lens, but 

the single element lens can be readily fabricated to give highly efficient light 

transmission.

The lens with contour of zj(y), ( i refers to the boundary number ) can be 

magnified or reduced H times with geometrical similarity. The new lens contours are 

described as

Zi'(y') =  H Zi(yVH) (2 -1 1 )

The spaces between the surfaces should be multiplied by H at the same time. If the 

incident beam is also accordingly multiplied by H, then the all geometrical optics 

parameters will be multiplied by H but the relative aperture D /f will remain constant. 

Even though the geometrically calculated waist size will decrease by H if the lens
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size is reduced by H, the reduction of the spot size will be limited by diffraction.

For larger lens with the same relative aperture D /f, the diffraction limitation does not 

increase but the angle resolution increases because of larger f, unlike the diffraction 

limitation, provided that the aberration remains small and the spot sizes are still in 

the range of diffraction limitation.
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T a b le  2 -1  O rd in a ry  and  e x t r a o r d i n a r y  r e f r a c t i v e  in d e x  f o r  

s u b s t r a t e ,  low in d e x  w a v eg u id e , h ig h  in d e x  w avegu ide 

an d  e f f e c t i v e  o r d in a r y  and  e x t r a o r d i n a r y  r e f r a c t i v e  

in d e x  f o r  low and  h ig h  in d e x  w a v eg u id e . X=0.633/an.

s u b s t r a t e low in d ex  
w avegui de

h ig h  in d ex  
w avegui de

low in d e x  
w av eg u id e  
e f f e c t  iv e

h ig h  in d ex  
w avegu ide 
e f f e c t  iv e

n s n l nh n l . e f f n h . e f f

n o 2 .2 8 7 2 .2 8 7 + 0 .0 0 8 2 .2 8 7 -0 .0 4 0 2 .2 9 2 2 2 .2 4 5 1

n e 2 .2 0 1 2 .2 0 1 + 0 .0 1 0 2 .2 0 1 + 0 .1 3 1 2 .2 0 8 0 2 .3 2 9 3

T a b le  2 -2  Spot s i z e s  and  r e s o lv a b le  s p o t  num ber f o r  4 -e le m e n t 

le n s  [ L aybourn  1988 ] on a n i s o t r o p i c  m a t e r i a l .  

D=A=6mm. Back fo c a l  le n g th  = 15.91mm.

6° Yc(mm) a ( n  m) 
a t  -8 .1 d B

c(/x m) 
a t  -lO .O dB

cr(lim) 
a t  - 1 0 . 9dB

N
<j=2.8  ̂ irn

SNR
-dB

0 2 .8 3 .0 3 .1 1 0 .9

±2 ±0 .793 2 .8 3 .0 566 1 0 .0

±5 ± 1 .847 2 .8 1319 8 .2

±8 ±3 .023 2 .8 2159 8 .1
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T a b le  2 -3  Spot s i z e s  and  r e s o lv a b le  s p o t num ber f o r  4 -e le m e n t 

le n s  [ L aybourn  1988 ] on i s o t r o p i c  m a t e r i a l .  

D=A=6mrn. Back fo c a l  le n g th  = 14.87mm

6°
Yc(mm) (7(/trn) 

a t  -lOdB
a  (/mi) 

a t  -1 7 .4 d B
O ' ( / A m )

a t  - 2 0 . 3dB
a  ( /on)  

a t  -2 0 .6 d B
N

0"=2/Ain
SNR
-dB

0 1 .6 2 .0 2 .1 2 .1 2 0 .6

±2 ±0.691 1 .6 2 .0 2 .1 2 .1 691 2 0 .6

±5 ±1 .732 1 .7 2 .0 2 .1 1732 2 0 .3

±8 ± 2 .7 8 4 1 .7 2 . 1 2784 1 7 .4

T a b le  2 -4  Spot s i z e s ,  b ack  f o c a l  le n g th  an d  r e s o lv a b le  s p o t 

num ber f o r  o n e -e le m e n t le n s  [ T atsu m i 1988 ] 

on i s o t r o p i c  m a t e r i a l .  D=A=3mm. nj1/n j= 1 .0 4 9  

Space b e tw een  two s u r f a c e s :  4.5mm.

0° Yc(mm) o"(/xm) 
at  -3dB

a (/Am)
at  - 9 . 2dB

a (/Am) 
at - 1 0 . 6dB

a (/Am) 
at  - 2 0 . OdB

N
(7=2 /im

b . f .
(mm)

SNR
-dB

0 1 .2 1 .9 2 .1 4 . 0 9 .9 8 2 0 .0

±3 ± 0 .6 4 1 .9 2 .9 640 1 0 .1 0 9 .2

±5 ± 1.09 2 .2 3 . 6 3 . 8 1090 1 0 . 3 5 1 0 .6

±7 ± 1 . 5 8 2 .7 4 . 3 1 0 .7 4 9 .6
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T a b le  2 -5  Spot s i z e s ,  b ack  f o c a l  l e n g th  an d  r e s o lv a b le  sp o t 

num ber f o r  o n e -e le m e n t le n s  [ T a tsu m i 1988 ] 

on a n i s o t r o p i c  m a t e r i a l .  D=A=3mm. n h / n l= 1 .0 4 9  

Space b e tw een  two s u r f a c e :  4.5mm.

e° Yc(mm) a (finl) 
a t  -3dB

a (/.i m) 
a t  -4 .8 d B

cr(ym) 
a t  - 6 . 7dB

a ( y  m) 
a t  - 1 2 . ldB

N
a=2ym

b . f .
(mm)

SNR
-dB

0 1 .8 2 .2 2 .6 3 .2 1 0 .7 1 1 2 .1

±3 ±0 .647 2 .0 2 .8 647 1 0 .8 9 4 .8

±5 ± 1 .115 2 .3 2 .7 3 .1 1115 1 1 .3 1 6 .7

T a b le  2 -6  P a ra m e te rs  f o r  th e  o n e -e le m e n t l e n s .  

D im en sio n s a r e  in  mm.

C1=0 . 500 C2— 0 .7 1 1  K l— 1 .0 5  K2— 1 .1 8

S pace b e tw een  two s u r f a c e s :  10mm. nj1/ n ] = l . 0548 .

T a b le  2 -7  Spot s i z e s ,  b ac k  f o c a l  l e n g th  an d  r e s o lv a b le  sp o t 

num ber f o r  1 -e le m e n t le n s  on a n i s o t r o p i c  m a te r i a l  

Back fo c a l  1e n g th = 1 4 . 041mm. f=18.94m m . D /f= 0 .3 1 7 . 

D=A=6mm. n j ^ / n ^ l . 0548 .

6° Yc(mm) (7(/xm) 
a t  -3dB

a(ym)  
a t  - 5 .7  dB

a ( y  m) 
a t  -5 .9 d B

a(ym)  
a t  - 1 0 . 3dB

N
cr=2.7  ym

SNR
-dB

0 1 .9 2 .6 2 .6 3 .3 1 0 .3

±3 ±1 .047 2 .7 3 .2 3 .3 774 5 .9

±5 ±1 .626 2 .5 3 .0 1200 5 .7
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guide region, low index waveguide, nl.eff(^)

Yc

substrate lens region, high index waveguide, n^ eff(/3)

parallel incident beam

Figure 2— 1. 4— element homogenous planar lens on x— cut LiNbO 3. The high 

index waveguide with the lens contour is inserted in a low index 

waveguide. The guided wave has effective refractive index 

ni eff(|3) and nh.eff(0) *n guide region and lens region 

respectively, where (3 is the ray direction with respect to the Z 

axis. a  is the incident off— axis angle. Yc is the distance 

between the focal spot and lens axis in the focal plan
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VCnc

/vene

Figure 2— 2. Elliptic sections of refractive index of wave normal K (a) and 

velocity of ray E (b) and relationship between K and E.

r nj<̂ ( 0)

Figure 2—3 Refractive indices of LiNbC>3 substrate, TI waveguide and TIPE 

waveguide and effective refractive indices of low index and high 

index waveguide on x— cut LiNbO 3.
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WG2

E 2

WG1
K2

R e f r a c t i v e  P l a n e

Figure 2— 4 Illustration of raytracing on anisotropic material.

waist(/un) back focus(mm)
15.32

15.47

15.62

. 15.77 
b.14.87

a .14.87
0 102 7 a3 S

off axis angle (degree)

Figure 2— 5 Anisotropic aberration of 4— element lens. Waist size vs incident 

angle on different positions of focal plane. Beam wide 2mm. 

Dashed line: aberration on isotropic material for incident beam of 

2mm(a) and 6mm(b) wide.
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Figure 2— 6. Calculated diffraction intensity profile for 4— element lens on 

anisotropic material. X= 0.633/nn. Incident beam D = 6mm wide 

with Gaussian width A= 6mm. Back focal length f= 15.91mm. 

Incident angle a  = 0 ° (a ) , 2°(b), 5°(c) and 8°(d). Dashed line is 

in percentage and solid line is in dB.
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Figure 2— 6. Calculated diffraction intensity profile for 4— element lens on 

anisotropic material. X=0.633jt«n. Incident beam D = 6mm wide 

with Gaussian width A= 6mm. Back focal length f=  15.91mm. 

Incident angle a  = 0 ° (a ) , 2°(b), 5°(c) and 8°(d). Dashed line is 

in percentage and solid line is in dB.
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Figure2—7. Calculated diffraction intensity profile for 4—element 

isotropic material. X= 0.633/mi. Incident beam D = 6mm 

Gaussian width A = 6mm. Back focal length f= 14.87mm. 

angle a= 5 °(a) and 8°(b). Dashed line is in percentage 

line is in dB.

lens on 

wide with 

Incident 

and solid
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- 1 0 .  O dB , 3 .6 p m

r j  \

Mi.- 2 .  7 d B f 2 . 6pm

pm

Figure 2—8. Calculated diffraction intensity profile for Elliptical—Hyperbolic 

lens on anisotropic material. X=0.633^m. Incident beam 

D = 6mm wide with Gaussian width A= 6mm. Back focal length 

f= 11.07mm. Incident angle a  = 0 ° (a )  and 2°(b). Dashed line is 

in percentage and solid line is in dB.
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Figure 2— 9. One element lens design.

-10. 3dB, 3. 3(jm

\ / ~ x ~
0 2 to

pm

Figure 2—10. Calculated diffraction intensity profile for 1—element lens on 

anisotropic material. X= 0.633^tm. Incident beam D = 6m m  wide 

with Gaussian width A =6m m . Incident angle a= 0°(a), 3°(b), 

5°(c). Dashed line is in percentage and solid line is in dB.
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« 4 • 10-4 2-10 -4

pm

Figure 2—10. Calculated diffraction intensity profile for 1—elem ent lens on 

anisotropic material. \=  0.633/un. Incident beam D = 6mm wide 

with Gaussian width A= 6mm. Incident angle a= 0 °(a), 3°(b), 

5°(c). Dashed line is in percentage and solid line is in dB.
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CHAPTER THREE: COUPLING EFFICIENCY ON TH E

BOUNDARY O F TW O WAVEGUIDES

I I I . l . Introduction

The power transmission efficiency is clearly important for optical elements. Boundary 

loss degrades the coupling efficiency of the guided wave on the boundary, and 

reduces the power transmission. Early multielement lens designs [ Laybourn 1986 ] 

using circular lens boundaries required of the order of 30 elements (and 60 

boundaries ) — coupling efficiency rj would have to be very close to 1 0 0 % at each 

boundary, while for a 4— element lens [ Laybourn 1988 ] a coupling efficiency of

92% is required on each boundary to achieve an overall transmission efficiency of 

50% or — 3dB.

The boundary losses come from mismatch between the modes in the two waveguides,

reflection from the boundary interface and scattering on the boundary.

In homogenous lenses, light is confined in a high refractive index layer as guided

wave. The guided wave has a certain electric field profile or optical intensity profile

in depth. The guided wave must have different optical intensity profiles in the lens 

region waveguide and the surrounding waveguide because these two waveguides have

different structures. The power from the guided wave in one waveguide could not 

be fully coupled into another waveguide when crossing the boundary because of

mismatch of the two profiles, see figure 3— 1. The coupling efficiency is normally

expressed as the overlap integral of field profiles in the two waveguides.

Different order modes have different effective refractive indices, ( so— called modal
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dispersion ). Only one guided mode is wanted and then the fundamental mode is

the only candidate because it has the least attenuation. So it is clear that in order

to reduce light in unwanted modes the low index waveguide at least should only 

support one mode. It will be shown later that the high index guide will inevitably

be multimode for optimum coupling efficiency 17 between two fundamental modes. 

As well as by scattering out into the substrate, light power may be lost by coupling 

to modes other than the fundamental m= 0  mode in the second waveguide, when it is 

refracted at different angles because of different effective refractive indices as shown 

in figure 3— 2 and hence will constitute a background noise signal around the focused 

spot. It is self— evident that the higher the efficiency of coupling into the 

fundamental mode, the lower the efficiency of coupling into higher order modes. 

Any higher order modes excited in the high index lens region by coupling from the 

fundamental mode of the low index waveguide region, at low efficiency, will be 

recoupled at exit from the lens region at equally low efficiency to the fundamental 

guide mode, and although mis— focused, should not present significant background 

noise if 77 is high. If however higher modes were supported in the guide region 

there could be significant coupling of light to them from higher modes in the lens

region.

In the conventional optical lens, the only power loss comes from reflection on the 

boundary of the lens and the surrounding materials. In the case of waveguide lenses, 

the difference of waveguide indices is small ( e.g. 2.208 for Ti indiffusion ( TI ) low 

index waveguide and 2.330 for proton exchange ( PE ) high index waveguide ) and 

then the reflection is comparably small. Even for very large incident angle the 

power reflection coefficient is much less than 1% [ Zhou 1990 ]

Imperfections of the boundary scatter the guided wave, either transversely 

( in— plane ) or into substrate and all other modes, and hence decrease the coupling 

efficiency.
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The expression for the overlap integral of TE modes has been proposed but that for

TM has not. So in section III.2. a general expression for the overlap integral of TE

and TM modes is proposed. In section III.3., various refractive index profiles are

considered for the two guiding layers and overlap integrals between two modes in the

waveguides with those index profiles are calculated. In section III.4., there are

presented the experimental results of investigating overlap integral of optical intensity 

profiles for glass waveguide system, TIPE LiN b0 3 waveguide system and double PE 

LiNbC>3 waveguide system. In the section III.5., it will shown how the boundary

scattering degrades the coupling efficiency.

III.2. Overlap Integral of Two Modes in D ifferent Waveguides

The overlap integral rj between two guided waves of TE  modes with electric field 

profiles Ej(x) and E^(x) is expressed as [ Hunsperger 1977 ]

rj =  ^1
co n0 (0 !  + 0 h) E j(x )  Eh (x ) dx (3 -1 )

where 0  is the propagation constant, co is the frequency, n Q is the permeability, and 

where the 1 and h subscripts refer, respectively, to the two different waveguides. 

This is an approximate result. More generally, the overlap integral for TE  modes, 

tje , is expressed as

E , (x ) x H, (x ) dxl y  hx

VE =
E . ( x )  X H.  ( x )  d x  l y  Ix

H.  ( x )  X E, ( x )  d x  I x  hy

(3 -2 )

E, ( x )  X E, ( x )  d x  hx  hy

The two upper terms are the overlap integrals of the two modes and the two lower
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terms are the normalization integrals. For a TE mode E jy(x)=  E ^ x ) ,  H ^ (x )=  — i 

(dE /y(x)/dz)/(o> ^ 0) = - ^  E ly(x)/(co /*0) and E Ay(x )= E hy(x), H hx(x)= -  i

(dEfry(x)/dz)/(co /z0)=  — /3h E hy(x)/(w J^o)- T hen» with x and y subscripts ignored

E. (x ) X  E, (x ) dx 
1 n

VE =
f 2  , , f 2 ,  ,  ,Ej (x ) dx X E, (x )d x  h

Following the same procedure [ Hunsperger 1977 ] and putting it 

form, the overlap integral for TM modes yj-̂ i is expressed as

.
Hl y M x e/,x (x) dx

. x

9
PsJ

sc x  E u  (x ) dx Bh x (x ) x

For TM mode H jy(x)= Hjy(x), E/Je(x)= i (dH jy(x)/dz)/(o> e)= f 

Hfiy(x)=  Hhy(x) » E hx(x)= i  (dHhy(x)ldz)/(w e)= 0h Hhy(x)/(co e) 

dielectric constant and n(x) is the index profile. Then, with 

ignored

Hj ( x )  Hh (x ) 

n 2 \ (x )
dx

H ^ x )  Hh (x ) 

n 2h (x )
dx

H ]2 (x ) 

n 2 i ( x )
dx

Hh 2 (x )

n 2h (x )
dx

III.3. Com puter Modelling

III.3.1. Overlap Integral of TE Modes

(3 -3 )

into a more general 

,(x )  dx

---------------  (3 -4 )

(x ) dx

Hly(x)/(o  e) and 

where e(x)= n 2(x) is 

x and y subscripts

(3 -5 )
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The coupling efficiency, 77, between two TE modes at a boundary between two 

dissimilar planar waveguides can be expressed as the overlap integral of the transverse 

electric field profiles as (3—3). The electric profile E(x) in a planar waveguide is a 

solution of the wave equation:

d 2 E (x)
-----------  + k 2 X  [ n 2 (x ) -  n e 2 ] X  E (x ) = 0 (3 -6 )

d 2x

where n(x) is the refractive index profile; n e is the waveguide effective index, /S/k; k 

=  2x/X0; and X0 is the free—space wavelength. Calculations and measurements have 

been made with X0 =  633 nm.

The wave equation of the step— index planar waveguide is simply solved, yielding the

effective index ne , and the transverse field is written as [ Yariv, 1973 ]:

e x p (x  x  R) x<0 ( s u p e r s t r a t e : a i r )

E ( x ) = '  c o s ( x  X  Q) + -  s i n ( x  X  Q) 0<x<d

[cos(dX Q ) + ^  s in (d x Q )]  X ex p [P  X ( d - x ) ]  d<x (3 -7 )

d is the waveguide thickness, while

R =  k x  (ne 2 -  1 ) i / 2

Q =  k x  (n , 2 — ne 2) l / 2

P =  k x  (ne 2 -  n 2 2) 1 / 2
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n 1 and n 2 are the waveguide and substrate refractive indices, respectively.

For gradient index profile planar waveguides with a known index profile n(x), E(x) 

may be written as:

E (x )
E ,( x )  = e x p (x  X R) x < 0 ( a i r )

(3 -8 )
E 2 (x ) x > 0

where R =  k x ( n e 2 — l ) 1̂ 2. E 1( x ) i s  assumed the exponential form because the 

expression of (3— 8 ) should be valid for step— like index profile waveguide which has 

an exponential form of electric field profile in air region as shown in (3—7). From 

the requirement that Ey and Hz be continuous at x= 0, there are:

E 2(0) =  E^O ) =  1 (3 - 9 )

E 2 '(0) =  E l '(0) =  R

Rewriting (3— 6 ) in the form of differential difference equation

E ( (1 + 1 ) * x ) - 2 E ( I * x ) + E ( ( I - 1 )* x )
-hk2 {n 2 ( ( I )<2>x) - n e 2 }E( ( I )^ x )= 0  (3 -1 0 )

1= 1 , . .

Then we obtained

E (I+ 1 ) = {*x 2 k 2 (n e 2 -  n 2 ( I ) )  + 2} E ( I )  -  E ( I - l )  (3 -1 1 )

E(x) is divided into 6001 E(I)s in the range of — 0.3/im<x<11.7/ttn with <*x= 0.002/an 

and is expressed as
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E ( I ) = E i ( I ) = e x p ( ( - 0 .3 0 2  + I a x ) R)

1 = 1 ,150 ; -0  . 3/rm<x<0 . 0/rm ( a i r )

E (151) = E 2 (1 51) = 1 x=0.0/xm (3 -1 2 )

E (1 5 2 ) = E 2 (1 5 2 ) = 1 + ax  R x=0.002/m i

E ( I ) = E 2 ( I )  = { a x 2 k 2 (n e 2 -  n 2 ( I - 1 ) )  + 2} E ( I - l )  -  E ( I - 2 )

1 = 1 53 ,6001 ; 0 . 004 /rm < x< ll. 7/rm ( g u id in g  l a y e r  and  s u b s t r a t e )  

a x =0 . 0 0 2 [ i m

Using regression numerical method and assuming a value for n e, the resulting electric 

field profile E 2(x) can be calculated numerically from the air/guide interface down 

into the graded index guiding region by using equation (3—12) over successive 

increments of x. It is found that only when the true solution for n e is taken does 

E 2(x) approach zero for x very large (10/rm proved to be large enough in our 

calculations while the calculation was going to about 12/an). Then the corresponding 

electric field profile is also known. Mathematically, the expression (3—10) holds 

good for a X-* 0 . Our calculation shown that it made no significant difference whether 

a x  was assumed to be 0.005/un or 0.002/nn. So Ax=0.002/im was thought small 

enough. The method has shown to be in good agreement with known solutions of 

planar waveguides.

Having calculated the electric field profiles E^ and E ^ in two adjacent waveguide 

sections, with low and high refractive indices, the overlap integral across the interface 

is numerically calculated by using equation (3—3).

III.3.2 Results of Calculation

(i) Step — step index profile

Both waveguide regions, with low and high indices, are assumed to possess step 

refractive index profiles: the refractive index is constant across the waveguide region.

Figure 3— 3 shows the overlap integral 77 as a function of the depth of the high

-  50 -



index guide for a particular low—index guide depth d# of 2.2144 /im, in a waveguide 

system where the substrate index n 2 =  2 .2 0 2 , and the guide indices are n^ =  

2.212, nh =  2.322.

The high— index waveguide is multimoded around the depth d^ for optimum coupling 

efficiency, and the c u t-o f f  depths for modes m =  5, 6 , 7 are shown on the graph. 

The optimum coupling efficiency is seen to occur for d^ around 2.68 jan, slightly 

deeper than the low—index guide. Figure 3—4 is a plot of such optimum 

efficiencies as a function of the low— index guide depth, where it is seen that 

increasing d_g continues to increase the overlap integral. However, the guide region 

in an optical signal processor should be single— mode, so that the optimum 

low— index guide depth will be just below the cut— off depth for m = 1 (shown in 

figure 3— 4). In the following cases the low— index guide depths are also selected to 

be just below the cut— off depth for m = 1 mode.

Figure 3— 5 shows the electric field profiles of the modes in the two coupled 

waveguides, with rj maximised at 99.1% for the particular refractive indices chosen.

The optimum value of d^, the high index waveguide depth, is plotted against the low 

index guide depth d^ in figure 3—6, from which it is clear that djj >  d^ for 

optimum coupling efficiency. The point m =  1 is the single—mode limit of &q .

(ii) Gaussian — step index profiles

The Gaussian refractive index profile ( normally used to model TI waveguide ) is 

expressed as

n(x) =  n 2 +  ^.n x  exp{—(x /d )2} (3—13)

where d is the 1 / e 2 depth and <*n is the increase in surface refractive index over
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that of the substrate. The low index waveguide is approximated by the Gaussian 

profile, the high index waveguide by the step index profile, modelling Ti—indiffused 

and proton exchanged regions. For given refractive indices, waveguide depths have 

again been optimised, and an example is shown in figure 3—7, modelling the TIPE 

system. Because the electric field distributions are a relatively poor match, the 

overlap integral can only predict a maximum rj of 95.6%.

(iii) Gaussian — Gaussian index profiles

In this and the following two examples various graded index approximations were 

used to simulate silver and potassium ion— exchanged glass waveguides.

If both high and low index guiding regions are Gaussian in refractive index 

distribution, the fundamental modes can be well matched, as shown in figure 3— 8 . 

An optimised coupling efficiency of 99.6% was predicted. However, the high index 

waveguide depth is then about 12/rm, and the waveguide supports 27 modes. Even 

though it might be possible to achieve such a depth, transverse diffusion would be 

going on simultaneously, degrading the lens boundary definition between the two 

waveguides.

(iv) Exponential — exponential and erfc — erfc index profiles 

The exponential index profile may be expressed as:

n(x) =  n 2 +  ^n  x  exp(—x/d) (3—14)

while the complementary error function (erfc) profile is: 

n(x) =  n 2 +  x  erfc(x/d)
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2  fx / d - x 2 
= n 2 + >̂n X (1 -  -----  e dx) (3 -1 5 )

J-k  ̂ 0

Figure 3—9 and figure 3—10 show optimised electric field profiles. Again, high 

maximum coupling efficiencies are predicted, but the optimum high index waveguide 

depths are now 7 0 and 60 fxm respectively, outside the limits of good waveguide

fabrication. With these three highly overmoded graded index profiles, it is clear that

the fundamental mode is confined to the region of highest refractive index, very near

to the waveguide surface, and the large diffusion depth is needed to extend the 

electric field profile sufficiently to match the wider— spread low index field profile.

III.3.3. Overlap Integral of TM Modes and the Results of Calculation

For TE modes, Ey(x) and H z(x)= i (dEy(x)/dx)/(co fi0) are continuous at the 

waveguide boundaries, but for TM modes, they are Hy(x) and Ez(x)= — i

(dHy(x)/dx)/(co e)= —i (dHy(x)/dx)/(G) n 2(x)). Because n(x) is normally discontinuous, 

e.g. at interface of air and guide layer, 3Hy(x)/3x is not continuous. In the section

III.3.1. we used (3—8) and (3—9) as an expression of transverse electric field and 

the continuity conditions for TE mode. Now for TM modes the expression of 

transverse magnetic field and the continuity conditions should be

H' 2 ( 0 ) / n 2(0 ) = h \ ( 0 ) /  n o 2 = R /n o 2

where n(x) is the index profile of the waveguide and n o = l  is the index of air. As 

in III.3.1. for E(x), the profile of magnetic field H(x) can be solved from the wave 

equation with any given index profile n(x), using the transverse magnetic field 

expression and continuity conditions (3—16) and (3—17). H i(x ) still has the
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exponential form and H 2(x) is the solution of wave equation as (3—6). But 

because of the different continuity conditions, H(I) should be written as

H ( I ) = H i ( I ) -  e x p ( ( - 0 .3 0 2  + I ^ x ) R)

1 = 1 ,1 5 0 ; -0  . 3^m<x<0 . Ofim ( a i r )

H (151) = H2 (1 5 1 ) = 1 x=0 . Ofim ( 3 - ! 8 )

H (152) = H2 (1 5 2 ) = 1 + ^x  R n 2 (0 )  x=0.002^m

H ( I ) = H2 ( I )  = {^x 2 k 2 (n e 2 -  n 2 ( I - 1 ) )  + 2 } H (I-1 )  -  H ( I -2 )

1= 1 5 3 ,6 0 0 1 ; 0 . 004jum <x<ll. 7 fim ( g u id in g  l a y e r  an d  s u b s t r a t e )

<=»x=0 . 0 0 2 /um

Then the overlap integral can be obtained from (3—5).

The general results for TE modes in III.3.2. still exist for TM modes: the overlap

integral between two waveguides with the same type of index profile (both are

step—like, or Gaussian distribution et al) can be > 9 9 % ; if both low and high index 

waveguides have gradient index profiles such as Gaussian, exponential and error

function, the depth of the high index waveguide required to obtain optimal matching 

will have to be so large that it is technically impractical ( for the Gaussian profile 

the depth of the high index waveguide will be about 1 0 ^m, for exponential profile 

about 65 (xm and for the error function profile about 55 ̂ im ); for a certain depth of 

low index waveguide, there is an optimum depth for high index waveguide at which 

the overlap integral reaches maximum and this maximum overlap integral increases 

with the depth of low index waveguide. Keeping the low index waveguide

mono— mode, the optimum depth for low index waveguide is just below the cut— off

of first order mode.

Using the same refractive indices of substrate, low index waveguide layer and high 

index waveguide layer as in III.3.2. for TE mode analysis, the low index waveguide 

starts to guide the first order TM mode at a greater depth than that for the TE 

mode. The Table 3— 1 gives the depths of low and high index waveguides and
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overlap integrals for the specified waveguide structures, compared with that of TE 

mode. The results are very close for TM and TE modes except that the optimum 

depths and overlap integrals are slightly larger for a TM mode than for a TE 

mode.

III.4. Experimental Results

III.4.1. Optical Intensity Profile Measurement and Overlap Integral Calculation

Two substrate materials have been considered as the basis for experimental lens 

preparation, soda—lime glass and single—crystal lithium niobate. It was hoped that 

the lens preparation on glass substrates would prove to be relatively straightforward, 

using silver and potassium ion exchange with the sodium in the glass to provide the 

high and low index waveguide regions [ Chartier 1986 ], rather than the more 

involved but more useful lens production on lithium niobate by titanium indiffusion 

and proton exchange. It happens that the refractive index ratio between high and 

low index guides is similar in the two systems, allowing the same lens designs to be 

used, since the refractive index ratio is the only material param eter appearing in the 

designs [ Laybourn 1988 ].

Measurements of electric field intensity profiles were carried out on waveguides 

fabricated on glass and lithium niobate substrates. One end of each sample was 

polished to optical quality. Light was coupled into the waveguide by prism coupler, 

to excite only the lowest order mode. A microscope objective (x40) was used to 

image the polished waveguide end face onto a Hamamatsu video camera, recording 

the near field intensity profile of the guided wave. The magnification of the system 

was fixed so that the recorded mode profiles of all samples were comparable. The 

intensity profile I(x) of the lowest order mode in each guide was sampled and stored 

by an associated computer as I(x|) i= l . . .n ,  and from pairs of intensity profiles
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measured in low and high index guides on the same substrate material the predicted 

coupling efficiency was calculated using a numerical approximation of the overlap 

integral, equation(3—3),:

(I  7( I^(X|) x Ih(><i) )) 

I  I^Cxi) x I  Ih (xi )
(3 -1 9 )

In the case of the TE  mode there is no difficulty: what is measured is I (x )= E j2(x) 

or Ej1 2(x). But for the TM mode what is measured is

Hj 2 (x )  Hh 2 (x )
I ( x )  = --------------  o r    (3 -2 0 )

n 2 i ( x )  n 2h (x )

Because the actual index profile of the low index waveguide was unknown, H^2(x) 

and Hh 2(x) could not be obtained directly, nor could equation (3—5) be used to 

calculate for TM modes. But theoretical model analysis showed that it made no 

significant difference if we ignored the index profiles. So the overlap integral was 

calculated using a numerical approximation of equation (3—19) for TM modes.

The range of samples was limited, and the position of the air—guide interface had to 

be estimated from the measured profiles. Examples of measured profiles are shown 

in figures 3—11 to 3—15, 3—18 and 3—20. In most cases there was a decaying 

oscillatory field outside the surface of the guide ( probably due to the diffraction at 

the sample edge ) — for the purpose of calculating the overlap this part of the 

measured profile was discounted, and the first minimum was taken as the position of 

the surface. The overlap integration started at this point.

III.4.2. Overlap Integral for Glass Waveguide System *
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*: This part of the measurements was done by Mr. Weiping Zhang who was on 

leave from the Departm ent of Electronics of Shandon University, P. R. China. He 

also prepared the masks of several lens designs. His contribution is greatly 

appreciated.

The ion exchange temperatures used were 375 °C for K+  exchange and 225 °C for 

Ag+  exchange. A diffusion time of 20 minutes was used for the potassium 

exchange, forming a single— mode waveguide. Different diffusion times were used to 

form various overmoded silver—exchanged guides, as shown in Table 3—2, in an 

attem pt to produce a guide that would be deep enough to support a fundamental 

mode well— matched to the potassium— exchanged guide. Examples of measured 

optical field profiles in potassium and silver ion exchanged guides are shown in figure 

3—11, where it can be seen that even with three hours of diffusion time, the depth 

of the fundamental mode in the high index guide is insufficient to match the mode 

profile in the low index guide. The computed overlap integral resulting from the

measured mode profiles is shown in Table 3—2. It is apparent that the efficiency is 

rising very slowly with diffusion time.

The experimental results of mode profile measurements on glass ion exchanged 

waveguides may be compared with a Gaussian model for the profile [ Ramaswamy 

1988 ]. The electric field profiles of the low and high Gaussian refractive index 

profiles give a high theoretical optimum efficiency, calculated to be 99.6% for the 

particular waveguides considered. However, to achieve this optimum efficiency the 

high index waveguide profile has to be about 12/um deep and to support 27 modes. 

In the experimental Ag+  exchanged guides the longest diffusion time of 12 hours

only produced a guide supporting 11 modes, and consequently the best overlap

integral calculated from measured field profiles was only 91.3%. Step index guides

could be expected to result in better— matched mode profiles, and can be produced 

by electric—field—assisted ion exchange [ Ramaswamy 1988 ]. In such a high—index 

guide the step index profile would result in a deeper fundamental mode profile, and
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hence a shallower optimum guide depth. However, the added difficulties of electric

field assistance make its use less desirable, while the guides produced by simple ion 

exchange do not seem to offer a good medium for experimental lens fabrication.

III.4.3. Overlap Integral for LiNbOs waveguide system

(a) TIPE system ( TE mode )

Low— effective index waveguides were made by titanium indiffusion (TI) into lithium 

niobate. A 25 nm film of Ti was deposited on x— cut lithium niobate substrates. 

The samples were heated to 1000°C for 4 hours in flowing wet oxygen, resulting in 

a single mode waveguide. TE propagation was used in the y direction. The

effective mode index was measured to be 2.2065, while the substrate extraordinary 

index was 2.2015. The optical mode intensity profile was recorded as before.

One Ti— diffused sample was then subjected to proton exchange ( PE ) in benzoic

acid at 236 °C for 3 hours. The sample was left to stabilise for 16 days [ Jackel

1984 ], after which time the intensity profile of the fundamental mode was measured 

( figure 3—12 ). The sample was then annealed for 3 hour periods at 300 °C in 

wet oxygen, and the optical mode profile remeasured after each period of annealing

( figures 3—13 to 3—15 ). After the first annealing period the profile was seen to

match very well to the Ti— diffused low index profile. However, subsequent 

annealing degraded the good mode match. The calculated overlap integral, shown in 

Table 3—3, confirmed the matching properties of the waveguides.

The index profiles of the multimode proton— exchanged waveguides were calculated

from the mode effective indices measured before and after each annealing step ( and 

plotted in figure 3—16 ), and are shown in figure 3—17. After annealing the 

proton— exchanged region assumed an index profile very close to rectangular, with the 

3— hour— annealed guide showing a good mode profile match to the Ti— diffused
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guide. Further annealing, although not changing the refractive index profile greatly, 

evidently had sufficient effect on the mode intensity profile of the proton— exchanged 

guide to reduce significantly the match between the high and low index guides and 

the resulting computed overlap integral. The optimum coupling efficiency is much 

better than would have been expected from the theoretical modelling of the 

Ti— indiffused waveguide by a Gaussian profile and the proton— exchanged waveguide 

by a step profile, as discussed in section III.3. This could be partly referred to the 

fact that the index increases of TI and PE are additive [ De Micheli 1983 ], and 

therefore the index profile of TIPE waveguide is the sum of the index profiles of TI 

waveguide ( Gaussian profile ) and PE waveguide ( step—like profile ), which is 

consequently a gradient one.

(b) TIPE system ( TM mode )

Optical intensity profiles of TM mode were measured and overlap integrals calculated. 

A 30nm Ti film was deposited on z— cut LiNbO 3 substrates, and the samples were 

annealed at 1000°C for four hours in flowing wet oxygen, resulting in a single mode 

waveguide just below the cut— off of first order mode. One TI sample was then 

proton exchanged in benzoic acid, forming a TIPE waveguide. The exchange rate is 

much smaller on z—cut LiNbO 3 than on x—cut material, so a higher temperature, 

255 °C, was used to enhance the exchange rate. Figure 3—18 shows the optical 

intensity profiles of TM modes on TI waveguide and TIPE waveguide after proton 

exchange for six hours, from which the calculated overlap integral was 96.0%. To 

optimise the overlap integral, the TIPE sample was annealed at 300 °C for 20min, 

after which the optical intensity profile was measured and plotted in the figure 3—18, 

and the overlap integral rose up to 98.3%. Figure 3—19 shows the index profile of 

the TIPE sample after proton exchange and annealing, calculated by the IWKB 

method.

(c) Double proton exchange system
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Matching between fundamental modes of a dilute melt proton exchange ( DPE ) 

waveguide and a PE waveguide is more complicated because the index profile of DPE 

waveguide changes during subsequent processing at elevated tem peratures including 

proton exchange for the lens region. Annealing the sample at a higher temperature 

can stabilise the waveguide structure.

Some z— cut LiNbO 3 samples underwent DPE in 1 % lithium benzoate acid diluted

benzoic acid at 210 °C for 16—60min and annealed at 380 °C for 12min. All samples

supported a single mode. The optical intensity profiles are plotted in figure 3— 20.

After 16min and 25min DPE, the samples failed to support any guided mode. After

annealing, the optical intensity profiles were broad because of the small index 

increase and consequent weak guiding. The DPE samples which underwent long 

exchanges ( 50min and 60min ) supported a single mode. After annealing the 

waveguides were still single moded and just below the cut— off of first order mode. 

The power was still strongly confined and can be well matched by the optical 

intensity profiles of the TIPE and TIPE plus annealing waveguides of figure 3—18. 

The PE rate is greater on a virgin sample than on a TI sample so the proton

exchange time required for the waveguide to match the DPE waveguide should be 

shorter than that required to match TI waveguide.

An experiment was done to see how annealing affected the index profile of a DPE

waveguide. Some multi— mode waveguides were made, effective indices were 

measured and the index profiles were calculated by IWKB method. Then various 

annealing conditions were used and the index profiles were worked out as before.

Figure 3— 21 shows some examples, where the z— cut LiNbO 3 was proton exchanged 

in pure benzoic acid at 235 °C for 90 minutes and then annealed at 320 °C and 

380 °C for 10 minutes. The index profile became a little lower and wider but still 

close to step—like. The depths increased from 1.2^m to l.S^m  and from 1.4^im to 

1.9/un, respectively. They did not convert into a smooth gradient, this, however,
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could be due to the fact that for the thicker PE waveguide, a longer annealing time 

is required to convert the step— like index profile into a gradient profile [ Goto 

1989 ]. The waveguide mentioned in the last paragraph was very thin ( to get a

single— mode waveguide ) and it was therefore expected to be more easily affected by

annealing and converted into a gradient profile, in which case the waveguide has a 

weak confinement and has a broad electromagnetic field profile.

III.5. Coupling Efficiency Measurement from m— line

As mentioned above, mode mismatch leads to power loss when a guided wave 

propagates across the boundary of two waveguides. The imperfections of the 

boundary scatter the guided wave, either transversely or into the substrate and all

other modes. In addition, as will be found in the next chapter, if the sample has

an out—diffusion mode after Ti indiffusion, the power will be partially coupled or 

scattered into the out— diffusion modes. As a consequence, the coupling efficiency 

will be smaller than that calculated from the overlap integral of the electromagnetic

field profiles or optical intensity profiles. The coupling efficiency could be defined 

and measured in another way, as illustrated in figure 3—22. A laser beam is 

coupled into the low index single— mode waveguide by a prism and propagates across 

the boundary into the high index multi— mode waveguide and then is coupled out by 

another prism and gives a m— line. Assuming that the incident power is totally

redistributed into all modes in the high index multi— mode waveguide and that the

power distribution among the modes in the m— line is identical to that in the high 

index waveguide, then measuring the power percentage of the fundamental mode over 

all modes in the m— line gives the coupling efficiency of the fundamental mode 

across the boundary. Only the concentrated spots in the m— line will propagate in

the expected direction and then the coupling efficiency is defined as the ratio of the 

power in the concentrated spot of the fundamental mode to all the collected power. 

This coupling efficiency takes into consideration mode mismatch and boundary
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scattering, and the power of each mode can be measured using a photodetector plus 

a slit.

The coupling efficiency measurement from the m— line showed that for the samples 

for which an overlap integral of 99% was obtained from the measured optical 

intensity profiles, the coupling efficiency was degraded to about r]=75%.

Figure 3—23(a) shows the m— line of a z—cut LiNbO 3 sample which was proton 

exchanged in 1% diluted benzoic acid at 210°C for 50 minutes and annealed at

320 °C for 10 minutes to form the low index waveguide and then in pure benzoic 

acid at 235 °C for 3 hours with half of the waveguide surface covered by a SiO 2 

film to form the high index half of the waveguide region. For the DPE waveguide 

annealed a t 320 °C for 10 minutes before PE, it was difficult for the PE waveguide 

to match, and much stronger PE ( 255 °C for 6  hours ) was needed for the high

index waveguide to match because the DPE waveguide was too deep and probably

had a gradient index profile. As explained in section III.4.3., low coupling efficiency 

between such a waveguide and a step— like PE waveguide was expected ( as shown in

III.3.2. ). That is why figure 3—23(a) gives poor coupling: much of the power is in 

the highest order mode. Figure 3— 23(b) shows the m— line of a sample of which 

the processing was the same as the sample of figure 3— 23(a) except that no

annealing was done. Most power was concentrated in the fundamental mode.

III.6 . Discussion and Summary

The overlap integral between two waveguides with the same type of index profile 

( both are step—like, or Gaussian distribution etc. ) can be > 9 9 % ; if both low and 

high index waveguides have gradient index profile such as Gaussian, exponential and 

error function, the depth of the high index waveguide required to obtain optimal 

matching will have to be so large that it is technically impractical. For a certain
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depth of low index waveguide, there is an optimum depth for high index waveguide

at which the overlap integral reaches a maximum and this maximum overlap integral

increases with the depth of low index waveguide. Keeping the low index waveguide 

mono— mode, the optimum depth for low index waveguide is just below the cut— off

of the first order mode.

Even though the boundary continuity conditions are different for TE modes and TM 

modes, it makes no significant difference in the field profile and overlap integral. 

So we can use same waveguide structure for either TE or TM guided waves to get 

similar coupling efficiency; however the fabrication parameters may differ because of 

different material and processing performances.

Experimentally, optical intensity profiles had overlap integrals of about 99% for TE 

mode on x—cut and TM mode on z—cut TIPE LiNbO 3 . Annealled DPE waveguide

has a broad intensity profile which is difficult to match to that in PE waveguide.

The experiments that have been performed on glass and lithium niobate optical 

waveguides suggest that while the TIPE double waveguide system might be used to 

produce homogeneous refracting thin— film lenses for signal— processing applications, 

simple ion exchange on a soda— lime glass substrate will not model the lithium 

niobate lens system well, notwithstanding a similar effective index ratio. It seems 

that the problem with high effective index graded— index waveguides is a

concentration of the electric field at the peak of the index profile, restricting the

width of the fundamental mode profile and producing a poor match to a mode in a 

low— effective— index guide.

Boundary scattering was shown to be a major problem, decreasing the coupling 

efficiency. Even though the match of the intensity profile could be excellent, the 

coupling efficiency will be finally limited to about 75% by boundary scattering, and 

after passing 8 boundaries there would be only 10% power left. In our attempt to
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fabricate 4— element lenses, the overall transmission of the guided wave power was 

poor, the main contributor being boundary scattering losses. For a single element 

lens the overall transmission comes to be about 56% or — 2.5dB which may be 

acceptable and is readily achievable.
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T a b le  3 -1  The optim um  d e p th s  o f  low and  h ig h  in d e x  

w av eg u id es  and  c o u p l i n g  e f f i c i e n c i e s  f o r  

TE and TM modes

low and h i g h  i ndex  wavegui de  
have s t e p - l i k e  i ndex  p r o f i l e  
n s u b=2 . 2 0 2 , n j = 2 . 2 1 2 ,  n^=2 .322

low i ndex  wavegu i de  has  G a u s s i a n  in d ex  
p r o f i l e ,  n ( x ) = 2 . 2 0 2 +0 . 0 1 x e x p ( - ( x / a ) 2) ,  
h i g h  i ndex  wavegu i de  ha s  s t e p - l i k e  
i ndex  p r o f i l e ,  n s u |-)= 2 .2 0 2 , n^=2. 322

TM mode TE mode TM mode TE mode

d j = 2 . 2550/tm d j = 2 . 2144^m a = 2 . 05jum a= 2 . 0 0 /tm

dj1= 2 . 7296/tm d ^ = 2 . 6768^im d^ = 2  . 68fim dj1= 2 . 60^tm

77=99.1 0 % 77=99.09% 77=95.66% 77=95.63%

T a b l e  3-2 C o u p l i n g  e f f i c i e n c y  be t ween  K+ ex ch an g ed  

wavegui de  (20 m i n u t e s  a t  375°C) and 

Ag+ e x c h an g ed  wavegu i de  ( a t  225°C)

Ag+ ex ch an g e  
t i me  ( h r s ) 3 6 1 0 1 2

num ber o f  modes 5 8 1 0 1 1

77 (%) 90 . 9 8 6 . 3 9 1 . 2 91 . 3

T a b l e  3-3  C o u p l i n g  e f f i c i e n c y  be t ween  TI w avegu ide  (25nm T i ,  

4 h r s  a t  1000°C) and  a n n e a l e d  TIPE w avegu ide 

(Be n z o i c  a c i d ,  3 h r s  a t  236°C,  a n n e a l i n g  a t  300°C)

a n n e a l i n g  t i m e ( h r s ) 0 3 6 9

num ber o f  modes 7 1 0 1 0 1 0

v (°/o 9 3 . 4 99 . 1 9 5 . 5 9 6 . 5
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low index waveguide
high index waveguide

substrate

MODES MATCH

Figure 3— 1. Modes match between two electromagnetic field profiles.

incident light 

m-0

low-index 

single-mode guide

high-index 
multi-mode guide

m-0

N

refracted light

Figure 3—2. Refraction from a fundamental mode in a low index single mode 

waveguide into all modes in a high index multi— mode waveguide
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Figure 3—3 Overlap integral vs high index waveguide depth, n p  2.212, 

njj= 2.322, n 2=  2.202, dp2.2144/im .
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Figure 3—4 Optimum efficiency vs low index waveguide depth, n p  2.212, 

nh=  2.322, n 2=  2.202.
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0.5-L

x (um)

0.0 0.5 1 .0 1.5 2 .0 2.5 3 .0 5.0 5 .5 3 .03.5 4.0

Figure 3—5 Electric field profiles. n p  2.212, n jp  2.322, n 2=  2.202,

d p 2.2144/an, dh=  2.677/an, r p 99.1%.

3.0  +

m = 1

d  (ym)

3.02.82.22.01 . 6 1 .81 . 0 1 . 2

Figure 3— 6 djj vs dj, for dj rj is optimised at djj. nj— 2.212, 1%— 2.322, 

n 2= 2 .202 .
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0 .0 0.5 1 . 0 1.5 2 .0 2.5 3.0 3.5 0 4.5 5 .0 5.5

Figure 3—7 Electric field profiles. n p  2.202+ 0.01 xexp(— (x /2 .0 )2),

n 2=  2.202, nh=  2.322, dh=  2.609/mi, r p  95.6% .

’• ° T E ( x )

o.9 4-  Low i n d e x
  h i g h  i n d e x

x (jjm)
B75 632I0

Figure 3—8 Electric field profiles. n p  1.512+ 0,009xexp(— (x /2 .0 )2),

nh=  1.512+ 0.100xexp(— (x/12.37)2), rj= 99.6%.
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Figure 3 - 9  Electric field profiles. np  1 .5 1 2 + 0 .0 0 9 x ex p (-x /1 .8),

% =  1.512+ 0.100xexp(— x/71.63), rj= 99.4%.

T E ( x )
0 .9 -1 low I n d e x  

-- h I g h  I n d e x

x  (pm) 

1097 860 4 52 3

Figure 3—10 Electric field profiles. 1 .5 1 2 + 0.009xerfc(x/3.5),

11̂ =  1.512+ 0.100xerfc(x/62.75), 17=  99.7%.
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low i n d e x
h i gh  i n d e x

n t e n s  i t y

Figure 3—11 Measured optical intensity profiles. 17= 9 0 .9 % . Low index 

waveguide: K+  exchange, 20 minutes at 375 °C; high index

waveguide: Ag+  exchange, 180 minutes at 225°C.

low Index 
hIgh i ndex

n t e n s  i t y

Figure 3 - 1 2  Measured optical intensity profiles. 17= 9 3 .4 % . Low index 

waveguide: 25nm Ti, 1000°C, 4 hours; high index waveguide: 

proton exchange in benzoic acid, 236 °C, 3 hours.
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Low index  
hIgh Index

' i n te n s  i ty

Figure 3—13 Measured optical intensity profiles. rf= 99.1%.  Low index 

waveguide: 25nm Ti, 1000°C, 4 hours; high index waveguide: 

proton exchange in benzoic acid, 236 °C, 3 hours; annealing, 

300 °C, 3 hours.

low Index 
hIgh Indexi n te n s  i ty

Figure 3—14 Measured optical intensity profiles. 17=  95.5% . Low index

waveguide: 25nm Ti, 1000°C, 4 hours; high index waveguide: 

proton exchange in benzoic acid, 236°C, 3 hours; annealing, 

300 °C, 6  hours.
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Figure 3

Figure 3—

low Index 
hIgh lndexi n t e n s  i t y

15 Measured optical intensity profiles. r p  96.5% . Low index 

waveguide: 25nm Ti, 1000°C, 4 hours; high index waveguide: 

proton exchange in benzoic acid, 236 °C, 3 hours; annealing, 

300°C, 9 hours.

t .  ( h r s )

16 Effective index vs annealing time. x—cut LiNbOa. TI: 25nm 

Ti, 1000°C, 4 hours; PE: benzoic acid, 236°C, 3 hours; annealing 

tem perature 300 °C.
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Figure 3—17 Variation of index profile vs annealing time, the same sample 

as in figure 3—16.

T I P E
an n e a  I i ng

Figure 3—18 Measured optical intensity profiles of TM mode on z— cut 

L iN bO 3 . Low index waveguide: 30nm Ti, 1000°C, 4 hours; high 

index waveguide: proton exchange in benzoic acid, 255 °C, 6

hours, 17= 9 6 .0 % , annealing, 300 °C, 20 minutes, 17=  98.3%.
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Figure 3

Figure 3—

(x)
TIPE
annealing

i T

x (um)

19 Index profile vs annealing time. z—cut LiNbC>3 , 30nm Ti, 

1000 °C, 4 hours, benzoic acid, 255 °C, 6  hours, annealing

300°C, 20 minutes.

I 6m I n
25m i n 
50m i n 
60m I n

t 1----- 1-

20 Measured optical intensity profiles of TM mode on z— cut 

LiN b0 3 . DMPE in 1% diluted benzoic acid, 210 °C, 16—60

minutes, annealing at 380 °C, 12 minutes.
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1—21 Index profiles before and after annealing. PE: benzoic acid,

235 °C, 90 minutes; annealing: 10 minutes at (a)320°C and

(b)380°C
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incident light m-line

TIPE

LiNbOa substrate

Figure 3—22 Arrangement of coupling efficiency measurement.
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*

(a) (b)

Figure 3— 23 (a ) : Coupling from a fundamental mode in DPE waveguide into 

the modes in PE waveguide. DPE: 1% dilute benzoic acid,

210°C, 50 minutes; annealing: 320 °C 10 minutes; PE: 235 °C, 3 

hours, (b): same as (a) but without annealing.
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CHAPTER FOUR: L iN bO 3 WAVEGUIDE TECHNOLOGY

IV .1. Introduction

Lithium niobate ( LiNbO 3 ) has been for many years a favourite with scientists

because of its acousto— optic, electro— optic, piezoelectric and non— linear properties. 

Since the availability of waveguide fabrication on LiNbO 3 came true a great variety 

of devices have been invented, switch matrices, frequency shifters, computing

processors, A/D and D/A converters and modulators using its electro—optics property, 

correlators and radio frequency spectrum analyser using the piezoelectric effect and 

acousto— optic properties, wavelength multiplexers and demultiplexers using its 

non— linearity property, and various kinds of sensors. Its connection with optical 

fiber is attractive for the future communication system. Many reviews have dealt 

with the device application of LiNbO 3 [ Neyer 1990, Taylor 1987, Tsai 1988, Verber 

1984 and Voges 1987 ].

LiNbO 3 waveguide can be easily made by allowing L i20  out—diffusion from the

surface at high temperature ( >  800 °C ) forming an index— increased layer

[ Kaminow 1973 ]. The out—diffusion waveguide has an increased ex tra -o rd inary  

refractive index which, along with the depth of the waveguide, increases with

annealing time as t l/2  [ Kaminow 1973 ]. Metal atom in—diffusion can increase

refractive index, larger than out-d iffusion  [ Schmidt 1974 ]. The increase of 

refractive index is proportional to the original metal film thickness and the depth

increases with annealing time. So both parameters can be controlled separately. 

Many metals have been found to yield good waveguides when indiffused, e.g. Au- ,

Ag—, Fe—, C o ~ , Nb~ , Ge~ , V—, Ni-  and T i-  [ Schmidt 1974 ], but finally 

Ti-  was chosen as the standard technique. Titanium in -d iffusion  ( TI ) takes place
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at a high temperature, normally round 1000 °C and the maximum increase of 

refractive index is about 0.02.

Another LiNbO 3 waveguide fabrication technique is proton exchange ( PE ) [ Jackel 

1982a ]. Proton—exchange takes place at about 200—240 °C and the increase of 

refractive index is about 0.12—0.13. Benzoic acid [ Jackel 1982a ], pyrophosphoric 

acid [ Goto 1989 ] and adipic acid [ Pun 1991 ] etc. have been used to provide 

protons. Ti— indiffusion and proton— exchange can be combined as a TIPE technique 

[ Micheli 1982 ]. Ti indiffusion ( TI ), proton—exchange ( PE ) and TIPE are now 

standard techniques for LiNbO 3 integrated optics devices.

In the next section there will be some description of TI technique and the emphasis 

will be on L i20  out—diffusion because it has been a controversial problem. Section 

IV.3. is about the PE technique. Section IV.4. discusses the combination of TI and 

PE technology, so called TIPE. Section IV.5. and IV.6. are about buried TIPE 

waveguide polariser and erbium doping in LiNbO 3 ,  which are interesting even though 

they do not find use in the thin film lenses.

IV.2. Titanium In— Diffusion ( TI ) on LiNbO3

TI waveguide is preferred as the low index waveguide of the lens because of its good 

stability. Once it is formed it will not be affected by subsequent proton exchange 

and annealing processes which will be used to form high index waveguide. The 

attenuation of TI waveguide is smaller than that of PE waveguide, although there 

were some reports of very low attenuation dilute proton exchange ( DPE ) waveguide 

[ Loni 1988 ]. Another advantage of using TI waveguide is its higher e lec tro -op tic  

coefficient accompanied by the acousto- optic effect, resulting in large Bragg 

diffraction [ Davis 1984 ], while the disadvantage is its poorer photorefractive 

threshold [ Becker 1983 ].
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IV.2.1. TI on LiNbO 3

The diffusion of Ti-  into LiNbO 3 increases the refractive index. TI processing is 

done as follows: deposition of high purity Ti metal film on the optical quality 

LiNbO 3; annealing the sample at about 1000°C to allow the metal to be fully 

in— diffused.

The control of Ti film thickness must be addressed because it determines the index

increase. The thickness monitor has proved to be unreliable because the relative

positions of the sensor and the sample differs from time to time, so every time after 

deposition the thickness should be checked by TalyStep ( RANK TAYLOR

HOBSON ) which has an accuracy of 1% down to lnm . If the thickness is wrong, 

etch away Ti film in H F :H 20= 1 :26  for half minute and deposit again. The

nonuniformity of Ti of about 10% can be achieved over the 10mm substrate

[ McLachlan 1981 ]. The sample for planar waveguide lenses should be more than

35mm long and the nonuniformity will be bigger than 10%. Sputter deposition can 

give a larger area of more uniform film thickness, an estimated nonuniformity of 5% 

in 50mm [ McLachlan 1981 ], but unfortunately such a system was not available.

The arrangement of Ti diffusion is shown in figure 4— 1. The sample is put on a

Pt foil above a quartz boat. Such an arrangement is intended to hold some LiNbO 3

powder in the quartz boat to suppress L i20  out—diffusion [ Esdaile 1978 ]. Water 

vapour is normally used to reduce L i20 out—diffusion [ Jackel 1982b ] and has been 

shown to improve waveguide quality. The water column used to saturate the flowing 

gas is heated to 90 °C before inserting the sample in the furnace and is kept at 

constant tem perature during annealing. Either oxygen or argon bubbles through the 

water column and bringing the water vapour into the furnace tube. When the 

sample is heated up to 1000 °C, the time is noted. When annealing is finished, the 

furnace is switched off but the hot water vapor is passed until the sample is cooled
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down to about 500 °C. If the there were still water vapour in the tube at lower 

tem perature, the vapour would condense on the tube wall and then fall down on to 

the sample and the sample would be broken. The boat is then drawn out to the 

tube end and, after it reaches room temperature, the sample is taken out.

IV.2.2. Li 2O O ut— Diffusion

L i2 0  out—diffusion occurs when a LiNbO 3 sample is heated up to above 800 °C, 

introducing a spurious waveguide and resulting in an index profile which is a 

combination of the index profile of out— diffused waveguide and that of TI or TIPE 

waveguide. There might be some guided modes additional to the pure TI or TIPE 

modes. When the light beam crosses the boundary of two waveguides some power 

will inevitably be coupled into the out— diffused guide, and this has been observed in 

the m— lines of a prism coupler as shown in figure 4— 2, even though the loss was 

small in some cases. In a 4— element planar lens light was coupled into 

out— diffusion modes at every boundary as shown in figure 4— 3, decreasing the signal 

level and introducing noise. Figure 4— 3(b) shows a computer model of such 

out—diffusion mode refraction.

Several techniques have been suggested for the suppression of lithium oxide 

out— diffusion. Carrying out the Ti indiffusion in a flowing atmosphere containing 

water vapour seems to reduce the mobility of Li and Ti by occupying some of the 

vacancies with H -1- ions [ Jackel 1982b ]. Out—diffusion cannot be suppressed 

completely by this mechanism because some Li+ escapes before the H +  occupation. 

But if the out— diffusion can be reduced sufficiently, and out—diffused layer may be 

too shallow to support a guided mode, the o u t-  diffusion can be considered to be 

suppressed. On the other hand, if the out-d iffusion is to such an extent that the 

mode confined in the TI layer and the modes in the TI plus out-d iffusion  layer are 

mismatched with each other, the excited TI mode is hardly coupled into 

ou t-d iffusion  modes at the boundary of two different waveguides. This phenomenon
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was observed by a colleague11" where on some TI strip waveguide samples, in which 

no m ajor defects had been produced during processing which would scatter guided 

light into out— diffusion modes, a pure TI strip mode was seen by suitably adjusting 

the incident light angle even though there was an out— diffusion waveguide all over 

the sample. Here the water vapour was thought to be good to improve the 

boundary quality, instead of completely suppressing the Li out— diffusion, and hence 

reduced the scattering into out— diffusion modes ( then no out— diffusion mode could 

be seen ). Some authors found the absence of an out— diffusion mode on the 

sample just by using a dry oxygen and argon atmosphere [ Fouchet 1987 ], without 

using any water vapour or LiNbO 3 powder. In such a case the out— diffusion should 

not have been suppressed. By saturating the atmosphere in which the diffusion is 

carried out with L i2 0  vapour, out—diffusion may be fully suppressed: indeed, lithium 

in—diffusion has been reported by this means [ Burns 1978 ], provided the Li vapour 

pressure is high enough. But care should be taken to guarantee surface quality; the 

LiNbO 3 powder which was used to provide the L i20  atmosphere will stick on the 

sample surface. If the atmosphere is closed and of small enough volume the 

substrate itself may be able to supply the saturated vapour pressure without the 

generation of an out—diffused layer capable of supporting a mode [ Esdaile 1978 and 

Neyer 1987 ]. But the reproducibility of the first system [ Esdaile 1978 ] was found 

questionable later, and the author of the second paper [ Neyer 1987 ] later found 

that their system's "reproducibility in the visible to the near infrared range remains 

critical" [ Neyer 1990 ]. Some groups found that the result varied with the sample 

batches, under the same waveguide fabrication processing condition.

In a first series of experiments, as arranged in figure 4 - 1 ,  ou t-d iffusion  modes were 

always found by prism coupling in slab waveguide samples processed at 1000 °C for 

4h or longer in flowing wet oxygen. The oxygen was bubbled at 1.0 to 1.5£/minute 

through a 15cm high water column at > 9 0 °C . In a second series of experiments 

the sample was placed polished face up on a bed of LiNbO 3 powder, to provide a 

local atmosphere rich in L i20 vapour. The quartz boat containing the sample and
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the powder was covered with platinum foil, and either dry or wet oxygen flowed

through the furnace tube. In some cases no out—diffusion mode was seen but then 

the crystal surface was damaged and the TI waveguide mode suffered from scattering. 

In the third experiment a platinum box [ Neyer 1987 ] containing a sample was

buried in LiNbO 3 powder, to fully seal off the box, and annealed at 1000 °C for 4 

hours. An out—diffusion mode was still found.

For a fourth series of experiments, in an attem pt to provide a local atmosphere 

saturated with L i2 0  vapour, two samples were placed face—to—face and buried in 

LiNbO 3 powder while being annealed in air at 1000°C for 4 hours. The 

arrangem ent is depicted in figure 4—4. It was expected that such an arrangement 

would provide a very controlled environment for the sample surface. O ut— diffusion 

modes could not be observed in a pair of virgin samples but were seen in a pair of 

TI samples ( with Ti film ). In an ideal circumstance with two face—to—face 

samples tightly bound together and buried in LiNbO 3 powder, the surfaces are

surrounded by the same material as within bulk material. There is no way for the 

L i2 0  to diffuse out. If the areas of two samples are big enough the practical case 

could be thought of as an ideal one, which might be the reason of that the virgin 

samples were free of out— diffusion mode. For the TI samples, the Ti film will

abstract oxygen from LiNbO 3 for its oxidization and the TiO forms islands on the

surface, which separate the two samples and give way for L i2 0  to diffuse out, even

though the outlet could be imagined as very limited.

* Mr. Dejie Li was on leave from Tsinghua University of P. R. China

IV.2.3. Single Mode TI Waveguide

For the purpose of making a th in - film lens, a single mode waveguide should be
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formed in the low index region of the lens, and it should satisfy the following 

conditions:

1) will support only the fundamental mode and is near the cutoff of the 1st mode as 

required in Chapter Three;

2) should have low loss, because the light will have a path of several centimeters in 

an integrated optical spectrum analyser device and will be scattered too much if the 

loss is too high;

3) the depth should not be too large, because otherwise it would be very difficult for 

a high index waveguide to match it well.

There are three parameters in TI processing: thickness of Ti film, tem perature and 

time of annealing. There are two parameters which characterize the waveguide: 

depth a and index increase <̂ n. Here a Gaussian index profile is assumed 

[ McLachlan 1981 ]:

n (x )  = n 2 + X e x p ( - ( x / a ) 2) (4 -1 )

= C X d -r a (4 -2 )

a = 2 X ( D X t  ) 1/ 2 (4 -3 )

D = D0 X e x p ( -T 0/T )  (4 -4 )

where n 2 denotes substrate index, d Ti film thickness, t diffusion time, T diffusion 

tem perature, D diffusion coefficient, D 0, T 0 and C constants. T and T 0 should be 

expressed in Kelvin ( K ).
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Once n 2, D Q, T Q and C are determined the index profile is known as function of 

T , t and d. Then the relationship between single mode waveguide parameters a and 

<*n and processing parameters T, t and d can be found. This would be helpful to 

find the suitable processing parameters for single mode waveguide satisfying conditions 

described previously.

a) x - c u t  LiNbO 3 at T =1038°C

Experiments on x—cut LiNbO 3 at T =1038°C  were carried out. The Ti film 

thickness and diffusion time were set as follows:

t (h r ) 3 5 7 9 12 15 18

d(nm)

0 .0 2 5 V V V V V V

0 .0 4 0 V V V V V

0 .0 6 0 V V V V V

0 .0 8 0 V V V V V V

0 .1 0 0 V V V V

Using the IWKB method, we obtained the surface index n surface and depth a of the 

waveguide after measuring the mode effective indices. By plotting a vs 7t, as in 

figure 4— 5, we get the slope of the straight line a =  2 x  7(D x  t) , giving

D (T =1038°C ) =  0.47^m 2/hr. By plotting nsurface vs d, as in figure 4—6, we get 

the slope of the straight line nsurface =  C x  d -r a. With a calculated from 

(4—3), C =  1.072. By averaging more than 30 measurements, the average substrate

index n 2 =  2.2009. So (4 -1 )  is re -w ritten  as

d x
n (x )  -  2 .2 0 0 9  + 1 .0 7 2  ---------------------  e x p ( - ( ---------------------- ) 2) (4 -5 )

2 X  7 ( 0 . 4 7 t )  2 X  7 ( 0 . 4 7 t )

From figures 4 - 5  and 4 - 6 ,  it is seen that the results were fairly scattered and
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would have introduced a large error in extrapolation. This may have been due to 

errors in the Ti film thickness. It was later found that, by checking the thickness 

with TalyStep, the monitor reading varied from time to time, because of the change 

of distance between sample and the crystal detector.

From (4—5), we can find the conditions under which the waveguide can guide only a 

single mode. Figure 4— 7 shows the boundary conditions. In the region M= 0, the 

waveguide made with the corresponding values of d and t guides only the 

fundamental mode. Below this region, the waveguide is cut— off. Above this region, 

the sample will support more than one mode.

b) x—cut LiNbO 3 at T =1000°C

At T = 1038°C , D= 0.47pun2/hr, and fabrication of a waveguide with a= 2 /m i takes 

only 2hrs. Because of the thermal inertia of the diffusion oven, the control of the 

process will be easier if the diffusion time could be longer. So we have deduced the 

result of lowering T from 1038 °C to 1000 °C.

Using (4—4) and D (T= 1038 °C)= 0.47^ m 2/hr, and quoting the data of T 0= 2 .9 x l0 4K 0

from [ McLachlan 1981 ], we get D 0= 1 .9  X 1 0 9/rm 2/hr. Then we obtain

D (T =1000°C ) =  0.24jum2/hr. Figures 4—8 and 4—9 show the single—mode

waveguide condition as a function of d, t and d, a respectively.

It was estimated [ Canali 1984 ] that it will take 0.015hr for complete indiffusion of

every angstrom of Ti film at a temperature of 1000 °C. This gives a requirement of

diffusion time needed to completely indiffuse a certain thickness of Ti film. This 

requirement is drawn as straight line LI in figure 4—8, the slope of which is

0.0066/un/hr. In [ Canali 1984 ], the experiments showed that there existed a

diffusion time at which the loss of waveguide reached minimum. On y—cut LiNbO 3,

a 0.025/im Ti film needed a diffusion time about 9hr and a 0.055^m film needed
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about 16hr at 1000 °C. We could link these points using a straight line slope of 

0.003/wn/hr which is drawn in figure 4—8 as L2. The point at the intersection of 

L2 and the upper boundary of M= 0 region represents a waveguide of a=2.4jum. 

This depth should be reasonable. Now the waveguide represented by the points both 

on the straight line L2 and near the upper boundary will be satisfactory.

As an example, we pick up two points A and B as our selection of single mode 

waveguides as shown in figure 4— 8 and 4— 9. The point A represents a single mode 

waveguide near the c u t-o f f  of the second mode on x—cut L iN bO 3, made with a 

15nm Ti film and annealed at 1000°C for 5 hours, giving an index increase of 

0.0073 and depth of 2 .2 /xm. The point B represents a similar waveguide made with 

a 17nm Ti film and annealed for 5.5 hours, giving an index increase of 0.0079 and 

depth of 2 .3 /um.

c) z—cut LiNbO 3 at T =1000°C

The same experimental procedure was carried out on z—cut LiNbO 3 at T=1000°C . 

The Ti film thickness and diffusion times were taken as follows:

t  ( h r )

d(^,m)

9 13 15 11

0 .0 2 5 V V V V

0 .0 5 0 V V V V

0 .0 6 5 V V V V

0 .0 8 0 V V V V

The average refractive index of the substrate is n s=  2.2022. The empirical expression 

for waveguide index profile is

d x
n (x )  = 2 .2 0 2 2  + 1 .5 6  ---------------------  e x p ( - ( ---------------------- ) 2) (4 -6 )

2 X 7 ( 0 . 3 8 t)  2 X 7 ( 0 . 3 8 t)
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Figures 4—10 and 4—11 show the conditions for making a single mode TI waveguide 

on z—cut LiNbO 3. In figure 4—10, the straight line L represents the time 

requirem ent to get a fully indiffused and low loss waveguide. The experimental data 

is not available and here a somewhat larger slope of 0.004/rm/hr is used because the 

indiffusion rate on z— cut LiNbO 3 is bigger than on the x— cut sample. The point A 

represent a single mode waveguide near the cut— off of the second mode on z— cut 

LiNbO 3, made with 12nm Ti film and annealed at 1000°C for 3 hours, giving an 

index increase of 0.0088 and depth of 2 .1 /xm.

IV.3. Proton Exchange ( PE ) on L iN bO 3

Exchange of some elements with the elements in the solid may increase the refractive 

index of the solid, as exemplified by potassium and silver in exchange with sodium 

ions in soda— lime glasses and proton ( H+  ) in exchange with lithium ions in 

LiNbO 3. The reaction of proton exchange takes place in the range of 150—300 °C 

and is represented as [ Loni 1989 ]:

LiNbO 3 +  jcH+  ■* Li 1 _  ^.H^NbO 3 +  *Li+  (4 - 7 )

Such an exchange causes an increase of extraordinary refractive index about 

0.12—0.14 and a decrease of ordinary refractive index about 0.04 [ De Micheli 

1982 ], which means that only TE modes are guided in x—cut and y—cut waveguides 

and TM modes on z— cut waveguides.

IV.3.1. Pure Proton Exchange on LiNbO 3

Proton— exchage is the only way at present to produce a high index increase in 

LiNbO 3. The diffusion rate of proton—exchange at 235 °C is about 0.4^tm/hr on an
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x—cut and 0.3^m /hr on a z—cut TI waveguide. The diffusion rate is greater on a

virgin sample than on the TI waveguide sample, and is greater on an x—cut sample

than on a z—cut sample.

IV.3.2. Dilute Melt Proton Exchange ( DPE )

There are some advantages in using DPE waveguide as the low index waveguide in

thin film lens fabrication. The threshold of photorefractive damage is higher than

that of TI waveguide [ Becker 1983 ]. This is important in thin film lenses where 

the light power density is very high in the beam focus region. If a 1mm wide

incident beam is focused into a 1 wide spot with 3dB(50%) loss through the lens,

the light power density at the focus is 500 times that of incident beam. A DPE

waveguide can be made shallower than a TI waveguide, which is important for high 

frequency SAW applications [ Tsai, 1979 ]. Calculation in chapter III shows that if 

both low and high index waveguides have step— like index profiles, by means of DPE 

and PE, respectively, the coupling efficiency is much better than that if the low

index waveguide has a gradient index profile while the high index waveguide has a 

step— like index profile, by means of TI (or annealed DPE) and TIPE, respectively. 

A disadvantage of DPE waveguide is its higher scattering loss, especially for 

un— annealed samples. On the un— annealed DPE sample the scattering can be 

easily seen on the waveguide surface. It has been reported that annealed DPE 

sample can have very low attenuation [ Loni 1988 ].

IV.3.3. Proton Exchange Plus Annealing

The protons will re—distribute at enhanced temperature, 250—400 °C, and then the 

index profile is modified. Annealing also changes other parameters, such as 

electro—optic coefficient and attenuation [ Loni 1989 ]. It has been reported that 

annealing improved waveguide quality on y—cut [ Varasi 1987 ] and x—cut [ Loni 

1988 ] but worsened it on z—cut [ Loni 1988 ]. In our experiment, no decrease of
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attenuation on DPE z— cut sample was observed upon annealing. As seen in the 

chapter III, annealing makes it difficult for the low index DPE waveguide to match 

high a index PE waveguide.

IV.4. TIPE Waveguide on LiNbO 3

Proton— exchange may also take place on TI waveguides, forming so called TIPE 

waveguide but the exchange rate is reduced [ De Micheli 1982 ]. If a mask is used 

to block the proton exchange on some region of the TI waveguide and allows the 

unmasked area to be proton exchanged, the TIPE waveguide can be used as high 

index waveguide while the TI waveguide ( masked area ) remains low index 

waveguide.

The index increases by T i— indiffusion and proton— exchange are additive [ De 

Micheli 1982 ]. It was reported that the index increase by proton— exchange in pure 

benzoic acid was about 0.11 and by Ti—indiffusion and proton—exchange was about 

0,12, while that by T i—indiffusion was about 0.014 [ De Micheli 1982 ]. In our 

experim ents, the index increase by proton— exchange in pure benzoic acid is about 

0.13 and that by T i—indiffusion and proton—exchange is about 0.14, while that by 

T i—indiffusion is about 0.01 to 0.02.

Figure 4—12 shows the index increase profiles of a TI waveguide and an 

out— diffusion waveguide, both samples were x— cut and underwent the same annealing 

processing and then should have the same out— diffusion waveguide structure. In the 

figure 4—12, the index increase profile, <mi(x), of T E  mode in T I waveguide 

( T E :T I ) is the sum of that of TM mode in TI waveguide ( TM :TI ) and that of 

TE  mode in out— diffusion waveguide. The out— diffusion does not increase the 

ordinary refractive index and therefore the TM :TI index profile has no such a tail as 

T E :TI index profile. This result shows that the index increase is the sum of that by
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Ti indiffusion and that of by out—diffusion. Because proton—exchange has very

similar characteristics as out— diffusion, this phenom enon should happen for TIPE

waveguide, i.e. the index increase is the sum of that by Ti indiffusion and of that by

by proton exchange.

If the PE waveguide is deep enough, much more than TI waveguide, the low

ordinary index layer can act as a substrate upon which there is an index— increase 

layer by Ti indiffusion, as shown in figure 4—13. Then there is a waveguide for the 

ordinary refractive index. Guided waves in such waveguides have been found in our 

experim ents. By combination of proton exchange and annealing, the decrease of the 

ordinary index is adjustable in the range of 0 to 0.04, while the effective index for 

the ordinary modes is also adjustable. This phenom enon has been used for 

controlling birefringence [ Hinkov 1986 ]. In this way, two waveguides can be 

formed: TI waveguide with high ordinary index and TIPE waveguide with low 

ordinary index, of which the index difference is about 0.04. These two waveguides 

have same index profiles, as shown in figure 4—13, with slightly different substrate 

indices, and therefore will have perfect mode match. If TI waveguide is still 

required as the surrounding area, because of its lower attenuation than TIPE 

waveguide, the TIPE lens region waveguide has to be a low index one. That means 

a concave lens. The index difference is too small for the homogenous refracting 

lenses but it is big enough for Fresnel's lens. Such a concave Fresnel's lens has

been developed on glass waveguide [ Pitt 1988 ]. There is at least one advantage

for deploying such waveguide system : TM mode is to be used on x— cut or y— cut

LiNbC>3, which is related to ordinary refractive index and is completely isotropic.

IV.5. Buried Titanium Indiffusion Waveguide and Polariser *

*:In addition to the main object of waveguide lens study, some work on other

integrated optical devices was carried out and is described in this section and next
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section. This work was clone in cooperation with Dr. Feng Zhou in this departm ent. 

He did double proton exchange in an attem pt to bury waveguide, proton exchange

waveguide on Er:LiNbC>3, measurement of photo—luminescence spectrum  of Er:T i 

doped waveguides and end— fire coulping of buried waveguides. His co— work is 

greatly appreciated.

Burying a waveguide is attractive in reducing surface scattering loss and modifying the 

mode profile to suit optical fibre coupling. Since buried waveguide on L iN b0 3 has 

lower propagation losses and a more symmetric intensity profile than surface 

waveguide, it may be useful for integrated optical devices such as miniature

solid— state waveguide lasers and polarisers which have been formed in surface 

waveguide [ Ctyroky 1986, Stock 1988 and Han 1991 ]. Recently buried PE

waveguide has been reported [ Jackel 1991 ], but when the same procedure was

repeated no clear evidence of the waveguide's being buried was observed. Buried 

TIPE waveguides have also been dem onstrated, but the refractive index profile was

asymmetric, just as for surface waveguide [ De Micheli 1983 ]. Buried LiNbOs

waveguides can also be made by ion— implantation but again the index profile tends

to be asymmetric [ Chandler 1990 ].

Ti indiffusion increases both the ordinary (n0) and the extraordinary (no) refractive 

indices, and hence TI waveguide can guide both TE  and TM modes on x, y and 

z—cut L iN b0 3. The TE mode in such guides is subject to the ordinary refractive 

index on z—cut LiNbOs and, when propagating along the y direction, the 

extraordinary refractive index on x—cut LiN b0 3. The TM mode will be subject to

the ordinary refractive index on x— cut LiNbO 3 and extraordinary refractive index on

z—cut L iN bO s. Subsequent stages of proton exchange will increase the extraordinary 

refractive index and decrease the ordinary refractive index. A shallow PE layer will 

reduce the ordinary refractive index of a TI waveguide near the surface but leave the 

index profile beneath unchanged, thus forming a buried waveguide. The increased 

extraordinary index layer can still guide a wave at the surface of the substrate and
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this wave can be retarded by an additional cladding layer.

IV .5.1. Experim ent

An x—cut L iN b0 3 substrate with a Ti film lOOnm thick deposited on its surface was 

annealed at 1000°C in a wet oxygen atm osphere for 15 hours. A z—cut LiNbC>3 

substrate with a Ti film 65nm thick was annealed under the same conditions but for 

13 hours. The index profiles were calculated from the measured effective refractive 

indices using the IWKB method and are shown in figures 4—14 and 4—15. A 

wavelength of 0.633//m was used.

The samples were then immersed in pure benzoic acid at 235 °C for 40 minutes for 

the x— cut sample and 60 minutes for the z— cut sample to allow proton exchange to 

take place. After proton exchange the effective extraordinary indices of the 

waveguide modes were measured and the index profiles calculated, and are also 

shown in figures 4—14 and 4—15. No mode related to the ordinary refractive index 

( ordinary mode ) was seen from prism coupling since, owning to the reduction of 

the ordinary refractive index near the surface, the waveguides were well buried. 

W hen end— coupling was utilised it was confirmed from observing the waveguide 

output that there were still guided ordinary polarisation modes on both samples. 

After annealing at 380 °C for 2 hours, to adjust the index profile, the effective 

extraordinary guided mode refractive indices were measured and the index profiles 

calculated ( see figures 4—14 and 4—15 ), while the ordinary modes ( single

— moded ) were still seen by end—coupling. The index profile could not be 

calculated for the buried ordinary modes, because the modal effective indices could 

not be measured. But the ordinary polarisation index profile could still be deduced 

from the extraordinary refractive index profile, for which the effective indices are 

always measurable. The maximum increase of extraordinary refractive index 

obtainable by benzoic acid proton exchange has been quoted as 0.11 and the 

maximum decrease of ordinary refractive index by proton exchange has been quoted
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as 0.04 [ De Micheli 1982 ], while in our experim ent the maximum increase of 

extraordinary index by the proton—exchange process was about 0.13. The index 

increase for TI waveguide and for PE waveguide are additive [ De Micheli 1983 ], so 

the index increase of TIPE waveguide is the sum of index increase for TI waveguide 

and for PE waveguide. The actual decrease of ordinary refractive index produced by 

proton—exchange in a TI waveguide can be taken as 0.04/0.11 times the actual 

increase of extraordinary refractive index by proton— exchange.

IV .5.2. Discussion

The progression of index profiles after processing by TI, PE and annealing are shown 

in figures 4.14 and 4.15 for the x—cut and z—cut LiNbOa samples respectively. 

Proton— exchange led to a step— like profile for both the extraordinary and ordinary 

indices, while the buried ordinary refractive index profiles ( TM mode on x— cut and 

T E  mode on z— cut material ) were strongly asymmetric. Post— annealing changed 

the PE index profile into a Gaussian profile and the buried ordinary index profile 

turned into a nearly symmetrical one. The combination of different param eters for 

the T I, PE and annealing processes can give a variable index profile.

Mode profiles were measured using a video camera and a monitor, then fed into a 

com puter. The dashed line in figure 4—16 is the measured optical intensity profile 

of a buried TM mode in an x— cut sample and is clearly quite symmetric. Figure 

4—16 shows a com puter model for a single ordinary TM mode buried waveguide on 

x—cut LiNbC>3. It has been assumed that titanium indiffusion produces a Gaussian 

profile increase in refractive index, while annealed proton— exchange produces a near 

Gaussian profile decrease in refractive index. The final buried index profile is then 

the sum of the two profiles. In figure 4—16(a), the param eters of the depth and 

index increase on the surface were obtained from fitting a Gaussian index profile to 

the ordinary index profile of TI waveguide in figure 4—15(a) and were estimated to 

be ^ n ,=  0.013 and d ^  5.0/um, which gave
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n 1(x )  = 2 .2 8 5  + 0 .0 1 3  X e x p ( - ( x / 5 . 0 ) 2) (4 - 8 )

where the substrate index was taken as 2.285. After Ti indiffusion, proton—exchange 

and annealing, a decreased ordinary Gaussian index profile was assumed to be 

superimposed on the TI waveguide ordinary index profile. From figure 4—15(a), the 

surface index had been reduced to the refractive index of the substrate, implying an 

overall decrease in the surface index of <*n 2=  — 0.013. The depth of this decreased 

Gaussian index profile was assumed to be the same as that of the increased 

extraordinary index profile in figure 4—15(b) and was estimated to be 4.3jtm. Then 

the final buried refractive index profile was the sum of the increased ordinary 

Gaussian index profile and the decreased ordinary Gaussian index profile:

n 2 (x )  -  2 .2 8 5  + 0 .0 1 3  x  e x p ( - ( x / 5 . 0 ) 2) -  0 .0 1 3  x  e x p ( - ( x / 4 . 3 ) 2) (4 -9 )

Figure 4—16 also shows that the intensity profile of the TM mode has a nearly

symmetrical shape in the buried waveguide. The distance between the peaks of the 

intensity profiles of the buried and unburied waveguides is about 3^m . In the 

experim ents, we observed that, after proton— exchange and annealing, the position of 

incident light beam needed to excite a guided mode in the buried waveguide ( TM 

mode on x— cut LiNbO 3 and TE mode on z— cut sample ) was further away from 

the substrate surface than that needed to excite a mode in the surface waveguide 

( T E  mode on x—cut sample and TM mode on z—cut sample ), which is further 

evidence of the waveguide being buried. In figure 4—16, are also shown profiles of 

refractive index and intensity of surface TI waveguide.

The extraordinary mode will remain guided near the surface and it might be

undesirable in some applications. It is quite possible to eliminate it by, for example, 

providing a surface index matching material or absorbing material ( such as a metal

electrode [ Stock 1988 ], and in this case the buffer layer is not required ) or by
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deliberately roughening the surface.

The intensities of the TE and TM polarised modes were measured. E ither the TE 

or the TM  mode was excited by end— fire coupling. The intensities of the two

modes were measured separately by changing the direction of a polarizing filter

( without changing the incident intensity and end—fire coupling arrangem ent ). O n a

5mm long z—cut sample ( where the TE mode is buried ), it was found that the 

intensity of TM mode was lower than that of TE  mode by 2dB. The higher loss

for the surface TM mode can be attributed to the surface scattering and lower

coupling efficiency at the waveguide ends due to mode mismatch ( a strong

asymmetry in waveguide index profile ). After deposition of a 200nm thick 

aluminum layer on the surface, the TM mode was effectively absorbed and the

extinction ratio was greater than >  25dB ( 50dB/cm ) under the same experimental

conditions.

Because the prism coupling was no longer valid for the buried waveguide, optical loss 

was measured by cutback method on two 30mm long z— cut samples. One sample 

underwent Ti indiffusion only and held surface TM and T E  modes. Another 

underwent Ti indiffusion, proton exchange and annealing and held surface TM modes

and a buried TE mode. The measurement showed an optical loss for the buried TE

mode of less than ldB/crn compared with that for Ti indiffused surface TE  mode of 

about 1.5dB/cm. The streak of light on the surface was obviously weaker for the 

buried waveguide mode.

IV.6. Erbium Indiffusion in LiNbC>3

E r is an im portant material in laser technology because it emits light at X=1.5jtm  at

which the optical fiber has minimum absorption, and therefore is useful in optical 

communications. Integration of laser and other components such as modulators
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provides compactness, high speed and high efficiency for optical communications. 

Waveguide laser has recently been developed on LiNbOs. The guided wave on these 

materials has a similar dimension as that in optical fiber and, specially in the buried 

waveguide as described in last section, provides good matching with optical fiber.

E r doped LiNbOs waveguide has been reported [ Brinkmann 1991 ]. Because the 

diffusion coefficient of Er in LiNbOs is very small, it took about 80 hours for the 

lOnm thick Er to fully indiffuse in to the substrate 5//.m deep at 1060 °C on z—cut 

LiNbC>3 ( which has bigger Ti indiffusion rate than x— cut sample ). E ither titanium 

indiffusion or proton exchange can produce a waveguide subsequently, and in an ideal 

case it is expected that the E r is distributed to the same depth as the waveguide. 

In this section, an alternative method of E r diffusion is discussed.

The idea of this method is that if an alloy of Er and Ti is deposited on the 

LiNbC>3 surface and heated, the indiffusion of Ti may enhance the E r indiffusion.

Very recently similar work, which was done simultaneously with ours, was reported 

[ Gill 1992 ] which demonstrated an approximately 15—fold increase in the diffusivity 

of E r into LiNbC>3 by co—diffusion with Ti and such an im provem ent was attributed 

to the increased partition coefficient of E r 3+ when T i4+ is available as a charge

compensation mechanism. In their experim ent, they used a tem perature of 1050°C 

and an annealing time of 20 or 40 hours.

The Er:T i alloy is not available but a multi— layer structure was used for the same 

purpose. The structure and the thickness of each layer is shown in figure 4—17,

which included 35nm Ti and lOnm Er. The measured thickness from the TalyStep

was 48nm. After depositing the m u lti-lay er on a x—cut LiNbC>3, the sample was 

annealed at 1000 °C in a water vapour environment as described in the section IV.2. 

for four hours. This processing was used to produce a single mode TI slab

waveguide at 633nm wavelength, and also produced a single mode for this Er:Ti
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co— indiffusion.

The sample ends were polished and the absorption spectrum and photo— luminescence 

spectrum were measured. The absorption spectrum showed some E r doping 

dependent features, however the features were somewhat masked by Ti dependent 

features and as yet it is not possible to obtain an accurate estimate of Er 

concentration from the absorption spectrum. The luminescence was excited using the 

488nm line of an Argon ion laser and some care was taken to eliminate luminescence 

from anywhere other than the slab waveguide. Figure 4—18 shows the spectrum of 

photo—luminescence of the Er:Ti indiffusion sample ( E r:T i:L iN b03 ), and as 

comparison also shown are the spectrum from a T i—indiffusion LiNbC>3 waveguide 

sample ( Ti:LiNbC>3 ) and a waveguide sample which was bulk E r—doped at 0.2% 

mole and proton exchanged ( E r:PE :L iN b0 3 ). The E r:PE :L iN b0 3 sample showed a 

peak between 1 .45 /xm and 1.63^m . The Ti:LiNbC>3 sample showed a broad peak 

between 0.6/wn and 1.3/rm. The E r:T i:L iN b0 3 sample showed a peak between 

1.45/un and 1.63jum with a sharp peak at 1.52^tm, associated with E r and a broad 

peak between 0 .65pirn and 1.3^tm as associated with Ti, though a little narrower.

IV.7. Discussion and Summary

The controversial results imply that complete suppression of out— diffusion is very 

difficult. In some applications, e.g. strip waveguide, out—diffusion may not incur 

trouble. But in the case of a multi— element lens, there are 2m boundaries for an 

m— elem ent lens and the power will be coupled from the fundamental mode into 

out—diffusion modes at every boundary, as shown in figures 4—2 and 4—3. So the 

coupling into out—diffusion mode must be minimised. From  the review of previous 

work and experim ent, it seems that the material of LiNbO 3 itself plays some role. 

O n the waveguide lens samples, very weak out— diffusion modes were found 

sometimes.
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From  experim ents, the relationship between the refractive index profile and processing 

param eters, Ti thickness d and annealing time t, was obtained assuming a Gaussian

profile. By waveguide analysis, the relationship between single mode waveguide and 

processing param eters was obtained as well. Taking into consideration that the 

waveguide should have low loss and proper depth, we finally get a limited region in 

which the waveguides would satisfy the conditions needed to make thin— film lens.

U n—annealed DPE has high attenuation, while annealed D PE waveguide has a 

spread— out index profile and is difficult for the high index waveguide to match. TI 

waveguide has low attenuation and is stable afterwards. So TI waveguide is chosen 

as low index waveguide in waveguide lens fabrication even though the TI waveguide 

has lower optical damage threshold than DPE waveguide.

Ordinary polarization waveguide modes in TI waveguide can be effectively buried by 

proton— exchange. The index profile can be adjusted readily by annealing. The

buried guide produced had reduced surface roughness scattering losses and provided a 

nearly symmetric optical intensity profile. The cladding layer attenuated the surface

TM mode strongly and led to a high extinction ratio TE  mode polarizer. In contrast 

to the PE waveguide polarizer, the buried TI waveguide polarizer holds the mode 

polarized with its main electric field com ponent perpendicular to the optical axis on 

L iN b0 3 single crystals.

T he enhancem ent of E r indiffusion by the presence of Ti is very interesting. In our 

experim ent, the annealing tem perature was lower, and the annealing time was much 

shorter than that used in [ Brinkmann 1991 and Gill 1992 ] but an effective

Er:Ti:LiNbC>3 waveguide was still obtained. The mechanism of such diffusion has not 

been well understood. There is a possibility that the indiffusion and oxdization of Ti 

changed the structure in LiN b0 3 crystal and left some spaces for the E r to come in. 

More experiments and theoretical analysis are required.
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Q u a r t z  Tube

F l owi ng  A i r LiNb0 3  Sample

LiNbOz
Powder Quar t z  Boat

F i g u r e  4 - 1 .  The a r r a n g e me n t  o f  Ti  i n d i f f u s i o n .

F i g u r e  4 - 2 .  C o u p l i n g  f rom TI mode i n t o  o u t - d i f f u s i o n  mode i n  

t h e  m - l i n e  from p r i s m  ( shown by a r r o w ) a t  a 

s i n g l e  bo unda r y  o f  TI w a v e g u i d e  and TIPE w a v e g u i d e
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(a)

F i g u r e  4 - 3 .  C o u p l i n g  i n t o  o u t - d i f f u s i o n  modes  at  t h e  b o u n d a r i e s  

o f  4 - e l e m e n t  l e n s .  ( a ) : e x p e r i m e n t a l  r e s u l t ;  ( b ) : 

c omput e d  mo d e l .  The f u n d a me n t a l  mode h a s  e f f e c t i v e  

i n d e x  n^ = 2 . 2 9 0 4  i n  l e n s  r e g i o n  and n]  = 2 . 2 0 0 0  i n  

w a v e g u i d e  r e g i o n  and i s  p a r t i a l l y  c o u p l e d  i n t o  o u t -  

d i f f u s i o n  mode ( n o= 2 . 2 0 0 4 )  on e v e r y  b o u n d a r y .

■Quartz Tube

F lowi ng  Ai r

Boat

F i g u r e  4 - 4 .  Arrangement  o f  f a c e - t o - f a c e  d i f f u s i o n .

Pol ished Surfaces
L iNb03 Samples

LiNb03
Powder
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CHA PTER FIVE: FABRICATION O F HOM OGENOUS PLANAR LENS

V . l . Introduction

The high index waveguide and low index waveguide are to be separated in some way 

to form the lens region and surrounding waveguide region. At the beginning of the 

developm ent of waveguide lenses, the high index waveguide was form ed by a top 

cladding layer or surface curvature in addition to the low index waveguide. The 

problem  of this technology was that accurate control of the cladding layer or surface 

curvature was not easy and complicated and expensive facilities had to be used. The 

difficulty of fabrication also limited lens design because there were only limited lens 

contours possible for fabrication. Planar technology was introduced in waveguide lens 

fabrication [ Zang 1983 ] soon after the technology of fabricating two different 

waveguides became feasible [ De Micheli 1982 ]. This technology has been well 

developed for integrated circuits. By photolithography, the high index waveguide can 

be easily separated from the low index waveguide for the purpose of high index

waveguide lens region fabrication. There is no limitation on the lens contour, and

therefore any lens design can be realised. Not only homogenous refracting lenses but 

also Fresnel's lenses, which have very complicated contours, can be fabricated.

Similar procedures of waveguide lens fabrication were used [ Zang 1983, Suhara 1986 

and Tatsumi 1988 ] and will be discussed in this chapter.

In next section, there will be a description of the waveguide lens fabrication 

procedure, using the standard planar technology. Section V.3. describes experiments 

in choosing masking layers for blocking proton— exchange. Section V.4. gives

experim ental results of the fabrication of waveguide optical com ponents, lenses and 

prisms. In the section V.5., there is some discussion about fabrication tolerances as
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they affect the lens performance.

V.2. Fabrication Procedure

A com puter generated lens pattern was photo— reduced to form  a mask— plate which

was to be used to duplicate the lens pattern on the sample. As depicted in figure

5—1(a), the low index slab waveguide was made first, either by titanium indiffusion 

or dilute proton exchange as described in Chapter IV. A masking layer was then 

deposited on the waveguide surface, figure 5—1(b), to block proton exchange where 

needed. The photoresist was spun on the completely cleaned sample, at 4000rpm for 

20 second giving about 1 thick uniform photoresist, figure 5—1(c). The sample 

was then baked in an oven at 90 °C for 30 minutes to drive off any remaining 

solvent. The mask— plate— covered sample was exposed under ultra— violent light for 

5 minutes. The lens region was exposed and then the photoresist in this region was 

developed away afterwards, figure 5—1(d). A higher tem perature post—baking at 

about 120 °C for about 30 minutes was found necessary for good boundary quality. 

The masking layer in the open window was etched away, figure 5—1(e). At this

stage the sample should be carefully looked after and the etch bath slightly stirred, 

otherwise there might be some bubbles appearing as a result of chemical reaction,

sticking on the edge of the boundary and preventing the area underneath from being 

further etched. The remaining photoresist was then removed and the sample cleaned 

ready for proton exchange, figure 5—1(f). The LiNbOa surface in the lens region 

was now open for proton exchange and the remaining area was still covered by the 

masking layer and prevented from being proton exchanged.

After proton exchange in benzoic acid, the remaining benzoic acid could be cleaned 

in acetone. After removing the remaining masking layer, the sample was ready for 

test, figure 5—1(g).

-  113 -



V.3. Masking Layers for Blocking Proton Exchange

V.3.1 Choice of Masking Material

Masking layers should be effective to block proton exchange, easy to process, and be 

lo w -c o s t;  examples are Si3N« [ Zang 1982 ] and A1 [ Reid 1989 ]. A1 is cheaper 

and easy to process. Al, Si3N4 and SiC>2 were tried in the experim ent.

To check if the masking layer had effectively blocked the proton exchange, either the 

TI sample or virgin sample was covered with the masking layer and immersed in

benzoic acid at about 236 °C tem perature for up to 3 hours which were required to 

produce effective waveguide. Then the masking layer was removed and prism 

coupling was used to check if the effective index was increased and the waveguide 

had deteriorated on the TI sample or if there was a guided wave on the virgin 

sample. If the tests were negative it was thought the proton exchange was fully 

blocked.

A 200nm Al film was used as a mask and proton exchange was carried out at 236 °C 

in the following experiments. For proton exchange less than 30 minutes, strong 

in— plane scattering was observed in the prism output m— line even though the 

effective index was not found to have increased, which was thought to be because of 

the incomplete blocking and therefore the formation of some small high index islands

by proton exchange. For proton exchange between 30 minutes and 3 hours, no

increase of effective index was observed but light coupling into or out of the

waveguide by prism was very poor in most cases; the waveguide had deteriorated 

after processing. Post—annealing in oxygen ambient at 300 °C for 3hrs partially 

restored the waveguide in some cases, as evidenced by the improvement of light 

coupling, even after proton exchange for 3hrs, but scattering was strong. Slightly 

increasing the mask thickness did not improve the situation and a much thicker film
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was difficult to fabricate and process.

No increase in effective index was measured after proton exchange at 236 °C for 3hrs 

on the sample covered with 60nm SisN 4, but strong scattering was observed. With a 

thicker masking film of 200nm, the waveguide improved, but post—annealing was 

needed to improve light coupling.

A 60nm thick SiO 2 film prevented an increase in effective index after proton 

exchange at 236 °C for 3hrs, but scattering was still obvious. W ith a SiO 2 film 

200nm thick, no deterioration was found after proton exchange at 236 °C for 3 hours 

and no post— annealing was necessary.

Proton exchange in LiNbO 3 leads to an increase in infrared ( IR ) absorption at 

wavenumber 3505cm-  1 due to free OH groups [ Loni 1989 ]. Infrared spectra were 

recorded using a Perkin— Elm er 983 spectrom eter and data station. Two samples 

were half—covered, one with 200nm Al and another with 200nm Si3N4, and were

immersed in benzoic acid at 235 °C for 2 hours. After removing the remaining 

masking layers, the IR spectra were measured on the covered and uncovered areas. 

Figure 5— 2 shows the results. The relative heights of the absorption peaks of the 

covered area and that of the uncovered ares was 0.36 for Al—covered sample and 

0.30 for the Si 3 N 4—covered sample, indicating stronger proton exchange in the Al 

covered sample. Figure 5— 3 shows the IR spectra of two samples, one of which

was covered with 300nm Al and another with lOOnm SiO 2 and which were immersed

in benzoic acid at 235 °C for 3 hours. The Al—covered sample had the greater IR

absorption. These results indicate that an Al film has poorer quality in blocking 

proton exchange than SiO 2 .

V .3.2 SiO 2 Deposition

It was found that after plasma deposition of SiO 2 and removal in H F :H 2 O = l:1 0 , the
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surface scattering increased. Annealing in air at 500°C for 2 hours improved the 

waveguide. This degradation was supposedly due to damage by the plasma during the 

deposition, as previously reported [ Suhara 1986 ].

An interesting thing happened. If the SiO 2 was etched away, in H F :H 2 O = l:1 0 , 

before annealing, and was proton exchanged, in pure benzoic acid at 235 °C for four 

hours, normal bright TIPE modes were seen from prism coupling. If the TI sample 

was annealed with the SiO 2 covered and afterwards the SiO 2 was etched away, then 

after the proton exchange the guided waves were vague. Some times the number of 

modes was smaller and the modes were weak compared with normal TIPE modes, 

and sometimes only a TI mode was observed as if the sample did not undergo PE at 

all. No more explanation is available but it is supposed that there must be some 

interface layer formed during plasma deposition and subsequent annealing, between the 

L iN b0 3 substrate and the SiO 2 film.

Special care should be taken during SiO 2 deposition. W hen the sample was heated 

up to 300°C, required for SiO 2 to stick on the substrate, it charged up on the 

surface and was attractive to the residual dusts in the deposition cham ber which may 

come from the gas tube. As the result there were some holes in the SiO 2 film. If 

the deposition was done after an overhaul of the system there were very few holes, 

otherwise a lot of holes were seen. This was more severe for z—cut than for 

x—cut, because of bigger r 33 coefficient and therefore stronger electric charging. 

Using a thin metal film ( for example 20nm Ti ) either discharged the sample 

surface or prevented the damage from the plasma. The SiO 2 film could stick on Ti 

and NiCr films but not on Al film. Ti can be etched in the same etchant as for 

SiO 2 and therefore they can be etched in a single process.

V.4. Waveguide O ptical Components
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Figure 5— 4(a) shows a photograph of a waveguide triangle prism formed on x— cut 

L iN b0 3 by Ti indiffusion and proton exchange. The deflection is not clear in the 

photograph but figure 5—4(b) is a sketch from the original picture. The deflection 

angle 6 was deduced from figure 5—4(b) and was about 3 .2°. It is small because of 

the small difference of effective indices.

Figure 5— 5 shows a 4— elem ent waveguide lens made on z— cut LiNbO 3 by Ti 

indiffusion and proton exchange. The Ti film was 32nm thick and the sample was 

annealed at 1000°C for 3.5 hours. The effective index of the fundamental mode was 

2.2059. 300nm thick S i0  2 was used and proton exchange was carried out at 235 °C

for 7 hours. There were 8 modes in the TIPE area and the waveguide depth was 

calculated by the IWKB method to be about 3.2/y.m. The effective index of the 

fundamental TIPE mode was 2.3273. The ratio of high and low effective indices was 

1.0550. The coupling efficiency measured from the m —line as described in the 

section III.5. was about 75% which means an overall power transmission of 10% 

through the lens. The final focal spot was very weak because of the boundary losses 

after the light beam had passed eight boundaries.

Figure 5—6 shows a one—element waveguide lens formed on z—cut LiNbO 3 by Ti 

indiffusion and proton exchange with incident beam angle of 0 ° , 3° and 5°. The Ti 

film thickness was 30nm and the sample was annealed at 1000°C for 3 hours. The 

effective index of the fundamental mode was 2.2097. 300nm thick S i0  2 was used as

a mask and proton exchange was carried out at 235 °C for 5 hours. T here were 8 

modes in the TIPE area and the waveguide depth was calculated to be about 3.0^tm. 

The effective index of the fundamental TIPE mode was 2.3326. The ratio of high 

and low effective indices was 1.0556. The coupling efficiency was about 88% which 

means an overall power transition of 77% through the lens. After passing two 

boundaries, the intensity of the light beam was still strong.
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V.5. Fabrication Tolerances

The optical perform ance of the lenses is mainly affected by the ratio of effective 

indices in the high and low index waveguides and lens contours. The waveguide

structure will affect not only the effective index, hence the index ratio, but also the

coupling efficiency. The lens contours affect the optical path of the light beam.

V .5 .1 . Effect of Titanium  Indiffusion on Effective Index in Low Index Waveguide

There are several param eters affecting the effective refractive index in a TI

waveguide: the thickness of the Ti film, and the tem perature and time of annealing. 

Equation ( 4—6 ) in section IV.2.3. expresses the extraordinary refractive index 

profile of z—cut LiNbO 3, assuming the tem perature of 1000 °C, as a function of Ti 

film thickness, tem perature and annealing time and is rewritten here:

d x
n (x )  -  2 .2 0 2 2  + 1 .5 6  ----------------------  e x p ( - ( ---------------------- ) 2) (5 -1 )

2 x  7 ( 0 . 3 8 t )  2 x  7 ( 0 . 3 8 t )

The effect of these param eters on the index profile and hence on effective index can 

be analysed.

Figure 5— 7 shows the relationship between the effective index of the fundamental 

TM mode in a TI waveguide vs the thickness of the Ti film, for a fixed annealing 

time of 4 hours. It is linear and has a slope of 0.000498/nm. This means that an 

inaccuracy of ln m  in Ti film thickness will result in an effective index change of 

0.00050. Figure 5— 8 shows the relationship of the effective index vs the annealing 

time for a fixed Ti film thickness of 30nm. The curve can be approximately fitted 

by a straight line with a slope of — 0.000955/hour. This means that an inaccuracy of 

1 minute in annealing time will result in an effective index change of 0.000016.
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The effect of tem perature can be taken into consideration. Using equation ( 4— 4 ) 

of the dependence of diffusion coefficient on tem perature and quoting D 0 =  1.9 X

1 0 9 f jm2/hr  and T 0 =  2.9 x  104 °K [ McLachlan 1981 ], figure 5—9 shows the

relationship of the effective index vs tem perature with fixed Ti film thickness of 

30nm and annealing time of 4 hours, which has a slope of — 0.0000846/degree. This 

means that an inaccuracy of 1 °C in annealing tem perature will result in an effective 

index change of 0.000085.

The thickness of the Ti film could be checked with the Talystep which has an 

accuracy of ±lnm . The timing could be controlled with 1 minute. The oven can 

be well controlled to within ±1 °C. The inaccuracy of effective index as the results

of inaccuracy of Ti film, annealing time and tem perature is then estimated as bigger

than 0.000498+0.000016+0.000085, i.e. >0 .0006 . The m ajor inaccuracy comes from 

the Ti film thickness. The nonuniformity of the Ti film will also bring inaccuracy

but the variation of the film thickness is too complex and difficult to analyse.

V.5.2. Effect of Proton Exchange and Post— Annealing on Effective Index in High 

Index Waveguide and on the Ratio of High and Low Effective Indices

The maximum refractive index by proton exchange is about 2.34. The effective 

index of the fundamental mode obtainable by proton exchange is 2.33 with reasonable 

waveguide depth and tem perature, while the effective index of the low index

single—mode TI waveguide is about 2.208. The ratio of these two is normally a 

little more than 1.055. If a smaller ratio is used in the lens design as done in the 

C hapter II, then the index ratio should be properly adjusted to that value. Post 

annealing can adjust not only the effective index of the high index waveguide and 

hence the index ratio, but also the mode match as discussed in Chapter III. After

Ti indiffusion and proton exchange, the effective indices of low and high index 

waveguides are measured and the index ratio calculated which is normally larger than
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1.055. Then post annealing is applied to adjust the index ratio and mode match.

After some time of proton exchange, say one hour, the surface index has reached 

the maximum, and afterwards the fluctuation in tem perature and time will only affect 

the diffusion coefficient, and in turn the depth of the waveguide and hence the 

effective index. The waveguide depth a is related to the diffusion constant D:

W ith fixed tem perature and known time, the effective indices were measured and 

index profile was calculated by the IWKB method and the waveguide depth could be 

obtained. The diffusion constant D could then be calculated from ( 5—2 ). After 

m ore than 20 measurements at tem perature of T =  235 °C, an average diffusion 

constant for z—cut LiNbO 3 was obtained as D = 0.464/rm 2/hr.

Figure 5—10 shows the relationship between the effective refractive index of the 

fundamental mode and the proton exchange time at a tem perature of T = 2 3 5 °C  and 

fixed waveguide index of 2.34 and substrate index of 2.20. The tangent at t= 4 h r  

has a slope of 0.000661/hour which implies an inaccuracy in effective index of 

0.000011 for an inaccuracy in proton exchange time of one minute.

The diffusion constant has a relationship with tem perature given by Arrhenius law;

where Q is active energy in kJ.m ol-  1, R is the universal constant 

8.314J.K -  1 .mol-  1, T is the tem perature in K and D 0 is a constant. Quoting the 

value of Q z=  81.2kJ.m ol— 1 for z—cut LiNbO 3 [ Loni 1989 ] and our experimental 

results of diffusion constant D = 0.464^un 2/h r  for z—cut LiNbO 3 at 235 °C, the D 0 is 

worked out as D 0== 1.038x10 8/tm 2/hr. Now the dependence of effective index on

(5 -2 )

D = D0 X  e x p (- Q /R T ) (5 -3 )
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proton exchange tem perature can be analysed.

Figure 5—11 shows the relationship between the effective index of fundamental mode 

and proton exchange tem perature, with fixed proton exchange time of 4 hours and 

fixed waveguide and substrate indices as before. The tangent at T =  235 °C has a 

slope of 0.000096/degree, which means an inaccuracy in effective index of 0.0001 for 

an inaccuracy in tem perature of 1 °C. The oil bath used for proton exchange can be 

controlled to ±0.25 °C [ Loni 1989 ], which means an inaccuracy of effective 

refractive index of 0.000048.

During annealing, the refractive index decreases and the waveguide depth increases at 

same time. So the analysis is complicated. Rigorous analysis of such a process with 

varying time and tem perature needs resolving the solution of the diffusion equation. 

A simple model exists [ Goto 1989 ]. Assuming a step—like index profile, the

increase in refractive index <*n and the depth of the waveguide d are related to

annealing time t:

1 /^ n  -  l / ^ n 0 = a tk  (5 -4 )

d -  d 0 = p t9  (5 - 5 )

where ^n  0 and d 0 are the index increase and waveguide depth after proton

exchange, a, b, p and q are constants and are 1.7, 0.35, 0.78 and 0.15 respectively 

for proton exchange at 200 °c for 3.5hr and annealing at 300 °C. Assuming 

^ n 0= 0 .1 4  and d 0=3.0/.<m, the index increase ^n and waveguide depth d can be

calculated as functions of annealing time t, and then the relationship of effective 

index of fundamental mode and t can be obtained as shown in figure 5—12. The 

effective index decreases dramatically initially and levels out. The tangent at t=  3hr 

has a slope of — 0.0035/hr, which means an inaccuracy in effective index of 0.000058 

for an inaccuracy of annealing time of one minute. This is beyond the effective
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index m easurem ent accuracy which is normally about 0.0002. The longer annealing 

time will allow better control. At lower annealing tem perature, the waveguide index 

relaxation is slower and the control is easier, but the values of the constants a, b, p 

and q are not available so the problem can not be solved by this simple model.

A similar simple model of the relationship of index increase and waveguide depth 

with annealing tem perature is not available. Any deviation of effective index after 

proton exchange from tem perature fluctuation can be compensated by adjustm ent of 

annealing time. The effective index can be controlled independently by adjusting the 

annealing time if the effective index is monitored by withdrawing the sample from

the oven at intervals.

There many other factors affecting effective index. The stoichiometry of the L iN bO 3 

m aterial and benzoic acid will affect the param eters. So in practice, the actual

variation of effective index was apparently bigger than that estimated as above.

The ratio of the effective indices of high and low index waveguide rather than the 

absolute value of the indices decides the optical performance of a waveguide lens.

After Ti indiffusion and proton exchange, the effective indices of the high index 

TIPE waveguide and the low index TI waveguide can be measured, and then

annealing is applied to adjust the effective index of TIPE waveguide and therefore 

the index ratio. If the annealing process can be well controlled the effective index 

of the high index waveguide can be adjusted to within the m easurem ent error, and 

then the index ratio can be reasonably good. Assuming the effective index of TI

low index waveguide of 2.2080 and the effective index of TIPE high index waveguide 

of 2.3290 and an inaccuracy in effective index of 0.0002, the ratio of effective index 

will be 1.0548+0.0001.

In principle, the inaccuracy of mode match may be also considered. Proper index 

profiles for low and high index waveguides can be chosen and controlled so that the
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mode match and index ratio are satisfied at the same time. But even if the 

processing is well controlled, material imperfetions will induce losses. As seen in

Chapter III, the main contribution to boundary losses was boundary scattering rather 

than mode mismatch. So a little mode mismatch will not significantly affect the total 

boundary losses. Therefore, the final stage of annealing should be used for the

purpose of index ratio adjustment.

V.5.3. Effect of Lens Contours

Photolithography is one of the most tricky procedures in planar technology. The 

duplicate exactly the original pattern requires strict control of tem perature, time and 

etchant quality. Even so, it is still quite possible that the pattern boundaries will 

have been expanded after etching. The expanded lens pattern will change the optical 

perform ance. It was reported that an expansion of 1 /nn on all the lens boundaries 

extended the focal length by only 0 .43/mi for the multi—elem ent circular lens on an 

isotropic waveguide [ Righini 1986 ]. This section analyses the effect of the 

expansion of lens contour on the optical perform ance for a one— elem ent acircular 

lens on anisotropic waveguide.

The lens boundary is described by zm(y), as in figure 5—13, where m denotes the 

boundary number and the lens axis is along the z direction. Assuming that the lens

boundaries are expanding along the normal direction a distance b, the point (y 0, Zg)

will move to (y 1? z ,)  and:

z ,  -  z 0 = -  ( y ,  -  y 0 ) /  Z y ( y 0) ( 5 - 6 )

( z ,  -  z 0 ) 2 + ( y , -  y 0 ) 2 -  b 2 (5 - 7 )

The equations can be rewritten as
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z ,  -  z 0 + ( - l ) m  X b /  A  1 + (Z y (y 0) ) 2) (5 - 8 )

Yi =  y 0 " z y ( y 0> X ( z ,  -  z 0 ) ( 5 - 9 )

The curves of (y™, z1*1) forms the new lens contours which have been expanded a 

distance b from the designed lens pattern z ^ y ) .  It can be shown that the direction 

of the norm al at the point ( z 1? y ,)  on the new contour is in the same direction as 

the norm al at the related point ( z 0, y 0) on the designed contour.

Using programmes of raytracing and Huygens— Fresnel analysis as in C hapter II, the 

optical perform ance of the one— elem ent lens based on an anisotropic waveguide

described in the section II.7. was analysed. For an expansion of 1/un, the optical 

intensity did not change significantly but the focal length increased. The changes in 

focal length were different for different incident angles but an acceptable focal plane

was located about 3/tm beyond the original one.

Distortion on the lens contour will affect the lens perform ance. Assuming a

distortion of d <  1 /tm, feasible with present fabrication technology, the ray will

change its optical path d x  (neff.h—neff.l) 1-0 X 0 .12/on X. Such small

change is acceptable in optical lens assessment.

V.5.4. Effect of Index Ratio

In section V .5.2., it was estimated that the index ratio can be controlled to ±0.0001. 

Similar analysis to that in last section showed that the spot size of an off— axis beam 

was sensitive to the index ratio. However the index ratio change of ±0.0001 in 

1.0548 did not change the intensity profile dramatically but the focal length increased 

as the index ratio decreased, and vice versa, by about 30/un.
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V.5.5. Effect of Focal Plane

After fabrication, one side of the device will be cut and polished for the attachm ent 

of a photodetector. The end should be coincide with the focal plane, and is actually 

difficult to control. A simple geometrical optics analysis can give an estimation of 

the polish tolerance. The one— elem ent lens has an aperture of 6mm and focal 

length of about 19mm, which means a cone of about 1/3. The shift of 3/im along 

optic axis will change the diam eter of the cone by 1 /tm. Raytracing and 

Huygens—Fresnel analysis showed that the spot size and sidelobe height increased with 

focal plane shifting and we suggest that the polish should be controlled to within 

±3/im.

V.6. Discussion and Summary

Experim ents showed that SiO 2 ( plasma deposited ) gave better masking performance 

in blocking proton exchange than SisNU and Al. Clearly, the masking layer must be 

dense enough so that no leakage of H*4- and Li+  occurs. There must be some 

imperfections such as holes in the films, especially for Al and Si3N. Thicker film 

will reduce the risk of leakage.

An advantage of the SiO 2 masking layer, besides its better masking perform ance, is 

its ease of etching and removal in dilute HF without risk of damage on LiNbO 3 

surface. A 200nm SiO 2 film can be etched away in H F :H 2 O = l:1 0  in 30 seconds, 

while no obvious damage was found on a LiNbO 3 surface which had been immersed 

in the same etchant for 10 hours.

Exposure to plasma creates some damage on the LiNbO 3 surface and annealing at 

500 °C for 2 hours can improve the surface. Such annealing does not affect the TI
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waveguide structure.

Waveguide optical components of prism and single elem ent lenses can be fabricated 

by TIPE technology, while the boundary losses restrict the fabrication of 

multi— elem ent components.

The tolerance of fabrication processing on lens perform ance was analysed. The 

inaccuracy of effective refractive index by Ti indiffusion was estimated to be about 

0.0006, mainly from the inaccuracy of Ti film thickness.

The ratio rather than the absolute values of the effective indices of high and low 

index waveguide decides the optical performances of the waveguide lenses. After Ti 

indiffusion and proton exchange, the effective indices of the high index TIPE 

waveguide and the low index TI waveguide can be measured, and then annealing is 

applied to adjust the effective index of TIPE waveguide and therefore the index 

ratio. Assuming an inaccuracy in effective index of 0.0002, the inaccuracy of the 

ratio of effective index will be 0.0001.

The slight expansion of lens contour by photolithography results in the movement of 

focal plane. On anisotropic waveguide, the focal length of the one— elem ent lens 

becomes about 3/im longer after 1 /im expansion of the lens contour, while such an

expansion in the multi— element circular lens on the isotropic waveguide extended the

focal length only 0.43/tm [ Righini 1986 ].

The change of 0.0001 in the index ratio results in a change of focal length of about

30/on without much change in other optical param eters. The accuracy of the 

position of the focal should be controled to within 3 /on so that the design 

perform ance can be achieved.
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Figure 5—1. Procedure for the fabrication of planar thin film lens, (a)

formation of low index waveguide; (b) deposition of masking

layer; (c) coating photoresist; (d) photolithiography; (e) etching of

masking layer; (f) removal of photoresist; (g) completion.

-  127 -



tra
ns

m
is

si
on

( 
%

 )

3700 3500 3300 wave num ber 
  (cm "  1)3500 3300100

100

covered covered

80 -■

uncovered
60

uncovered

Figure 5 - 2 .  Infrared spectrum  of (a) h a lf -A l-c o v e re d  sample and 

(b) half—Si aN 4—covered sample.

Figure 5—3. Infrared spectrum of 

(a) Al— covered sample 

and (b) SiO 2— covered 

sample.

3700 3500 3300
wave

100

8 0 -.

num ver 
(cm-  1)

-  128 -



incident angle 33.2

Figure 5—4. (a) :Waveguide triangle prism on x—cut LiNbO 3 by Ti indiffusion 

and proton exchange, (b): Sketch of (a). The deflection angle 

0 is deduced as 3 .2°.

-' t . ? *v" -

Figure 5—5. 4—elem ent waveguide lens on z—cut LiNbO 3 by Ti indiffusion and 

proton exchange.
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Figure 5 6. O n e -e le m e n t waveguide lens on z - c u t  LiNbO 3 by Ti indiffusion 

and proton exchange. Incident angle of (a ):0 ° , (b):3° and (c)6°.
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Figure 5— 7. Effective index of fundamental TM mode in T I waveguide vs the 

thickness of Ti film, for a fixed annealing time of 4 hours. The 
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Figure 5—11. Effective index vs proton exchange temperature with fixed proton 
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of 0.000096/degree
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t=3hr has a slope of — 0.003^5/hr.
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CHAPTER SIX: CONCLUSIONS

The following aspects of waveguide lenses have been studied: anisotropic aberration 

analysis, lens perform ance analysis, lens design, boundary losses, lens fabrication and 

fabrication tolerances. A new integrated optics device, the buried waveguide 

polariser, and a new method of Er doping, were developed. T he work will be 

summarised in the next section and some suggestions for further study will be 

presented in the last section.

V I.1. Summary of the W ork

T he application of waveguide lenses in integrated optics devices requires that they 

have high resolution and are free of field curvature at the focus over several degrees, 

with reasonable relative aperture and signal— to— noise ratio. A small ratio of high 

and low refractive indices results in weak refraction power and complicates the lens 

design even though the 2— dimensional form has eased the fabrication of acircular 

boundaries and provided more freedom for lens design. Use of multi—elem ent lens 

is an effective way to compensate the disadvantage of small index difference but the 

boundary losses limit its use.

W hen the lenses are working in x—cut or y—cut LiNbO 3 , anisotropic aberration will 

affect the lens performances and must be taken into consideration. A method of 

lens analysis in anisotropic waveguide was developed and a comprehensive 

understanding of lens behaviour in such waveguides was obtained. The analysis and 

the com puter programmes are also valid for lenses on isotropic waveguides.
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W hen the lenses optimised for isotropic waveguide are working on anisotropic 

waveguide, the spot sizes are slightly larger, the background noise rises a little and 

the focal length extends.

The analysis showed that the existing one— elem ent lenses had a big aberration of the 

focal plane. A new design of one— elem ent lens was proposed, allowing for 

anisotropic aberration. There was no aberration of the focal plane. The optical 

perform ance was obviously worse than that of the four— elem ent lens but the 

resolution was acceptable and the single element lens could be readily fabricated to 

give efficient light transmission.

Coupling efficiency on the boundary of two waveguides was studied in detail both 

theoretically and experimentally.

Various types of index profiles were chosen for the purpose of mode match analysis 

for both T E  and TM modes. The overlap integral between two fundamental modes 

in two waveguides ( with the low index waveguide just below the cut— off of the first 

order mode ) with the same type of index profile could be about 99% , subject to 

the feasibility of fabrication of the waveguides with certain types of index profile. 

Experimentally, an overlap integral of optical intensity profile of about 99% was 

obtained in a TIPE LiNbO 3 system for both TE  and TM modes.

Even though the mode mismatch and boundary reflection did not significantly affect 

the coupling efficiency on the boundary, the boundary scattering losses reduced the 

power transmission and was the m ajor problem in waveguide lens fabrication. 

Therefore, multi— element lenses would not be suggested for use before this problem 

is solved.

U n— annealed DPE waveguide had high attenuation, while annealed DPE waveguide 

had a spread— out index profile and was difficult for the high index waveguide to
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m atch. TI waveguide had low attenuation and was stable afterwards. The 

fundamental mode in TI waveguide could be well matched by that in TIPE 

waveguide. So TI waveguide was chosen as the low index waveguide in waveguide 

lens fabrication.

Suppression of L i2 0  out—diffusion is im portant in waveguide lens fabrication, but 

unfortunately complete suppression can not be well controlled. It seemed that

effective suppression might be achieved by chance ( for the specific m aterial used ).

Plasma deposited SiO 2 gave better masking perform ance in blocking proton exchange 

than SiaN4 and Al, but post annealing was necessary to remove plasma damage on 

the LiNbO 3 surface.

Waveguide optical components of prism and single— elem ent lenses were fabricated by 

TIPE  technology with SiO 2 as the masking layer, while the boundary losses restricted 

the fabrication of multi— element components.

The tolerance of fabrication processing on lens perform ance was analysed. The 

inaccuracy of the ratio of effective index ( adjustable by annealing ) could be 0.0001, 

which resulted in a change of focal length of about 30/un ( for the newly designed 

one— elem ent lens ) without significantly changing other optical param eters. The 

accuracy of the position of the focal plane should be controlled to within 3/un so 

that the design performance could be achieved.

A slight expansion of lens contour by photolithography would result in a shift of the 

focal plane. In an anisotropic waveguide, the focal length of the one—elem ent lens 

became 3/un longer after 1 /<m expansion of the lens contour.

In addition to the main project on waveguide lenses, some other interesting work was 

carried out. A TI waveguide supporting ordinary— polarisation waveguide modes was
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effectively buried by subsequent proton— exchange and the index profile was adjusted 

readily by annealing to near symmetric, which would benefit the coupling between 

integrated optical devices and an optical fiber. The cladding layer strongly attenuated 

the surface TM mode and led to a high extinction ratio TE  mode polariser.

The indiffusion of E r was significantly enhanced by the presence of Ti and the 

annealing time needed to drive in the Er was dramatically reduced. In our 

experim ent, the annealing tem perature was lower, and the annealing time was much 

shorter than that used by other groups [ Brinkmann 1991, Gill 1992 ] but an 

effective E r:T i:L iN b0 3 waveguide was still obtained.

VI.2. Suggestions for Future W ork

M ore time should be spent on the design of one— elem ent lens, on either isotropic or 

anisotropic waveguides. It should be able to produce a one— elem ent lens without 

curvature of field but with resolution of more than 1000 spots in a field of view of 

a few degrees and with a background noise level much lower than that of the 

present design ( 5.7dB ).

Boundary loss is the biggest problem in lens fabrication and limits the application of 

multi— elem ent lenses which would otherwise provide better optical perform ance. The 

mechanism of boundary losses is not quite clear. The inhomogenity of refractive 

index near the defined boundary and the imperfection of the boundary are possible 

sources.

Using hybrid photodetectors [ Yi—Yan 1991 ] to form an array on LiNbO 3 can 

provide a curved detection surface. Then the curvature of focal field of the lenses 

will be no longer a problem and the lens param eters such as background noise and 

resolution can be improved without worrying about curvature of field in the lens
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design.

L i2 0  out—diffusion is still a problem in lens fabrication. Some groups found that 

the complete suppression of L i2 0  depended on m aterial, so it is suggested that

various manufacturing sources be tried.

The design of Fresnel lens could be improved. The existing Fresnel lens has a 

basically elliptic or hyperbolic shape, with quantised phase shifting. As has been 

shown, these lenses may have bad off— axis perform ance. The lens contour could be 

improved by redesigning, as was done in the newly designed one— elem ent lens, or by 

introducing high order polynomial terms ( taking anisotropic aberration into 

consideration ) before phase shifting. This could reduce aberrations, especially at 

off— axis angles, as in the case of homogenous refracting lenses.

It would be interesting to use an ordinary index TIPE waveguide system, as discussed

in section IV .4., for Fresnel lens fabrication, because of the perfect mode match 

between the lens region and the surrounding waveguide region and its isotropic

operation on x— cut and y— cut LiNbO 3 .
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APPENDIX

APPENDIX A Com puting Programm es for Raytracing and Huygens— Fresnel 

Analysis on Anisotropic Waveguides

The main programme is used for raytracing. It will call the data file 

FILE.LENSDATA, which stores the param eters of the lens set, the subroutine 

program mes SRAYTRA.FORTRAN, SANINDE.FORTRAN and SWAISTS.FORTRAN, 

which are all listed thereafter. It will store the data of positions and phases of the 

analysed rays in a data file FILE.TEM PORAL for Huygens— Fresnel analysis.

Programm e HUYFRE.FORTRAN is used for Huygens— Fresnel analysis. It will call 

the data file FILE.TEM PORAL and will store the data of optical intensity profile in 

the data file FILE.INTENS.

L MAIN PROGRAMME

c k k k k k k k k k k k k k k k -k k k k k k ~k ~k k ~k k k k k k k k k k k k k k k k k k k k k k k k k k k k kkkkkk k kkkk 0010
c k RAYTRACING ON ANISOTROPIC WAVEGUIDES k 0020
c k T h is  i s  th e  m ain  program m e. The d a ta  f i l e  o f  th e  le n s k 0030
c k p a r a m e te r s  s h o u ld  have b een  s t o r e d  in  th e  f i l e  named k 0040
c k FILE.LENSDATA. The s u b r o u t in e s  to  be c a l l e d  by t h i s k 0050
c k m ain  program m e a r e  SRAYTRA.FORTRAN, SANINDE. FORTRAN an d k 0060
c k SWAISTS. FORTRAN. The num ber o f  b o u n d a r ie s  o f  th e  le n s k 0070
c k M s h o u ld  be s e t  in  t h i s  m ain  program m e b e f o r e  ru n n u in g k 0080
c kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk 0090

0100
IMPLICIT DOUBLE PRECISION (A -H ,0 -Z ) 0110
DIMENSION C ( 8 ) , RK( 8 ) , B1( 8 ) , B2( 8 ) ,B 3 ( 8 ) ,B 4 ( 8 ) ,S P C ( 8 ) , 0120

& O P L (2 0 1 ) ,X R (1 0 ,2 0 1 ) ,Y R (1 0 ,2 0 1 ) ,A R (1 0 ,2 0 1 ) ,R N IN (1 0 ,201) 0130
COMMON/P/PI 0140
WRITE(6,*)'RAYTRACY OF m/2-ELEMENT LENS ON ANISOTROPIC 0150

& MATERIAL' 0160
0170
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n 
n

C ===== s e t  the  number o f  the  b ou n d a r ie s  o f  th e  l e n s  s e t  ===== 0180
M=3 0190

0200
c  =============================================================== 0210
C = read l e n s  parameters  from FILE.LENSDATA which s h o u l d  have = 0220
C = been a v a i l a b l e .  C i s  the p a r a x i a l  c u r v a t u r e ,  K i s  the  = 0230
C = c o n i c  c o e f f i c i e n t  and the Bi c o e f f i c i e n t s  are  the  i t h -  = 0240
C = ord er  d e fo r m a t io n  terms = 0250
C =============================================================== 0260

OPEN (UNIT=1, FILE='LENSDATA1 , STATUS='OLD') 0270
DO 1 L=1, M 0280

READ ( 1 , * ) C ( L ) , RK(L), B l ( L ) , B 2 ( L ) , B 3 ( L ) , B 4 ( L ) , SPC(L) 0290  
1 CONTINUE 0300

CLOSE( UNIT=1,STATUS='KEEP') 0310
0320

= e f f e c t i v e  o r d i n a r y  and e x t r a o r d i n a r y  i n d i c e s  u sed  t o  form = 0330
= e f f e c t i v e  ind ex  p r o f i l e s  in  low and h ig h  index  w a v eg u id es  = 0340

RNLO=2. 2922D0 0350
RNLE=2. 2080D0 0360
RNHO=2. 2451D0 0370
RNHE=2. 3293D0 0380

0390
P I = 3 . 141592653589000D0 0400

0410
C ===== input the  diameter(mm) o f  th e  beam a n a l y s e d  ===== 0420

BW-4.0D0 0430
0440

C ==== N i s  th e  number o f  rays  c o n s t i t u t i n g  t h e  beam ===== 0450
N=100 0460

0470
DO 5 K=1, N+l 0480

OPL(K)=0. 0D0 0490
5 CONTINUE 0500

0510
C ===== input  i n c i d e n t  beam a n g le  A F I(d eg r ee )  from Key Board ===== 0520

WRITE(6,*) 'ANCLE OF INCIDENT LIGHT?' 0530
READ( 5 , * )  AFI 0540

0550
C ===== c a l c u l a t e  e f f e c t i v e  index RNLE o f  i n c i d e n t  beam ==== 0560

BETA=(90. 0 D 0 -A F I ) * P I / I 8 0 . 0D0 0570
IF (A F I . LT. 1 . 0D-8) THEN 0580

THETAL=90. 0D0 0590
GOTO 7 0600

ENDIF 0610
THETAL=( 1 8 0 . 0 D 0 /P I ) * DATAN( DTAN( BETA) /RNONEL) 0620

7 CALL SANINDE (THETAL, RNEL, RNLO, RNLE) 0630
0640

C ==== i n i t i a l  p o s i t i o n s  o f  the  ra ys  in  th e  beam ===== 0650
A0=AFI*PI/180.0D0 0660
DO 10 1 = 1 ,N+l 0670

B = ( 2 . 0 D 0 * ( I - 1 . 0 D 0 ) / N - 1 . 0D0)*BW/2. 0D0 0680
RNIN(1, I)=RNEL 0690
AR(1 , I)=A0 0700

XR(1 , I)=-DCOS( AR( 1 , I ) ) * ( DCOS( AR( 1 , 1 ) )+B*DSIN(AR(l , I ) ) ) + S P C (1 )  0710  
YR(1 , I)=DCOS( AR(1, l ) )* (B * D C O S (A R ( l , I ) ) -DSIN(AR(1 , I ) ) )  0720

10 CONTINUE 0730
0740

C ==== p o i s t i o n s  o f  the  rays  at the  ( j - l ) t h  s u r f a c e  ===== 0750
SPCT=0. 0D0 0760
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DO 30 J = 2 , M+l 0770
RNONEL=( RNLO/RNLE)**2 0780

SPCT=SPCT+SPC( J - 1 )  0790
DO 20 1 = 1 ,N+l 0800

X=XR( J - 1 , I ) 0810
Y =Y R (J - l , I ) 0820
A =A R (J - l , I ) 0830
RNL=RNIN(J-l , I ) 0840

CALL SRAYTRA(X,Y,A, XN,YN,AN,C(J- l ) , R K ( J - l ) , B 1 ( J - 1 ) , B 2 ( J - 1 ) , 0850  
& B 3 ( J - 1 ) , B 4 ( J - 1 ) , SPCT, RNL,RNR,RNHO,RNHE,RNONEL) 0860

XR( J , I ) =XN 0870
YR( J , I ) =YN 0880
AR(J,I)=AN 0890
RNIN( J , I ) =RNR 0900

RNEFEL=DSQRT((RNLO*DSIN(A))**2+(RNLE*DCOS(A))**2) 0910
OPL(I)=RNEFEL*DSQRT((XN-X)**2+(YN-Y)**2)+OPL(I) 0920

20 CONTINUE 0930
0940

C ==== exchange i n d i c e s  on both s i d e s  o f  the  boundary ===== 0950
RNOT=RNLO 0960
RNLO=RNHO 0970
RNHO=RNOT 0980
RNET=RNLE 0990
RNLE=RNHE 1000
RNHE=RNET 1010

30 CONTINUE 1020
1030

C — -------------- = = = = = = = = = = = = = = = = = = = = = =  ===== 1040
C = c a l c u l a t e  w a i s t  and i t ' s  p o s i t i o n .  i f  you s e t  BAFO=0 you = 1050
C = w i l l  ge t  th e  minmum w a i s t  s i z e  and i t s  p o s i t i o n ( b a c k  f o c a l  = 1060
C = l e n g t h )  BAFON. i f  you s e t  BAF0>1, you w i l l  g e t  th e  beam = 1070
C = s i z e  on th at  p o s i t i o n  = 1080

BAFO=0. 0D0 1100
CALL SWAI STS(SPCT, XR, YR, AR, BW,N, M, WAIST, BAFO,BAFON) 1110
WRITE(6,*) ' WAIST=(um)' , WAIST,' AT FOCUS=(mm)' , BAFON 1120

1130
C =output  the  data  f i l e  FILE. TEMPORAL f o r  H u y g e n s - F r e s n e 1 a n a l y s i s = 1 1 4 0  

OPEN ( UNIT=2,FILE='TEMPORAL' ,STATUS='NEW') 1150
WRITE(2,*) SPCT, N 1160
DO 80 1 = 1 ,N+l 1170

WRITE(2,*)XR(M+1,I) ,YR(M+1,I) ,AR(M+1,I) ,OPL(I)  1180
80 CONTINUE 1190

1200
WRITE( 2 , * ) ' TEMPORAL DATA FOR HUYGENS-FRESNEL ANALYSIS,',  1210

&’BEAM DIAMETER',BW,' INCIDENT ANGLE',AFI, 'BACK FOCAL LENGTH', 1220
6c BAFON 1230

1240
STOP 1250
END 1260
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IL FILE.LENSDATA

0 .1 9 4 9 5 5 2 1 0 0 0 0 0 0 0 0 0 4  
- 0 . 126524000000000000E -03  
-0 .3 0 6 7 1 7 0 0 0 0 0 0 0 0 0 0 0 6 E -0 5  

5 .0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 .2 7 0 9 1 8 5 9 9 9 9 9 9 9 9 9 9 7 E -0 1  
0 . 308406000000000001E -03  

-0 .1 0 7 6 0 5 0 0 0 0 0 0 0 0 0 0 0 6 E -0 5 
1 .0 9 8 8 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 .2 0 6 2 1 0 4 0 9 9 9 9 9 9 9 9 9 7  

-0 .7 9 8 6 9 5 0 0 0 0 0 0 0 0 0 0 1 6E-04 
0 . 776387000000000002E -06  
0 .1 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4  

-0 .1 2 6 9 4 0 1 4 0 0 0 0 0 0 0 0 0 7  
0 .1 4 7 5 7 4 0 0 0 0 0 0 0 0 0 0 0 OE-O3 

-0 .2 1 7 9 1 4 0 0 0 0 0 0 0 0 0 0 0 7 E -0 5 
2 .2 9 7 5 0 0 0 0 0 0 0 0 0 0 0 1 0  
0 . 892185100000000009E -01 

-0 .2 7 4 1 4 0 9 9 9 9 9 9 9 9 9 9 9 0 E -0 3  
0 .5 4 8 2 4 5 9 9 9 9 9 9 9 9 9 9 9 8 E -0 6  
0 .6 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2  

-0 .1 8 8 1 9 8 5 8 9 9 9 9 9 9 9 9 9 9  
0 .1 2 8 4 9 1 000000000000E -03  

-0 .1 0 6 9 8 6 0 0 0 0 0 0 0 0 0 0 0 8 E-05 
2 .6 5 1 5 9 9 9 9 9 9 9 9 9 9 9 9 6  
0 .7 5 5 8 5 6 9 9 9 9 9 9 9 9 9970E-02 

-0 .3 9 4 2 1 3 9 9 9 9 9 9 9 9 9 990E-03 
- 0 . 6 2 5 0 7 7 0 0 0 0 0 0 0 0 0 0 0 6 E -0 6 

0 .4 1 9 6 0 0 0 0 0 0 0 0 0 0 0 0 0 1  
-0 .2 3 7 6 4 2 5 8 0 0 0 0 0 0 0 0 0 6  

0 .6 5 2 2 2 8 9 9 9 9 9 9 9 9 9 9 9 2 E-03 
0 .1 4 9 8 9 9 9 9 9 9 9 9 9 9 9 9 9 6 E-05 
2 .0 3 6 8 9 9 9 9 9 9 9 9 9 9 9 9 3

-1 .5 7 8 7 7 5 0 0 0 0 0 0 0 0 0 0 4  
-0  . 6 1 1 483999999999989E -04 

0 . 354368000000000001E -0 8

1 .6 5 1 0 4 3 9 9 9 9 9 9 9 9 9 9 6  
- 0 . 110415000000000001E -04  
-0 .  359954999999999999E -08

- 0 . 481859999999999997E -01  
0 . 123801000000000001E -04  

- 0 . 987955000000000061E -07

-1 .9 0 9 4 3 1 0 0 0 0 0 0 0 0 0 1 0  
- 0 . 477244999999999994E -05  

0 .5 4 5 0 4 1 9 9 9 9 9 9999996E -07

-1 .7 5 0 2 6 4 0 0 0 0 0 0 0 0 0 0 4  
0 . 199732000000000005E -04  

- 0 . 379726000000000002E -07

-0 .9 4 7 8 1 6 0 0 0 0 0 0 0 0 0 0 0 6  
- 0 . 197848999999999992E -05  
- 0 . 150240000000000001E -06

1 4 2 .4 5 5 7 6 2 0 0 0 0 0 0 0 0 0  
- 0 . 128449000000000000E -04  
- 0 . 166810999999999997E -06

-0 .8 8 8 1 1 1 9 9 9 9 9 9 9 9 9 9 9 9  
0 .2 6 3 3 6 5 0 0 0 0 0 0 0 0 0 0 1 0E -04  

-0 .9 4 0 1 6 0 0 0 0 0 0 0 0 0 0 0 2 9 E-08

•k Vr k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  k  ■>'<■ .V -k ~k - V iV ~k 'k -k -'c •>’- Vc ~k -.V -Jc -k 'k'k-i’ck-'s'k-k-Jc'k-k-k-k-k'k'k'k-k&'k'k-k-kicJc-k-k'kic

* T h is  i s  a d a ta  program m e FILE.LENSDATA w hich  i s  to  be u s e d  in  th e  *
* m ain  p rogrom m e. The d a ta  

C ( l ) , K (1 ) ,  B1( 1 ) ,  B2( 1 ) ,
a r e  s t o r e d  in  th e  o r d e r  o f :  
B3 ( 1 ) ,  B4( 1 ) ,  SPACE(l)

C (M ), K (M ), B 1(M ), B2(M ), 
The p r e s e n t  f i l e  in c lu d e s

B3(M ), B4(M ), SPACE(M) 
th e  d a ta  o f  4 -e le m e n t  le n s

w here  M i s  th e  num ber o f  b o u n d a r ie s  o f  th e  le n s  s e t
ic-k-k-k-k-k-k^cic-k^'kic-k'k-k-k-k'k-k-k-k'k-^-k'k-k'kif-k-k-k-k-k'k'k'ir-k'k-kic-k-k'k-k-k-k'kic-Jc'k'k-k-fc'k-fc-ic’k-k-Jc'k-fc-k'k-k-Jicick-k
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I I I .  SRAYTRA.FORTRAN

C kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk  001 0
C *  T h i s  i s  t h e  s u b r o u t i n e  programme SRAYTRA. FORTRAN t o  be u s e d  * 0020
C *  i n  t h e  main programme t o  c a l c u l a t e  t h e  r e f r a c t i v e  a n g l e  on *  0030
C *  t h e  bo un da ry o f  two w a v e g u i d e  i n  a a n i s o t r o p i c  m a t e r i a l .  *  0040
C * From t h e  ray p o s i t i o n  (X,Y) on t h e  l a s t  bo u n d a r y  and i t s  * 0050
C *  d i r e c t i o n  A, t h e  ray  p o s i t i o n  (XN,YN) on t h e  new b o u n d a r y  * 0060
C * and i t s  d i r e c t i o n  AN a f t e r  r e f r a c t i o n  a r e  o b t a i n e d .  *  0070
C k kkkkkkkkkk k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k kkkkkkkkkkkkkkkkkkkk  008 0

009 0
SUBROUTINE SRAYTRA ( X , Y , A , XN, YN, AN, C, RK, B 1 , B 2 , B 3 , B 4 , SPC, 0100

& RNEL, RNEH, RNHO, RNHE, RNONEL) 0110
IMPLICIT DOUBLE PRECISION (A-H.O-Z)  0120
COMMON/P/PI 0130

014 0
C ==== c a l c u l a t e  r a y  p o s i t i o n  on t h e  new b o u n d a r y ,  (XN,YN) ===== 0150

DX=0. 5 DO 0160
XX=X 0170
YY=Y 0180

80 Y1=DABS(YY) 0190
IF ( Y 1 . LT.1E-6)THEN 0200

Y 1 0 = 0 . 0D0 0210
ELSE 0220

Y10=YY**10 02 30
END IF 0240
IF ( Y 1 . LT. 1E-8)THEN 0250

Y8=0.0D0 0260
ELSE 0270

Y8=YY**8 0280
END IF 0290
IF ( Y l . L T . l E - l l ) T H E N  0300

Y 6 = 0 . 0D0 0310
ELSE 0320

Y6=YY**6 0330
END IF 0340
IF ( Y 1 . LT. 1E-17)THEN 0350

Y 4 = 0 . 0D0 0360
ELSE 0370

Y4=YY**4 0380
END IF 0390
XXX=C*YY**2/(1 . 0D0+SQRT( 1 . 0 D 0 - ( 1 . 0D0+RK) *(C *Y Y)**2) ) 0400
XXX=XXX+B1*Y4+B2*Y6+B3*Y8+B4*Y10 0410
BBB=XXX-XX+SPC 0420
XAB=DABS(BBB) 0430
I F (X A B .L T .I D -7 )  THEN 0440

GOTO 90 0450
END IF 0460
IF ( B B B .L T .I D - 7 )  THEN 0470

D X =-0 . 6D0*DABS(DX) 0480
ELSE 0490

DX=ABS(DX) 0500
END IF 0510
XX=XX+DX 0520
YY=(XX-X)*DTAN(A)+Y 0530
GOTO 80 0540

90 XN=XX 0550
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u 
u

YN=YY 0560
0570

C == d i r e c t i o n  o f  the  boundary normal ,  XY, at  th e  i n c i d e n t  p o i n t  = 0580  
Y2=DABS(YY) 0590
IF (Y 2 . LT. 1E-7)THEN 0600

Y9=0. 0D0 0610
ELSE 0620

Y9-YY**9 0630
END IF 0640
IF (Y 2 . LT. IE-9)THEN 0650

Y7=0. 0D0 0660
ELSE 0670

Y7=YY**7 0680
END IF 0690
IF (Y 2 . LT. 1E-13)THEN 0700

Y5=0. 0D0 0710
ELSE 0720

Y5=YY**5 0730
END IF 0740
IF (Y 2 . LT. 1E-23)THEN 0750

Y3=0. 0D0 0760
ELSE 0770

Y3=YY**3 0780
END IF 0790

ZZ=DSQRT(1.0D0-(1. 0D0+RK)*(C*YN)**2) 0800
XY=C*YN*( 2 . 0D0+( c*YN)* * 2 * ( RK+1. 0D0) / ( ZZ*( 1 . ODO+ZZ)) ) / ( 1 . ODO+ZZ) 0810

0820
XY=XY+4. 0D0*Bl*Y3+6. 0D0*B2*Y5+8. 0D0*B3*Y7+10. 0D0*B4*Y9 0830

0840
C ===== c a l c u l a t e  the  i n c i d e n t  a n g l e ,  EO, on th e  boundary ==== 0850

IF(DABS(A).LT.1D-8) THEN 0860
GAMAL=0. 0D0 0870
GOTO 155 0880

ENDIF 0890
BETAL=PI/2. ODO-A 0900
THETAL=DATAN( DTAN( BETAL) /RNONEL) 0910
GAMAL=PI/2. ODO-THETAL 0920

IF(GAMAL. GT. P I / 2 . 0D0) THEN 0930
GAMAL=GAMAL-P1 0940

ENDIF 0950
155 GAMAL=CAMAL 0960

0970
EO=GAMAL+DATAN(XY) 0980
AB=SIN( EO) *RNEL 0990

EOS I=DSICN( 1 . 0D0, EO) 1000
1010

==== f i n d  r e f r a c t i v e  a n g l e ,  E l ,  on the  r a f r a c t i v e  p la n e  and === 1020  
===== d i r e c t i o n ,  AN, o f  the  r e f r a c t e d  ray =  1030

RNSI=-DSIGN(1. 0D0, 2 . 25D0-RNHE) 1040
DTH-0.0050D0*E0SI*RNSI 1050
THETAH=90. 0D0-CAMAL*180. ODO/PI 1060
IF(EO.EQ.O.ODO) THEN 1070

DTH=0. 0D0 1080
END IF 1090

160 THETAH=THETAH+DTH 1100
CALL SANINDE (THETAH, RNEH, RNHO, RNHE) 1110
GAMAR=(90. ODO-THETAH)- P I / 1 8 0 . 0D0 1120
E1=GAMAR+DAT AN(XY) 1130
BA=SIN( E l ) *RNEH 1140
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AA-(AB-BA)*EOSI*RNSI 1150
BB=DABS(AA) 1160
IF (BB. LT. 1 . 0D-15) THEN 1170

GOTO 180 1180
ENDIF 1190
IF (AA.CT.1 .0D-15)  THEN 1200
DTH— DABS(DTH)*0.63D0*E0SI*RNSI 1210

ELSE 1220
DTH=DABS(DTH)*EOSI*RNSI 1230

ENDIF 1240
GOTO 160 1250

180 THETAR=THETAH*PI/180.0D0 1260
IF(DABS(THETAH-90. 0 D 0 ) . LT. ID-8)  THEN 1270

AN=0. 0D0 1280
GOTO 182 1290

ENDIF 1300
RNONER=(RNHO/RNHE)**2 1310
BET AR=DAT AN(DTAN(THETAR)*RNONER) 1320
AN=PI/2 . ODO-BETAR 1330

IF(AN.GT. P I / 2 . 0D0) THEN 1340
AN=AN-PI 1350

ENDIF 1360
182 AN=AN 1370

1380
RETURN 1390
END 1400

IV. SANINDE.FORTRAN

C •kk’k'k'k'kk-k'k'k'k-k-k'k'k'k'k-k-k'kk-k'k-k'k-k-k-k-k'kk-k'k-k-k-k-k-k'k'k'k'k'k'k-k-k'k'k-k'k'k-k'k'k-k'k'k-k'k-k'k 0010
C * T h is  i s  the  s u b r o u t in e  progromme SANINDE. FORTRAN t o  be * 0020
C *  used  in the main programme to  c a l c u l a t e  th e  r e f r a c t i v e  * 0030
C * index RINDEX o f  wave normal K in a n i s o t r o p i c  w avegu id e .  * 0040
C ’kic-k-k-k-k'k'k-k'k'k-k-kk-k'k'k'kk'k'k'k'k'kk'k'kk'k'k'k-k'k'k-k-k'k'k'k'k-k-k'k'k'k-k-k'k'k^ck-k-k'k'k-k'k'k'k-k'k 0050

0060
SUBROUTINE SANINDE (THETA, RINDEX,RNO,RNE) 0070
IMPLICIT DOUBLE PRECISION (A-H.O-Z) 0080
COMMON/P/PI 0090
THR-THETA*PI/180.0D0 0100

RINDEX=RNO*RNE/SQRT( ( RNO*SIN( THR) ) * *  2 + ( RNE*COS(THR))**2) 0110
RETURN 0120
END 0130

V. SWAI STS.FORTRAN

Q •k'k'k'k'k'k'k'kk -k k  k k  k k  k  k k k k k k  k k 'k k k k k k k  k k k k  k  k  k  k  k k  k k k k k k k k k k k k k k k k k k k k k  0010
C * T his  i s  the  s u b r o u t in e  SWA1 STS. FORTRAN to  be used  in  th e  * 0020
C * main programme to  c a l c u l a t e  the w a i s t  s i z e  WAIST and i t s  * 0030
C * p o s i t i o n  (back f o c a l  l e n g t h )  BAFON * 0040
C k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k  0050

0060
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SUBROUTINE SWA I STS ( SPCT, XR, YR, AR, BW, N, M, WAI S T , BAFO, BAFON) 0070  
IMPLICIT DOUBLE PRECISION ( A-H. O-Z)  0080
DIMENSION X R ( 1 0 , 2 0 1 ) , Y R ( 1 0 , 2 0 1 ) , A R ( 1 0 , 2 0 1 )  0090

0100
IF (BAFO.CT.1 .0D0) THEN 0110

X=BAFO+SPCT 0120
KKK=999 0130
GOTO 40 0140

END IF 0150
KKK=0 0160
X=XR(M+1, N / 2 . 0 ) -YR(M+1, N / 2 . 0)/DTAN(AR(M+l, N / 2 . 0 ) )  0170
X=X-5. 0D0 0180

W2=BW 0190
DX=0.5 DO 0200

40 WH=-10. 0D0 0210
WL=10. 0D0 0220
DO 50 1 = 1 , N+l 0230

Y=(X-XR(M+1, I))*DTAN(AR(M+1, I ) )+YR(M+l, I ) 0240
IF (Y.GT.WH) THEN 0250

WH=Y 0260
END IF 0270
IF (Y.LT.WL) THEN 0280

WL=Y 0290
END IF 0300

50 CONTINUE 0310
WAIST=WH-WL 0320
IF (KKK.GT.10) THEN 0330

GOTO 65 0340
END IF 0350
IF(DABS(DX).LT.1E-7) THEN 0360

GOTO 60 0370
END IF 0380
IF (WAIST.CT.W2) THEN 0390

DX=-DX*0.6D0 0400
END IF 0410
W2=WAIST 0420
X=X+DX 0430
GOTO 40 0440

60 BAFON=X-SPCT 0450
65 WAIST=WAIST*1000. 0D0 0460

RETURN 0470
END 0480

VI.  HUYFRE.FORTRAN

0010
C * T his  i s  the  programme For H u y g e n s - F r e s n e 1 A n a l y s i s  on * 0020
C * a n i s o t r o p i c  w ave guide.  Use the  data  f i l e  FILE.TEMPORAL * 0030
C * c a l c u l a t e d  in  the  main programme. Output th e  d a t a  o f  *  0040
C * i n t e n s i t y  p r o f i l e  in  p e r c e n t a g e  and dB in  th e  d a ta  f i l e  * 0050
C * FILE.INTENS * 0060

0070
0080

IMPLICIT DOUBLE PRECISION (A-H.O-Z) 0090
DIMENSION X0( 3 0 1 ) ,Y 0 (3 0 1 ) ,A N ( 3 0 1 ) ,O P L ( 3 0 1 ) ,A M ( 3 0 1 ) , 0100
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n
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n
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n
o

n
 

n
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n
& X I ( 3 0 0 1 ) , Y 1 ( 3 0 0 1 ) , E ( 3 0 0 1 ) , E l (3 001)  0110

0120
WRITE(6,*)'H-F INTENSITY PROFILE ON ANISOTROPIC WAVEGUIDE. 0130  

& E(Y)=SUM((EXP(- iK*L)) . USING DATA FROM FILE.TEMPORAL' 0140
0150

C === N1 i s  the  number o f  a n a l y s e d  p o i n t s  on th e  f o c a l  p la n e  = =  0160
N l - 1 0 0  0170

0180
C ==== s e t  wave 1 e n g t h ( urn) ===== 0190

WL=0.8300d0 0200
WL=WL/1000. OdO 0210

0220
===== you must g i v e  the p o s i t i o n  (back f o c a l  l e n g t h )  BAFO ==== 0230
==== o f  the  f o c a l  p la n e .  a f t e r  s e v e r a l  c h o i c e s  you can = = =  0240
==== f i n d  an optimum one.  ===== 0250

WRITE( 6 , * ) 1BAFO' 0260
READ(5,*)BAFO 0270

0280
= = =  AGD i s  th e  r a t i o  o f  G auss ian  w id th  t o  beam d ia m e te r  ===== 0290

ACEKL. ODO 0300
0310

==== o r d i n a r y  and e x t r a o r d i n a r y  r e f r a c t i v e  i n d i c e s  o f  t h e  = = =  0320
==== waveguide where the  f o c u s  i s  ===== 0330

RNLO=2.2 4 5 1 DO 0340
RNLE=2. 2 8 0 0 DO 0350

0360
P I = 3 . 141592653589000D0 0370

0380
==== read FILE. TEMPORAL, assuming the o r i g i n a l  i n c i d e n t  = = =  0390
==== beam has a Gau ss ian  i n t e n s i t y  p r o f i l e  = =  0400

OPEN( UNIT=1, FILE='TEMPORAL', STATUS='OLD') 0410
READ(1,* )  SPC2, NO 0420
AT0 = 0 . ODO 0430
DO 10 1 = 0 , NO 0440
READ( 1 , * ) X0( I ) , Y0( I ) , AN(I) ,OPL(I) 0450
AM( I ) =DEXP( - ( ( 2 . ODO*I/N0-1. ODO) /AGD)**2 )  0460
ATO=ATO+AM(I) 0470

10 CONTINUE 0480
ATO=ATO*ATO 0490
CLOSE(UNIT=l, STATUS='KEEP') 0500

0510
==== c a l c u l a t e  the i n t e n s i t y  p r o f i l e  ==== 0520

EAM=0. ODO 0530
NC=N0/2 0540
X=BAFO+SPC2 0550
YC=Y0(NC)+(X-X0(NC))*DTAN(AN(NC)) 0560

==== YRANC(mm) i s  the range in which you want to  c a r r y  out = =  0570 
===== the H u y g e n s - F r e s n e 1 A n a l y s i s  ==== 0580

YRANG=0. 020D0 0590
YD=YRANG/N1 0600

0610
C ======================================================= 0620
C = YL i s  the  p o in t  o f  low s i d e  o f  th e  a n a l y s i s  range = 0630
C = and YL+YRANG i s  the  h ig h  s i d e  o f  the  a n a l y s i s  range = 0640
C = sometime you have to  use  a b i g  YRANG at  f i r s t  to  = 0650
C = f i n d  where the  i n t e n s i t y  peak i s  and d e c i d e  where = 0660
C = the  YL i s  = 0670
C ============================================================ 0680

YLD=-0. 0210D0 0690
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u

YL=YC+YLD 0700
0710

C ==== c a l c u l a t e  i n t e n s i t y  p r o f i l e  in the  range o f  YRANG ===== 0720
YLS=YL-YD ' 0730
DO 20 J = 1 , Nl+1 0740

X1(J)=X 0750
YLS=YLS+YD 0760
Y1( J)=YLS 0770
ES=0. ODO 0780
EC=0. 0D0 0790
DO 30 1 = 0 ,NO 0800

RL=DSQRT( ( XO( I ) - X I ( J ) ) * * 2 + ( YO( I ) -Y 1 ( J ) ) * * 2 )  0810
IF (DABS(Yl( J ) -Y 0 ( I ) ) . LT. 1 . 0D-20)  THEN 0820

A=0. 000D0 0830
GOTO 15 0840
END IF 0850

A=DATAN((Yl( J ) -Y 0 ( I ) ) / ( X l ( J ) - X 0 ( I ) ) )  0860
0870

15 RNEF=DSQRT((RNLO*DSIN(A))**2+(RNLE*DCOS(A))**2) 0880
0890

RLP=(RNEF*RL+OPL(I) ) /WL 0900
PP=(RLP-INT(RLP)) * 2 . 0D0*PI 0910
ES=ES+AM(I)*DS1N(PP) 0920
EC=EC+AM(I)*DCOS(PP) 0930

30 CONTINUE 0940
EO=ES*ES+EC*EC 0950
E(J)=(E0/ATO)*100.0D0 0960
IF(E(J).GT.EAM) THEN 0970

EAM=E( J ) 0980
YEAM=(Y1( J ) -YC) 0990

END IF 1000
20 CONTINUE 1010

WRITE(6,*)1Yc(mm)' , Y c , ' Ymax(mm)' , yearn 1020
1030

C ===== i n t e n s i t y  n o r m a l i z a t i o n  and output  t o  FILE.INTENS ===== 1040
OPEN(UNIT=2, FILE=' INTENS' ,  STATUS='NEW') 1050
DO 40 J = 1 , Nl+1 1060
E(J)=E(J)/EAM*100.0D0 1070
Y1(J) = (Y1(J)  - (YC+YEAM))'’'1000. ODO 1080
WRITE( 2 , * ) Y l ( J ) ,E (J )  1090

40 CONTINUE 1100
1110

C ==== i n t e n s i t y  in dB and output  to  FILE.INTENS ==== 1120
DO 50 J = 1 , Nl+1 1130
E l ( J ) = 1 0 . 0D0*(DLOG10(E(J)) - 2 . ODO) 1140
W RITE(2 ,* )Y 1(J) ,E(J )  1150

50 CONTINUE 1160
1170

WRITE(2, * ) 1H u y g e n s - F r e s n e 1 i n t e n s i t y ,  Back F oca l  1180
& Length (mm)',BAFO 1190

==== Yc+Yeam i s  the  d i s t a n c e  between  the  spot  and th e  l e n s  = = =  1200
==== a x i s  ===== 1210

WRITE( 2 , * ) 1Yc(mm)' , Y c , ' Ymax(mm)' , yearn 1220
1230

CLOSE(UNlT=2, STATUS='KEEP') 1240
1250

STOP 1260
END 1270
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Waveguide coupling efficiency in thin-film 
homogeneous lenses

P. Jiang 
IV. Zhang 
P.J.R. Laybourn

Indexing terms • Waveguides and waveguide components. Optical processing

Abstract: Homogeneous thin-film lenses for inte
grated optical signal processing devices consist of 
alternating regions of high and low index wave
guide. Boundary losses depend on coupling effi
ciency between fundamental modes in the two 
regions. Coupling efficiency has been calculated 
for various assumed index profiles, and also for 
measured optical field profiles in glass and lithium 
niobate waveguides. The glass system showed 
poor performance, but a system consisting of Ti- 
indiffused and annealed proton-exchanged wave
guides had well matched modes between which 
the coupling efficiency calculated from measured 
field profiles was 99%.

1 Introduction

There is a continuing interest in thin-film planar lenses 
for integrated optical signal processing applications, as 
exemplified by the integrated acousto-optical spectrum 
analyser [1], Because of the expense and difficulty in fab
ricating geodesic lenses [2], other, planar methods of 
making thin-film lenses on lithium niobate have been 
investigated [3]. Fresnel diffraction lenses have been 
designed and produced experimentally [4, 5], and 
homogeneous refracting multielement lenses have been 
designed and predicted to have superior performance, 
particularly in off-axis focusing and efficiency [6]. In 
homogeneous thin-film lenses [7], guided light is refract
ed at the boundary between two regions of disparate 
waveguide (Fig. 1). On a lithium niobate substrate, the 
two waveguide regions may be titanium-diffused, with 
low effective index, and proton-exchanged, with high 
effective index. Alternatively for the low effective index 
region dilute proton change may be employed. Having 
optimised the design of a homogeneous multielement 
lens, involving the positioning of the boundaries between 
low and high index waveguide regions, the lenses will in 
practice be limited by the efficiency of light transfer 
across that boundary, which is the coupling efficiency 
between the fundamental waveguide modes in the two 
waveguides. Light may be lost by scattering out into the 
substrate, or by coupling to modes other than the funda
mental m =  0 mode in the second guide. The coupling

Paper 7364J (E l3), received 23 November 1989
The authors are at the Department of Electronics and Electrical Engin- 
wring, University of Glasgow, Glasgow G12 8QQ, United Kingdom 
W. Zhang is on leave from the Department of Electronics, Shandong 
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efficiency rj may be expressed as the overlap integral 
between the transverse electric field profiles £, and Eh in 
the low and high index guiding regions, respectively. 
Early multielement lens designs [8] using circular lens 
boundaries required of the order of 30 elements (and 60 
boundaries) so that rj would have to be very close to 
100% at each boundary. Later designs using acircular 
lens elements need only 4 or 5 elements, with 8 or 10 
boundaries, so that while coupling loss will be important 
a satisfactory overall performance will be more readily 
achievable [6].

g u id e  reg io n ,  low in dex  w a v e g u i d e

-----

l e n s  reg ion ,  h igh  
in d e x  w a v e g u i d e

p a r a l l e l  g u id e d  
ligh t  b e a m

Fig. 1 Homogeneous thin film lens

It is clear that in order to reduce light in unwanted 
modes (which would be refracted differently from the fun
damental mode and hence would constitute a back
ground noise signal around the focused spot) the low 
index waveguide at least should only support one mode. 
It will be shown later that the high index guide will inevi
tably be multimode for optimum coupling efficiency r\, 
but any higher mode excited in the high index lens 
element by coupling from the fundamental mode of the 
low index waveguide region, at low efficiency, will be 
recoupled at exit from the lens element at equally low 
efficiency to the fundamental guide mode, and although 
mis-focused, should not present significant background 
noise if rj is high. If, however, higher modes were sup
ported in the guide region there could be significant 
coupling of light to them from higher modes in the lens 
region.

Various refractive index profiles have been considered 
for the two guiding layers. Using step profiles the solu
tion of the waveguide characteristic equation is straight
forward and electric field profiles are easily calculated.
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Such a profile could be used to model a proton- 
exchanged waveguide. For diffused waveguides various 
profiles approximate to the true profile, and waveguides 
with Gaussian, exponential and error function com
plement refractive index profiles have been solved 
numerically to determine their electric field profiles. First 
experiments to measure mode profiles and the coupling 
efficiency obtained were made on glass substrates with 
potassium and silver ion-exchanged waveguides, while 
recent results deal with x-cut LiNbO3 on which are 
formed Ti-diffused and TIPE waveguides.

2 Field overlap calculation

The coupling efficiency, r/, between two TE modes at a 
boundary between two dissimilar planar waveguides can 
be expressed as the overlap integral of the transverse elec
tric field profiles [9]:

[f £,(x) x £„(x) dx]2 
[J Ef(x) dx] x [J E2h(x) dx] (1)

where £,(x) and Eh(x) are the electric field profiles of the 
guiding modes in the low index waveguide and high 
index waveguide, respectively. The electric profile £(x) in 
a planar waveguide is a solution of:

d2E(x)
d2x

+ k2 x [n2(x) — n2] x £(x) = 0 (2)

where n(x) is the refractive index profile; ne is the guide 
effective index, 0/k; k = 2n/20\ and X0 is the free-space 
wavelength. Calculations and measurements have been 
made with A0 =  633 nm.

The characteristic equation of the step-index planar 
waveguide is simply solved, yielding the effective index ne 
as a function of waveguide depth, when the transverse 
field may be written as

E(x) =

r exp (x x R) x < 0 (superstrate: air)

cos {x x Q) + — sin (x x Q)

(3)
cos (d x Q) +  — sin (d x Q)

x exp [P  x (d — x)] d ^  x

d is the waveguide thickness and

R = k x {n2 — \)m

Q = k x (n\ — n2)112

P =  k x (n2 — nl)i/2

/*! and n2 are the waveguide and substrate refractive
indices, respectively.

For gradient index profile, planar waveguides with a 
known index profile n(x), E(x) may be written as:

E(x) =
i £j(x) =  exp (x x R) 
[ E2(x ) 

where

R = k x (n2 — 1)1/2 

£ 2(0) = £ t(0) = 1 

E'2 = E\( 0) =  R

256

x < 0 (air) 
x > 0

Assuming a value for ne the resulting electric field profile 
£ 2( x ) can be calculated numerically from the superstrate/ 
guide interface down into the graded index guiding 
region by using eqn. 2 over successive increments of x. It 
is found that only when the true solution for ne is taken 
does £ 2( x ) approach zero for very large x. Then the cor
responding electric field profile is also known. The 
method has shown to be in good agreement with known 
solutions of planar waveguides.

Having calculated the electric field profiles £, and Eh 
in two adjacent waveguide sections, with low and high 
refractive indices, the coupling efficiency across the inter
face is numerically calculated by using eqn. 1.

3 Computed solutions

(i) Step-step index profile
Both waveguide regions, with low and high indices, are 
assumed to possess step refractive index profiles: the 
refractive index is constant across the waveguide region. 
Fig. 2 shows the coupling efficiency rj as a function of the

100
m =  6

x m =  5

m =7

2.1 2.3 2.5 2.7 3.1 3.32.9
dh. P™

Fig. 2 Coupling efficiency vs high index waveguide depth 
n, =  2.212, n„ = 2.322, n2 =  2.202, d t = 2.2144 p m

depth of the high index guide for a particular low-index 
guide depth d, of 2.2144 pm,  in a waveguide system 
where the substrate index n2 =  2.202, and the guide 
indices are n, = 2.212, nh =  2.322.

The high-index guide is multimoded around the depth 
dh for optimum coupling efficiency, and the cut-off depths 
for modes m = 5, 6, 7 are shown on the graph. The 
optimum coupling efficiency is seen to occur for dh 
around 2.68 pm, slightly deeper than the low-index guide. 
Fig. 3 is a plot of such optimum efficiencies as a function 
of the low-index guide depth, where we see that increas
ing d, continues to increase the coupling efficiency. 
However, the guide region in an optical signal processor 
should be single-mode, so that the optimum low-index 
guide depth will be just below the cut-off depth for m =  1 
(shown in Fig. 3). In the following cases the low-index 
guide depths are also selected to be just below the cut-off 
depth for m = 1 mode.

Fig. 4 shows the electric field profiles of the modes in 
the two coupled waveguides, with rj maximised at 99.1% 
for the particular refractive indices chosen.

The optimum value of dh, the high index waveguide 
depth, is plotted against the low index guide depth dx in 
Fig. 5, from which it is clear that dh > dx for optimum 
coupling efficiency. The point m = 1 is the single-mode 
limit of dv
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(ii) Gaussian-step index profiles
The Gaussian refractive index profile is expressed as

n(x) = n2 + An x exp {—(x/d)2}

1 0 0

m  =  1

1.0 1.8 2.2 2.6 3.0
d t, jam

Fig. 3 Optimum efficiency vs low index waveguide depth 
n, =  2.212, nh =  2.322, n 2 =  2.202

0.6

0.4

0.2

4 5 62 3•0.5 0
x, jum

Fig. 4 Electric field profiles
n, =  2.212, nk =  2.322, n 2 =  2.202, d, =  2.2144 /am, d„ =  2.677 /am, r\ =  99.1%
  low index
 high index

3.2

171 =  1

2,0

3.02.62.2

Fig. 5 dh vs d ljo r  dl r\ is optimised at dh 
n, =  2.212, n„ =  2.322, n 2 =  2.202

where d is \fe2 depth and An is the increase in surface 
refractive index over that of the substrate. The low index 

j waveguide is approximated by the Gaussian profile, the 
high index waveguide by the step index profile, modelling 
Ti-indiffused and proton exchanged regions. For given 
refractive indices, waveguide depths have again been 
optimised, and an example is shown in Fig. 6, modelling

IEE PROCEEDINGS, Vol. 137, Pt. J, No. 4, AUGUST 1990

the Ti/PE system. Because the electric field distributions 
are a relatively poor match, the overlap integral can only 
predict a maximum p of 95.6%.

0.6

0.2

0.5 0 2 53
x, jam

Fig. 6 Electrical field profiles
n, =  2.202 +  0.01* exp ( —(x/2.0)2), n2 =  2.202, nh =  2.322, dh =  2.609 /am, 
rj =  95.6%
  low index
 high index

(iii) Gaussian-Gaussian index profiles 
In this and the following two examples various graded 
index approximations were used to simulate silver and 
potassium ion-exchanged glass waveguides.

If both high and low index guiding regions are Gauss
ian in refractive index distribution, the fundamental 
modes can be well matched, as shown in Fig. 7. An opti
mised coupling efficiency of 99.6% was predicted.

0.6

0.2

7 82 3 5 60
x, jam

Fig. 7 Electric field profiles
n, =  1.512 +  0.009* exp ( - (x /2 .0 )2), n* =  1.512 +  0.100* exp ( - (x /1 2 .3 7 )2),
rj =  99.6%
  low index
 high index

However, the high index waveguide depth is then about 
12 nm, and the waveguide supports 27 modes. Even 
though it might be possible to achieve such a depth, 
transverse diffusion would be going on simultaneously, 
degrading the lens boundary definition between the two 
waveguides.

(iv) Exponential-exponential and erfc-erfc index 
profiles

The exponential index profile may be expressed as: 

n(x) = n2 +  An x exp ( — x/d) 

while the complementary error function (erfc) profile is: 

n(x) = n2 + An x erfc (x/d)

= n2 +  An x ^1 -  ~~ |  ; e~xi dx^j
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Figs. 8 and 9 show optimised electric held profiles. Again, 
high maximum coupling efficiencies are predicted, but the 
optimum high index waveguide depths are now 70 //m 
and 60 /im, respectively, outside the limits of good wave-

X

0 2 86
X, yum

Fig. 8 Electric field profiles
n, =  1.512 +  0.009* exp {— x / 1.8), nk =  1.512 +  0.100* exp ( -x /71 .63), t\ -  99.4%
 low index
 high index

guide fabrication. With these three highly overmoded 
graded index profiles, it is clear that the fundamental 
mode is confined to the region of highest refractive index, 
very near to the waveguide surface, and the large diffu
sion depth is needed to extend the electric field profile 
sufficiently to match the wider-spread low index field 
profile.

0.6

X

LU
0 .4 -

0.2

8 1060 2
x , g .m

Fig. 9 Electric field profiles
n, =  1.512 + 0.009* erfc (x/3.5), n* =  1.512 +  0.100* erfc (x/62.75), >j =  99.7%
  low index
-  - —  high index

4 Experiment

Two substrate materials have been considered as the 
basis for experimental lens preparation, soda-lime glass 
and single-crystal lithium niobate. It was hoped that the 
lens preparation on glass substrates would prove to be 
relatively straightforward, using silver and potassium ion 
exchange with the sodium in the glass to provide the high 
and low index waveguide regions [10], rather than the 
more involved but more useful lens production on 
lithium niobate by proton exchange and titanium indiffu
sion. It happens that the refractive index ratio between 
high and low index guides is similar in the two systems, 
allowing the same lens designs to be used, since the 
refractive index ratio is the only material parameter 
appearing in the designs [6, 8].

Measurements of electric field intensity profiles were 
carried out on waveguides fabricated on glass and 
lithium niobate substrates. One end of each sample was 
polished to optical quality. Light was coupled into the 
waveguide by prism coupler, to excite only the lowest

order mode. A microscope objective ( x 40) was used to 
image the polished w'aveguide end face onto a vidicon, 
recording the near field intensity profile of the guided 
wave. The magnification of the system was fixed so that 
the recorded mode profiles of all samples were compara
ble. The transverse intensity profile I(x) of the lowest 
order mode in each guide was sampled and stored by an 
associated computer, and from pairs of intensity profiles 
measured in low and high index guides on the same sub
strate material the predicted coupling efficiency was cal
culated using a numerical approximation of the overlap 
integral, eqn 1. The range of samples was limited, and the 
position of the air-guide interface had to be estimated 
from the measured profiles. Examples of measured pro
files are shown in Figs. 10 to 14. In all cases there is a

Fig. 10 Measured optical intensity profiles
tj =  90.9%
Low index w aveguide: k + exchange, 20 m in. a t 375°C; high index w aveguide: 
Ag* exchange, 180 min. a t 225°C
----------  low index
 high index

in
c<1)
C

Fig. 11 Measured optical intensity profiles 
tj =  93.4%
Low index w aveguide: 25 mm Ti. 1000;C, 4 hrs; high index w aveguide: Benzoic 
acid, 236°C, 3 hrs
  low index
 high index

in
cOi
c

Fig. 12 Measured optical intensity profiles 
7 =  99.1%
Low index w aveguide: 25 nm  Ti. 1000 C, 4 hrs; high index w aveguide: Benzoic 
acid, 236°C, 3 hrs, annealing, 300°C, 3 hrs
  low index
 high index
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tcaying oscillatory field outside the surface of the guide 
ut for the purpose of calculating the overlap, this part of 

measured profile was discounted, and the first 
linimum was taken as the position of the surface.

ti

 Ji
fig. 13 Measured optical intensity profiles
,= 95.5%
low index w aveguide: 25 nm  Ti. 1000°C, 4 h rs; high index w aveguide: Benzoic 
jcid, 236°C. 3 hrs, annealing, 300 'C , 6 hrs 
  low index  high index

Fig. 14 Measured optical intensity profiles
1=96.5%
Low index w aveguide: 25 nm  Ti, 1000°C, 4 h rs; high index w aveguide: Benzoic 
tdd, 236°C. 3 hrs, annealing, 300°C, 9 hrs 
  low index  high index

(i) K + and Ag + ion exchanged glass waveguides 
The ion exchange temperatures used were 375°C for K + 
exchange and 225°C for Ag+ exchange. A diffusion time 
of 20 minutes was used for the potassium exchange, 
forming a single-mode waveguide. Different diffusion 
times were used to form various overmoded silver- 
exchanged guides, as shown in Table 1, in an attempt to 
produce a guide that would be deep enough to support a 
fundamental mode well matched to the potassium- 
exchanged guide. Examples of measured optical field pro
files in potassium and silver ion exchanged guides are 
shown in Fig. 10, where it can be seen that even with 3 h 
of diffusion time, the depth of the fundamental mode in 
the high index guide is insufficient to match the mode 
profile in the low index guide. The computed coupling 
efficiency resulting frm the measured mode profiles is 
shown in Table 1. It is apparent that the efficiency is 
rising very slowly with diffusion time.

Table 1: Coupling effic iency  b e tw een  K+ exchanged  w a v e 
guide (20 min a t  375°C) and Ag* exchanges w avegu ide  (a t 
225°C)_____________________________________________________

Ag+ exchange time, h 3 6 10 12
Number of modes 5 8 10 11
/?, % 90.9 86.3 91.2 91.3

(ii) Titanium-indiffused and proton-exchanged 
waveguides on LiNbO3 

Low-effective index waveguides were made by titanium 
indiffusion into lithium niobate. A 25 nm film of Ti was 
deposited on x-cut lithium niobate substrates. The

samples were heated to l (XX) C for four hours in flowing 
wet oxygen, resulting in a single mode waveguide. TE 
propagation was used in the y direction. The effective 
mode index was measured to be 2.2065, while the sub
strate extraordinary index was 2.2015. The optical mode 
intensity profile was recorded as before.

One Ti-diffused sample was then subjected to proton 
exchange in benzoic acid at 236QC for three hours. The 
sample was left to stabilise for 16 days [11], after which 
time the intensity profile of the fundamental mode was 
measured (Fig. 11). The sample was then annealed for 
three hour periods at 300CC in wet oxygen, and the 
optical mode profile remeasured after each period of 
annealing (Figs. 12 to 14). After the first annealing period 
the profile is seen to match very well to the Ti-diffused 
low index profile. However, subsequent annealing 
degrades the good mode match. The calculated coupling 
efficiency, shown in Table 2, confirms the matching 
properties of the waveguides.

Table 2: C oupling effic iency  b e tw een  TI w avegu ide  
(25 nm Ti, 4 h a t  1000°C) and annealed  TIPE w avegu ide  
(B enzoic Acid, 3 h a t  236°C, annealing  a t  300°C)

A nnealing  time, h 0 3 6 9
N um ber of m odes 7 10 10 10
H. % 9 3 .4  99.1 9 5 .5  96 .5

5 Discussion

The experimental results of mode profile measurements 
on glass ion exchanged waveguides may be compared 
with a Gaussian model for the profile [12], The electric 
field profiles of the low and high Gaussian refractive 
index profiles give a high theoretical optimum efficiency, 
calculated to be 99.6% for the particular waveguides con
sidered. However, to achieve this optimum efficiency the 
high index waveguide profile has to be about 12 pm  deep 
and support 27 modes. In the experimental Ag + 
exchanged guides the longest diffusion time of 12 hours 
only produced a guide supporting 11 modes, and conse
quently the best coupling efficiency calculated from mea
sured field profiles was only 91.3%. Step index guides 
could be expected to result in better-matched mode pro
files, and can be produced by electric-field-assisted ion 
exchange [12]. In such a high index guide the step index 
profile would result in a deeper fundamental mode 
profile, and hence a shallower optimum guide depth. 
However, the added difficulties of electric field assistance 
make its use less desirable, while the guides produced by 
simple ion exchange do not seem to offer a good medium 
for experimental lens fabrication.

The index profiles of the multimode proton-exchanged 
waveguides were calculated from the mode effective 
indices measured after each annealing step (and plotted 
in Fig. 16), and are shown in Fig. 15. After annealing the 
proton-exchanged region assumed an index profile very 
close to rectangular, with the three hour-annealed guide 
showing a good mode profile match to the Ti-diffused 
guide. Further annealing, although not changing the 
refractive index profile greatly, evidently had sufficient 
effect on the mode intensity profile of the proton- 
exchanged guide to reduce significantly the match 
between the high and low index guides and the resulting 
computed coupling efficiency. Indeed, the optimum coup
ling efficiency is much better than would have been 
expected from the theoretical modelling of the Ti- 
indiffused waveguide by a Gaussian profile and the
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proton-exchanged waveguide by a step profile, as dis
cussed in Section 3(ii).

2.30

_  2.28

2.26

2 . 2 2

2.20

x, | j m

Fig. 15 Variation o f index profile vs annealing time 
Benzoic acid, 236°C, 3 hrs, annealing  tem peratu re 300°C
A ----------  0  h r
V   3 hrs
O   6 hrs
x   9 hrs

2.32

2 .30

2 .26

2.24

2. 22

2 . 2 0 , 12 1680

Fig. 16 Effective index vs annealing time
x-cut L iN bO  3 , Benzoic acid, 236°C, 3 hrs, annealing tem peratu re 300°C

6 Conclusions

The experiments that have been performed on glass and 
lithium niobate optical waveguides suggest that while the 
Ti/PE double waveguide system might be used suc
cessfully to produce homogeneous refracting thin-film 
lenses for signal-processing applications, simple ion

exchange on a soda-lime glass substrate will not model 
the lithium niobate lens system well, notwithstanding a 
similar effective index ratio. It seems that the problem 
with high effective index graded-index waveguides is a 
concentration of the electric field at the peak of the index 
profile, restricting the width of the fundamental mode 
profile and producing a poor match to a mode in a low- 
effective-index guide. With 99% coupling efficiency at a 
single boundary in the LiNbOa Ti/PE waveguide system, 
a 5 element acircular lens might be expected to contrib
ute a loss of only 10% or 0.05 dB overall which is an 
acceptable figure.
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ABSTRACT

Problems in the fabrication of homogeneous integrated lenses on lithium niobate were 
investigated. TIPE and double proton exchange waveguide fabrication methods were com pared, and 
various masking systems tested. Mode matching between a low index single— mode DM PE waveguide 
and a high index m ulti— mode PE waveguide was optimized.

1 .INTRODUCTION

T here is a continuing interest in thin— film planar lenses for optical signal processing 
applications. Recent reports have described Fresnel lenses made on LiNbO 3 1»2 and on G aA s3 and 
single—elem ent homogeneous TIPE lens on LiNbO 3 4. However, when working at off—axis input 
beam angles the quality of the focused spot deteriorates severely. Multi— elem ent acircular 
homogeneous lens designs, as in F ig .l, offer the possibility of excellent o ff -a x is  perfo rm ance5»6. 
For such multi— elem ent lenses, some problems in fabrication, giving rise to coupling loss at the 
boundaries and loss through out— diffusion modes and scattering must be addressed. Some recent 
work will be reported on designing the waveguides in which the multi— elem ent homogeneous lenses 
will be fabricated for minimum throughout coupling loss, and in fabricating those designs on lithium 
niobate waveguides.

2 .FABRICATION O F WAVEGUIDES AND LENS

2.1. Waveguide System

In order to obtain a sufficiently high effective index, proton exchange must be used on 
LiNbO 3 for the high—index lens region. But for the low index planar guide region, either titanium 
indiffusion(TI) or dilute melt proton exchange(DM PE) may be utilized, both of which processes can 
provide a good quality waveguide. TI requires high tem perature processing and is stable during 
subsequent processes, but DMPE is not, and it is more complicated to match DM PE and PE
waveguides for good coupling efficiency as will be described later. However, with TI, L i20
out—diffusion may occur, introducing a spurious waveguide and resulting in an index profile which is 
a combination of the out— diffused waveguide and the TI or TIPE waveguide, and there might be
some guided modes additional to the pure TI or TIPE modes. W hen the light beam  crosses the
boundary of two waveguides some energy will inevitably be coupled into the out— diffused guide, and 
this has been observed in the m— lines of a prism coupler as shown in Fig.2, even though the loss 
was small in some cases. In a 4— elem ent planar lens light was coupled into out— diffusion modes 
at every boundary as shown in Fig.3, decreasing signal level and constituting noise.

Several techniques have been suggested for the suppression of lithium oxide out— diffusion. 
Carrying out the Ti indiffusion in a flowing atm osphere containing water vapour seems to reduce the 
mobility of Li and Ti by occupying some of the vacancies with H"*- io n s7. O ut— diffusion cannot 
be suppressed completely by this mechanism, but if it can be reduced sufficiently the ou t—diffused 
layer may be too shallow to support a guided mode, the out— diffusion can be considered to be 
suppressed. O n the other hand, if the out— diffusion is to such an extent that the mode confined
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in the TI layer and the modes in the TI plus out— diffusion layer are mismatched with each other, 
the excited TI mode is hardly coupled into out— diffusion modes at the boundary of two different 
waveguides. This phenom enon was observed by another group where on some TI strip waveguide 
samples, in which no m ajor defects had been produced during processing which would scatter guided 
light into out— diffusion modes, pure TI strip mode was seen by suitable adjusting the incident light 
even though there was an out— diffusion waveguide all over the sam ple8. Some authors did not find 
an out— diffusion mode on the sample just by using a dry oxygen and argon atm osphere9. By 
saturating the atm osphere in which the diffusion is carried out with Li 2O vapour out— diffusion may 
be fully suppressed: indeed, lithium in— diffusion has been reported by this m ean s10. But care 
should be taken to guarantee surface quality. If the atm osphere is closed and of small enough 
volume the substrate itself may be able to supply the saturated vapour pressure without the 
generation of an out—diffused layer capable of supporting a m o d e11’ 12’ 13. But the reproducibility 
of some system 11 was found questionable.

In a first series of experiments, out— diffusion modes were always found by prism coupling in
slab waveguide samples processed at 1000°C for 4h or longer in flowing wet oxygen. The oxygen
was bubbled at 1.0 to 1 .54 /minute through a 15cm high water column at > 9 0 °C . In a second
series of experim ents the sample was placed polished face up on a bed of LiNbC>3 powder, to 
provide a local atm osphere rich in L i2 0  vapour. The quartz boat containing the sample and 
powder was covered with platinum foil, and either dry or wet oxygen flowed through the furnace 
tube. In some cases no out— diffusion mode was seen but then the crystal surface was damaged and 
the TI waveguide mode suffered from scattering.

A platinum b o x 1 3 containing a sample was buried in LiNbO 3 powder and annealed at 1000 °C
for 4 hours. An out— diffusion mode was still found. For a fourth series of experim ents, in an 
attempt to provide a local atm osphere saturated with L i2 0  vapour, two samples were placed
face—to—face and buried in LiNbO 3 powder while being annealed in air at 1000 °C for 4 hours. 
Out— diffusion modes could not be observed in a pair of virgin samples but were seen in a pair of 
TI samples.

It seems that complete suppression of out— diffusion is very difficult. In some applications,
e.g. strip waveguide8, out—diffusion may not incur trouble. But in the case of a multi—element
lens, there are 2m boundaries for an m— elem ent lens and the energy will be coupled from the
fundamental mode into out—diffusion modes at every boundary, as in Figs.2 and 3. So the coupling
into out— diffusion mode must be minimised. To circumvent the problem  of out— diffusion, DMPE
can be used as an alternative for the low index waveguide. Annealing the DM PE sample at a 
higher tem perature than that of later processes can stabilize the index profile, but it will be shown 
in the next section that annealing makes it difficult for the low index DM PE waveguide to match 
high index PE waveguide. It was reported that annealing improved waveguide quality on y—c u t14 
and x— c u t1 5 but worsen it on z— cut LiNbO 3 1 5.

T here are some advantages of using DPE waveguide as low index waveguide in thin film lens 
fabrication. The threshold of photorefractive damage is higher than that of TI w aveguide1 6. This 
is im portant in thin film lenses where the light energy density is very high in the beam focus 
region. If a 1mm wide incident beam is focused into a 1 /mi wide spot with 3dB(50%) loss through 
the lens, the light energy density at the focus is 500 times that of incident beam. A DMPE
waveguide can be m ade shallower than a TI waveguide, which is im portant for high frequency SAW
applications17. C alculation18 shows that if both low and high index waveguides have step—like
index profiles, by means of DMPE and PE, respectively, the coupling efficiency is much better than 
that if the low index waveguide has a gradient index profile while the high index waveguide has a 
step—like index profile, by means of TI(or annealed DMPE) and TIPE, respectively. A disadvantage 
of DM PE waveguide is its higher scattering loss, especially for un— annealed samples. An advantage 
of using TI waveguide is its higher electro— optic effect accompanying with acousto— optic effect
resulting large Bragg d iffraction1 9.
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2.2. Masking Lavers for Proton Exchange

Com puter— generated multi— elem ent lens m asks6 were defined on the low index waveguide to 
block PE outside the lens region. Masking layers of Al, Si3N4 and SiC>2 were tried.

A 200nm Al film prevented the effective index of the existing guide from increasing while 
immersing the sample in benzoic acid at 236 °C for 3hrs, but the waveguide deteriorated after 
processing. For PE less than 30min, strong in— plane scattering was observed in the output m— line.
If PE was for greater than 30min, light coupling into or out of the waveguide was very poor.
Post—annealing in O 2 at 300 °C for 3hrs partly restored the waveguide in some cases, even after PE 
for 3hrs, but scattering was strong.

60nm films of Si3N4 and SiC>2 prevented an increase in effective index after PE at 236 °C for 
3hrs, but strong scattering was observed. With thicker films of 200nm, the guides improved. Using 
Si3N 4 , and post—annealing as before, light could be easily coupled in, while with SiC>2 no 
post— annealing was necessary. Clearly, a sufficient masking thickness is needed to block both H +  
and Li-1- diffusion through the masking film. Observation of the O H -  absorptions at 3505cm-  1 
showed that for a 200nm Al—masked sample the absorption increased, while for a 200nm Si3N4 
sample it stayed constant after immersion in benzoic acid at 236 °C for 3hrs.

An advantage of the S i0  2 masking layer, besides its better masking perform ance, is its ease 
of etching and removal in dilute HF, without risk of damage to the LiNbO 3 surface.

3 .M O D E -M A T C H IN G  ACROSS TH E LENS BOUNDARIES

In a thin— film homogeneous lens, the guided light in the fundam ental mode is refracted at
the boundary between two different waveguides, one low index single— mode and the other high 
index m ulti— mode. At the same time, some mismatch may occur between the modes in the two 
guides, resulting in coupling at the boundary into higher order modes or substrate modes. The light 
in higher order modes is refracted at different angles because of different effective refractive indices, 
giving rise to spatially distributed background noise in the focal plane. Fig.4 shows a fundamental
mode in a low index single— mode waveguide refracting into all modes in a high index multi— mode
waveguide in different directions. For a 4— elem ent lens, a coupling efficiency of 92% is required 
on each boundary to achieve an overall transmission efficiency of 50% or — 3dB. The modelling 
and computation of the electric field overlap integral between two waveguides for several pairs of 
index profiles were carried out, and optical field intensity profile m easurem ents were made on ion 
exchanged glass waveguides and TIPE LiNbO 3 waveguides18. It was shown that the coupling
efficiency between two waveguides with the same type of index profile can be > 9 9 % , and an optical
field overlap of 99% was obtained between TI and TIPE waveguides.

Matching between fundamental modes of a DMPE waveguide and a PE waveguide is more
complicated because the index profile of DMPE waveguide changes during subsequent processing at 
elevated tem peratures including PE of the lens region. Coupling efficiency was assessed by
monitoring the light intensity distribution in m— line with various fabrication param eters of DMPE 
and PE waveguides. The measurem ent arrangem ent is like that in Fig.2(a) but with DM PE and PE 
waveguide regions (instead of TI and TIPE). Fig.5 shows m—lines of a z—cut L iN bO 3 sample 
which was proton exchanged in 1% diluted benzoic acid at 210°C for 50 minutes and annealed at 
320 °C for 10 minutes to form the low index waveguide and then in pure benzoic acid at 235 °C for 
3hrs with half of the waveguide surface covered by a layer of S i0  2 to form  the high index half of 
the waveguide region. For the DPE waveguide annealed at 320 °C for 10 m inutes, it was difficult
for the PE waveguide to match because the waveguide was too deep and had a gradient index
profile; low coupling efficiency for such a waveguide and a s te p -  like PE waveguide was expected1 8. 
Most of the energy is in the highest order mode. Prolonging PE time can deepen the high index
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waveguide and reduce the coupling into the highest mode, but the waveguide will become highly 
multimoded in which case much energy will be coupled and scattered into those high order modes at 
the boundary, and in the waveguide by scattering among the modes. Post annealing did not
improve the matching. Fig.6 shows the m— lines of a sample of which the processing is the same 
as the sample of Fig.5 except that no annealing was done. Most energy is concentrated in the 
fundamental mode.

4 .CONCLUSIONS

Com puter modelling of the two— waveguide lens boundaries has shown that by optimum 
mode—matching, transmission efficiency across one boundary can be as high as 99% , sufficient to 
allow multi— elem ent acircular lens designs to operate effectively1 8. Reasonable coupling efficiency
of two fundamental modes was got for TIPE system and un— annealed double proton exchange 
system. But scattering at im perfect boundaries, inter— mode scattering and waveguide attenuation 
decreases the overall transmission efficiency of the lens. Suppression of out— diffusion in the TIPE 
process is especially im portant for multi— elem ent thin film lens fabrication, and from our 
experiments it seems that there still is no reliable method to suppress out— diffusion, particularly in 
the visible region. U n— annealed DMPE waveguide has some advantages over TI waveguide but 
suffers from large scattering. A SiC>2 masking film appears to block proton exchange satisfactorily, 
and with the advantage of ease in subsequent processing.
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Abstract. Anisotropic aberration of a four-element acircular homogeneous 
planar lens is calculated on anisotropic y  cut or x cut LiN b03 waveguide. Ray- 
tracing shows that the beam waist size increases greatly with off-axis angle. 
Huygens-Fresnel analysis shows a focused spot size of 2 8 (i.m at —81 dB in the 
incident angle range of + 8° indicating the number of resolvable spots to be 2100.

1. In troduction
The waveguide lens is a key element in the integrated optics spectrum analyser, 

giving a Fourier transform of the surface-acoustic-wave-diffracted light beam angle 
to the focal spot position. Earlier reports have described planar Fresnel lenses made 
on L iN b 0 3 [1,2] and on GaAs [3] and the single element homogeneous T i 
indiffusion and proton exchange (TIPE) lens on L iN b 0 3 [4]. The single element 
homogeneous lens has intrinsically large aberration when working at an off-axis 
incident angle [6]. Besides focusing degradation at off-axis incident angles, there are 
other disadvantages for Fresnel lens: low transmission efficiency and the difficulty of 
reproducing by photolithography a perfect lens pattern which consists of many 
micro features with dimension down to about 1 (im. Recently some multi-element 
acircular homogeneous lens designs were reported, which offer the possibility of 
excellent off-axis performance [5,6], All the lens designs mentioned above were 
based on isotropic material: glass, GaAs or z  cut L iN b 0 3 waveguide on which the 
propagation is completely ordinary like in an isotropic material. However the most 
interesting materials for acousto-optical applications are planar waveguides grown 
on y  cut or x cut L iN b 0 3, which are anisotropic. The planar lens designs must have 
modified parameters when used on an anisotropic waveguide. Zhou and Ristic have 
contributed to the study of anisotropic aberration of a single element homogeneous 
lens using geometrical optical analysis [7]. This paper reports some results of ray- 
tracing and Huygens-Fresnel analysis on the anisotropic aberration of the four- 
element homogeneous lens [6] and estimates the number of resolvable spots.

2. R ay-tracing on an isotrop ic m a ter ia l w a v eg u id e
The four-element homogeneous planar lens is depicted in figure 1. The substrate 

material is x cut L iN b 0 3, while the analysis is identical for y  cut L iN b 0 3 because the 
two are optically similar. The optic axis of L iN b 0 3 is along the Z  direction, so the

0950-0340/92 $3 00 ©  1992 T ay lo r & F rancis L td .
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x

substr

guide region, low index waveguide, n, cll(6)

lens region, high index waveguide.
parallel incident beam

Figure 1. Four-element homogeneous planar lens on x cut LiNb03. The high-index 
waveguide with the lens contour is inserted in a low-index waveguide. The guided wave 
has effective refractive index and nheff(P) in guide region and lens region
respectively, where is the ray direction with respect to the Z  axis, a is the incident off- 
axis angle. Yc is the distance between the focal spot and lens axis in the focal plan.

TE mode will see the extraordinary refractive index when propagating along the Y  
direction and see the ordinary refractive index when propagating along the Z  
direction. For refraction to take place, the lens region should be a high refractive 
index waveguide with effective refractive index nh eU(P) and the surrounding guide 
region a low refractive index waveguide with effective refractive index nx ,cff(/?)- These 
effective refractive indices vary with the angle ft of the ray with respect to the Z  axis in 
the Y Z  plane because the refractive indices of the waveguide material, i.e. «s(/3) for 
the substrate, nh(fi) for the high index waveguide and «](/?) for the low index 
waveguide, vary with ft.

Because of the anisotropic performance of x cut and y  cut L iN b 0 3, ray-tracing 
in the planar waveguide is not straightforward. The light ray E (direction of 
propagation) and the wave normal K  are not in the same direction, and on the 
boundary of two different waveguides the refraction of the wave normal K ,  not the 
ray E, obeys Snell’s law, using effective index instead of material index. Ray E is the 
direction of energy flow and is to be used for ray-tracing. So it must be kept in mind 
that the direction and effective index of the ray E  are used for ray-tracing and 
calculating the optical path, while the direction and effective index of the wave 
normal K  are used for calculating angles of refraction.

2.1. Material refractive indices
A point light source polarized as a TE wave spreads out in the Y Z  plane with a 

elliptical energy velocity profile as shown in figure 2 (b). The velocity of ray E  in the 
direction /? is expressed as

where v0 and v e are velocities of ray E  along the Z  and Y  directions respectively.

(1)
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Figure 2. Elliptic sections of refractive index of wave normal K  (a) and velocity of ray E (b) 
and relationship between K  and E.

The wave normal K  is in the direction 9. The velocity of K  can be obtained as v K, 
the cross point of the tangent through v E and the wave normal K  which is 
perpendicular to the tangent. The angles 9 and P are related by:

V  ̂ Wg
tan P =  ~j  tan 9 =  - \  tan i 

v i  nF
(2)

where n0 is the ordinary refractive index and ne is the extraordinary refractive index 
of the wave normal K .  v K can be obtained from v E:

1 +  tan2 P n\jn2
vK(0) =  v E(P)cosP 

=  vE(P) cos 9

(1 + ta n 2 pn*ln*)112 '

1 + ta n 2 0n 2/n2 
(1 + tan 2 8n*/n*)

(3)

The index of the wave normal K  forms another elliptic section as shown in figure 2
(a) and is expressed as

nnn„
nK(0)

(n2 sin2 9 +  «2 cos2 9)XI2
(4)

When n0 and nc take the values in table 1, which are quoted as the parameters of Ti 
indiffused (TI) waveguide and T I plus proton exchange (TIPE) waveguide, nK(0),

Table 1. Ordinary and extraordinary refractive index for substrate, low-index waveguide, 
high-index waveguide and effective ordinary and extraordinary refractive index for low 
and high-index waveguide.

Low-index High-index
Low-index High-index waveguide waveguide

Substrate waveguide waveguide effective effective
n* ”i «h wl.eff nh.eff

n0 2-287 2-287 + 0-008 2-287-0040 2-292 2-245
ne 2-201 2-201 +0010 2-201 +0 131 2-208 2-329
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Figure 3. Refractive indices of L iNb03 substrate, TI waveguide and TIPE waveguide and 
effective refractive indices of low index and high index waveguide on x cut LiNb03.

expressed in (4), becomes the corresponding material indices of the substrate 
(nKs(6)), low index waveguide (nKX{9)), and high index waveguide (”xh(0)) for the 
wave normal K ,  which are plotted as function of 9 in figure 3.

The index of the ray E is at the cross point of the tangent at nK and the ray E  which 
is perpendicular to the tangent. nE is related to nK:

nEiP) =  nK{9) cosp
1 +  tan P n2/n2

/ o \  a  T  u  flo i , l c / c \= % (9) cosfl;, 4 , 4 (5)

(1 +  tan2 P «e/"o)1/2

1 + ta n 1 9 n 2jn\
(1 + ta n 2 9nlfn*)]

Substitute (2) and (4) into (5), giving

nE{P) =  {n20 cos2 P +  n2 sin2 P) 1/2. (6)

The following relationship always holds

v0n0 =  v enc =  v K(6)nK(6) =  vE(P)nE(p) =  c, (7)

where c is the speed of light in vacuum.

2.2. Waveguide effective index calculation
The guided wave will see the effective refractive index of the waveguide. As with 

the material refractive index, we can find an effective refractive index profile for the 
wave normal K  as a function of 9, nK e{((9), and then the relationship between nK
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and effective refractive index of ray E, nEc{{(P). Firstly we define the waveguide 
structure. Perpendicular to the plane YZ  of propagation, in the X  direction, the 
variation of material refractive index is steplike:

r  1, x >  0, air,

h(.x,0)=< nw(0), ( ) ^ x > —d,  waveguide,

v ns(0), —d ^ x ,  substrate.

The waveguide depth is d,  and we have used the values calculated for maximum 
coupling efficiency on isotropic z  cut L iN b 0 3 waveguide [8]: d  is 2-20 |im and
2-66 |im in the low-index and high-index guide sections, respectively. ns(9) and nw{9) 
are calculated from (4), using the values of ordinary and extraordinary index in each 
material layer given in table 1.

The effective refractive indices, nKi c{[(9) and nKh e{{(9) for the wave normal K  in 
low- and high-index waveguide may be obtained by solving the wave equation [11], 
However, an analytical solution is required in order to establish a relation between 0 
and P, the corresponding ray direction. We have used an approximation by analogy 
with the bulk material refractive indices. The equations (4), (6) and (2), used to 
determine nK{9), nE(fi) and the relation between 9 and P in anisotropic bulk medium, 
have been applied to the anisotropic waveguides to determine the equivalent 
effective indices and angles. In order to apply these equations we need the effective 
indices «0.eff and «e.eff in each waveguide. For the low-index waveguide they may be 
calculated, and for example, applied to equation (4) to give «jci.eff( )̂- The values of 
njci.eff(0) calculated from (4), using nol e{f and neLe{{ in table 1, agree with values 
calculated from the wave equation [11] to eff($) <  2 x 10~5, justifying the
extension of the bulk index equation to the waveguide case. The function is shown in 
figure 3. In the high-index waveguide case, because of the anomalous variation of the 
bulk nK(9) with 9 in TIPE waveguide, the guide is cut off for 9 <  31 °, and there is no 
physical meaning for nKh eff(0) =  noh cff. However, a value for «oh.cff can be obtained by 
calculating nKh c[{(9) from the wave equation [11] at an arbitrary value of 9 , near to cut 
off, and substituting into equation (4). The approximated nKh e{{(9) is shown in 
figure 3 and is found to be good for 9 large, well away from waveguide cutoff. The 
values of «/ch.eff( )̂ calculated from (4), using «oh.cff and «eh eff in table 1, agree with the 
values calculated from wave equation to A«Kh cff($) <  2 x 10 5 in the angle range of 
9 >  75°, where in our calculation the light ray lies in.

With any direction of ray E or wave normal K , the effective index can be obtained 
from (4) or (6), and the direction of the corresponding E or K  calculated from (2). In 
the calculation that was made, the ratio of effectiv e extraordinary indices of high- and 
low-index waveguide sections, shown in table 1, was 2 329/2-208 =  1 -055. This ratio 
was used in optimising the performance of the four-element lens design on isotropic 
z  cut L iN b 0 3 waveguide [6].

2.3. Ray-tracing procedure
The ray-tracing is carried out as follows, and illustrated in figure 4 where WG1 

and WG2 represent two different waveguide divided by refractive planes. A known 
incident ray E^PO  in WG1 is considered, propagating in direction Pt , with respect 
to the Z  axis. The direction 9 l of the corresponding wave normal Ki(9 i )  is obtained 
through (2) with n0 and ne taking effective values of the related waveguide in table 1. 
The effective indices wKl.eff(0i) and nEi e[((Pi) are worked out from (4) and (6). Then
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Figure 4. Illustration of ray-tracing on anisotropic material.
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Figure 5. Anisotropic aberration of four-element lens. Waist size against incident angle on 
different positions of focal plane. Beam wide 2 mm. Dashed line: aberration on isotropic 
material for incident beam of 2 mm (a) and 6 mm (b) wide.
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the ray is traced to the first boundary and the optical path calculated. At the
boundary the refraction of the wave normal is calculated by a successive approxi
mation routine, necessary since the effective refractive index, nKl cU{92) to be used in 
Snell’s law is itself dependent on 02, the direction of the wave normal K 2(02) in the 
next waveguide section. ft2 is then calculated from 02 using equation (2). The process 
is repeated for each ray at every boundary, giving the position, direction and relative 
phase of each ray at any plane (including the focal plane).

3. R ay-tracing o f  h o m o g en eo u s  len s
A programme was written for light beam rav-tracing on anisotropic waveguides. 

Repeating the computation for 101 rays, forming a parallel incident beam, on all 
eight boundaries, the beam w aist size can be obtained by ray analysis at the detection 
plane.

Figure 5 shows the performance of a four-element lens on anisotropic material. 
The waist varies with off-axis angle with back focal length as a parameter. The 
incident beam is 2 mm wide. The back focal length is taken as the distance from the 
back surface of the lens to the detection plane. As a comparison, the dashed lines in 
the figure show the waist size of the lens on isotropic material. For an Elliptical- 
Hyperbolic lens design [6], off-axis performance is much worse for both anisotropic 
and isotropic materials as expected.

4. H u y g en s-F resn e l a n a lysis
Ray analysis breaks down as the focused spot size is within or near to the 

diffraction limit. The Huygens-Fresnel method allows the calculation of the 
amplitude and phase of the wave in the focal plane. The data on the positions and 
phases of all 101 rays on the last surface of the lens, as the result of ray-tracing, were 
then fed into another programme. Each position was considered as a new wavelet 
source with a calculated initial phase. All 101 w avelets interfere and, by summing in 
phase and out of phase components of all w avelets on the detection plane, the optical 
intensity profile can be obtained.

Figure 6 shows optical intensity profiles for a Gaussian intensity profile incident 
beam with Gaussian width , l  =  6m m , beam width £) =  6m m  and wavelength 
/  =  0-633 |im at the incident angle of 0°, 2°, 5° and 8“. The spot size a is listed in 
table 2. From the figures and the table we can see that at the focal plane 15-91 mm 
away from the last lens surface the focal spot size can be held to 2-8 gm at —8-1 dB of 
peak intensity in the incident angle range of +8°. The optimum focal surface is still 
considered to be a plane, or straight line in this 2-D planar lens case. The number of 
resolvable spots N  then is estimated as in table 2, assuming an average diffraction

Table 2. Spot sizes and resolvable spot number for four-element lens on anisotropic
material.

ff((im) o-(pm) o-(pm)
0° Yc(mm) at —81 dB a t - 1 0 0 d B  at -10-9dB N

0 2-8 30 3 1
±2 ±0-793 2-8 3-0 566
±5 ±1-847 2-8 1319
±8 ±3023 2-8 2159
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Figure 6. Diffraction intensity profile for four-element lens on anisotropic material. 

2 = 0-633 |im. Incident beam D = 6mm wide with Gaussian width A = 6 mm. Back 
focal length / =  15-91 mm. Incident angle a = 0° (a), 2° (b), 5“ (c) and 8° (d ).
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T ab le  3. S p o t sizes and  reso lvab le  sp o t n u m b e r  fo r fo u r-e le m e n t lens on iso tro p ic  m ate ria l.

CT(|im) o"(p.m) ff(|im ) flfpm )
0° Y c(m m ) at — 10 dB  a t - 1 7 - 4 d B  a t - 2 0 - 3 d B  a t - 2 0 - 6 d B  .V

0 1-6 2-0 2-1 2-1
+  2 +  0-691 1-6 2-0 2-1 2-1 691
+  5 +  1-732 1-7 2-0 2-1 1732
± 8 ± 2 -7 8 4 1-7 2-1 2784

spot size of cr =  2-8 J i m  in the range of Yc on the focal plane, while Yc is the distance 
between the spot and lens axis in the focal plane (shown in the figure 1), and N  
=  2 Yc(o.

Using a 2 mm wide incident beam the focused spot widened, because the stronger 
diffraction, and the sidelobes were reduced somewhat. Vice versa, with a wider beam, 
the spot size decreases, but at the same time the background noise increases, as the 
sidelobes rise up.

As a comparison with the isotropic case (z  cut L i N b 0 3 waveguide), figure 7 
shows optical intensity profiles for an incident beam of D =  /4 =  6 m m  wide and 
2 =  0-633 pm at the incident angles of 5° and 8°. At the focal plane 14-87 mm away 
from the last lens surface the focal spot size can be maintained at about 2 pm at 
— 17 dB in the incident angle range of +8°. T he  spot sizes and estimated resolvable 
spot numbers are listed in table 3.

Figure 8 shows intensity profiles for an Elliptical-Hyperbolic lens [6] used on 
anisotropic material. T he  on-axis performance is acceptable but the off-axis 
performance is greatly degraded.

5. S u m m ary
When the four-element lens which is optimized on isotropic material is used on 

anisotropic material, the optimum focal surface is still plane, the spot size becomes a 
little wider and the sidelobe rises. T he  spot size is still acceptable, with the num ber of 
resolvable spots estimated to be about 2100 in the incident angle range of ±8°, or 
1300 in a range of +5°. T he  major drawback will be the higher background noise 
which will reduce the main lobe intensity and hence the signal-to-noise ratio. It 
should be pointed out that better optical performance should be obtained if the lens 
is redesigned and optimized on anisotropic materials.
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