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. 1 

This thesis encompasses the development of a fibre/waveguide 

coupler usirg ion millED alignment groOlTes on lithium niobate am 
the materials and ~tical investigation of a oove1 form of high 

iooex waveguide in lithium niobate (callED proton ex~e, FE). 

Systems are discussed for the ion etching of masking layers 

suitable for Ion Beam Etching (IBE) deep structures in lithium 

niobate substrates. The parameters discussed are etch rate, 

anisotropy and mask quality. It was discovered that a 20% 

oolution of p:>lyimide could be spun in even layers to thicknesses 

of l5pm at a spin speed of 2000 rpm. The polymer layer is 

delineated, after curing, by a Heactive Ion Etching (RIE) process 

with oxygen. The RIE process gives a highly anisotropic etch 

which transfers the pattern on an aluminium masking layer 

faithfully into the polymer layer. Side-wall ripples in the 

masking layer were found oot to be a function of the RIE process. 

Argon IBE of lithium niobate maskED with patternED polyimide is 

examined. '!he IX'lymer pittern is anisotropically reproduced in 

the lithiumniobate substrate but the 6pm deep slots exhibited 

side wall riwles of a similar form to that on the masking layer. 

The etch rate of lithium niobate is typically 5001t/min, however 

dur ing a process run the etch rate drifts and the final groove 

depth cannot be defined accurately. Solutions to this problem 

such as end-p:>int detection are discussed. Hedeposi tion effects 

are highlighted. The grooves were found to be of suitable 

quality to be used in a prototype fibre/waveguide c0l4>ler. 

Problems and loss mechanisms inherent in a fibre/waveguide 

alignment groove coupler are discussed, specifically scatter 

losses, alignment losses, a localised Fabry Perot effect, fibre 

etching, optical field mismatch and comIX'nent realisation. '!he 

canponent was mcrle am tested at a wavelell3th of 1.3pm am a net 

insertion loss of 2.56dB was measured. The insertion loss is 

split up into the quantifiable constituent losses and loss 

reduction is discussed. 
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Optical aspects of planar PE waveguides on X-cut and Z-cut 

lithium niobate at wave1ergths of 633nm am 1152run are examined. 

The waveguide refractive index profile is a step with an index 

change of approximately 0.125 (at 633nm) and 0.096 (at 1152nm) 

for the extra-ordinary index and -0.04 (at 633nm) for the 

ordinary index. The exchange parameters (melt temperature and 

time) and hence waveguide depth is directly related to an 

Arrhenius type diffusim process am the diffusion coefficients 

determined. various optical characteristics of FE waveguides are 

investigated such as propagation losses, anisotropic light 

propagation, waveguide stability,_ surface damage and the 

evaluation of taperErl regions formErl for use in hybrid couplirg. 

Mater ia1s analysis techniques have found that the proton depth 

profile (measurErl by nuclear reaction techniques), the distorted 

exchanged reg ion (measured by Rutherford Back Scattering 

techniques), am optical waveguide depth are all comparable for a 

given waveguide. It is shown that there is approximately a 70% 

lithium/proton exchange in the waveguide region although the 

exchange region cannot be defined thus; Li l -ANb03• '!he strains 

within the lattice are complex and may be related to the high 

amount of optical scatter. '!be inter-relationship of the 

analysis techniques are discussed. 

A materials and optical analysis of p::>st-annealErl FE waveguides 

is presented. The annealing properties are considered with 

respect to initial waveguide depth and annealing parameters 

(annealing temperature, atmosphere and gas flow rate). The 

materials analysis pinp::>ints the probable mechanisms from which 

waveguide instability occurs and suggests methods of reducing 

waveguide scatter by reducing strain within the lattice. The 

mexUfication of tre waveguide profile is relatErl to the migration 

of protons and lithium ions within the lattice. 

Tre fimi~s of this work will be useful in the developement of 

practical integrated optical couplers and good quality high index 

waveguides in lithium niobate substrates, which have numerous 

applications in optical sensor and commll1ication systems. 



3 

I •• •••• " 

Ll General Introductim 

The technology of coherent light communication has advanced 

rapidly over the past fifteen years. Single mode fibre 

technology has made available large communication bandwidths 

which are beirg capitalise:) upon rapidly [1.1]. Active devices 

in an optical communication system could be fabricated on or in 

substrates which possess electro-optic, aoousto-optic, magneto­

optic or pyroelectric properties. In 1969 Miller proposed a 

miniature form of laser circuitry which he called integrated 

optics [1.2]. If the ex~ession integrated optics is to be taken 

literally, it is desirable to manufacture all the required 

optical devices on one chip and interface the chip with the 

communication system (via single-mode fibre). Ferroelectr ic 

mater ials such as lithium niobate (LiM:>03) have special ];hysical 

properties that make them desirable for both active am passive 

devices. They possess large electro-optic coefficients, large 

non-linear optical coefficients and are strongly piezoelectric 

[1.3]. The main disadvantage of using lithium niobate is that 

light sources or detectors cannot readily be formed on the 

substrate. Coupled with this disadvantage, the term 'integrated 

optics' is somewhat misleading as the bulk of devices and 

comp:ments which come under this term, forme:) on lithium niobate 

and on other substrates are discrete [1.4,1.5,1.6]. Therefore 

two main ~oblerns will have to be seriously a:3dressed before the 

potential of these components is realised and these are device 

integration (i.e. having more than one device on the same chip) 

[1.7] am inter-device oouplirg or device pigtailing [1.8] 

L2 Fibre/Waveguide ()q)ling 

Consider ing fibre to integ rated optical waveguide cott>l ing , the 

light transfer between the two mediums can be obtained in two 



-
main ways. '!he first is transverse or evanescent field ootpling 

[1.9] in which the evanescent field from the fibre interacts 

with, and excites, a guided mode in the waveguide. 'Ibis effect 

is usually enhanced with the aid of a taper in the waveguide 

alOll3 the interaction region. 'lhis effect, called taper velocity 

coupling, [1.10,1.11] provides the necessary degree of phase 

matching between the fibre and the waveguide to allow optimum 

power transfer. The second method is longitudinal or butt 

coupling [1.12] in which the optical field emerging from the end 

of a cleaved fibre is launched into the polished end of the 

optical waveguide. '!he spatial matching of the optical fields of 

the fibre am the waveguide, Fresnel reflection and their 

longitudinal misalignment are largely responsible for the amoll1t 

of power transfer between the two lightguides. Of the two 

coupling methods the one favoured is butt coupling due to its 

relative simplicity. 

In butt coupling the alignment of a single-mode fibre to a 

single-mode waveguide is a complex procedure as the~lignment 

tolerances are in the submicron scale. A single fibre can be 

aligned to the polished waveguide end-face by varying their 

relative p:>sitions with micro-manipulators while monitoring and 

maximisirg the output [1.13], t~ fibre can then be borrled to the 

waveguide. I:k>wever this IXocess requires a semi-skilled operator 

am has to be repeated for each fibre to be aligned which 

mul tiplies the al ignment complexity. '!he fibre is also only 

su~rtErl at the interface regioo which makes the booo delicate 

and unstable. '!he use of silicon V-grooves substantially 

CNercanes the alignment am support problems [1.14,1.15]. '!he V-

grooves are fabricated so that when fibres are placed in them 

(after the V-grooves have been aligned to the waveguide) no 

micro-alignment is needed. For the cotpling of fibre arrays this 

method is far more acceptable than plain butt coupling [1.15]. 

However the method has problems; the need for accurate and 

repeatable V-groCNe etchirg, acx:urate alignment of V-groCNes to 

waveguides and the considerable difference in thermal expmsion 

coefficients of lithium niobate am silicon gives rise to 

undesirable instabilities. 
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A more attractive arrangement was proposed by Mclachlan et al. 

[1.16,1.17] makil'lJ use of ion millED alignment grOOlles which are 

positioned on the device substrate surface. i'be groove is 

lOl'lJitooinally positionErl to the waveguide am when the fibre is 

placed in the groove there is no need for extra alignment. i'be 

position, depth and quality of the groove control the fibre 

aligrun~ to the waveguide. 'lhere are many possible crlvantages 

of this type of coupling component; the alignment groove is in 

the waveguide substrate surface &> thermal ex~sion should rot 

pose much of a problem, usi~ aligment groOlTes negates the neErl 

for waveguide end-face p:>lishing, the fibre is supported by the 

base am side walls of the grOOlTe &> the coupler slx>uld be rigid, 

the grooves are defined by conventional IilotolithograJ:hy so any 

number of grOOlTes can be definErl with one process step am if the 

groove J;llrameters can be suitably controlled then repeatable arx1 

high efficiency coupling is expected. The alignment groove 

coupler will be discussed in the first "J;llrt of this thesis. 

L3 Proton EKc:haD3ed vs. Tt:di.fftJsBl Wavegui.des 

The most firmly established method of forming waveguides in 

lithium niobate substrates is the indiffusion of titanium ions 

[1.16,1.18] and most integrated optical waveguide devices have 

been fabr icated using this te~hnique [1. 5,1.6] • However, 

titanium diffused waveguides have some limitations. Such 

waveguides are very susceptible to the photorefractive effect 

(q>tical damcge) [1.19,1.20] and in crldition the index change in 

the waveguiding reg ion is small (in the reg ion of 0.002). 

Considering device integration, dlE to the small waveguide index 

charge causErl by Ti:diffusion the smallest waveguide bend that 
t 

can be fabricated has a radius of curvature of lam ;, without 

making considerable changes to the waveguide structure 

[1.21,1.22], which makes the true integration of devices more 

difficult. 

In the initial stages of research, work was based on the 

investigation of the alignment groove fibre/waveguide coupler. 
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Figure (1.1): 
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One of the main loss mechanisms in such a component is field 

mismatch [L23,L24]. The problem occurs since the single-mode 

fibre field profile is symmetric and the Ti:diffused ~aveguide 

profile is asymmetric in the axis normal to the surface plane 

[1.23,1.24]. At this time field profiles were noted which were 

taken from a novel form of high index waveguide, called proton 

exchange [1.25] (see figure (1.1». As can be seen from figure 

(1.1) the field distr ibution of a proton exchange channel 
waveguide has two-fold symmetry and with subsequent opt~on 

should be much more easily matched to the fibre profile. In 

single mode operation however the waveguide field profile is much 

smaller than the fibre profile [1.28]. To make the proton 

exchange channel waveguide larger without modifying its single 

mode properties requires a knowledge of the proton exchange 

process. 

Proton exchanged waveguides have an index change in the 

waveguidirg region of approximately 0.12 at a wave1ergth of 633nm 

and are very resistant to optical damage [1.26,1.27]. Such 

waveguides when usErl in integratErl optics could cwercane problems 

which are inherent in Ti:indiffused waveguides. 

Because of tiE possible advantages in fibre/waveguide coupling 
-

and in waveguiding properties, the investigation of the optical 

characteristics of proton exchargErl waveguides was undertaken in 

the secorrl put of this thesis. 

This thesis is, as a result of the above, in two experimental 

parts: firstly consider irg, 

FmRE '10 WA vmJIDE COUPLER FCR INTEGRA'lED OPl'ICS 

CN LrmIUM NIOOA'lE U:;IN:; ICN E'ICHING TOCHNIQUES 

and secorrlly considering, 

~ EXCHAlaD WAVEGJIDES CN LITHIUM NIOBA'lE 
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1.4 Ai.a of Researcb Described in this'lbesis 

1.4.1 Ion Et:chiDg for Integrated ~ 

The first aim was to fim a suitable masking layer am etching 

process s> that high c:pa1ity grooves could be etched into lithium 

niobate substrates. The grOOles ideally ha:3 to have smooth side 

walls and the process had to be lI'lcanp1icated and thus amenable 

for imustrial. imp1emeiltatioo. 

The second aim was to realise the first alignment groove 

fibre/waveguide coupler with a total. insertion loss of less than 

1dB. 'ttle col4'ler had to be mown to be better than eny ex isting 

form of coup1irg canponent. It was ooperl that the coupler would 

be stable, easy to make, suitable for array cOl4'ling, and be the 

oblious cooice for fibre sensor am communication systems. 

'!he third aim was, once the ion etching technique was perfected, 

to design am test other canponents which would benefit fran the 

delineation possibilities on lithium niobate substrates. 

L4..2 Protm £KcbaD]Ed ~ Waveguides in Lithium Ridlate 

The main aim was to investigate the optical characteristics of FE 

waveguides on lithium niobate. The work was directed towards 

determining whether or not this form of waveguide would be of 

practical use in integrated optics. The materials analysis of 

such waveguides was initiated in an effort to understand the 

process and if any problems arose from the analysis to try to 

overcome them. '!he initial optical and materials analysis would, 

by necessity, be done on planar waveguides am if there was time 

it was hoped that PE channel waveguides could be fabricated 

havirg field intensity distributions which would match well with 

single mode fibres and hence possibly improve the alignment 

grocwe fibre/waveguide ooupler. 
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2.1 Introduction 

. In integrated optical devices and components, a large range of 

two am three dimensional structures are used to facilitate the 

many and var ied syste~ requirements. A1 though many of the thin 

film layers on lithium niobate substrates may be amenable to wet 

chemical etching [2.1], lithium niobate itself is not 

[2.1,2.2,2.3]. Therefore, ion etching techniques ('dry etching') 
\ 

must be used to pattern the lithium niobate substrate and/or 

surface layers. Ion etching techniques also allow a high ~egree 

of directiona1ity (anisotropy) in the etch depending on the 

process chosen. 

Assuming a high quality etch process can be evolved, many 

components would benefit from ion etching flexibility. 

Components an~ processes which would (and to some extent do) 

benefit from various forms of ion etching techniques inc1ude_ 

alignmen~ grooves in lithium niobate for fibre/waveguide coupling 
[2.4,2 .... ' 9], integrated optical reflectors [2.5,2.6], Bragg 

reflectors and beam deflectors [2.7,2.15] , optical light isolators 

[2.8], rib waveguides [2.9,2.10], etched slots for deposited 

silica guides [2.11], acoustic Bragg gratings [2.12], po1arisers 

[2.13], delineation of titanium stripes for channel waveguides 

[2.14] and the formation of high aspect ratio masking layers or 

structures [2.23] Dry etching is also much more amenable to 

industrial implementation and although the process can be 

{hysical and/or reactive the direction, -.. ~~~! of the etch does not 

depend on crystal orientation (although the etch rate may). 

This chapter is concerned with the definition of various ion 

etching techniques, so that the a3vantages and disadvantages of 

each process are acknowledged. The chapter is intended as an 

introduction to chapter 3 where the processes will be discussed 
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i · i 14 for the specific task of delineatirg patterns in 1 thl\Dt\ n obate 

substrates. 

2.2 Plas-a Etdling (pIE) 

Plasma etching [2.16,2.17,2.18] is a mainly chemical technique 

~m involves the creation of a glow discharge to generate 

chemically reactive species by dissociating relatively inert 

molecular gases, for example; 

or 

CF 4 + e- -> CF3 + F + 2e-

O2 + e- -> 0 + 0 + e­

or -> 0- + 0 

The prooucts react chemically with the surfaces immersErl in the 

discharge and if the by-products of the reaction are volatile, 

the pumping system removes them am fast etching is achieved. 

The plasma etching systems used are of two different 

configurations. One is a barrel plasma etching system (figure 

(2.1» and the other is a parallel plate system (see . figure 

(2.2». In both systems electrodes are energ ised at high 

frequency at about 187kHz (in the case of the Electrotech R(600) 

to proouce a chemically active plasma. In the case of the barrel 

asher the sample is placed centrally in the plasma on a 

cylindrical sample holder whereas with parallel plate P1E the 

sample is p:>si tionErl on one of the plates. Plasma etching with a 

parallel plate system is also depement on the pressure at which 

the system operates. Ideally plasma etching is done at pressures 

of about 300mTorr or higher in a parallel plate system. Lower 

pressures, less than 100mTorr, can plsh the etching process into 

a physical process by the creation of an ion accelerating 'dark 

space' [2.16,2.19,] (assuming that the samples are mounted on the 

cathode where the 'dark space' occurs). 

The main drawback with P1E is that it is isotropic - highly 

unsuitable for pattern delineation which requires high aspect 
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ratio and/or anisotropic ~ofi1es. It>wever it is useful for the 

wholesale removal or strippil'¥J of redundant carbonaceous thin 

films e.g. photoresist [2.20,2.21]. 

2.3 Reactive Ion Btc:b:inl (RIE) 

RIE [2.16,2.17,2.18,2.21] is an extension of the purely chemical 

plasma etching technique. As well as having the work surface 

immersed in a chemically active plasma RIE incorporates the 

bombardment of the work surface by energetic ions of the same 

chemical species. TO create the environment in which a RIE 

process can exist the main requirements are: the existence of a 

D.e. bias between the pir allel plates of a plasma etcher, and the 

system operating at low pressure. The D.C. bias, which can be 

created by having the cathode plate smaller than the anode (self­

biasing) or the inclusion of a capacitance between parallel 

plates (see figure (2.2», creates a dark space (ion sheath) 

around ths smaller of the parallel plates or the cathode (as 

defined by the capacitor), through which ions are drawn resulting 

in IDysical as well as chemical etchill3 of the work surface. '!he 

D.C. bias is wholly across the dark space at the_ cathode. The 

dark space is also limited by the ion density which is gCNerned 

by the system pressure, therefore accurate control of the gas 

pressure is necessary. 

Typical reactive gases used in this process as well as wi th 

plasma etchill3 are mixtures of Freon 12, 14 (CC12F2, CF 4)' CHF3' 

02 and Ar. 

'!he crlvantages of RIE are that the resultant etch is anisotropic, 

physical (which can be controlled by the D.C. bias), as well as 

reactive. 'll1e main disadvantages of the process are:-

1) the an:Jle of incidence cannot be var ied. Since the ion 

sheath is always parallel and close to the plane of the 

cathode the ion manentum is normal to the surface. 
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2) the incident ions have a broad energy spectrum. 

energy ions only heat the sample am do not remove material. 

Low 

3) atomic collisions in the plasma at the operating 

pressure (10-2 Torr) result in the scattering of 

imping ing ions. The lack of collimation of the beam 

flux may limit the resolution of the sputter etching 

mechanism. 

2.4 Ian Beaa Etching (IBE) 

IBE or ion milling is purely a physical sputter ing phenomenon. 

Sputtering occurs when a beam of inert gas ions is directed from 

an external ion source onto the sample positioned in a high 

va:uum chamber. The most commonly used ion source in ion milling 
systems is the Kaufman source [2.24,2.25] (see figure (2.3». 

The previous etching processes discussed have relatively simple 

ion source systems whereas the operation of the Kaufman source is 

more complex. There are comprehensive papers and books 

discussing the source operation therefore only a brief system 
descripticn will be given [2.l6,2.l7,2.l8,2~22, 2.23,2.26]. 

Inert gases used in IBE are typically ni trogen and in our case 

argon. The ionisation of Ar does not require a high energy; 

electrons from the cathode need only attain an energy of about 

70eV. A plasma is thus created by the thermal emission of 

electrons from the cathode which collide with the neutral argon 

atans: 

The configuration of the ion source is srown in figure (2.3) and 

the IBE system in figure (2.4). All electrodes in the ion gun 

are insulated from each other which allows the independent 

al ter at ion of any potential in the ion beam source. 'lhe system 

basically consists of two plasma regions, a discharge plasma 

region, where the ions are generated, and the extraction region, 
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throl¥Jh which the ions are accelerated to form a plasma beam. 'ltle 

cathode potential is typically 30-S0V lower than the anode 

potential, the difference correspondin:;J to the discharge voltage 

of argon. 

'!he ion energy of the plasma beam is a very imIX>rtant pirameter 

in the sputtering rate. The yield (i.e. the etch rate) being 

eXIX>nentially proportional to the ion energy. ~ achieve a high 

energy beam (the Ar ions are assumed to attain the anode 

potential) the anode potential is increased typically to 9S0V, 

thus ensuring high potential ions. The ion (anode) potential 

with respect to ground (0 volts) is termed Vnet• The body, 

screen grid and cathode are held 30-SO volts below Vnet at about 

900V to maintain the discharge . IX>tential. '!he source aM plasma 

now therefore float at about 9SO volts. 

'!he accelerator grid is set to a negative IX>tential, Va , (about-

350V w.r .t. ground). From the potential diagram in figure (2.5) 

it can be seen that the magnitude of Va plus Vnet forms the 

accelerating potential Vtot; 

The ions are accelerated from the screen gr id towards the 

accelerator grid forming a high energy beam, translating their 

potential energy to kinetic energy. Sane of the ions strike the 

accelerator grid forming a small current (accelerator current) 

and the remainder pass through the grid, their velocity 

maintaining their direction away from the source. Targets in the 

direct line of the ion beam will therefore be bombarded. Thus 

targets mlEt be grounded so as to inhibit the build-up of surface 

charge which would deflect the ion beam. 

The neutraliser or immersion wire creates a 'sea of electrons' 

throl¥Jh which the positive beam of argon ions pass. '!be negative 

aura ensures minimal beam divergence which would otherwise be 

prevalent due to electrostatic repulsion of like ionic charges. 

'!he electrons also aid the charge neutrality of the target which 
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would otherwise divert the ion beam. 

The values of Vnet and Vtot are not arbitrary although the main 

consideration is a strong potential drop to ensure the production 

of a high energy stream of ions. Looking at the ratio of 

Vnet/Vtot the values range typically between 0.5 and 0.8. The 

lower limit is dependent on electron backstreaming, i.e. the 

electrons from the immersion wire being attracted into the 

source. 'Ble tg?er val ue is limited by the increased divergence 

of the beam fran a parallel or focused beam. 

The focussing of the ion beam is very important since the etch 

rate is dependent on the number of ions per cm2 as well as the 

ion energy. 'Ble beam divergence can be controlled by adjusting 

the distance between the screen am accelerator grids, but in the 

Ion Tech Kaufman source this distance is fixed. The divergence 

can also be modified by controlling the ion density within the 

anode-cathode configuration as well as the neutraliser current. 

The ion density can be modified in two ways:-

1) If the cathode current is increased it supplies more 

electrons to the plasma arrl thus increases the amount of 

ionisation; the converse happens if the current is reduced. 

2) The extraction voltage, if too low, does not remCJIJe ions 

as fast as they are being created and the ion densi ty 

increases. The converse happens if the extraction 

vol tage is increased. 

If the ion beam is collimated there is a minimal amount of ions 

imping ing on the accelerator gr id. The amount of accelerator 

current is an indication of the ion source operation. It is 

necessary to maintain the accelerator current at a minimum level 

(typically a few percent of the total beam current). If the 

accelerator current is higher than a few percent of the beam 

current it indicates that the beam is not focussed and( also that 

the accelerator grid is being eroded by the ion beam;> ) 
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Although the beam current gives a relative indication of 

resultant target etch rate, the parameter which truly gives this 

indication is ion density at the target. The incident ion 

density at the target is measured by a monitor in the substrate 

protective shutter, figure (2.6). The detector is positioned 

above the target and is isolated from the shutter so that all 

charge incident upon the 1 cm2 detector can be collected. The 

detector is biased slightly negative, at about 18 volts, to repel 

the electron sea and is small enough oot to modify the direction 

of the high velocity ions ensuring a true reading of ion density. 

The target is mounted on a water-cooled rotating stage. Sample 

rotatim ensures an even beam density over the etching area am 
the water cooling alleviates the effects of substrate heating 

caused by the ionic bombardment of the erosion process. 

A photograph of the 'home built' ion milling system is shown in 

figure (2.7). 

2.5 Reactive Ion Beaa Et:chiBj (RIBE) 

The process of ion beam etching can be enhanced with the use of a 
reactive ,gas instead of an inert gas [2.16,2.17,2.18]. As a 

consequence substrate etching is causerl by chemical as well as 

physical processes, al though the beam source works in the same 

manner as in 2.4. Typical reactive gases used are Freon 12 and 

14 (CC1 2F2 and CF 4)' CHF3 and 02. One major problem with this 

type of system is that reactive gases which contain carbo in the 

plasma inhibit the operation of the beam source by attacking 

insulators or coating them with carbon render ing them 

ineffective. 

Reactive gases are used in the hope that redeposi tion can be 

overcane by the chem ical process of combining the substrate atoms 

with the reactive elements of the gas to form volatile J;roducts. 

Care must be taken when reactive gases are chosen e.g. the 

presence of 02 while ion etching lithium niobate severely 
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FiglIe (2.7): Photograph of Systan used Fbr the Ion Bean Etching 

of Lithium Niobate Substrates. 



inhibits the etch rate [2.iq]. 

'!he RIBE process was oot lSed in the ser ies of exper iments due 

to the carbon redeposition problem. 

2.6 Ion BeaII AssisterJ EtchiDj (IBAB) 

One method of overcoming the problems of reactive gases in the 

Kaufman a>urce is IBAE [2.27,2.28]. Basically the a>urce acts as 

a normal inert gas ion beam etchirg system am the reactive gas 

~6led onto the substrate surface in the m~ that the reactive 

gas will react with the etched material forming high partial 

pcessure comp:>unds which can be recrlily remOlled from the target 

by beirg pumped from the system. The etch rate should also be 

considerably enhanced. Conversely the pcocess has ala> been used 

to inhibit the IBE of a metal masking layer rather than 

increasing the etch rate of the substrate [2.28]. 

Altmugh there is considerable interest in this type of process, 

due to the troblems of system mooification the IBAE process was 

not investigated. 

2.7 Conclusions 

'!he main ion etching processes lSed for J;8ttern delineation have 

been discussed. Each process has specific characteristics such 

as etch directionality, flexibility, Fhysical etching, chemical 

etchirg, defined ion energy or combinations of the above. 

Choosing the correct process for a particular purpose is 

important a> that the resultant etch qualities will be acceptable 

and rot limited by the etching pcocess. 
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aIU'IBR 3 

THE IELINFATICIi (F MASKIR; IADRS AND THE Iai BEAM B'l.UIlIG 

(F Ll'DlllM N:1(IIM'B 

3.1 Introduction 

As indicated in chapter 2, if processes can be found which can 

pattern high quality masking layers aoo etch high aspect ratio 

grooves in lithium niobate, many devices and components would 

benefit. 

This chapter outlines the patterning of high quality masking 

layers mainly needed for the ion beam etching (IBE) of lithium 

niobate. '!he properties of the mE system are discussed with a 

v iew to achiev ing slots which could prove useful in the 

fibre/waveguide coupling of lithium niobate substrates and/or 

other canponents. 

3.2 Beg"; reamts of a Masking Layer 

It can be arguErl that the most important canponent in any etching 

technique is not the actual etching mechanism (al though it is 

ob7iously of great importance) but the maskiDJ layer inhibiting 

etching of the coated substrate surface and controlling the edge 

defini tion of the required pattern. The choice of the masking 

technique is influenced by the subsequent ion etching technique. 

The main requirement for a purely physical etch is that the 

masking layer has a much lower etch rate than the substrate or 

that a much thicker uniform masking layer can be coated onto the 

substrate than the required etch depth. With the above 

requirement the masking layer has to be patterned with a high 

degree of 'quality', quality meaning that the shape of the 

requirErl pattern can be faithfully reproduced onto the masking 

layer with no degradation in pattern either in the plane of the 

substrate or normal to the substrate surface. '!his shape transfer 

can depend on the grain size of the masking mater ial. 
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Requirements for a mask layer in a chemical. or chemical-P'lysical 

etching process are also modified by the masking material and 

substrate reactioo with the chemical gases used. 

3.3 'lhe Suitability of HIotoresist (AI l35OJ) as a Masking layer 

Photoresists are commonly used as a masking material [3.9,3.10]. 

However, even though a resist such as Shipley AZ l350J can 

reproduce anisotropic profiles accurately it cannot be spun to a 

sufficient thickness for lEe as a masking material for deep slots 

in lithium niobate substrates [3.9,3.10,3.8,3.2]. Carbon is an 

excellent masking material due to its relatively low sputter rate 

( 20 SVrnin) [3.16] am small grain size. Photoresist has prcwed 

to be very useful in masking the dry etching processes for the 

patterning of semicomuctor substrates, where generally submicron 
depth structures are required [3.11,3.l2,3.13]. 

A series of lithium niobate substrates were coated with 

photoresist and patterned in the standard manner [3.21]. The 

etch rate am film thickness of AZ l350J precluded it from being 

of any use in delineating deep structures in lithium niobate by 

lBE, therefore experiments were carried out with RIE using Freon 

12. Differential etch rates of as much as 3:1 have been obtained 

with RIBE etching of lithium niobate am AZ l3Sn:J [3.2]. However 

due to the angular dependence of the preferential etch rate AZ 

l350J must be at least three times thicker than the required 

vertical sided groove depth [3.10] negating any advantage of 

using reactive gases in lBE etching of lithium niobate masked 

wi th AZ 13Sn:J. 

Preliminary experiments showed that the pt"ocessed samples, RIE 

etched with Freon 12, were of little practical use. The 

substrates etched very little within the life time of the mask, 

due to th: formation of lithium salts [3.13,3.14] on the lithium 

niobate substrate, even though RIE is a physical process and it 

was b::>perl that sputter ing would remcwe the etch inhibitor (LiF). 

'!he substrate surface <pality was also extremely poor. 
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3.4 '.Ibe SUitability of POlyimide as a JlaMing Layer 

Since the main ~oblem which ~eclooErl AZ 13SOJ Plotoresist as a 

maskin:J layer for mE on lithium niobate was its thickness, the 

logical step was to use another material, which also had a high 

carbon content, as a maskin.;J layer. AOOonOlTic in the search for 

a carbonaceous masking layer investigated several likely 

polymers [3.15]. He fourn that polyimide, commonly usErl in the 

electronics industry [3.19], was a suitable masking layer which 

amld be patternoo by RIE with 02' similar to previous processes 

used in IBE with oxygen [3.10,3.17]. The main problem was to 

achieve a suitably thick am even masking layer. His ultimate 

decision was to spin several layers onto the same substrate, 

h:>wever this methcrl prOlToo to be unsuitable because of ooumary 

effects between layers and it was decidErl to investigate another 

methcrl of prc:rlucin.;J a polyimide layer of sufficient thickness (of 

the order of 15 microns). Basically the polymer, to be of any 

use, hed to prc:rluce a thick, even layer in one spin coatin.;J. 

3.4.1 Preparation of the R:>lyimide Making layer 

Andonovic used a polyimide precursor supplied by the Du Pont 

Company which, being already in liquid form, was limited to a 

maximum concentration of 10%. The ])] Pont polyimide did not have 

sufficient thickness, on one spin, for the etch depth required 

(since the required etch depth was 7 microns as a first 

approximation a 15 micron thick masking layer was decided \.tX>n). 

Ciba Geigy Ltd. supplied a pre-imidised polyimide XU 218 

[3.18,3.20] in p:>wder form which when dissolved in 156/100 V!V of 

acetophenone/xylene w/w was of the same form as that of ])] Pont's 

rolyimide, but with the crlded oonus of being able to control the 

concentratioo an:] hence the coatin.;J thickness. 

Figure (3.1) shows the var iation of polymer thickness against 

spin speeD for varioUs polymer concentrations. The polymer, even 

at concentrations of 20%, spun a surface layer free from 

striations but stowin.;J a slight thickness increase (lip) at the 
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sample Edges. At concentrations of between 10-20% w/w the liquid 

polymer was extremely viscous and therefore was impossible to 

filter through the rormal resist syringe apparatus. '!he method 

used to transfer the polymer from the bottle to the substrate 

surface was surface tension. A Pasteur pipette was placed in the 

solvent am extractED with a small amount of polymer crlhering to 

it. On placing the pipette on the cleaned lithium niobate 

surface the polymer flowed onto the substrate surface in 

pceparation fOr spinning. 

To prepare a surface layer of cross-linked polyimide there are 

several process steps to follow [3.20], not inciooing the polymer 

concentration or spin speed, which control the p:>lymer thickness. 

The spun ~yimide layer must be heated to l500 C for 1/2h (which 

drives off the bulk of the solvent slowly to prevent fast 

evaporation creating solvent bubbles which damage the masking 

layer), 2500 C for lh (which dries out the p:>lymer layer totally) 

and finally to 3500 C for 1h 30min (to cross-link the polymer). 

Figure (3.2) shows the monomer fOrm of p:>lyimide ID 218. 

3.4.2 Delineation of the Polyimide Maskirg layer 

When the polymer is cross-linked it is then ready to be 

patterned. Figure (3.3) shows the steps used to pattern the 

masking layer. '!he masking layer is first coated with aluminium 

which is patterned using conventional photolithographic 

processes. en removal of the Ihotoresist, after delineation of 

the aluminium, the polymer is then ready to be patterned using 

the aluminium as a mask. An oxygen plasma is used as the etchant 

as it will react with the polymer but not with the aluminium mask 

as the formation of an oxide layer quickly inhibits the etch. 

The etch must be anisotropic to achieve vertical wall profiles 

and thus a cOInp:l.r ison between the var ious types of plasma etching 

processes was necessary. 

Oxygen plasma etching of polyimide was found to be unsuitable 

since the etch is mainly isotropic and a high degree of 
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tmdercutting of the al\Dllinium masking layer was observEd. Ox}1gen 

RIE, figure (3.4), provEd to be much more satisfactory with 

vertical walls occur ing at the etch aperture. '!he side walls of 

the etched masking layer had ripples of the order of lpm and 

amplitude of 0.25pm. '!here was the p>ssibility that the riwles 

(X)uld effect the grOOlle quality of the ion milled grOOlTe so in an 

attempt to redoce the wall riwles various system parameters were 

investigatED in the process. 

In the early stages of research into the oxygen RI! of p>lyimide 

the machine USED was a dual chamber 'bane built' parallel plate 

system. Because of the unknown power split between the dual 

chambers there was no real indication of power fed into the 

system. Coupled with this problem was the fact that the systems 

D.C. bias was not measurable. The resultant etch, see figure 

(3.4), oowever was of reasonable cpality, once suitable system 

parameters were foum, am the system was USED for the main part 

of the project using the cpalitatively defined parameters. 

Experiments were also carried out with two other ion etching 

systems, one a Plasma Technology (PT) PD 80 and the other an 

Electrotech Plasmafab (EP) 600, am these systems allowed a more 

quantitative investigation of the etch parameters. 

3.4.3 RIE of Polyimide: Experimental Results 

Figure (3.5) a) shows the wall quality of a 4\lm layer of 

polyimide etchED in the Pr. The etch time was 50min with a D.e. 

bias of 20OV, W power of now and a pressure of 10 mTorr. In an . 

effort to investigate the possibility of improving the wall 

quality, the next sample was nm with the same parameters apart 

from a higher D.C. bias (300V) am a shorter etch time (30min). 

The shorter etch time was used since it was expected that the 

increase in D.C. bias would increase the etch rate. The sample 

prepared under the previous comitions was well defined and the 

anisotropy of the etch was ev ident. The secom etch resul ted in 

a sample which was not fully etched and whose side walls 

29 



Figure (3.4): Scanni~ Electron Micrograph (S.E.M.) of a 

Polyimide Maskin:J rayer RIE in OX~E!1. The 

photograph Shov.s the vertical Side walls vhich are 

an Irrlication of an Anisotropic Etch. 

(lum markers) 



Figure (3.5): a) S.E.M. of the Side vall of a Patterned R:>lyimide 

Maskill3 rayer. The Sample was RIE in OX~en at a 

D. C. Bias of 200V, W R:>\\er 110W, G3.s Pressure 

10 mTorr am an Etch T:ime of 50 min. (lun markers) 

Figure (3.5): b) S. E.M. of the Side vall of a Patterned R:>lyimide 

Maskill3 rayer. The Sanple was RIE in OX~en at a 

D.C. Bias of 300V, W R:>\'.er 110W, G3.s Pressure 

10 mTorr am an Etch . T:ime of 30 min. (lun markers) 



Figure (3.5): c) S. E.M. of the Side wall of a Patterned Polyimide 

Maskil'lJ Layer. The Sample was RIE in OXygen at a 

D.C. Bias of 300V, RF PoW2r 110W, Gas Pressure 

10 mTorr am an Etch Time of 40 min.. (lun markers) 



exhibited a definite curve (figure (3.5) b». A further sample 

rlD'l at the same p:lrameters as above, but with an increased etch 

time (40min) yielded the results seen in figure (3.5) c). Note 

that the etch aperture is cleared out and that the walls appear 

to be vertical, however, the increased D.C. bias and hence 

increased P'iysical sputtering has eroded the aluminium );rotective 

layer and holes have been etched through the polyimide 

indiscriminately. 

From the above data it was noted that D.C. bias is an important 

factor in the production of an anisotropic etch. Too little 

vol tage can result in lI'ldercutting (prevalent especially in thick 

layers [3.5,3.10]), and too much voltage (>20OV ) results in 

undesirable sputtering of the protective metal masking layer, 

exposirg previOusly protectErl polymer to reactive oxygen. 

Ion etching in the EP yieldErl far different results mainly dlE to 

the fact that the system pressures were much higher 

[3.5,3.3,3.4]. The first sample run in the machine encountered 

tre problems of cross contamination (see below), rouplErl with a 

high system pressure of 190 mTorr. Figure (3.6) a) shows the 

etched polyimide side wall with RF power 60W, 02 flow rate 

10cc/min and pressure l50mTorr. tbte that although the {attern 

is defined the side walls suffer from undercutting due to the 

high system tressure troducing an anisotropic etch. Peducing the 

system pressure to its limit, 140 mTorr, and runnirg the machine 

wi th the same cond i tions as above, the resul t can be seen in 

figure (3.6) b). Note that although there is a little 

improvement in the wall concavity, undercutting is still 

prevalent. Figure (3.6) b) was taken fran an area of the sample 

which had large alignment marks, shape dimensions in the order of 

0.4 mm. en tre same sample aluminium-delineatErl windows of much 

smaller dimensions (in the order of tens of microns) showed 

markedly different etch properties, see figure (3.7). All 

{atterns of these dimensions exhibited the same effect, namely 

the etching of a groove around the boundary layer of the 

aluminium window with the central area relatively unetched. '!his 

mul.d be causErl by 1) a surface charge effect causErl by the small 
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Figure (3.6): a) S.E.M. of the Side vall of a Patterned rulyimide 

Maskirg rayer. The Sanple was RIE in Ox~en at a 

W ruv.er 60W, Ox~en Flow Fate 10cc/min, System 

Pressure 150 mTorr am an Etch Time of 31 min. 

(lum mar ker s) 

Figure (3.6): b) S. E.M. of the Side vall of a Patternerl rulyimide 

Maskil'J3 rayer. The Sanple was RIE in Ox~en at a 

W ruv.er 6!JW, Ox~en Flow Rate 10cc/min, System 

Pressure 140 mTorr am an Etch Time of 30 min. 

(10um markers) 



Figure (3.7): S.E.M. of Same Sample as in Figure (3.6) b) 

The Very Much Smaller Etch Aperture EXhibits 

RE!TIarkably Different Etch Properties. 

(l~rnarkers) 

90.r"" 

Figure (3.8): S. E.M. rEpicting the r:arnaje to a M3.sking layer 

which can be caused by High SystE!TI Pressure (190 

rn'Iorr) and SystE!TI Contamination (Freon 12). 



dimensions of the etch window, 2) the etch window still retaining 

a thin layer of al\D1\ini\D1\ due to inadequate patternirg, 3) system 

contamination causing the formation of an inert layer o~' the 

surface of the exposoo polyimide or 4) sane ~e effect combined 

with the system's high running pressures. This effect, being 

noticoo by other reseachers1 oould obJiously be caused by any of 

the above, as there is not enough information to pinpoint the 

cause of the effect. However it is unlikely to be 2) or 3) and 

is most probably caused by a surface charge effect ( 1) or 4». 

The above information highlights the importance of system 

pressure in CIl RIE system. 

Figure (3.8) shows the effects of having the RIE system 

contam inated with another reactive gas dur ing the etching 

process, coupled with a high system pressure. In this case the 

system was contaminatoo with Freon 12. The severe damage that 

resulted was caused by Freon etching the al\D1\inium masking layer 

am allowirg the axygen to attack previously protected polymer. 

The result highlights the fact that system parameters must be 

controlled accurately and that cross contamination can be a 

problem in a multi-prrpose system. 

3.4.4 Chservations on Polyimide as a MaskiBJ layer 

The masking layer is very suitable for ion beam etching (ion 

milling) and parallel plate ion etching. Care must be taken if 

reactive gases are used in IBE with this masking layer since 

gases such as axygen will greatly degrcrle the mask effectiveness. 

Since the mask is mainly composed of carbon the above problem 
( 

with reactive gases is also sane what of a boon. Once the polymer 

has fulfilled its purpose as a mask the excess can easily be 

remOlTed by placirg the sample in an oxygen plasma within a barrel 

asher in the same way that baked P'lotoresist is remOlTed in the 

1 Discussions with A. McDonach, Research Fellow, Dept E.&E.E., 

University of Glasgow, Glasgow G12 8lJ. 
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electronics industry, without damaging the lithium niobate 

surface. '!he side wall riwles ooserved in p:ltterned p:>lyimide 

could not be removed by the use of different RIE 02 parameters 

and may be a function of the material or the inherent structure 

of the polymer when it is cross-linked. There is also the 

p:>ssibility that the wall roughness in RIE p:>lyimide is caused 

at the photolithographic stage. If so, it should be possible to 

pattern the J;i1otoresist by an electron beam technique, as that 

technique should produce no wall roughness on the submicron 

scale. Electron beam exp:>sure of Iilotoresist in the preparation 

of the polyimide masking layer would add an unnecessary 

complexity to the process, which is undesirable should the 

process be implementEd irrlustrially. 

Polyimide is quoted in the literature as having an etch rate of 

1500 R/min [3.16] at a p:>wer density of 0.3W/cm2 in oxygen, which 

is consistent with our measurements. The patterned polyimide 

samples, prepared by RIE in 02' were always overetched. The 

over etching was to ensure that all the mater ial had been remOl7ed 

fran the base of the patternEd area (particles left would mooify 

the area to be ion milled). '!he overetched p:>lymer masks did rot 

show any sign of undercutting, due to the anisotropy of the 

etching process, which would have compromised the <pality of the 

maskirg layer. 

Recently there have been developments in photosensitive 

polyimides [3.22,3.23]. The quoted specification of polyimide 

En'R-2 is that It> to 100 microns thickness of p:>lymer can be spun 

am optically patterned wi th excellent wall quality and 

an isotropy. '!he use of such a p:>lymer would greatly simplify the 

IBE mask preparation process am hence would make the process 

even more applicable to industr ial implementation. The main 

problem at the manent is that the polymer is in the developnent 

stage and as such is prohibitively expensive. 
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3.5.1 IBE System Limitations and Instabilities 

The ion millil'¥J system used, as shown in chapter 2 figure 2.7, 

was built within the department and consisted of a 2.5an Kaufman 

ioo s:>urce mountoo face-down onto a water cooloo rotatirg target. 

The system could be pumped down to 10-6 Torr. Since the power 

supply for the ion source was not microprocessor controlled, 

during a J;rocess run it was necessary to monitor the system cnd 

modify the cathode current to keep the accelerator current at a 

minimlDn value. Constant monitoring was needed because the ion 

s:>urce was not stable, am the system parameters driftoo slowly. 

Assuming that during a J;rocess run the etch rate mooified by 50 
> c;: 

R/min (which is a conservative estimate) then the final etch 

depth, for a 140 min etch, could alter by as much as 0.7pm. When 

etchirg sUbn icron structures, the very short etch time allows the 

system qleration to appear stable and gratbs of system IBrameters 

vs. etch rate can be plottoo, b:>wever, when approx. 7 micron deep 

grooves are being etched the resultant etch depth is var iable. 

In an attempt to canpensate for the uncertainty in etch rate, in 

the latter section of research, the beam shutter was replaced for 

a shutter which could monitor the beam current density at the 

target. '!be monitor typically reg isters current densi ties of 

between 1.0 - 3.0 mA/cm 2• The target current density could be 

monitored intermittently througb:>ut the etch (each time a recrling 

was taken, by necessity, the ion beam was interrupted). Even 

with the beam monitor the etch rate still proved to be 

inconsistent (for no apparent reason) and therefore etch-rate 

will only be quoted either 'typically' 'or with a defined set of 

system parameters. 

Since the Kaufman ion source has a beam diameter of 2.5 cm the 

resultant beam density at the target will vary across the target. 

'!be target stage rotates in a'l attempt to alleviate any changes 

and give a uniform etch rate across the sample. Two lithium 

niobate substrates were etched for 25 minutes with system 

parameters: Ib = 32mA, la = 1.5 mA, Ic = 6.2-5.4 A, In = 6.7 A, 
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Id - 0.33 A, Vb - 0.95 kV, Va = -0.35 kV, J c = 2.38 A/cm2• One 

sample was centrED in the ion beam am the other sample lay next 

to it (sample dimensions were 1 x 2 an2). 'nle etch rate for the 

centra3 samples was 392 ~min am the etch rate for the adjacent 

sample was 256 R/min. Clearly even when the target is rotating 

the etch rate can vary considerably between two samples etched at 

the same time. larger ion s>urces (lOan diameter) are required 

to give even etch rates over 1Mge areas and allow several 

samples to be etched at the same time, all resulting in the same 

etcha3 depth. 

The resultant depth ~certainty caused by the above system 

failings however did not pose any great problem. It was 

envisaged that if a groove of a defined depth was required, it 

could be etched to the correct depth (or greater) and the 

difference could be mcrle lP by sputter ing the base of the groove 

with Si02• 

Another factor involved in the etch rate discrepancy was the 

possibilty of not havil'l3 lithium nioba;e of consistent quality. 

Fortunately, as is mentioned in chapter 4, the coupling 

efficiency of the ion milled groove coupler appears to be 

relatively insensitive for lP to micron alignment changes. 

It would be advantageous to monitor the etch rate of the target 

during the etch process, and thus be able to have some form of 

eoo-point detectioo. A possible way of doil'l3 this is discussed 

in the conclusions. 

3.5.2 Surface QJa1ity of Ion Milled Lithium Niobate 

A comparison of ion milling etch surface quality on different 

lithium niobate crystal orientations was made, as it is known 

that in anisotropic crystalline materials different crystal 

orientations etch in different ways [3.24,3.1]. Samples of Z-cut 

am Y-cut lithium niobate were p1aca3 centrally in the ion miller 

and etched simultaneously. '!he results can be seen in figure 
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S.E.M. of the Surface 'Ib~raP'lY of Y-cUt Lithium Niobate 

after Ion Bean Etchi~ with Argon (lun markers) 

S.E.M. of the SUrface 'Ib~rati1Y of Z-cut Lithium Niobate 

after Ion Beam Etchi~ with Argon (lan markers) 

Figure (3.9): ComJ;Erison of SUrface Features on Y-cut and Z-cut 

Lithiun Niobate under the Sane Etch Conditions 



(3.9). Basically the Z-cut sample etched uniformly over its 

surface area wereas the Y-cut sample exhibited a well defined 

rou:Jhness. It could be surmisED that the Z-cut lithium niobate 

etched evenly because over the surface layer the crystal is 

isotropic whereas the Y-cut lithilnn niobate sample surface, being 

anisotropic etched mo~ e in accordance with its surface 

anisotropy. Both samples exhibited discolouration, i.e. both 

samples were dark grey in colour in the surface region. It is 

possible that this effect is due to the preferential etching of 

Li02 as compared to Nb in the surface layer [3.15]. 'Ibis is a 

reasonable assumption since niobium is a much larger ion than 

lithium or oxygen and hence the energy to dislodge the larger ion 

must be much greater (for a purely Plysical process). 

The degradation, and probable index change of the etched layer 

caused by the ion milling process (possibly leading to Li02 
depletion) should not affect waveguide properties since 

waveguides smuld only be formED 00 protectED areas of substrate. 

3.5.3 Redeposition Effects Q:::curing on mE Substrates 

The erosioo process involVED in the Ion Beam Etching of lithium 

niobate was discussed in chapter 2. In order for any dry etch 

process to be efficient and successful there are several problems 

to be OIJercome, and ion milling is 00 exception. 

Firstly, the relative etch rates of the masking material and the 

substrate are of importance. If, for a required etch depth the 

masking layer is too thin or the etch ratio too low, then 

facetting becomes a problem. For normal incidence ion beam 

etching, facetting first occurs at the mask pattern edges, see 

figure (3.10). Facetting is caused by a preferential etch rate, 

occurring at about 450 to the surface of lithium niobate and 
polyimide [3.24,3.7,3.10], and prevalent at the edge of mask 

apertures (due to the fact that etch rate has an angular 

depeooence) • As the etching process continues this edge effect 

worsens as the mask is erodED and will eventually open the etch 
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aperture to the substrate.'Ihe effect is compensated for by 

coatirg the substrate with a much thicker layer of polymer than 

is required for the etch depth, as discussed for the 

unsuitability of AZ l350J as a masking layer for deep structures. 

Secomly, redeposition [3.24] of masking material ~ sputtered 

substrate can result in pattern delineation problems. Figure 

(3.11) outlines the most common forms of redeposition, which are 

the formation of 'ears' caused by the redeposition of substrate 

mater ial ooto the side of the masking layer and the redeposi tion 

of material fran the maskirg layer am the edge of the substrate 

into the etch area, this especially occurs when facetting has 

deformErl the mask sha~. 

'lhirdly, foreign material 00 the etch surface can cause problems 

due to preferential etching of the area around the particle 

causing a conical pillar [3.24,3.6]. '1bese particles can ar ise 

fran insufficient etchirg of the mask leaving traces of the mask 

on the area to be etched, dust particles, redeposited material 

during the etch process or other particles resulting from 
imp.rrities in the vacuum chamber [3.4,3.24]. 

Finally, although it may not be a problem in many required 

patterns, another ion etching defect is trenching. Because the 

ions are deflected as they strike the interface of the masking 

layer aperture a higher ion density is created at the base of the 

maskirg layer edge [3.3,3.4,3.24]. This increase in ion density 

causes a greater etch rate and results in a trench being etched 

along the base of the wall. Trenching is very dependent on the 

direction of the ion beam as it interacts with the target. 

3.5.4 Redeposition on !BE LilW3: Experimental Chservations 

All the above four problems occur with ion milling on lithium 

niobate. Figure (3.12) illustrates facetting occuring on the 

p:>lyimide masking layer on a z-cut lithium niobate substrate (the 

sample is partially etched). Figure (3.13) illustrates the 
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Figure (3.12): S. E.M. of an lBE Lithiun Niobate Sanple Coated 

wi th fblyimide. '!he MicrograP1 Show:; the Effects 

of Facettirg. (10un markers) 

Figure (3.13): S.E.M. of an mE Lithium Niobate Sample with the 

Polyimide Maskirg rayer RenoveO. Tffi Micrograph 

Show:; the Effects of Facetting CI1d IEde~si tion. 

(10un markers) 



Figure (3.14): S.E.M. of an IBE Lithiun Niobate Sample with the 

Polyimide Maskirg Layer RenCIITaL The Micrcgraph 

Shows Rede[X>si ted Ears on the Etlge of the Etched 

Slot. (lun markers) 



Figure (3.15): a) S.E.M. of the En:] of a Patterned Fblyimide Slot 

The Pol}IDer Layer is not Fully Etched [eaviIlJ 

Material on the SUrface of the Etch Area. 

(l0un markers) 

Figure (3.15): b) S.E.M. of the Sample repicted in Figure (3.14) 

after the lBE Process. (H:Jun markers) 
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detrimental effects of over-etching. The substrate in figure 

(3.13) clearly smws the effects of side wall facettiB] (excess 

p:>lymer being remavErl from the sample for clarity). As well as 

facettil1J, figure (3.13) illustrates the problem of rErlep:>sition 

on the side wall of the grooves (the material being knocked off 

the wall rim down to the base of the groove). The formation of 

'ears' can be seen in figure (3.l4h note that after the excess 

polymer is removErl the 'ears' still stand (although they are 

prone to being dislodged with little force). Figures (3.15) a) 

aoo b) illustrate the effects of particles in the exposed area 

of substrate. Figure (3.15) a) shows the end of a patterned 

~yimide groove with the ~ymer not sufficiently removErl from 

the exposed area (the particles could just as easily be dust 

etc.). After ion milliB] figure (3.15) b) shows the drastic 

effects these particles can have on the finished etched 

substrate. Slight trenching can be seen in figure (3.17) 

(discussed below) although oot all samples exhibited this effect. 

The redeposition in the groove aoo the 'dust' problem can be 

overcome if care is taken througoout substr ate preparation, with 

the thickness of the maskil1J layer arrl by remavin:J all traces of 

the polymer in the exposed substrate region (usually with the 

help of a sonic bath). Ibwever, sputtered 'ears' at the edges of 

the grooves were al ways a common occurrence and cxmld be removErl 

simply by r~cleanin:J the substrate. 

3.5.5 Ion Mi1lErl Grooves on Lithium Niobate 

Ideally an ion etched slot needs to be well defined, of high 

quality (smooth and square side walls etc.) and the protected 

region must suffer no surface degradation. Figure (3.16) a) 

shows an electron micrograP1 of a p:ttternErl p:>lyimide mask, still 

coated with aluminium, with a rectan:Jular cross-section, am the 

surface of the Z-cut lithium niobate exp:>sed. Figure (3.16) b) 

shows a micrograph of the same substrate after ion milling and 

with the excess p:>lymer layer remavErl in an 02 barrel asher. 'nle 

substrate surface is shown to be well protected aoo the lOpm 
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Figure (3.16): a) S. E.M. of a Patterned Po1yimide Maskin:j Layer 

00 Z-cut Lithiun Niobate (H~un markers) 

Figure (3.16): b) S.E.M. of the Sample D2picted in Figure (3.16) 

a) after the IBE Process am wi th the Excess 

Po1}IDer M3..skin:j Layer lEmoved (10urn markers) 



Figure (3.17): S.E.M. of the Cross-Section of an Ion Milled 

Groove on z-cut Lithiun Niobate (10um markers) 

Figure (3.18): S. E.M. of the End-Face of an loo Milled GroOJe 

on z-cut Lithium Niobat e (lum markers) 



wide slot well defined (with the 'ears' removed as described 

above). The sample is of high quality except for a few cones 
.-

caused by alien p:lrticles. '!be depth of the slot is about 4.Opm, 

am the etch rate 450~min. 

Closer inspection of wall profiles and smoothness is necessary 

before a true estimation of the etch quality can be ascertainErl. 

Although lithium niobate does oot have a natural cleavcge plane 

aloRJ crystallographic axes [3.1], with trial am error;, etchErl 

lithium niobate samples were eventually split alORJ a plane which 

allowed the cross-section of an etched slot to be viewed. The 

important points to note in figure (3.17) are that the base of 

the slot is flat (apart from slight trenching, see above), the 

slot cross-section is highly rectangular (a! though it was not 

possible to measure the deviation) '~ . .::.:-' ~. am the substrate 

surface has been well Irotected. 

Figure (3.18) shows the end face of an ion milled slot. The 

sample exhibits a roughness of per iodicity lum and amplitude 

0.25pm (approx.). The roughness on the groove rim, in figures 

(3.17) and (3.18), as in the other samples, was caused by the 

remO'Val . of redeposited 'ears' from the groove Erlge. It a~ars 

that the wall roughness in the ion millErl slot is canparable, am 
maybe caused by the roughness in the polyimide mask. 

Al though the 'quality' of the final groove structure was a 

function of the masking layer and substrate preparation the 

grOO'Ve depth was not. Different system parameters in the argon 

ion milling of lithium niobate mainly al tered the system etch 

rate and did not affect the groove shape (assuming normal 

inc idence ions). 

Table 3.1 outlines several typical ion milling runs with all the 

associatED s:>urce parameters. As the etch rate for Z-cut lithium 

niobate is approximately 500 "/min the length of a typical ion 

milliRJ rm is of the order of 120 minutes to proouce a 6pm deep 

groove. 
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mBIE 3.1 

List of !BE Source Parameters During the Etching 

of Lithium Niobate 

Cathode Current lc 

Neutraliser OJrrent ~ 

Beam (Anode) Current lb 

Accelerator OJrrent la 

Beam (Anode) Voltage Vb 

Accelerator Voltage Va 

CUrrent Density Jc 
Discharge OJrrent la 

PlJnp ]))wn Pressure - 2.10-6 Torr; Ar gas - 10-4 Torr 

IC (A) In (A) lb (mA) Id (A) la (mA) Vb (kV) Va (-kV) J c (mA,lan2) 

6.25 6.8 32 0.31 1.5 0.9 0.30 2.35 

5.8 6.8 31 0.34 1.5 0.9 0.35 2.33 

5.6 6.8 31 0.33 1.8 0.9 0.35 2.33 

5.2 6.8 30 0.33 2.0 0.9 0.35 2.34 

4.9 6.4 29 0.33 1.8 0.9 0.35 2.32 

4.6 6.4 30 0.34 2.0 0.9 0.35 2.30 

4.3 6.4 30 0.34 2.0 0.9 0.35 2.33 

4.0 6.3 29 0.34 2.0 0.9 0.35 2.34 

3.7 6.2 29 0.34 2.0 0.9 0.35 2.30 

3.3 6.0 29 0.34 2.0 0.9 0.35 2.31 

2.9 6.0 29 0.34 2.0 0.9 0.35 2.35 

2.3 6.0 29 0.35 2.5 0.9 0.35 2.33 

1.3 5.9 29 0.36 2.5 0.9 0.40 2.30 

Measurements taken fNery 10 min. 

Therefore Total Etch Time = 120 min. 

Etch Depth = 5. 2 microns 

Etch Rate = 433 ~in 
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'lMIB 3.1 (OJntiNaJ) 

List of IBE Source Parameters DuriR3 the Etching 

of Lithium Niobate 

Cathode Current Ic 

Neutraliser Olrrent In 
Beam (Anode) Current Ib 

Accelerator Olrrent la 

Beam (Anode) Vol tage Vb 

Accelerator VOltage Va 

Current Density J c 
Discharge Current ~ 

PI.Jnp D:>wn Pressure - 2.10-6 Torr; Ar gas - 10-4 Torr 
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IC (A) In (A) Ib (mA) Id (A) la (mA) Vb (kV) Va (-kV) J c (mA,lan2) 

6.2 6.8 31 0.30 1.8 0.90 0.35 2.37 

5.8 6.7 30 0.30 1.8 0.90 0.35 2.34 

5.6 6.7 29 0.30 1.8 0.90 0.35 2.32 
5.4 6.7 29 0.30 2.0 0.90 0.35 2.34 

5.0 6.7 29 0.28 2.0 0.90 0.35 2.35 
4.6 6.7 28 0.28 2.0 0.90 0.35 2.33 
4.3 6.7 30 0.28 2.0 0.95 0.35 2.33 

3.9 6.7 30 0.29 2.0 0.95 0.35 2.30 
3.3 6.6 30 0.28 2.4 0.95 0.35 2.31 

2.5 6.6 29 0.26 2.4 0.95 0.35 2.33 

1.8 6.6 30 0.25 2.5 0.95 0.35 2.30 
------------cA'IHODE CHANiED--------

Etch Time - 99 minutes 
-----------NEW CATHODE -------- -----
6.2 6.8 30 0.31 1.8 0.90 0.35 2.32 

6.0 6.8 30 0.31 1.8 0.90 0.35 2.34 
5.9 6.7 30 0.30 1.7 0.90 0.35 2.35 

5.7 6.7 30 0.30 1.8 0.90 0.35 2.33 

5.5 6.7 30 0.30 1.8 0.90 0.35 2.29 

Total Etch Time = 99 + 21 = 120 min. 

Etch Depth = 6.4 microns 

Etch Rate = 533 l/min 



-maLE 3.1 (<Dltinued) 

List of IBE SOurce Parameters Dlring the Etching 

of Lithium Niobate 

Cathode Current Ic 

Neutraliser Current ~ 

Beam (Anode) Current Ib 

Accelerator Current la 

Beam (Anode) Voltage Vb 

Accelerator Voltage Va 

Current Density Jc 
Discharge Current Id 

Pump Ik>wn Pressure - 6.l0~ Torr; Ar gas - 10-4 Torr 
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IC (A) In (A) Ib (IlIA) Id (A) la (IlIA) Vb (kV) Va (-kV) Jc (mA/an2) 
6.1 5.9 31 0.36 1.2 0.95 0.30 2.43 

5.6 5.9 30 0.36 1.2 0.95 0.30 2.40 

5.3 5.8 30 0.36 1.2 0.95 0.30 2.37 

5.0 5.8 30 0.37 1.3 0.95 0.30 2.41 

4.8 5.8 29 0.37 1.1 0.95 0.30 2.43 
4.4 5.8 29 0.36 1.2 0.95 0.30 2.40 
4.1 5.8 30 0.37 1.4 0.95 0.30 2.45 
3.7 5.8 30 0.36 1.2 0.95 0.30 2.42 
3.4 5.7 28 0.36 1.2 0.95 0.30 2.39 

3.0 5.6 30 0.35 1.2 0.95 0.30 2.41 

Time Space Between Each lbw of Data is 10 minutes. 

Total Etch Time = 90 min. 

Etch Depth = 8.55 microns 

Etch Rate = 950 1;min 



3.5.6 canments and <l:>servations 

'nle deepest groove etched by this method, al though the process 

was not pushEd to its extreme limit, was l2.6pm. '!be sample did 

not exhibit the same groove 'quality' as in figure (3.17) but 

this appearEd to be mainly dlE to problems with the bulk crystal 

at that time. '!be highest etch rate was also recorded during 

this rlll altb:>lrgh tre system parameters were not different from 

the usual ones in Table 3.1. It is thought that the high etch 

rate (>O.lpm/min) oould be attribute::1 to tre fact that tre system 

was overhaule::1 prior to these measurements, and thus the s:>urce 

parameters (which were dismantle::1 am cleaned) have chaIlJe::1. 

Dle to the limitations of the mme built system 00 measurements 

were made with ioo aIlJles of incidence other than normal to the 

target surface. 

Ion bombardment has been used to selectively disrupt the surface 

layers of lithium niobate makirg it susceptible to wet chemical 

etching in HF [3.8]. Conversely it may be possible to 

selectively ioo exchaIlJe surface regions on lithium niobate and 
modify the etch rate of those reg ions. Exper iments were 

undertaken to measure any modification in the IBE etch rate of 

proton exchanged lithium niobate stripe regions (see chapter 5). 

If the proton exchanged regions etch at a much faster rate then 

the process may be useful in enhancing the ion milling process. 

However it was found that proton exchanged regions on lithium 

niobate etched typically 5% slower than the l..I1exchange::1 surface 

regions. The difference in etch rates are so small that it does 

oot appear to have cny practical use. 

3.6 Conclusions 

It has been shown that good quality ion milled grooves can be 

etchEd into lithium niobate substrates with inert gas mE. '!be 

cpality of the groove is dependent on the cpality of the masking 

layer. It has been shown that polyimide can be coated evenly 
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onto lithium niobate substrates with thichnesses of lSpm. '!be 

polyimide masking layer can be patterned by RIE in 02' the 

resultant etch is highly anisotropic and pcoduces a high quality 

maskirg layer which is an accurate reproouction of the aluminium 

etched pi ttern. 

It was foUJ'¥3 that when etching deep structures in lithium niobate 

substrates the etch depth is not fully controllable. The cause 

of this is mainly due to the long etch times required e.g. 120 

min. In a more practical IBE system there is a need to monitor 

the etch depth througl'x>ut the etching pcocess and some method of 

end-point detection is required. There are several methods of 

end-point detection in ion etching systems at the present time 

[3.26] The method most applicable is optical reflection 

interferometry. 'lhere will be pcoblems with thickness monitoring 

usirg interferanetry on an mE system, not least that the target 

rotates to ensure an even current distr ibution over the target 

surface. However, it should be possible to modify the etching 

system to incorporate the optical reflectometer [3.26]. 

It would be advantageous to etch deep groove structures more 

rapidly than the required etch times in the order of 2-3 hours. 

Intuitively it can be surmised that a chemical etching process 

would yield moch higher etch rates than for the purely J;hysical 

case [3.25,3.28]. Apart fran the possible increase ' in etch rate, 

a chemical etch process may have enhanced selectivity and thus 

thin masks may be usErl to achieve deep structures. Also reactive 

gases have been shown to have a pol ishing effect on the etched 

surfaces [3.15] which should yield smooth etched walls in the 

etched slot. 

Basic' chemical plasma etching of lithium niobate was not 

considered as viable for the following reasons. Photoresist 

cannot withstand much more than 15 minutes in a plasma system 

wi th reactive gases such as CF 4. Metal or possibly thick layers 

of polymer would be more suitable as masking materials. An asset 

of chemical etchirg with metal masks is that reactions between 

metals and reactive gases invariably formcompoUJ'¥3s with a very 
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low partial. pressure (such as A1~ makiRJ the canp)ums difficult 

to remove and hence making an efficient masking material. 

However the findirgs of Lee and Lu [3.14], corroborated by 

Andonovic [3.15], show that virtually no etch occurs with the 

lithium niobate surface. The problem is that a 'white powder' 

forms on the substrate surface stoWing the etch, which has to be 

rinsed off for the etch to continue. The halogenated canp)urrls 

of niobium (such as Nb2F5) have a high partial pressure (i.e. 

they are highly volati:J.e) am are reaHly remCNed fran the system 

[3.27], and niobium metal is known to etch rapidly in CF 4' 

However, while lithium also reacts with halogens, e.g. LiF, the 

byprodu::ts have extremely low partial IX"essures, and hence remain 

on the substrate inhibiting further etching unless removed by 

Iilysical means. 

Reactive ion etching of lithium niobate seems a more viable 

alternative to the etchill3 of lithium niobate, since the process 

combines both reactive cnd Iilysical etch mechanisms. Arx3onovic 

quotes 6: 1 etch rate ratio for CF 4 reactive ion and plasma etch 

processes, stating that for the RIE process there was no evidence 

of the 'white p)wder' buffer surmisiRJ that it hOO been remCNed 

by the sputter action of the process [3.15]. An interesting 

observation by Andonovic was that the etch 'quality' of the RIE 

process is very high, going so far as to suggest that the 

process might be used for the chemical polishing of lithium 

niobate. 

'!he bulk of work in the ion etching of lithium niobate should be 

directed towards the firrlill3 of a suitable maskill3 layer for the 

delineation of lithium niobate byreactive as well as };hysical ion 

etchill3 processes. 

If we assume that the main problem with reactive ion etching 

lithium niobate is the formation of lithium salts, the simple 

solution is to remove the lithium from the reg ion to be etched. 

This is not as difficult as it seems. WaveguidiRJ regions may be 

formed on lithium niobate by an ion exchange process called 

proton exchange (see chapters 5-8). It has been shown that 70% 
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of the lithium in the exchanged region is removed and replaced 

with hydrogel. The possible process oould be outlined as fo11ows~ 

1) Pattern the LiNb03 substrate with a metal masking layer, as 

would be USED in a normal reactive ~on etchirg process. 

2) Proton-exchange the IBtterned substrates in pIre benzoic acid 

to a depth greater than the required etch depth. 'Ibis process is 

the same as the process used to form proton exchanged str ipe 

waveguides, where the metal layer protects the substrate with 

only the substrate exposed at the metal layer aperture exchanging 

wi th the acid. 

3) RIE the p:epared and exchanged sample. 

It is expected that a far faster etch will be achieved, due to 

the lack of lithium in the etched region, and the profile of the 

grOCNe swuld follow the shape of the exchaBJed region, which can 

be assumED to be rectangular (since planar waveguides formed have 
a step profile) [3.29,3.30] 
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RIGID IaATIQi O! FIBRES a. LrlBIOI NIawJ.'E WAVI6II1ES 

OOIR; la. MILIBD GRDJES 

4.1 Introduction 

In order to be able to make practical use of the large number of 

integrated optical devices demonstrated on lithium niobate 
[4.1,4.2,4.3] as well as on other substrates [4.3,4.4,4.5] it , . , 
is essential to produce stable, repeatable and high efficiency 

coupling between optical fibres and the optical waveguides 

incorporated into such devices. 

The transfer of power between an optical fibre and an integrated 

optical waveguide occurs in two main ways. The first being 

transverse or evanescent field coupling [4.6] in which the 

evanescent field from the fibre interacts with, and excites, a 

guided mode in the waveguide. This effect is usually enhanced 

with the aid of a taper in the waveguide along the interaction 
region. This effect, called taper veiocity. coup1ing [4.7,4.8] 

provides the necessary degree of phase matching which allows 

maximum power transfer between the fibre and waveguide to occur. 

The second method of coupling power between an optical fibre and 
waveguide is longitudinal or butt coupling [4.9] in which the 

optical field emerging from the cleaved end of the fibre is 

launched into the polished end of the optical waveguide. The 

spatial matching of the optical fields of the fibre and the 

waveguide and their longitudinal alignment are largely 

responsible for the amount of power transfer between the two 

1ightguides. Of the above two coupling methods the one favoured 

most is butt coupling, due to its relative simplicity. Tapered 

velocity coupling on lithium niobate has very high fabrication 

tolerances [4.10] (altoough to some extent with proton exchange 

technology these problems are being a1eviated [4.11]). This 

chapter will discuss the butt coupling process. 
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In butt coupling, high efficiency can be achieved by varying the 

relative position of the fibre to the waveguide held in close 

proximity while monitoring and maximising the output. If 

attention is also paid to the modal field mismatch [4.12] good 

coupling efficiencies can be obtained [4.13,4.14,4.15]. However, 

this method is complex (as intricate micro-alignment stages are 

needed with O.lum resolution), unstable (the fibre needs to be 

bomed to the waveguide with very little support) am since each 

fibre needs the same degree of alignment the method is unsuitable 

for multiport devices. The method is also industrially 

impractical. 

The use of silicon V-grooves [4.16] can substantially aid the 

alignment process and permit low-loss, and to some degree, 

repeatable coupling. '!he use of multiple V-grooves has also been 

shown to facilitate the coupling of fibre arrays to devices 

[4.17] even to the extent of the production of packaged devices 

[4.18] However, the method still has major difficulties 

concerning the problem of the alignment of the V-grooves to the 

waveguide array, and these coupled with the considerable 

difference in thermal expansion coefficients of the silicon 

compared to that of the lithium niobate substrate gives rise to 

undesirable instabilities. 

A more attractive arrangement was proposed by McLachlan et al. 

[4.19,4.20] makirg use of ion milled alignment groOlJes which are 

positioned on the device substrate surface. The grooves are 

defined by conventional photo-lithography. One advantage is that 

a large number of grooves may be defined on one substrate with no 

increase in the number of fabrication processes. The groove 

parameters, if suitably controlled, should provide rigid, 

repeatable and high efficiency couplirg. 

Although the groove coupler was proposed, the component that was 

tested failed to operate due to problems in the ion etching 

process, these problems have since been resolved (see chapter 3). 

This chapter is concerned with the realisation and analysis of 

the proposed groove coupler. 
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As is shown in figure (4.1), the fibre/waveguide coupling is 

facilitated by inserting an etched fibre into a square section 

ion milled groove on a Z-cut lithium niobate substrate. The 

fibre is held rigidly in the groove, with the groove dimensions 

and position relative to the waveguide controlling the fibre 

alignment. The light emerging from the fibre is thus launched 

into the waveguide. 

The fibre has to be etched due to the depth limitations imposed 

m the im milled groove by the process parameters (see chapter 

3) i.e. the groove depth is limited therefore the fibre diameter 

has to be reduced to make butt coup1irg possible. 

4.3 Imerent IDsses in the Qq>1:ing eo.pooent 

The coupling component (4.1) can be said to have five ' main loss 

mechanisms (although the experimentally measured insertion loss 

has more). 

To gain an accurate understanding of how the comp:ment functions, 

each of these four main losses would have to be analysed. 

These losses are: 

i) Fresnel loss; the loss due to reflection when the 

light propagatirg encounters the index mismatch at the fibre/air 

and the air/waveguide boundaries. Another effect related to 

Fresne1 loss is the localised Fabry-Perot effect which occurs 

when a Fabry-Perot-like structure is set up between the flat end 

faces of the fibre and the waveguide. This effect has been 

monitored and causes large instabilities in the case of perfect 

fibre waveguide alignment (see section 4.7). 

ii) Scatter loss; any discontinuity or roughness in the 

fibre end-face or in the groove walls, base or end-face will 

cause a perturbation of the evanescent field of the fibre or the 

longitudinally propagating light resulting in scatter losses. 
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Figure (4.1): Schematic Diagrcm of Fibre/Wave:Juide Cbupler 



Some of these losses can be experimentally measured (see section 

4.9). 

iii) Alignment loss; the effects of both positiona1 and 

allJu1ar misalignment m the insertioo loss between a fibre am a 

titanium diffused waveguide. These losses have been quantified by 

Noda [4.21,4.22] for a titanium diffused waveguide which 

supported four mcxles (two 'lE and two 'lM). These measurements are 

repeated in section 4.6 where both a single mode fibre and 

waveguide is used (at wavelengths of 633nm and 1152nm). 

iv) Field mismatch; for maximum power to be 

transferred between two optical fields they must be as much alike 

as is possible. There have been var ious methcxls of measur illJ the 

degree of optical field mismatch and obtaining the power transfer 

between such fields [4.12,4.15]. In section 4.5 a new method 

will be proposed which util ises the complete three dimensional 

image of the optical fields. 
(v) Mode Sinking; leakage of light into higher index substrate 

For the total insertion loss to be analysed other loss factors 

will have to be taken into account, such as the propagation 

losses and losses in the transition region of the etched fibre 

taper (see sections 4.4,4.5). 

4.4 Fibre Etching 

The fibre used in these experiments was produced by British 

Telecom is single mode at).. = 1.3 J.lm wavelength, with a cut-off 

wavelength of 1.14 pm. The fibre has a lie core diameter of 

3.88 urn am an outside diameter (O.D.) of 100 pm. 

Previous work investigating the etching of this fibre [4.23] in 

buffered hydrof1uoric acid had shown that the end of the fibre 

formed a cone shape, see figure (4.2), which was unsuitable for 

butt coupling to a waveguide. It is well known that the etch 

rate of doped glasses is dependent on dopant species and 

concentration [4.24]. In particular, with hydrofluor ic acid as 

an etchant, the relative etch rate is also dependent upon the 

buffer (ammoniwn fluoride) concentration [4.25] Other workers 
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Figure (4.2): S. E.M. of Core Shap= Created at tre Fibre Em after 

Etching in BlffereJ IF (l~markers) 
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Figure (4.4): s. E.M. of Etched Fibre W-Face after IOl ishing 

(lun markers) 



[4.26,4.27] have used this dependency to form chemically, lens 

shaped end-faces on a fibre aoo to reduce the fibre diameter to 

leave the core which then may be used for alignment p,lrposes. '!be 

possibilities of forming a micro-lens on the end of the fibre is 

an interesting section of work, however with the end-polished 

fibre the constituent losses of the coupler are easier to 

quantify and it was felt that the inclusion of another factor 

would detract fran the basic problems to be investigatErl in the 

coupling comIXment. 

With Isoform 7:1 buffered etch, the total etch time to reduce the 

fibre diameter from 100 JlIII to 15 pm was approximately 150 min at 

40oC. It was found that with acid from the same bath, the 

variation in the fibre etch rate was less than 5%. Obviously 

this will result in a possible error of up to + 4.5 ~m in -the 

diameter of the final fibre, and therefore it is necessary to 

monitor the process by using test fibres to check the etch 

progress. With this approach the fibre 0.0. may be controllErl to 

within + 0.5 pm. The error is determined by the measurement 

process. Variations in etch rate of up to 17% were found with 

tests carried out with buffered etchant from batches of different 

age. A diagram of the fibre etch set-up can be seen in figure 

(4.3). 

Previous work carried out at Glasgow University [4.28] showed 

that it was possible to achieve a flat fibre end-face by 

pol ishing the etched fibre. 'Ihe fibre is potted in tan wax in a 

400 urn diameter glass capillary, which is mountErl in a mechanical 

support on a standard polishing jig. After polishing the 

capillary may be heatErl and the fibre rem()IJErl from the molten wax 

to be cleaned in trichloroethane. A scanning electron micrograph 

of the polished eoo of a fibre can be seen in figure (4.4) which 

can be compared with the unpolished fibre in figure (4.2). For 

ease of handling the etchErl fibre was kept mountErl in the glass 

capillary with the etched portion protruding from the end. 'Ihe 

unetched to etched fibre transition region, i.e. the taper 

region, can be increased by reducing the the level of the acid 

in the bath as the etch procedes. This gives the junction a 
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Figure (4.5): Itlotograti'l of Fibre to Etched Fibre 'IaperErl 

Transition Region 



higher degree of flexibility an~ 'resilience than in the abrupt 

junctioo case, see figures (4.5). 

4.5 Field Overlap Calculations 

In order to select waveguides which would allow maximum };X>wer to 

be transferred between fibre aoo waveguide, calculations were 

performed to determine the loss that is due to spatial mismatch 

of the two optical fields. Initially it was observed that for a 

given set of waveguide fabrication parameters more symmetrical 

field profiles . were evident 00 Z-cut substrates. This may be due 

to the fact that the c-axis has a slightly larger diffusion 

coefficient [4.28) which has the effect of pulliI'¥3 the titanium 

and hence the waveguide profile deeper into the substrate. This 

beiI'¥3 established it was found that Ti:indiffused waveguides 

formed with an 87nm film of titanium at 980 0 C and diffused for 

40h in wet flowing oxygen produced waveguides which were 

relatively ~etrical and were an excellent match for the field 

distribution of the fibre. Waveguides were fabricated under 

these conditions with widths ranging from 2 - 10 pm. The 

titanium stripes were patterned using the standard lift-off 

process [4.29) and were indiffused (as above) in the standard 
manner [4.30) 

The end polished waveguides were excited with a semiconductor 

laser operating at 1.32pm wavelength, and the resulting near 

field profiles were imaged by a 40X (0.65 N.A.) microscope 

objective onto the vidicon screen of a Hamamatsu camera [4.32). 

With the associated image analyser and a pop 11/45 computer it 

was };X>ssible both to display the optical near field pattern am 

record the intensity at each of a maximum number of 1024xl024 

};X>ints in the pixe1 array. The number of pixe1s usErl oowever was 

only 256x256 which was sufficient because of the limiting 

resolution of the optics. The resolution of the system was 1 pm 
which was defined by Att>e's criterion [4.31). A schematic of the 

camera set-up can be seen in figure (4.6). 
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By transferring the matrix data to a computer with graphics 

capability, the contour plots shown in figure (4.7) were 

produced. The plots are of the near field intensity 

distributions of the cleaved optical fibre and of a 6pm wide 

waveguide diffused under the above conditions. A conventional 

definition for the overlap integral may be used to compare the 
loss that is due to the modal mismatch [4.12] where for optical 

fields El and E2 the square of the coefficients~ gives the power 

transfer being defined by 

~= 

However, since the computer records the linear intensity at a 

finite number of points, the power transfer may be expressed as 

K = 
[ Li Lj J/1l )12] 2 

LiLj IlLi~ 12 

where 11 and 12 are the values of intensity taken from the 

Hamamatsu digitised array (11 is the profile distribution of the 

fibre and 12 is the profile distribution of the Ti:indiffused 

waveguide), linear polarisation and single mode propagation being 

maintained throughout. 

The field overlap calculation was performed by using the data 

fran eadl waveguide and fran the optical fibre (both cleaved arrl 

etched/polished). Figure (4.8) shows the variation of power 

transfer with waveguide width for the two fibres and eight 

waveguides. Al though the spread of the data was too large to 

enable an exact value of the optimum width of the waveguide to be 

found, it is observed that there is a general peak for the 
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unetchErl fibre in the regioo of 6pm (94% power transfer) am that 

etching the fibre reduces the power transfer by approximately 5%. 

This drop of 5% in the power transfer seemed to be very small 

considering the large change in spot size of the etched fibre as 

canparErl with the cleavErl fibre. 

Contour plots are 3-dimensional and as a result misleading. 

Figures (4.9) and (4.10) shows normalised cross-sectional 

distributions of the cleaved and etched fibres as well as for the 

6pm wide imiffusErl waveguide (the titanium imiffusErl waveguide 

has both its horizontal, (4.9), and vertical, (4.10), 

distr ibutions plotted). 

In figure (4.9) the match between the cleaved fibre and the 

horizontal distribution of the waveguide is clearly evident, 

whereas with the etched fibre there is a definite mismatch 

between its profile and the other two profiles. This would 

suggest that the power transfer drop for the etched fibre should 

be much greater than the estimated 5%. However examination of 

the vertical distribution of the indiffused waveguide and the 

fibre distributions shows that now the etched fibre matches 

closely with the diffused waveguide and the cleaved fibre has a 

considerable mismatch, figure (4.10). 

Two conclusions may be drawn. To achieve a good coupling 

efficieocy between a fibre am a titanium diffused waveguide it 

is necessary that the two principal profiles of the waveguide 

matches accurately with the fibre distribution. The difference 

in loss between the etched and unetched fibres could be 

attributed to their respective mode field widths. Secondly, the 

diffusion time and therefore the profile of the waveguide could 

be made much smaller so that there would be a match between the 

horizontal distribution of the waveguide and the distribution of 

the etched fibre. This would result in the component using 

waveguide dimensions which are more useful for devices, i.e. a 

more efficient electro-optic and/or acousto-optic interaction. 

It must be noted that waveguides fabricated under different 
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conditions give different coupling properties, and as such the 

measurements made are only valid for the above material and 

diffusion conditions [4.34] 

'!he maximwn estimated power transfer for the 6um waveguide and 

the cleaved fibre was 94% aoo for the etched fibre 89%. These 

values are only field overlap losses and are not to be mistaken 

for total insertion loss. The 94% power transfer is the highest 

value quoted for field distribution matching in the literature 

for fibres coupling to Ti :diffused waveguides. This value 

assumes that the profiles are perfectly aligned and that the 

phase across the field profiles are constant. Other values 

quoted in the literature are in the range 80 - 85% [4.33,4.34] 

but these values are obtained from calculations using the profile 

widths measured from cross sectional field distr ibutions (as in 

figures (4.9) and (4.10)) and not from the full three dimensional 

ex~rimenta1 field profiles. 

4.6 Im llilled GrOO\7es 

The most important part of the coupling component is the ion 

etched alignment groOlJe. Delineation of the groOlJe is critical 

to the o~ration of the coupler and to its total insertion loss. 

Chapter 2 outlines many ion etching processes but the one most 

readily available at the time of the ex~riment, and probably the 

most useful, for the formation of the slot was inert argon ion 

milling. 

The necessary pro~rties of a satisfactory ion etching technique 

for alignment groOlJes are:-

1) High Etch Rate; the grooves were limited to a depth 

maximwn of approximately 7pm, and hence the width of the groOlJe 

was somewhat arbitrarily defined to be 10pm wide. 'lhus at etch 

rates of 500~min the process would take 140min. '!here fore from 

purely the point of view of process time, slow etch rates are 

undesirable aoo higher etch rates desirable. Inert argon ion 
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milling can easily achieve etch rates of SOOX/min and more 

importantly polymer maskirg of tre substrate enables the deep 

grooves to be fashioned. 

2) Square Section Groove; in order to achieve the necessary 

insertioo loss tre slots must have perperrl icular end-face am a 

square cross-section. Any angular slant on the wall would result 

in angular misalignment of the fibre and the waveguide i.e. 

between the fibre and the waveguide would be a sloping interface. 

3) Wall/Surface Quality; although other ion etching 

processes exhibited much better wall quality, it is evident that 

with 1) and 2) beirg satisfiErl by the argon ion mi11irg process, 

the observed ripples in the wall and end-face of the groove 

(which will cause scatter losses) are acceptable, at least for 

the prototype coupler. 

4) End-face Flatness; when the shape of the ion milled 

groove is transferred via photolithography to the aluminium layer 

(required for the delineation of the polymer masking layer) the 

corners of the groove, although perfect in the mask, become 

rounded. This was overcome by making the end of the groove, on 

tre mask, into a T-shat:e, see figure (4.11), enablirg a flat end­

face to be repeatably obtained (neglecting the presence of 

surface roughness). 

A 40nm etch rate was obtained with a lkeV beam potential and a 

beam current density at the target of between 2-3mA/cm2• This 

resulted in a series of substrates with groove depths ranging 

from 4.8pm-7.6pm depending on the etch period. Figure (4.12) 

shows electron micrographs of a) an argon ion milled groove 

cross-secticn, am b) the end-face of an argon ion m i11Erl groove. 

From figure (4.12) the quality of the ion milled grooves can 

clearly be seen, the emphasis on a) being the 900 wall prof He 

and on b) the amount of surface roughness which is about 1pm 

perioo with 0.2SJ.Iffi amplitude. The waveleR3th to be used in the 

coupling ext:eriment is 1.3pm therefore the wall rougtness is of 

canparable magnitude with the wavelergth am hence will scatter 

the light propagating in the fibre. 
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Figure (4.ll): Pootograph of Revised T-shap:! GroOlTe to Counteract 

End-Face Hounding 



a) S.E.MoOf the Cross-Section of an Ion Milled Groove 

(l0un markers) 

b) S.E.M. of the EnJ-Face of an Ion MillErl Groove 

(lun markers) 

Figure (4.12): 



... 7 'DIe Problem of AlignDent Related to 1DsseS, Reflection 

am Chip Ieal.isation 

Alignment is of i::lportance in many of the aspects of the coupling 

comp:ment, both in the chip realisation and performance. 

In makil13 the chip the main problem was whether to first produce 

the waveguides then align the grooves to them or to first form 

the grooveS and risk possible edge effects at the groove­

waveguide I::x>undary. Experimentally it was found to be extremely 

difficult, if not impossible, to achieve the former. The main 

problem was that the groove mask had to be aligned on top of the 

masking layer which was effectively 20pm above the waveguide 

surface. This fact meant that it was not possible to focus on 

the waveguide and groove mask at the same time, hence alignment 

was imp:>ssible (or at best somewhat intuitive). 

Alignil13 the waveguide mask to the ion millErl groove provErl to 

be very straightforward, However there was some indication of 

edge effects at the interface, i.e. the resist pattern and hence 

the waveguide narrowed slightly. 'lbe narrowing, however, did not 

occur on all substrates suggesting that mask contact with the 

substrate was to blame. If the problem was persistent a mask 

could have been made with a small taper or horn at the waveguide 

end to alleviate the narrowing effect [4.35]. 

The overlap integral and thus the power transfer between fibre 

and waveguide were calculated for perfect alignment. The 

alignment is a function of the canponent parameters and hence may 

not be optimum. Investigating the effects of misalignment gave 

some indication of the required tolerances for angular and 

positional misalignment as well as an insight into instabilities 

causErl by a localisErl Fabry-Perot effect, the work mainly covered 

by G. Henderson, final year student, under the author's 

supervision [4.36]. The bulk of the alignment measurements were 

made at O.633pm, with some measurements at l.l5pm (the 1.3pm 

laser beil13 unavailable at the time) and gave a clear indication 

of the tolerances. 
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'!he fibre used for the l.ls~m wavelength experiments was the BT 

fibre since its single mode cut-off was specified to be 1.14pm. 

The resolution of the goniometers in the series of experiments 

was O.lpm for positioo am 0.1 degree for al'¥3ular mOlTement. '!he 

waveguide used in the infra-red experiment was single mooe on z­

cut lithium niobate (86sR of- titanium, 2um wide, diffused at 

980 0 C or 20 hours). The results with single mode fibre and 

waveguide at 0.633pm were very similar to that of Noda 

[4.21,4.22], and are summarised in Table 4.1, assuming the 

nomenclature of figure (4.13). The tolerance is quoted as the 

misalignment necessary to reduce the output power by 5%. 

The increase in wavelength (and hence the fibre and waveguide 

profile dimensions, see Table 4.1) increases the positional 

tolerances, arrl at 1.3J.lIn a further increase in tolerances should 

be expected. Although the angular data was not available at 

l.lspm it is to be expected that there will be a decrease in 

angular tolerance at longer wavelengths [4.39]. 

Translating the significance of these tolerances onto the groove 

coupler the following can be surmised, assuming controllable 

fibre dimensions. 

X-axis misalignment occurs at the coupler photolithographic 

stage. A 6um waveguide has to be aligned with a 10}Jl1l wide 

groove. '!he quoted tolerance is at least 0.4pm whereas alignment 

in this axis should be achievable to within O.lpm, and hence 

should not be a major contributor to loss. 

Y-axis misalignment occurs if the fibre is not placed at the 

end of the groove or if the ripples in the groove end face allow 

the presence of a small cavity (see below). '!he tolerance is at 

least 0.4spm and should not present any problems, excluding 

instabilities which will be discussed below. 

z-axis misalignment occurs if the groove depth is either too 

great or too small. Depth control of the groove is difficult 

(see chapter 3.4), however since the tolerance is at least O.S}lIIl 

the problem can be O\1ercome with the minimlUll of loss incurred. 
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'lMIB 4.1 

List of Tolerances for Fibre/Waveguide Misalignment 

at O. 633 ~ Wavelength 

%1/10 x (pm) Y(~) Z(pm) 0(, (0) ~(o) 

95% 0.12 0.14 0.25 0.55 0.25 

90% 0.20 0.32 0.40 0.76 0.35 

List of Tolerances for Fibre/Waveguide Misal ignment 

at 1.15 tE WaveleIl3th 

(The data does not include angular measurements) 

Y(~) Z ()lID) 

95% 0.40 0.45 0.50 

90% 0.72 0.83 1.00 

Figure (4.13) Shows the Axes to which Table 4.1 Corresponds. 

The tolerances quoted are for misalignment from the centred axis. 
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Basically the groove should always be on the deep side allowing 

the possibility of filling " the groove with sputtered Si02 to 

achieve the required depth. 

ot..0 misalignment occurs at the P'lotolithographic stage. '!he 

tolerance at 1.3pm can be assumed to be greater than that of 

0.633~m Le. 0.550 • This alignment problem should not be 

significant since with the mask aligner 0.10 alignment offset is 

easily achievable. 

~o misalignment is a function of the 'squareness' of the 

cross-section of the ion milled groove. The tolerance at 0.633um 

is 0.250 and should be much smaller at 1.3pm. Observations have 

shown (s~e chapter 3) that the walls of the ion milled grooves 

are perpengicular and hence the problem of ~ misalignment can 

als:> be considered minimal. 

The concentricity of the fibre core, if not consistent, will 

cause alignment problems, and this is somewhat of an unknown 

quanti ty. From the measurements discussed below it can be 

surmised that the alignment problem due to the fibre eccentricity 

is a 2nd order effect and that, with the improvement in fibre 

technolcgy, it swuld not adj another factor to the constituent 

losses. 

From the above it can be noted that the main problem for 

alignment is in the groove depth. 

A subject very rarely discussed or even mentioned in fibre­

waveguide coupling papers is the localised Fabry-Perot effect 

which occurs between the fibre and waveguide if they are 

'perfectly' aligned and in close proximity to each other. The 

resulting effects are mainly referred to as 'instabilities' 

[4.14] to be reduced by slight misalignment or the use of an 

index matching fluid. Indeed what is surprising is that Noda 

[4.21,4.22] when researchi ng into the effects of fibre 

misalignment with integrated optic waveguides did not even 

menticn the existence of such effects, which within the series of 
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experiments he considered should have been easily observable. 

Interference instabilities were measurErl at 0.633pm and 1.15pm in 

the following manner. Using single mode fibre and waveguides at 

both wavelengths am utilising the better than O.l~m movement 

resolution of the Micro-control goniometer stages the fibre was 

perfectly alignErl to the integratErl optical waveguide. The fibre 

was positioned against the waveguide such that a waveguide output 

maximum cx::urrErl. This val\E was therefore the value by which the 

measurements would be normalised. 'lbe fibre was then pllled back 

axially from the waveguide am the waveguide output was 

monitored. The results take l the form of either values at 

discreet distances between fibre am waveguide or of a continoous 

chart recording (which caused problems with distance calibration 

but which gave a continuous recordill3 of the effects). 

Figure (4.14) a) is a plot of waveguide output as a function of 

fibre/waveguide separation (at 0.633pm), the values of waveguide 

output being taken at discrete steps and a curve fitted to the 

data. Figure (4.14) b) is a plot of waveguide output as a 

function of fibre/waveguide separation (at 1.15pm), the plot is a 

contioous ·recordill3 of the effect as the fibre is drawn axially 

away from the waveguide. 

From figure (4.15) a) it can be seen that there is a definite 

fluctuation in the output waveguide intensity over the first 

micron of separation. From an analysis of the basic operation of 

a Fabry-Perot etalon using the fibre/air am air/waveguide 

boundaries as reflectors (chapter 4 appendix) the minimum , 
transmittErl intensity is 0.743. Ibwever, fran the figure, it is 

noted that minimum transmissions of 0.06 and 0.03 were recorded 

am these values were steady state and hence were not due to 

transient effects. The position of the maximum and the two 

minima were roughly in the A./4 area's which did suggest that the 

effect was similar to an eta10n but there must be other much more 

significant factors which contribute to such a drastic effect. 

From figure (4.14) b) the measurement technique was continuous 
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with the instabilities monitored on a chart recorder. Basically 

one minima (or two) were recorded with a sinusoidal effect after. 

The instabilities were again found to be steady state effects but 

the minima's position bore no relation to that of the )../4 

positions. Again theoretically the height of the minima should 

be 0.749 but recorded minima at 1.15pm ranged from 0.84 to 0.52. 

The small sinusoidal fluctuations are most probably mechanical 

effects, however, the initial large dips are an anomally as they 

do not correspond to Fabry-Perot effects. As yet there is no 

theory to what is causing this {ilenomenon. 

The longer wavelength was used in the hope that the increased 

separation between Fabry-Perot resonance dips would yield clearer 

results. '.Ibis did not occur, it may be that there is a trade off 

between fibre/waveguide separation and the numerical apertures of 

the waveguide and fibre. 

Ignoring the instabilities the reflection losses incurred in the 

couplirg canponent can be seen in figure (4.15). '!he reflections 

in the component result in a total 1.36dB (r2 + r3) which is 

included in the measured coupler loss. The fibre/air reflection 

loss, rl and the reflection loss at the microscope objective are 

assumed to be equal in the measurement of Po am PI am hence are 

not included in the measured coupler loss. 

4.8 canpment Realisation 

The previous sections in this chapter discuss and explain the 

various but separate aspects of the coupling com~nent. This 

section outlines the nature of the ex~rimental set-up and of the 

realisation of the couplin:j component. 

A photograph of the experimental set-up can be seen in figure 

(4.16). The fibre, retained for handling ease in the glass 

capillary, is mounted onto a goniometric rig which allows x,y and 

z mCNement (resolution O.lpm) am e (in the x-y plane) mCNement 

(0.10 resolution). '.Ibe prepared chip, also shown in figure 
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(4.16), is mountErl al a gonianeter which allows the substrate to 

be levelled i.e. with basic x,y,z movement but with the capacity 

to move the substrate in pitch,yaw or roll. A 40x microscope 

objective, mOlmted akin to the fibre, was positioned so that the 

waveguide or fibre output could be monitored either on a power 

meter or the vidicon screen of the Hamamatsu camera. 

The 1.3JDT1 laser by itself is very difficult to align, therefore a 
/ 

633nm tracer was used. Once it was ensured that the red and 

infra-rErl beams followErl exactly the same path, the tracer was 

coupled into the optical fibre (which supported 7 modes at 

633nm). It then was possible to couple the infra-red into the 

fibre with the minimum of fuss. A schematic diagram of the 

canplete oouplirg set-up can be seen in figure (4.17). 

~tical insertion loss measurements on the coupler were mcrle by 

first monitoring the output power of the fibre and then, after 

placing the fibre in the groove, monitoring the power output from 

the waveguide. The difference in these values was the insertion 

loss for that particular component. The power output: from the 

waveguide was measurErl with the etchErl fibre buttErl up against 

the end-face of the groove in order to minimise any localised 

Fabry-Perot effect (see section 4.7). 

To align and insert an etched fibre (0.0. lOpm) into a lOpm wide 

groOlTe proveJ to be relatively simple. The fibre am substrate 

were observErl from above using a stereo microscope with a maximum 

. magnification of l80x with a workirg distance of 20mm. Usirg the 

microscope at a magnification of 60x the fibre is suspended above 

the groove and angularly aligned with it. The fibre is then 

lowered onto the waveguide directly in front of the groove. '!he 

fibre sags so that the He-Ne output fran the fibre can be seen on 

the substrate surface. The fibre is then lowered until the tip 

of the fibre touches the top of the waveguide am then 10werErl a 

little more so that the fibre is almost level with the substrate 

surface (this process is easily monitored by observing the red 

output from the fibre on the substrate surface). Once this 

process is canpletErl the fibre is simply drawn back towards the 
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Figure(4 .19): Photographs of an Operational Rigid 

Fibre - Waveguide Coupler 



groove which catches the fibre and guides it until the fibre 

drops into the groove. The fibre is then pushed forward again 

until the fibre butts directly against the groove end-face. 

This process will normally suffice unless there has been a static 

charge build up which makes the insertion process much more 

difficult. Static build up can be counteracted with an anti­

static gm, or by earthing the sample occasionally. 

A series of processed substrates and fibres was prepared and 

insertion loss measurements carr ied out (see section 4.9). 

During the measurements the etched fibre was held down in the 

groove with the aid of a cross fibre. The cross fibre ensured 

the the fibre was fully down onto the base of the groOl1e. 

Figure (4.18) a) and b) show S.E.M.s of a 9pm diameter etched 

fibre lying in an ion milled groove (but not positioned at the 

end-face of the groove). Figure (4.19) shows the groove coupler 

in operation. The scattered light is 0.633pm radiation (the 

coupler was designed to operate at 1.3}lm) the end-face scatter 

caused by ripples in the end-face is clearly visible, the scatter 

should be much less at the l-onger wavelength of 1.3pm. 

4.9 ~ults an:) IDss Analysis of QqJliD3 CanpoIaent 

All the etched fibres used in these tests had an 0.0. in the 

range 9-9.5pm, while the groove widths were in the range 10-

10.5pm. '!he insertion loss measurem.ents were mcrle as in section 

4.8. Table 4.2 smws the insertion loss of six ion milled groOl1e 

couplers comp:ired to the depth of the groove. '!he results ranged 

from -3.ldB to -7.6dB (or 00 discernible output) depen:HIYj on the 

canp:ment. 

Exam ining the data shows that there is a degree of correlation 

between the depth of the groove (Le. the fibre depth 

misalignment) and the insertion loss. Figure (4.20) shows 

representative drawings of the six substrates (there was not 
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'lMIB 4.2 

Li\t of Insertion IDss Measurements Related ' 

to Canp:ment Groove Depth 

IEVICE GRCOVE IEPllI COUPLIt-l; IOOS 

1 4.8pm -5.7 dB 

2 7.6~ no output 

3 5.6pm -3.1 dB 

4 7.6~ no output 

5 5.4prn -7.8 dB 

6 7.6prn -6.5 dB 

All Insertion IDss Measurements have an accuracy of +/- O.ldB 

or Better 
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sufficient contrast on the samples to show the waveguides 

photographically). 'lbese drawirgs highlight another important 

factor in the loss mechanism. There is an edge effect at the 

groove-waveguide interface which occurs at the photolithographic 

stage, causing the waveguide pattern, in some cases, to be 

deformed. Closer inspection of figure (4.20) also yields the 

amount of positional misalignment that each waveguide has 

relative to the coupling groove (i.e. the fibre). Both of these 

effects explain the difference in insertion loss measured in each 

canponent. 

To fully understand the comp::ment the constituent losses have to 

be examined. Table 4.3 outlines the constituent losses for the 

'best ~ roupler. '!he values were obtained thus: 

The Fresnel loss was calculated as in Section 4.7 for the 

worst possible case but ignoring the localised Fabry-Perot 

effect. 

To measure the scattering losses due to the side walls and 

the base of the groove an open ended slot was used, see figure 

(4.21) i.e. the power from the etched fibre was measured before 

and after positionirg ir, the open ended grooves thus a reasonable 

estimation of the scatter loss could be obtained (O.5dB/mm). 

The field overlap power transfer calculation was obtained 

from the near field intensi ty distr ibutions of the etched fibre 

and the 6pm wide waveguide (see section 4.4). 

To monitor any loss in the etched fibre taper region, the 

power output fran the etched fibre was measured, then the fibre 

was cleaved just behind the taper and the process repeated. 

Within measurement tolerances, O.OldB, no power is lost in the 

transition region although the fibre profile is modified 

consider ably. 

Thus the quantifiable losses amounted to 1.87dB of the 3.ldB 

total. This leaves 1.23dB to be split up between the alignment 

loss, waveguide loss and end-face scatter loss. 

One important aspect of this research, which may not be 
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'lMIB 4.3 

Constituents of ExperUnentally Deteonined Insertion Loss 

Calculated Fresnel reflection loss at waveguide ends 
(2 x 0.68 dB) 

Measured groove scatter loss 

Calculated field overlap loss 

Measured fibre taper loss 

Best achieved total insertion loss 

Remainder (end-face scatter loss, alignment loss, 

waveguide attenuation) 

1.36 dB 

0.5 dB 

0.51 dB 

o dB 

2.37 dB 

3.1 dB 

0.73 dB 
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'aBLE 4.4 

Net COupler Insertion Loss 

Fresnel Loss (i) waveguide em 

( ii) fibre end 
GroOlle scatter 

Field overlap 

End-face scatter, alignment 

(plus waveguide loss) 

Measured Net Total Loss 

PREDICTED: 

Reduction by iooex matchil13 

Net loss with index matching 

" 

0.68 dB 

0.16 dB 

0.5 dB 

0.51 dB 

0.73 dB 

2.58 dB 

0.76 dB 

1.82 dB 
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appreciated at this stage, is that of 'ease of use'. Provided 

that any static charge is negligible, coupling of the fibre to 

the waveguide may be achieved with the minimum of fuss. The 

process only requires a 60x magnification to allow the 

posi tioning of a 10pm wide fibre into a 10pm wide slot. 

Futhermore, contrary to expectations, the etche:3 portion of the 

fibre is relatively strong and robust, and with careful handling 

is no more likely to break than the bulk of the fibre. Indeed 

most of the fibre breakages during the experiments have been with 

the main fibre. The etched fibre resilience may be due to the 

fact that in the unetched fibre the outer surface has stress 

cracks which weaken the fibre whereas in the etche:3 fibre, since 

the outer layers have been removed, the strength of the etched 

fibre is only limite:3 by the material stren:Jth. '!his phenanenon 

has been utilised to measure the tensile strength of glass 
[4.37] 

Table 4.4 gives a clearer indication of the true coupler losses, 

and shows that the net coupler loss is 2.58dB, pointing to the 

possibility of achieving 1.82dB net loss with index matching. 

This vallE of net coupler loss is canparab1e with recent V-groOlJe 
technology [4.17,4.38] 

4.10 Conclusions 

The first realisation of a fibre-chip coupler using ion milled 

alignment grooves in lithium niobate has been described. The 

coupler affords rigid location of a reduced diameter fibre with a 

single mode integrated optical waveguide with the process 

parameters invo1ve:3 being amenable for industrial implementation. 

Various aspects of the coupling problem have been highlighted. 

These include an accurate three dimensional representation of the 

OIJer1ap integral (am hence power transfer), problems involved 

with alignment tolerances and measured instabilities caused by a 

localised Fabry-Perot type effect and an investigation of the *- comp:ments ' constituent losses. 
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Even with~pre iminary measurements on prototype couplers the net 

insertioo loss of 2.58dB (wittx:>ut imex matching) is impressive. 

Since the fibre has only a 10pm 0.0. in the coupling region 

fibres can be array coup1Erl over a smaller area than is possible 

with staooard 100pm diameter fibre. 

It is envisagErl that with little effort the insertion loss can be 

reduced even further. Scatter loss (O.5dB) can be reduced by 

rErlucirg the ripples in the groove end-face am side walls, the 

latter also being dependent on fibre diameter. If the etched 

groove depth can be increasErl by even a modest amount the etchErl 

fibre radius can be increased by a similar amount, reducing the 

evanescent field outside the fibre and hence reducing the 

scattering losses. Alignment loss and end-face scatter loss can 

be reduced with an increase in groove quality and delineation, 

which may involve the use of reactive gases in the etching 

process. Fresne1 losses can be reduced with the aid of index 

matching fluid or by an anti-reflection coating on the fibre (for 

one fibre-air-waveguide interface the loss can be reduced from 

l 18% or O.86dB to 2% ot O.ldB). For the situation in which input 

am output couplers are formErl en an integratErl waveguide device, 

the overall insertion loss may be estimated to be 5.2dB, 

rErlucib1e by imex matchirg to 3.6dB (see Tables 4.3 am 4.4). 

It would be envisaged that this coupling method would allow the 

easy attachment of several fibre pigtails to a single integrated 

optical circuit. The method, since it is a purely physical 

phenomenon, should be applicable to other substrate materials 

such as glass or semiconductor with little modification. 'Ibis 

t~ of coupler negates the neErl for a complex am time consmning 

process step, i.e. the end-polishing of the integrated optical 

waveguides • 
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APPIH>IX 1'0 0W'l'ER 4 

'.l1IIDmrICAL AMLEIS (P 'DIE ux:AL1SED FABRY-I.'ISlOt EPncr 

BE'lWEEN ALIQUID FIBRE AM) WAVlGlIIE IH>-FACE 

When the flat em of a fibre is close to the polished end-face of 

a waveguide a Fabry-Perot type structure is set-up (see af.Pendix 

figure 1). If the interface region is simplified to the one 

shown in appendix figure 2 the effect of the etalon can be 

analysed. The experimental measurements in section 4.7 were made 

by examining the effects of the etalon on the waveguide output 

power and thus the theory will examine mainly the power 

transmitted through the etalon to the waveguide output. The 

effects of reflection at the waveguide/air interface at the 

output are assumed to be negligible. 

Fran appemix figure 2 the optical path difference (OID) of two 

successive reflections Al and A2 (Bl and B2) defined as 

OID = AB + OC = [ cos (29) + 1 ]. BC 

d d 
OID = [ 1 + cos(29) ] = [ 1 + 2.cos~ - 1 ] 

cos (9) cos (9) 

Therefore 

OID = 2.d.cos(9) 

The OPD can be defined as follows: 

OID = (phase difference/wave number) 

= D/k n 

2.i'f 
where D is the phase difference am kn = --.n 

).. 

(awendix ref Al) 

79 



MULTIPLE 

Rl!FLK:'I'IOIiIS 

t 

nol Ti:DIFFUSED WAVEGUIDE 

ZXhy 
+--; 

d 

x >~ x J) It 

Li~3 

It - "l'RAIII9tITTID LIGHT 

Appendix Figure 1: Schematic Diagram Depicting the Localised 

Fabry- Perot Effect Between a Fibre and a 

Stripe waveguide 



1 
d 

1 

Appendix Figure 2: Diagram Showing Two SUccesive Reflections Al 

and A2 (or Bl and B2). The Above Structure 

will Be EXamined as a Eabry-Perot Etalon 



with n the refractive index of the reflection region (in our 

case air, n = 1) and A is the wavelength). 

'!hus the phase difference between Al am A2 is; 

4.1T.d .cos(9) 

D =------ --(1) 

To simplify the following calculation of the transmittance define 

the followirg 

Let ~ = canplex amplitude of incident wave 

Bl , B2 = complex amplitudes of partial reflections 

AI' A2 = canplex amplitudes of partial transmissions 

Als:>, Fresnel coefficients for normal incidence, 9 = 00 are 

rlo = reflection coefficient for waves travelling fram nl to no 

r02 = reflection coefficient for waves travelling from no to n2 

rol = reflection coefficient for waves travelling from no to nl 

and, t Io = transmission coefficient for waves travelling 

from nl to no 
t02 = transmission coefficient for waves travelling 

from no to n2 

Concentratirg on transmitted light 

Al = tloto~i 
A2 = tlor02rolto~iexp{jD} 
A3 = tlor02rolr02rolto~iexp{j2.D} 

= tlor022ro12to~iexp{j2.D} 
A4 = tlor023ro13to~iexP{j3.D} 

and so on •••• 

'!he complex amplitude of the total transmitted light, ~, can be 

found by summing the ~ terms; 
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At = tloto~i[ I + r olro2exp{jD} + rOI2ro22exp{j2JD} 
+ roI3ro23exp{j3.D} + •••••• ] 

We get, 

Defining TI = tloto2 

RI = rolro2 

The terms within the square brackets of the above expression form 

an infinite geometric progression. Adding them gives: 

At=----- --(2) 

Taking the transmitted intensity (watts/m2) as ~Ai* (appendix 

ref A2) the transmitted fraction of incident light is 

It AtAt* 

= 
* I· A·A· 

1 1 1 

TI TI 

= 
1 - R1exp{jD} I - Rlexp{-jD} 

T 2 I 
= 

1 + R12 - R1(exp{jD} + exp{-jD}) 

T 2 1 
= 

2 I + RI - 2.RI·COS(D) 
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usirg cos (0) = I - sin2 (0/2) we get, 

T 2 
I 

-- - -------------------------
I· 1 

-(3) 

Equation (3) can be ex};ressed in the form of an Airy function by 

lettirg 4RI 

It 
= 

I· 1 

= 

F =------
( I - RI ) 2 

2 2 TI I( I - RI ) 

I + F .sin2 (0/2) 

T 2 
I I . ( 

( I - RI ) 2 I + F.sin2 (D/2) 

T 2 
I 

--(4) 

Note that the factors ------ and F are constants determined 

I - RI )2 

only by the relative refractive indices of the materials forming 

the interferometer. Assumirg no absorption losses in the air gap 

and that changes in phase only result from the OPD then the 

maximum transrnittoo intensity will be 

T 2 
1 

(1 - RI ) 2 

when sin(D/2) = 0 

An expression relating the actual transmitted intensity to the 

maximum transrnittoo intensity, I trn , has to be obtainoo since it 

is this normalised value which is plotted in the experimental 

resul ts in section 4.7. 
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( 1 - RI ) 2 

I· = 
~ 

·1 tm 
T 2 

1 

Substituting for Ii in equation (4 ) gives 

It 1 

= ---(5) 

I tm 1 + F .sin2 (0/2) 

Recalling that F is a constant wholly defined by the refractive 

indices of the three media making up the interferometer, the 

normalised maximwn effects of the eta10n can be calculated. 

Definirg 

no = the refractive index of air = 1 

nl = the refractive imex of the fibre core -(approx.) = 1.47 

no = the refractive index of lithiwn niobate 

at a wavelergth of 633nm = 2.28 

at a wavelength of 1152nm = 2.23 

Asswnirg TE mode propagation (appemix ref A3) 

For a waveleDJth of 633rm 

r ol = 0.19, r 02 = 0.39 

Therefore RI = 0.074 

Thus F = 0.345 

This gives 1 

----------
I tm 1 + 0.345sin2 (0/2) 

Thus the transmitted light is minimised when sin2 (0/2) is a 

maximum. This occurs when 0 = (2m+11TJ where m is an integer. 

From equation (1) it is noted that the minimum is a function of 

the air-gap between fibre and waveguide and thus minima occur for 

gap distances; 
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d = (2mH) 'A/4 = (2mH) x 0.158pm 

Minima should occur at gap widths of 0.158pm, 0.475pm, O. 79l~m, 

1.108pm ••••• etc. 

The maximum percentage dip in the light from the output waveguide 

caused ~ the localised Fabry-Perot effect at a wavelength of 

633nm is 25.7%. 

For a waveleDJtb of l152nn 

rol = 0.19, r 02 = 0.38 

Therefore RI = 0.072 

Thus F = 0.334 

This gives 1 

----------
I tm 1 + 0.334sin2 (D/2) 

Thus the transmitted light is minimised when sin2 (0/2) is a 

maximum. This occurs when D = (2m+l)TT where m is an integer. 

From equation (1) it is noted that the minimum is a function of 

the air-gap between fibre and waveguide and thus minima occur for 

gap distances; 

d = (2m+1) )./4 = (2m+1) x 0.228pm 

Minima should occur at gap widths of 0.228pm, 0.864pm, 1.440~m, 

2.016pm .•••••• etc. 

The maximum percentage dip in the light from the output waveguide 

caused ~ the localised Fabry-Perot effect at a wavelength of 

633nm is 25.1%. 
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ClIAPD!R 5 

<Pl'ICAL aww:'l.'ERISTICS (F PlOltON EXCJiRa) PI.AIIAR All) 'mPERED 

WAVlGJIJE REXiI(H) 

~ Introduction 

Lithium niobate is an electro-optic dielectric material [5.4] of 

current interest for the fabrication of guided wave devices such 

as switches, modulators, wavelength multiplexers and 

demul tiplexers [5.1,5.2,5.3]. The essential element of these 

devices is ' an optical waveguide consisting of a surface layer 

which is of a higher refractive index than the substrate. 

Optical waveguiding layers are typically a few microns thick and, 

depending on the application, have either a planar or stripe 

geometry. 

Among different waveguide fabrication methods the most firmly 

established technolcxnr in lithium niobate is the imiffusion of 

titanium ions [5.5,5.6]. Titanium diffused waveguides, although 

formin:J the basis for waveguide fabrication in integrated optics 

on lithium niobate, have some limitations. Such waveguides are 

very susceptible to the photo-refractive effect (optical damage) 

[5.7,5.8] and, in addition, the index change in the waveguiding 

region is small (in the region of 0.002 [5.5]). The small index 

change results in low confinement waveguides and therefore, in 

many instances, the electro-optic am acoustcroptic interaction 

efficiencies are not fully optimised [5.9,5.10]. Ti:diffused 

waveguides, due to the low imex change, can only form waveguide 

bends whose radius of curvature is a minimum of lcm, without 

making considerable changes to the waveguide structure 

[5.11,5.12], and therefore, making the true integration of 

devices more difficult. These limitations could possibly be 

eliminated or greatly reduced by a high index waveguide 

fabrication process, such as proton exchange [5.13] 
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'!be proton exchange technique for forming waveguides was employed 

originally as a way of, supposedly, makirg new compourrls N::102 (CIl) 

and Ta02(OH) [5.14]. Jackel first discovered the process of 

formirg high index waveguides in lithium niobate by the total 

immersion of cleaned substrates in hot carboxylic acid 

[5.14,5.15] Since then optical waveguides in X, Y, and Z-cut 

lithium niobate and X-cut lithium tantalate have been fabricated 

by the proton exchange technique, using benzoic acid as the 
source of protons [5.15,5.16,5.17,5.18,5.19]. '!be attractions of 

the process are that it is simple and takes place at a relatively 

low temperature « 240oC). The resultant waveguides have a high 

index change (approx. 0.12 at a wavelength of 0.633um). After 

the exchange process only the extra-ordinary index increases, 

the ordinary index is actually reduced by -0.04 [5.20,5.21,5.22]. 

This implies that only 'lE modes are supported in proton-exchanged 

(PE) X-cut, Y-propagatil'l3 and Y-cut X-propagatirg lithium niobate 

and 'IM modes in Z-cut lithium niobate. Various researchers have 

aloo studied optical waveguides formed in diluted benzoic acid 

melts (buffered with small percentages of lithium benzoate) 

[5.23,5.24], as well as the combination of titanium diffusion 

followed by proton exchange (TIPE) [5.25,5.26] in lithium 

niobate. These processes allow the refractive index charge and 

the refractive index profile to be modified. Recently the 

annealing of PE waveguides [5.21,5.27,5.28] has shown that the 

refractive index profile of the optical waveguide can be changed 

from a step-like profile to a graded profile after suitable 

annealing times and temperatures. 

Various passive devices such as high efficiency diffraction 

gratirgs [5.29], second harmonic generators [5.30,5.31], chirped 

grating lenses [5.32,5.34], planar lenses [5.33,5.76], polarisers 

[5.35], temperature sensors [5.73], ring resonators [5.74] and 

tapered velocity couplers [5.36,5.37] and various active devices 

such as optical frequency translators [5.38], Mach-Zender 

interferometers [5.39], acousto-optic deflectors [5.40,5.41] and 

TE/TM converters [5.42] have been demonstrated in various lithium 

niobate crystal orientations, using the proton exchange technique 

of formil'l3 optical waveguides. 
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PE waveguides have been found to be much more resistant to 
optical damage [5.8,5.43,5.71]. As a result, at a glance, they 

seem to be a viable alternative to titanium diffused waveguides. 

However, proton exchanged waveguides will have to be fully 

characterised before this assertion can be verified. 

This chapter deals with the necessary characterisation of proton 

exchanged planar optical waveguides mainly on X-cut and Z-cut 

lithium niobate. The main points that are considered are 

waveguide properties i.e. index change, dispersion curves, 

losses, stability~ anisotropic propagation characteristics, 

surface damage, and component realisation at 633nm and l152nm 

wavelen:Jth. The problems inherent with this form of waveguide 

are discussed. The materials and optical analyses of PE and 

post-annealErl PE waveguides are discussErl in chapters 6,7 and 8. 

5.2 Waveguide Fabrication Procedure 

To ensure that waveguide properties can be reproduced the 

exchange process has to be accurately controlled. Some 

researchers therefore favour doing the exchange in sealed 
ampoules [5.44,5.42], but this was not considered necessary as 

reproducible results were obtainErl by the process outlined below. 

Single crystal lithium niobate substrates were cleaned and 

degreased thoroughly using a series of organic solvents. The 

samples were then mounted in a PTFE or stainless steel sample 

holder before being placed in 250ml of benzoic acid in a 

stainless steel beaker placed in a high-temperature oil bath 

controlled to within ±O.250 C. Figure (5.1) shows a schematic 

diagram of the proton exchange apparatus. Use of a stainless 

steel beaker ensured good thermal contact between the acid and 

the high temperature oil, while the volume of acid was large 

enough to provide an effectively infinite source diffusion. 

Measurements show that the acid and the oil are at slightly 

different temperatures (typically 1-2 0C), which is enough to 

modify waveguide properties if either measurement of temperature 
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Figure (5.1): Schematic Diagram of Apparatus Necessary 

for the Proton Exchan:Je Process 



is not consistently taken (see section 5.4). The benzoic acid 

was renewed, at the most, after five exchange runs (typically 

fewer depemirg 00 the excharge times). '!be re-usirg of acid was 

thought to be acceptable because both optical waveguide 

measurements am IR absorption spectra (when monitorirg the OH 

stretching bond) Showed no difference between samples fabricated 

in fresh benzoic acid and samples from the fifth run (within 

experimental error). Both oil-bath and exchange-beaker were 

covered to provide a well-isolated temperature stable envirament. 

Exchange temperatures used ranged from l500 C to 220oC, with 

sample pre-heatirg being required at the lowest temperatures. 

'!be exchange time was defined as that between immersion of the 

sample in the benzoic acid and its removal from the acid. 

Crystallised benzoic acid (benzoic acid has a mel ting IX>int of 

l220 C am a boilirg IX>int of 249°C), which formed on the lithium 

niobate substrate because of cooling after exchange, was removerl 

by rinsing in chloroform and/or methanol. '!be samples were then 

stored for a long enough per iod to allow the refr acti ve index of 

the waveguide region to relax to a stable value (typically for 

two weeks; see section 5.5). '!bis was normally the case unless 

the sample was being prepared for IX>st-annealing or device 

fabrication, where other process steps are involved. 

5.3 ~ Analysis Teclmiques 

The optical analysis of proton exchangerl waveguides was deriverl 

initially usirg one source of data am one major, but reasonable, 

assumption. Measurements were made on a comprehensive series of 

waveguides on X-cut am Z-cut lithium niobate. '!be waveguidirg 

layers were modified by varying the temperature of the exchange 

melt and the exchange duration (see section 5.2). Effective 

index measurements of each guided mode were made using the 

standard prism rouplirg technique [5.45], with the correct guiderl 

mode (TE for X-cut and '1M for Z-cut) and maintaining propagation 

normal to the c-axis at all times to ensure no anisotropic light 

propagation on the re X-cut substrates [5.22] 
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At the time of the analysis the preliminary papers published 

suggested that the refractive index profile of a PE waveguide was 

close to a step. Usill:3 this initial assumption am the theory of 

Koge1nik and Ramaswamy [5.46], which defines lmiversa1 normalised 

dispersion curves for a step imex waveguide profile, a computer 

programme was devised. The programme, using the normalised 

dispersion curves am the measured mode effective indices, 

estimated the waveguide depth and surface index. 

An initial assumption made was that the data corresponded to a 

step-index slab waveguide model. '!he applicability of this model 

was then verifia:1 by obtainill:3 consistent results for estimated 

waveguide depth OIler a wide range of fabrication condit~ons and 

at two different wave1ell:3ths (633nm am 1152nm). 

For TE modes a normal ised guide effective index b is 

defina:1: 

b = (1) 

where N is the guide mode effective index (determined by 

measuring prism coupler m-line angles), ns is the subtrate extra­

ordinary refractive index (2.2025 at 633nm and 2.1517 at 1152nm) 

for TE modes on X-cut and Y-cut lithium niobate, and nf is the 

(unknown) guiding region refractive index. A normalised guide 

thickness V is defined: 

(2) 

where f is the guiding region thickness and k is the free space 

propagation constant. Plots of b versus V are obtained from the 

solutions of the normalisa:1 dispersion equation with an asymmetry 

parameter 'a' given by: 
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a = (3) 

where nc is the cover region refractive index (i.e. air). 

Fran a koowledge of the number of modes which the guide supports, 

an awropriately restricted range of values for V is determined. 

Within this range a computer scan is carried out to obtain an 

estimate of nf for each mode, given an initial estimate of the 

asymmetry parameter 'a'. lrvalues fran the initial choice of V 

are obtained from the theoretical plots, and, together with N­

values fran measurement, are USED to obtain sets of estimated nf 

values. V is then adjusted (and consequently the set of b­

values) until the standard deviation over a set of nf values is 

reasonably small (typically 10-4 for guides supporting several 

modes). The value for the asymmetry paraR\eter 'a' given by 

equation 3 is also refined at the same time. Having ootained an 

estimate of nf arrl its corresponding value of V, the waveguide 

depth, f, then follows immediately from equation 2. 

Strong support for the step irrlex model stems from the fact that 

the same estimates of depth (to within 1%) are obtained over a 

range of waveguides at both 633nm wavelength and 1152nm 

wavelength, with respective values, on X-cut lithium niobate, of 

.An = 0.1267 and .An = 0.096. The TE mode analysis descr ibed 

~~e ~lies for PE waveguides formed on X-cut lithium niobate, 

wh~~or the TM modes which occur on Z-cut lithium niobate, some 
modific tion of the theory is required [5.46]. 

Another analysis technique USED is the IWKB method [5.47]. '!be 

method takes as input the effective index measurements of the PE 

waveguides and uses an area minimising technique to work out the 

best-fi t effective depth for each mode as well as an estimation 

of the waveguide depth. The IWKB method requires a waveguide to 

support at least four modes and as a result is not necessar ily 

suitable for the analysis of waveguides of practical interest 

(since waveguides of interest only support one or two modes 
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dependin:J on the application envisaged) however it provides a 

comparative technique for multimode waveguides and is invaluable 

when annealErl waveguides are investigated (see chapter 8). 

5.4 Waveguide Cllaracterisation 

PE waveguides may be characterised by estimates of their depth 

arrl guidin:} layer irrlex assumin:} they have a step irrlex profile. 

PE waveguides are formed in the manner described in section 5.2. 

The values of effective irrlex for each waveguidin:} mode arrl the 

corresponding estimated depth of the waveguide were plotted onto 

theoretical dispersion curves based on a step index model but 

assuming the average estimated film index. Figure 5.2 a) and b) 

are the plotted dispersion curves for PE waveguides on X-cut and 

Z-cut substrates at 633nm wavelength. The experimental points 

closely agree with the superimposed 'theoretical' dispersion 

curves, supporting the step index assumption. Table 5.1 shows 

typical estimated waveguide properties at the wavelength of 

1152nm on X-cut lithium niobate samples with values at 633nm 

wave1en:}th for canparison. Note the c~ose agreement in estimated 

waveguide depth, supporting the assumption that the proton 

exchan:JErl waveguides have a step-like refractive index profile. 

It must be noted that at the two different wavelengths the 

ordinary am extra-ordinary bulk refractive irrlices of both the 
prism and the substrate differ considerably [5.48,5.49,5.4] and, 

therefore, the waveguidill3 irrlices are also naturally different, 

al though the estimated waveguide depths are approximately equal. 

Similar results have been obtained on Z-cut lithium niobate 

substrates. 

It is possible to relate the proton exchange process to a 

diffusion model. To relate the exchange parameters to the 

estimated waveguide depth, the diffusion parameters must be 

calculated. Normally the oil temperature is taken as the . 
exchange temperature (at least for the bulk of the measurements 

in chapters 5,6,7,8), however, to determine any differences in 
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'.IMIB 5.1 

SUMMARY OF MEASURED WAVEGUIDE PROPERTIES AT 1152 nm WITH 

BRACKETED VAWES MEASURED AT 633 nn Fm cx:J.1PARISCN 

TEMPERATURE TIME SURFACE INIEX FIlM THICKNESS INIEX CHANGE 

(QC) (oours) Nf t f (lII\) "N 

193 2.5 2.2477 1.3258 0.0960 

(2.3290) (1. 3017) (0.1265) 

202 2.0 2.2477 1.3915 0.0960 

(2.3319) (1.3731 ) (0.1294 ) 

211 3.0 2.2471 1. 9356 0.0954 

(2.3313) (1.9603 ) (0.1288) 
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the diffusion coefficents when taking the acid temperature as the 95 
excharge temperature, both temperature measurements were made on 

PE X-cut lithium niobate. As was indicated above the difference 

in the oil aoo acid temperatures is 1-2o C. Figure (5.3) a) and 

b) show plots of diffusion depth versus exchange time, for each 

excharge temperature, for X-cut (takirg the acid temperature as 

the exchange temperature) and Z-cut (taking the oil temperature 

as the exchange temperature) substrates respectively. Figure 

(5.3) a), b) show that the experimental points lie on a straight 

line indicating that the process is diffusion limited. The 

gradient of each line yields the diffusion coefficients, D(T), 

(Pm/hr1/2) at each excharge temperature, T, (see table 5.2). For 

comparison Table 5.2 also has values of D(T) on X-cut lithium 

niobate takirg the oil temperature as the exchange temperature. 

'!he values were calculated assuming that the diffusion depth, d, 

varies as follows: 

d = 2 (t.D(T)) 1/2 (1) 

where t is the exchange time. 

In equation (1) the dependence of D on temperature is given by 

the Arrhenius' law [5.50]: 

D(T) = Do exp(-Q/RI') (2) 

where Do is the diffusion constant for the proton exchange 

process for each crystal or ientation (Dox and Doz for X-cut and 

Z-cut lithium niobate respectively), R is the universal gas 

constant, T the absolute temperature and Q the activation energy 

for the process (Qxarrl Qz as aboITe). 

If the proton exchange process is diffusion limited (of the form 

of equation (2)) then plotting the natural logarithm of the 

diffusion coefficients against the inverse of the exchanged 

temperature, for which the diffusion coefficient is calculated, 

should give straight-line plots. 
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BBLE 5.2 

DIFFUHON COEFFICIENI'S FCR '!HE PROl'ON EXCHANiE PRCX:ESS IN x~ur 

AND z~ur LI'lHlu-t NlOOATE W.R.T. TEMPERATURE 

x-cut Lithium Niobate 

(a) (b) 

T (0C) [K] D (T) (J.III2/h) D (T) (j.Jn2/h) 

162 [435] 0.029 

169 [442] 0.047 

180 [453] 0.081 0.048 

192 [465] 0.136 

200 [473] 0.220 0.153 

210 [483] 0.291 0.232 

220 [493] 0.351 

(a) Exchange temperature is acid temperature 

(b) Excharge tanperature is oil bath tanperature 

Z-cut Lithium Niobate 

T (0C) [K] D(T) (~2/h) 

160 [433] 0.008 

180 [453] 0.027 

200 [473] 0.081 

210 [483] 0.126 

220 [493] 0.207 

Excharge tanperature is oil bath tanperature 
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Figure (5.4) illustrates the relationship between 1/1' and 1nD(T) 

am fran these plots Ox' 0z' Dox am Doz have been obtained; 

For X-cut lithium niobate: 1) Ox = 84 kJ/mo1e 

Dox = 4.326 x 108 JlI1I2/oour 

when the acid tem~rature was taken as the me1 t tem~rature and 

2) Ox = 92 kJ/mo1e 

Dox = 2.298 x 109 pm 2/00 ur 

when the oil temperature was taken as the melt tem~rature. 

From the diffusion coefficients plotted in Table 5.2 and the 

values of ° and Do for PE X-cut lithium niobate calculated 

assuming either T is the acid temperature, 1), or T is the oil 

temperature, 2), it can be seen that there is a large difference 

in values. Even though the difference in temperature between 

the acid and the oil is at most 2.00 C, the diffusion equation 

resulting from the graphs are also considerably different (see 

below). Therefore it ap~ars that waveguide characterisation of 

this type is very sensitive to experimental procedure and 

especially to the exchange temperature. 

For Z-cut lithium niobate: Qz = 94 kJ/mo1e 

(oil tem~rature) Doz = 1.842 x 109 pm2/oour 

Thus equation (1) can be rewritten for the proton exchange 

process in X-cut 1ithiwn niobate, 1), as; 

d = 4.168x10 4 (t) 1/2exp(-5.052x103/T) }lID 

and for 2); 
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arrl in z-cut lithium niobate as; 

The iooex charge on both substrates was estimatErl to be 0.1259 on 

X-cut lithium niobate and 0.1267 on Z-cut lithium niobate. At 

the wavelergth of l152nm the waveguide iooex charge was estimated 

to be 0.0961 on X-cut lithium niobate and 0.0958 on Z-cut lithium 

niobate. The dispersion curves for the proton excharge process 

on X-cut and Z-cut lithium niobate can be seen on figure (5.2). 

In table 5.3 the cut-off depths for the first 6 modes are listed 

for re waveguides on X-cut and z-cut lithium niobate at 633nm and 

l152nm wavelergth. 

The information in this section is sufficient to allow PE 

waveguides to be manufactured to any defined waveguide depth, 

with a choice of fabrication parameters. The optical properties 

of PE waveguides have been defined on X-cut and Z-cut lithium 

niobate at wavelengths of 633nm and l152nm. 

5.5 ~ Relaxation in Proton ExcbanJed Waveguides 

A problem ex~rienced with proton exchanged waveguides on lithium 

niobate, first descr ibed by Yi-Yan [5.51,5.52], is waveguide 

stability. This is not surprising since one of the assets of the 

PE process is that it occurs at low temperature. Yi-Yan outlines 

the fact that initially, after the exchange process, proton 

excharge waveguides have a high iooex charge which relaxes to a 

lower value by as much as 0.0075. This relaxation depends on 

post-excharge time, aoo presumably temperature (see chapter 8). 

Yi-Yan's paper also describes a measured sinusoidal fluctuation 

with time in the iooex charge. It must be mentionErl mwever that 

Yi-Yan's assertions are not directly applicable to the waveguides 

formed in these experiments for the following reasons; The 

proton exchange process used by Yi-Yan took place in a closed 

ampoule, aoo not as descr ibed in section 5.2. Except for one 

sample, all the samples discussed in the paper were exchanged for 
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'mBlE 5.3 

'lM MOIE CUl'-oFF SlAB \ti\VEGUIIE IEPl'HS 

IN PIOl'CN EXCHAN:2ED Z~Ul' LITHIUM NIOBATE 

MOlE NUMBER CUl'-oFF IEPIH (JIDl) 633l'1T1, 

0 0.18, 0.38 
1 0.62, 1.28 
2 1.03, 2.18 
3 1.46, 3.03 
4 1.88, 3.94 
5 2.30, 4.82 

TE MOOE CUl'-oFF SlAB WAVEGJIDE DEPl'HS 

IN PROKN EXCHANGED x~ur LITHItM NIOBATE 

MCDE NUMBER CUl'-oFF rEPl'H (~) 633nn, 

0 0.15, 0.35 
1 0.57, 1.23 
2 1.00, 2.12 
3 1.42, 3.00 
4 1. 82, 3.89 
5 2.25, 4.77 
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extreme lergths of time e.g. 24h or 36h (at 200oC). 
100 

If these 

exchange times were used with the fabrication procedure outlined 

in section 5.2 substrates would be damaged (see section 5.9). It 

must therefore be assumed that the closed amIX>u1e re process has 

markedly different effects on the lithilDIl niobate crystal from 

those produced by our process. 

'!he data suggests that only at very long diffusion times does the 

sinusoidal variation in index become evident. It is possible, 

when using a closed ampoule process, that the onset of surface 

damage to alleviate strain in the lattice is replaced either by a 

change in crystal J:hase or IX>ssibly by a self-annealing effect. 

A change in phase could very possibly cause the observed effects. 

'!he two-moded waveguide on Z-cut lithium niobate, discussed by 

Yi-Yan, does however exhibi t very strange stability 

characteristics with respect to post-exchange time, the 

difference in the waveguide formation process might explain why 

the effects were not observed with our waveguides. 

Measurements m waveguide stability usirg the process described 

in section 5.2 were as follows; 

Figure (5.5) shows a) the variation of effective refractive 

index and b) the calculated surface index w.r .t. time after the 

exchange process. '!he waveguide is on Z-cut lithium niobate and 

was exchanged for 2h at a melt temperature of 2000 C and supports 

2 modes. Initially when the waveguide was removed from the melt 

the waveguide had a surface index much higher than expected. 

However, after a few weeks, the waveguide refractive indices 

relax to a stable value. The drop in refractive index is in 

total in the order of 0.0075. Also in contradiction to Yi-Yan's 

results the relaxation of refractive iooex is relatively smooth 

(whereas his plots fluctuated by as much as 0.001 from point to 

point). A plot of the time relaxation of a single mode waveguide 

fabricated by proton exchange on X-cut lithium niobate can be 

seen in figure (5.6). 
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Figure (5.5): a) The Graph Shows the Relaxation w.r .t. Time 

of Mode Effective Indices After Removal from 

the Exchange Melt. (Z-cut LiNb03 Exchanged for 

2 hours at 200°C) 
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For further discussion on the relaxation, or possible low 

temperature annealirg, of protoo exchal)3Erl waveguides see chapter 

8. 

5.6 Off-Axis Proplgation in Anisotropic Proton Exchanged 

1Iaveguides 

Off-axis light propagation has been investigated in titanium 

indiffused waveguides examining particularly the creation of 
leaky modes [5.53,5.54,5.55]. Leaky modes occur in an 

anisotropic waveguide when the direction of light propagation is 

off-axis, such that the effective index of the guided mode is 

less than the higher of the two bulk refractive indices (when 

consider ing a birefr ingent crystal). If the guidErl mooe index, 

Neff , is less than the higher bulk index, No, then at either of 

the waveguide interfaces a polarisation transformation can occur, 

if there exists a phase matchirg condition: 

Neff = No cos (A) 

where A is the angle between the axis with the higher 

refractive index, No, and the direction the polarised light which 

is anisotropically propagating and whose effective refractive 

index is Neff• For titanium diffused waveguides on X-cut or Y­

cut lithiwn niobate this effect results in a convertErl mode which 

also can be supported by the waveguide. 

Leaky modes created by off-axis propagation can occur on X-cut 

and Y-cut lithium niobate since both the guided index (Ne) and 

the non-guidirg index, (No)' have components in the plane of the 

waveguide. TM modes in PE Z-cut lithium niobate waveguides 

propagate isotropically in any direction since the index chal)3e 

is normal to the waveguide surface and the substrate index in the 

plane of the waveguide is isotropic. 

Ctyroky [5.56] has analysed theoretically the effects of 

anisotropic light propagation 00 proton exchargErl waveguides on 
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l ' h' 'b th h f' ,102 X-cut lt lum nlO ate. However e aut or alled to take lnto 

account the significant effect of the proton exchange process on 

the ordinary axis, reducing the usefulness of his results. A 

canparisoo is mooe below between Ctyrokys' theoretical fimings 

and the experimental results discussed below. 

The effects of off-axis light propagation on PE anisotropic 

waveg uides were determ ined exper imentally. Measurements were 

made on a 2 inch square, lmm thick plate of X-cut lithium 

niobate. The waveguide was formed by exchanging the plate in 

benzoic acid for 4h at a constant temperature of l820 C, in the 

same way as described in section 5.2. After the exchange 

process, the plate was scanned in an optical thickness monitor to 

confirm that a miform thickness exchange layer had been formed 

(see section 5.10). The guide layer hoo a refractive index of 

2.3276 (i.e. an index increase in the extra-ordinary axis of 

0.125), while the ordinary axis was asswned to have a refractive 

index decrease of 0.04. '!he waveguide depth was calculated from 

the melt parameters to be 1. 26pm. The waveguide supported 3 TE 

modes for light propagation normal to the c-axis. 

Crystallographic orientation am notation .were kept consistent 

wi th the theoretical paper by Ctyroky to aid the compar ison (see 

figure (5.7)). The waveguide mode effective indices were 

measured as a fmction of propagation direction and the results 

plotted 00 figure (5.8). Measurements of mode angles were made 

at 5 degree intervals from the c-axis. Making use of the 

waveguide mode-effective indices and the effective substrate 

index at each propagation angle, the waveguide surface index and 

the waveguide depth was estimated asswning a step imex profile 

(see section 5.3). The waveguide depth was estimated to be in 

the range 1.25 +0.03pm at each propagation angle am these values 

agree well with the value estimated from the diffusion 

coefficients. 

It can be seen from figure (5.8) that as the propagation angle 

fran the c-axis decreases below 900 each of the waveguiding modes 

cut off. '!he position of the cut-off of each mode coincides with 
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Figure (5.7): Diagram Depicting Crystallographic Orientation 

used in Figure (5.8) (After Reference [5.56]) 



Figure (5.8): ExFErirnental Analysis of the Angular Dependence of 

Effective Refractive loo ices of Modes in a Proton 

Exchanged x-cut Li thi urn Niobate Anisotropic 

Waveguide; 

Ng - Waveguide Surface Index for Y-axis Prop3gation; 

No - Bulk Ordinary looex; 

No '- Waveguide Ordinary Index Asstmling Proton Exchange 

Modification; 

Nef (9) - Angular change in W::iveguide Index Assuning No ; 

Nef ' (9) - Angular change in Waveguide Index Assuning No'; 

Ne - Bulk Extra-Ordinary Index; 

Nes (9) - Argular Dependenceof Effective Bulk Index; 

QI - Ang ular Dependence of M:>de Effective Ind ices rn = ",1,2 

(Experimental) ; 

9 = 0,1,2 Cut-off Angle for the W::iveguiding M:>de rn = 0,1,2; 

f - Experimental Values of Waveguide Surface Index 

calculated fran the M:>de Effective Indices at each Angle; 

Region below Horizontal Dotted Line 

- Waveguide M:>des are Leaky; 

The Reg ion to the Left of the Vertical Dotted Line 

- No Guided Modes are Supported 
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the position of the effective substrate index Nes(e) at that 

angle. '!he cut-off propagation angle for the males m=1,2,3 are 

marked 00 figure (5.8) with 9=1,2,3. 
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Figure (5.8) has two curves plotted for the theoretical change in 

waveguide imex with respect to argular direction of propagation. 

Curve Nef(e) makes the assumption that the decrease in the 

ordinary axis refractive index due to the proton excharge process 

is negligible and curve Nef' (e) takes the -0.04 index change into 

account. The experimental values of the waveguide index, on 

figure (5.8), show good agreement with the curve Nef ' (e) and 

indicate that the negative index change must be taken into 

account to obtain an accurate representation of the actual 

experimental situation. This fact clearly modifies the 

conclusions to be ct>tained from reference [5.56]. 

Di~ferent authors have published the negative change in the 

ordinary axis caused by the proton exchange process as either -

0.04 o~ -0.05 [5.25,5.52]. The results on figure (5.8) indicate 

that if a -0.05 index change was ass~med for the curve Nef' (e) 

then the waveguide index values would not agree with the 

ext:erimental data. '!he value of -0.04 is therefore closer to the 

true value of this phenomenon. Guided modes propagatirg off-axis 

and having an effective index of less than 2.2467 will be leaky 

as indicated in figure (5.8). This implies that a larger range 

of propagation angles and number of guided males will propagate 

witoout becanirg leaky than imicated in reference [5.56]. 

Many of the p:>ssible uses of proton exchanged waveguides on Y-cut 

lithium niobate (due to its efficient acousto-optic interaction, 

forming Bragg cells and possibly spectrum analysers in this 

material is attractive) am in X-cut lithium niobate require that 

waveguides support only a single male. '!his means that there is 

still a very good chance that useful waveguides will support 

leaky males along off-axis propagation directions. For 9 close 

to 900 (+/- 5~ this effect soould be unimportant as imicatoo by 

I the fact that useful device t:erformance has already been obtained 
[5.40] 
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The above conclusions were based on the assumption that leaky 

modes in PE waveguides were generatErl in a manner similar to that 

of Ti:diffused waveguides i.e. polarisation conversion only 

occured at the air/waveguide interface due to the high index 

discontinuity. 

'Ibis assumption was tested when Ctyroky pub1 ished a theoretical 

paper on anisotropic light propagation (taking the negative 

ordinary index of FE layers into account) [5.57]. In fact leaky 

modes theoretically do exist for mode indices less than the 

higher of the two substrate indices and not 2.2467 as discussed 

abOtJe. The main reason for this is that the asswnption discussed 

above (forming the basis of reference [5.22]) is incorrect. In 

PE layers there is a considerable index discontinuity at the 

waveguide/substrate interface as well as the air/waveguide 

interface and as such polarisation conversion occurs at that 

boundary also. 'lheoretica11y it appears that the larger of the 

two effects is at the waveguide/substrate interface [5.57]. For 

propagation angles that give a small deviation from mrmal to the 

c-axis the effect is negligible [5.22,5.57], and more importantly 

if larger deviation angles are required, modification of the 

waveguide profile (i.e. by annealing) can alleviate . the leaky 
mooe loss to some degree [5.57] 

5.7 Waveguide IDsses (In am QJt of Plane Scattering 

lleasUI'emeo~ 

The measurement of planar waveguide propagation losses is 

critical to the analysis of the waveguide 'quality'. The three 

main types of non destructive loss measurement on planar 

waveguides are:-

1) Out-of-p1ane Scattering: This method is based on the 

assumption that the power scatterErl outwards from the surface of 

a light propagating waveguide is proportional to the power 

propagatirg in the waveguide. The out-of plane scatterirg from 

light propagation in an optical waveguide can be imaged on the 



a 
I i 

1 I 
SlAB WAvmJIIE 

J I 
I I 

INPl1l' I , 

mISM I I PODrI' I I 

l I I I 1D'tcl' 
I 

I I PRI~ 
0CA'.l"I'm I ~(--........----"'" W 

ARFA I 
I 
I . 

b 
I 

I 
I 
I 

I 

I 
I 

I 

I 
I 

I 
I 

I 

UGIIT 
STREAK 

END-FACE 
RWUlCTICItJ 

Figure (5.9): Schematic Diagram Depicting Information Available 

from the Line Scan of a Hamamatsu Vid icon Camera 

and Associated C1000 Control 



105 
screen of a v id icon camera and the 1 ight streak moni tored 

transversely with the aid of a linear scan, similar to the method 

proposed by Okamura [5.58,5.59] and used, essentially, by many 

others before Okamura's publication. Figure (5.9) shows a 

schematic diagram of typical data obtainErl fran a line scan both 

parallel and perpendicular to the direction of propagation. From 

(5.9) it can be seen that the range of useful information is lW' 

which is limited by input prism light scatter and the back 

reflectioo fran the waveguide end-face. Altrough a lorgitooinal 

scan of the light streak does not give the loss (because the 

substrate noise level is not determined) it does define the 

working area of the line scan and highlights any waveguide point 

defects (which if unnoticErl would cause spur ious results. Along 

the useful length of the light streak, the power can be monitored 

at any point (by means of a transverse line scan) e.g. the 

maximum streak power at point 'a' is Pa and the background power 

at poiri.t 'a' is Pal. Taking the power of the light scattered 

from the light streak (Pa-Pa') and at subsequent points (such as 

point 'b'), and knowing the distance between each point (Le. 

between 'a' and tb' the distance is L cm) , the propagation loss 

in the waveguide can be estimated; 

This methcrl is not mode selective in the sense that even trough a 

single mcrle may be excited in a waveguide it cannot distinguish 

between that mode am the modes originatirg from mode couplirg at 

scatter points. The method is also more suitable for waveguides 

which have a large amount of scatter. Losses below ldB/cm are 

difficult to detect with this method. 

2) Two Prism and Three Prism method [5.45,5.60]: this 

method makes relative positional measurements of the output prism 

coupled power along the length of the waveguide. It measures 

directly the propagation loss in the waveguide and since the out­

put prism distinguishes between modes, the mode scatterirg loss 

as well as the coupled mode propagation loss can be measured. 



The basic two prism technique has to assume that the coupling 

efficiency of the output prism is consistent for each positional 

measurement taken, which it may not be. The three prism 

technique, with the extra prism at the waveguide end, monitors 

the coupling efficiency of the output pr ism and hence it can be 

comIEnsated for when calculating waveguide loss. 

The three prism technique is not more accurate than the two prism 

technique but it is less dependent apon experimental competence. 

Propagation losses as low as O.ldB/cm can be measured usin::J this 

technique. 

3) In-plane Scattering [5.61,5.62]; this method is based 

00 the assumptioo that the light scattere:] sideways in a planar 

optical waveguide is relative to the quality of the waveguide. 

The sideways scattered light as well as the unscattered light can 

be 'mcrle avaoilable' for measurement by output prism coupling, the 

output coupled scattered light is commonly known as an m-line. 

Figure (5.10) shows m-lines (i.e. out-put coupled waveguide 

modes) for a PE waveguide on Z-cut lithium niobate. From the 

scan of an m-line shown in figure (5.11) it can be seen that the 

central peak is the waveguide mode arrl .the 'moustache' on either 

side is the in-plane scatter. A convention is clearly needed to 

define the method of measurement of the level of in-plane 

scattering. In this case, the assumption is made that the in­

plare scatterin::J levels will be measure:] at an angle of 1.00 from 

the m-line centre. Again, as in 2), relative posi tional 

measurement of in-plane scatterirg levels are made to determine 

the waveguide figure of merit AI (dB/cm), as defined by Armenise 
[5.61,5.62] 

106 

Measurements of waveguide propagation loss by the out-of-plane 

scattering method (as in '1)' above) yielded propagation losses 

(at A = 0.633um) typically between 2.4 and 4.8 dB/cm on Z-cut 

lithium niobate PE waveguides. At 1.l5um the best measured 

propagation loss was 2.1 dB/cm. For X-cut lithium niobate the 

best propagation loss measured at 0.633pm was 1.4 dB/cm and at 

1.15pm it was 1.3dB/cm. All the results above had an error of 



Figure (5.10): PhotograJil of PE waveguide Modes Output Prism 

Coupled, ~picting Intermodal and Inplane rn-line 

Scatter (Z-cut Li thiurn Nioba te Exchanged for 1.5 

hours at 220°C, waveguide supports 4 modes) 
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Figure (5.11): Intensity Scan of a m-line on PE z-cut Lithium 

Niobate. The Scan is of the Furrlanental Mode of a 

Four MJda3 waveguide EKchanga3 at 220°C for 

3h 55min. The 1° Intensity Drop is 13.5 dB at a 

at a Distance of 0.5m and an Operating wavelength 

of 633nn. 



+/- 0.3dB/an arrl in all cases the values did not follow any clear 

trend with respect to fabrication temperature, time or waveguide 

depth. Ja:ke1 has reported loss measurements on X-cut lithium 

niobate re waveguides [5.15] of O.5dB/an. '!his value is very low 

and neither the research done at Glasgow Uh iversity [5.63] or 

elsewhere [5.64,5.65] has ever reported such low losses on PE 

waveg uides. 

Measurements of propagation loss using the two prism method, 

2) I. Loss measurements on a three mooed PE wavguide on Z-cut 

lithium niobate fabricated at 22loC for 2h were as follows: 

fundamental mode 2.27 +/- 0.24 dB/cm 

first order mode 3.24 +/- 0.57 dB/an 

secorrl order mode 4.46 +/- 1.0 dB/cm 

The propagation losses increase as the mode order increases. 

This is reasonable since the higher order modes have successively 

more reflections on waveguide boundaries. Chapter 7 shows that 

there is a surface damaged layer on PE waveguides on lithium 

niobate (about 500 angstroms thick). It may be that the damaged 

surface layer 00 the waveguide is the main loss mechanism. 

These typical values compare well with those obtained by out-of­

plane scattering measurements. No measurements were obtained by 

the three prism method. 

Preliminary in-plane scattering measurements indicate that in all 

cases scattering levels in PE waveguides are much higher than in 

Ti:diffused waveguides. Titanium diffused waveguides have an in­

plane scattering level (~I) of approximately 1.ldB/cm (or 

greater) whereas re waveguides can be as high as l5dB/an and only 

as low as 5.2dB/cm [5.66,5.40]. It is clear that in-plane 

scattering, levels are lower in PE waveguides in X-cut lithium 

! Thanks are due to Dr Al-Chalabi for loss measurements on PE 

waveguides using the two prism technique, Dept E&EE, lhiversity 

of Surrey, Guilford. 
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niobate than in guides' 17.-cut lithium niobate. 

When output prism coupling a PE waveguide mode, scattering 

manifests itself in the form of three basic Iilenomena (neglecting 

absorption) • 

1) In/Out-of-Plane Scattering: Input prism coupling is mode 

selective therefore as the light is coupled into the slab 

waveguide initially only one mode is excited. '!his propagating 

mode has inplane scattering i.e. there is a visible m-line rather 

than a p.1re output coupled spot. 

2) Intermodal Scattering: Secondly all the other waveguided 

modes supported by the waveguide are visible in the output 

coupled light i.e. as the mode propagates in the slab, defects 

am discontinuities in the waveguide cause the mode to scatter 

into the other modes (which is evident from figure (5.10». 

3) Polarisation Transformation: Thirdly it has been observed 

that a second faint set of m-lines are visible from the output 

coupled light. Initially this light was thought to be a 

reflection from the prism but on further investigation it was 

discovered that the faint modes were of the opposite polarisation 

to the waveguided modes. '!his is strange because PE waveguides 

are highly polarised am couple the orthogonal mode directly to 

the substrate. '!he faint m-lines are -30dB down on the intensity 

of the coupled modes. This effect could be caused by distortion 

at the prism/waveguide interface or scattering points in the 

waveguiding structure. It is conceivable that light converted to 

the non-guiding polar isation will remain in the guiding region 

for a long enough per iod to be output coupled, and as the 

waveguides are very lossy, polarisation conversion at scattering 

points is a possibility. 

Further investigation of waveguide loss mechanisms is necessary 

to help quantify am hence rErluce PE waveguide losses. 



5.8 Waveguide SUrface DaIIage 

Surface deterioration in the form of cracks results in badly 

coupled arrl lossy optical waveguides were first noticed for the 

proton exchange process on Y-cut lithium niobate [5.67,5.15]. 

The effect is S) severe that even for exchall3e periods of 10 mins 

surface damage can occur. This means effectively that only 

sill3le mode waveguides can be made by PE in Y-cut lithilDll niobate 

[5.16] Thus waveguide characterisation and computation of 

diffusioo parameters cannot be urrlertaken on Y-cut crystals by an 

optical analysis technique, unless the process is modified to 

allow deep, damage free, waveguidill3 structures in Y-cut lithium 

niobate. 

The damage is also evident on X-cut and Z-cut lithium niobate. 

lbwever, X-cut lithilDll niobate exhibits surface damage typically 

after 5h at 2100 C and Z-cut lithium niobate after 17h at 220oC. 

These corrli tions result in extremely mul timode waveguides which 

as such have limited applications to integrated optical devices 

workill3 at a wavelell3th of 0.633}lJ1\. Unfortunately waveguides for 

operation in the infra-red need deeper waveguiding structures and 

hence surface damage could become a problem for PE in X-cut and 

Z-cut lithium niobate. '!he onset of surface damage at:{)ears to be 

dependent upon the exchange depth. X-cut and Z-cut lithium 

nionate samples exhibit surface damage when exchanged to a depth 

of greater than 3~. .. 
A materi~ls analysis and explanation for the occurrence of 

surface damage on Y-cut lithium niobate will be discussed in 

chapter 7. 

5.9 Formation am Analysis of Tapered legions in Proton 

Exchanged Lithium ltiobate 1faveguides 

Stewart et al. [5.68,5.69,5.70] have explored the possibility of 

constructing hybrid integrated optical systems using directional 

coupling techniques to interconnect waveguides in different 
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materials. Coup1iDJ between glass am lithium niobate guides 

(wi th As 2S3 overlays) has been demonstrated, but difficu1 ties 

were enoounterEd due to the neEd for exact phase matchirg of the 

guided modes [5.68]. Proton exchange, however, will allow taper 

velocity coup1iDJ methods to be employed [5.36,5.37" . -- ]. 

Furthermore, proton exchange waveguides and tapers could be 

formEd over existiDJ Ti-inHffusEd waveguides (TIPE guides) thus 

allowing coupling to existing devices formed with the Ti­

irrliffusEd waveguide [5.37]. 

Proton exchanged tapered waveguiding regions such as those 

illustrated in figure (5.12) (inset) may simply be formed by 

partially immersing the lithium niobate substrate in benzoic 

acid, the taper beiDJ formed at the meniscus of the acid. The 

taper length is not controllable and is defined by the 

temperature and time of the exchange process for a required 

waveguide depth. 

In order to analyse the tapers, the apparatus illustrated in 

figure (5.12) was used [5.36]. ~ output fran the laser (633nm 

wavelength) is first passed through a p:>lariser and then focussed 

to a 25pm spot size. The reflected beam, consisting of 

reflections from t.pper and lower surfaces of the proton exchanged 

layer is passed through a secom polariser and then to the 

detector. Interference between the two reflected components 

results in variation in the beam intensity when the beam is 

scanned along a taper region. The change in intensity of the 

scanning beam can be directly related to the shape and index 

magni tude of the taper. The theory below makes the assumption 

that the waveguide/substrate interface is a step. 

The reflectivity is given by [5,68]: 

r122 + r232 + 2.r12r23cos(2B) 

R = (1) 
2 2 1 + r12 r23 + 2.r12r23oos(2B) 

where r12 is the amplitude of the reflected light from the 
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air/waveguide interface, r23 is the amplitude of the reflected 

light from the waveguide/substrate interface and B, the phase 

difference between the two light rays, is defined as: 

(2) 

where Nf is the waveguide refractive index, d is the film 

thickness (at that point of the taper), 9 2 is the angle the 

incident light ray enters the waveguide at and ~ is the 

wavelelJ3th of the incident light. 

For an incidence angle of 70 0 and with values for film (N f ) and 

substrate iooex (Ns) of 2.3295 and 2.2025 on proton exchalJ3ed X­

cut lithium niobate, the reflectivity is given by the expression: 

0.525 - 0.049cos (2.B) 

R = --------------------- (3) 
1.0 - 0.049cos (2.B) 

with B = 3.368 (2.1T.d) (4) 

Figure (3.13) smws experimental plots. of reflectivity obtained 

from four samples which were exchanged at a temperature of 2020 C 

for times of (a) 15 mins (b) 1 hour (c) 2 hrs 15 mins (d) 3hrs 20 

mins. 'Ihe interference fringes indicate the form and extent of 

the tapered region. Fringes are only obtained with TE 

polarisation of the input beam as shown in (b) and (d) of figure 

(3.13). Table 5.4 smws values of film thickness calculaterl from 

equation (3) and (4) compared with thicknesses obtained from 

waveguiding measurements. When the distance along the taper 

(cbtained from the calibrated motor driven translation stage, see 

figure (5.12» is plotted against film thickness at a series of 

points the taper shape is traced. Figure (5.14) shows the shape 

of a PE taper in X-cut lithium niobate when exchanged at 2l00 C 

for 30min, 1h and 2h l5min!. 

It is evident from figures (5.13) and (5.14) that the taper 

lengths vary quite considerably and can be as long as 30mm. It 
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'mBIB 5.4 

Compar ison between waveguide depths estimated by optical and 

reflectivity measurements for PE waveguide tapers 

exchanged at 202°C 

PE Time Waveguide Depth Reflectivity Depth 

Measurement <pm) Measurement <pm) 

15 min 0.28 < 0.3 

30 min 0.36 ~ 
0.37 

1 hr 0.677 0.6 

2 hr 15 min 0.97 0.97 

3 hr 20 mm 1.14 1.12 

6 hr 15 mm 1.65 1.65 
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has been shown that taper lengths of 1/2 - lmm are suitable for 

efficient hybrid coupling between PE tapers and As 25 3 films 

[5.36,5.37] Proton exchange tapers will therefore allow 

directional coupling techniques to be employed in the 

construction of hybrid integrated optical systems if the length 

of the taper can be controllably shortened. The length of the 

taper can be controlled as a function of the exchange time and 

alg) possibly by the exchange temperature, am it is hoped that 

with further investigation useful taper lengths suitable for 

hybrid couplin;J can be realisErl. 

5.10 Conclusions 

The advantages of forming high index waveguides on lithium 

niobate are large and such guides have many potential 

applications in integrated optics. However, although the process 

has been optically well definErl for planar waveguides, there is 

still serious questions about the usefulness of such waveguides. 

The problems with PE waveguides such as stability [5.51,5.52], 

possible reduced electro-optic and acousto-optic effect 

[5.39,5.41] (although there is sane contention about the electro­

optics effect [5.7l]), problems with D.C. drift [5.38] and high 

waveguide scatterin;J losses have to be tacklErl before they will 

pass a working specification. 

Recently, although initially TIPE was thought to be an answer to 

waveguide stability am scatter problems [5.25,5.26], there has 

been considerable interest in re waveguides using dilute melts. 

Alrecrly with dilute melts the waveguide quality am stability has 

been considerably improvErl and electro-optic device operation has 

been shown to be more comparable with Ti:diffused waveguide 

technology [5.72]. Other possibilites for waveguide comlX)nents 

such as polarisers, hybrid integration, ring resonators and 
temperature sensors [5.35,5.36,5.37,5.74,5.77,5.73] suggest that 

the technol03Y is still of immense interest. 

!'lhe plots were taken by c.A. MacRae under my supervision [5.75] 
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In order to gain an understanding of the chemistry of the PE 
process it is necessary to initiate an in depth materials and 

chemical analysis, and compare the results with the optical 
properties. An attempt is made to do this in the next few 

chapters. 

114 



OJIU'I'BR 5 - REFDUH:ES 

[5.1] D. Botez and G.J. Herskowitz 

Can{X>nents for CI>tical Camnmications Systems: A Review 

Proc. IEEE, vol 68, No.6, pp689-73l, June 1980 

[5.2] P.K. Tien 

Integrated CI>tics and New Wave Phemonena in CI>tical 

Waveguides 

Reviews of Modern Physics, vol 49, No.2, pp36l-420 

April 1977 

[5.3] F.J. Leonberger 

High-Speed Integrated CI>to-Electronic Signal Processing 

Devices 

7th '!bp. Meet. on Integrated and Glided-Wave CI>tics, 

High-Speed Signal Processi03 Session, WAl, April 1984 

Kissimmee, Florida, U.S.A. 

[5.4] A. Rauber 

Chemistry and Physics of Lithium Niobate 

Current '!bpicz in Materials Science, vol 1, Ch 7 

F. Kaldis 1978 

[5.5] A.D. McLachlan 

Ph.D. Thesis, University of Glasgow, 1981 

[5.6] W.K. Burns, P.H. Klein, L.E. Plew and E.J. West 

Ti diffusion in Ti:LiNb03 planar and channel optical 

waveguides 

J. Appl. Phys., vol 50, No.lO, pp6l75-6l82, Oct 1982 

[5.7] J.P. Nisius, P. Hertel, E. Kratzig and H. Pape 

Optical Damage Effects in LiNb03 :Ti Waveguides 

Proc. S.P.I.E., vol 408, Integrated Optics Ill, 

Virginia April 1983 

115 



[5.8] RoL. Holman P.J. Cressnan 

Optical Damage Resistance of Lithium Niobate waveguides 

Opt. Engineering, vol 21, ppl025-l032, 1982 

[5.9] P. Vandenbulcke and P.E. Lagasse 

[5.10] 

[5.11] 

[5.12] 

[5.13] 

[5.14] 

[5.15] 

Static Field Analysis of Thin Film Electro-Optic Light 

Modulators and Switches 

Wave Electronics, vol 1, pp295-308, 1974/76 

A. Dawar et al. 

Acousto-optic techniques in Integrated Optics 

Proc S.P.I.E., vol 517, paper 09, 1984 

W. ~ldissen, H. Heidrich and D. Hoffmann 

Reduction of Bend Losses in Integrated Optic Devices 

3rd E.C. 1.0., pp210-2l4, Berlin (west), Germany 1985 

S.K. Korotky, E.A.J. Marcatili, J.J. Veselka 

R.H. Bosworth 

Greatly Reduced Losses for Small-Radius Bends in 

Ti:LiNb03 Waveguides 

3rd E.C.I.O., pp207-209, Berlin (west) , Germany 198? 

J.L. Ja:::kel, C.E. Rice and J.J. Veselka 

Proton Exchange for High IOOex Waveguides in LiNb03 
Technical Digest of Integrated and Guided Wave Optics 

Pacific Grove U.S.A. POP-I, 1982 

J.L. Jackel and C.E. Rice 

Topotactic LiNb03 to Cubic Perovskite Structural 

Transformation in LiNb03 and LiTa03 
Ferroelectrics, vol 38, pp80l-804, 1981 

J.L. Ja:::kel, C.E. Rice and J.J. Veselka 

Proton Exchange for High IOOex Waveguides in LiNb03 
Appl. Phys. Iett., vol 41, lb. 7,pp607-608, Oct 1982 

116 



[5.16] 

[5.17 ] 

[5.18] 

[5.19] 

[5.20] 

[5.21] 

[5.22] 

M. Goodwin and C. Stewart 

Proton-Exchanged Cptical Waveguides in Y-cut LithilD'll 

Niobate 

Electronics Lett., vol 19. No.6, pp223-225, March 1983 

W.B. Spillman, N.A. Sanford am R.A. Soref 

Optical Waveguides in LiTa03 formed by Proton Exchange 

Optics Letts., vol 8, 1«>.9, pp497-498, September 1983 

117 

D.F. C1ark, A.C.G. Nutt, K.K. Wong, P.J.R. Laybourn and 

R.M. DeIaRue 

Character isation of Proton Exchanged Slab Optical 

Waveguides on Z-cut LithilJll Niobate 

J. Appl. Ibys., vol 54, No.ll, pp62l8-6220, Nov. 1983 

K.K. WoIl3, A.C.G. Nutt, D.F. Clark, P.J.R. Iaybourn and 

R.M. DeIaRue 

Characterisation of Proton Exchanged Slab Optical 

Waveguides in X-cut LiNb03 
Sul:mitted to I.E.E. Proc., Part J 

M. DeMicheli, J. Botineau, P. Sibillot, D.B. Ostrowsky 

M. Papuchon 

Fabrication and Characterisation of TitanilD'll Indiffused 

Proton Exchanged (TIPE) Waveguides in Lithium Niobate 

Optics Ccrrmun., vo1 42, No. 2, pplOl-103, June 1982 

M. DeMicheli, J. Botineau, P. Sibillot, D.B. Ostrowsky 

M. Papuchon 

Independent Control of Index and Profiles in Proton 

Exchanged LithilD'll Niobate Waveguides 

Cptics Letts., vol 8, No.2, ppl14-ll5, Feb 1983 

A.C.G. Nutt 

EXJ;er imental Cl>servations of Light Propagation in 

Proton Exchanged Lithium Niobate Waveguides 

J. Opt. Ccrrm., vol 6, pp8-9, March 1985 



[5.23) 

[5.24) 

[5.25] 

[5.26) 

[5.27) 

[5.28] 

[5.29) 

J.L. Jackel, C.E. Rice am J.J. Veselka 

Campositional COntrol in Proton Exchanged LiNb03 
Electron. Lett., vol 19, pp 387-388, 1983 

S.M. Al-Shukri et al. 

Proton Exchanged cptical waveguides on Lithium Niobate: 

Devices, Characterisation and Future Prospects 

Proc. S.P.I.E., vol 578, paper No.9, Boston Symp. 1985 

M. ~Micheli 

Non-linear Effects in TIPE-LiNb03 Waveguides for 

Optical Communications 

J. cpt. Comm., vol 4, pp25-3l, March 1983 

C. Canali, A. Carnera, P. Mazzoldi, R.M. DeIaRue 

LiNb03 Optical Waveguides Fabricated by Ti Indiffusion 

and Proton Exchange: Process, Performance and Stability 

Proc. S.P.I.E., vol 517, paper-IS, 1984 

S.M. Al-Shukri et al. 

Analysis of Annealed Proton-Exchanged Waveguides on 

Lithium Niobate by Optical Wavegui~ Measurements and 
Microanalytical Techniques 

7th Top. Meet. on Integrated and Guided wave CPtics, 

P07l, Kissimmee, Florida, April 1984 

J.L. Jackel and R.J. Holmes 

Recent Advances in LiNb03 Processing 

2nd E.C.I.O., lEE conf. pub!, 227, pp38-4l, Florence 

Italy October 1983 

E. Y.B. Pun, K.K.Wong, 1. Andonovic, P.J.R. Iaybourn and 

R.M. DeIaRue 

Efficient Waveguide Bragg-Deflection Grating on LiNb03 
Elect. Lett., vol 18, No.17, pp740-742, August 1982 

118 



[5.30] 

[5.31] 

[5.32 ] 

[5.33] 

[5.34] 

[5.35] 

[5.36] 

J 

M. DeMicheli, J. Botineau, S. Neveu, P. Sibillot 
D.B. Ostrowsky am M. Papuchon 

Extension of Second-Harmonic Phase-Matching Range in 

Lithium Niobate Guides 

Optics Letts., vol 8, No.2, ppl16-118, Feb 1983 

D.B. Ostrowsky 

Parametric Processes in LiNb03 

119 

3rd E.C.I .O., pp 146-151, Berlin (west) , Germany May 1985 

S.K. Yao and T. Findakly 

'!he State of Art of Chirp Grating Lenses on LiNb03 
Proc. S.P.I.E., Vol 408, Integrated Optics Ill, pp90-94 
Virginia April 1983 

Zan:J De Yu 

Waveguide cptical Planar Lenses in LiNb03-Theory and 
Exper iments 

Optics CanrmD., vol 47, No.4, pp248-250, Sept 1983 

C. Warren, S. Forouhar, W.S.C. Charg, S.K. Yau 

Double Ion Exchange Chirp _Grating Lens in Lithium 
Niobate Waveguides 

Appl. Phys. Lett., vol 43, pp424-426, April 1983 

M. Papuchon am S. Vatoux 

Integrated Optical Polarisers on LiNb03:Ti Channel 
Waveguides usirg Proton Excharge 

Electron. Lett., vol 19, pp612-613 March 1983 

G. Stewart am A.C.G. Nutt 

Formation and Analysis of Tapers in Proton-Exchanged 
Lithium Niobate Waveguides 

3rd E.C.I.O., pp58-61, Berlin (west) , Germany, May 1985 



[5.37 ] 

[5.38] 

[5.39] 

[5.40] 

[5.41] 

[5.42] 

[5.43] 

G. Stewart, R.H. Hutchins, P.J.R. Laybourn C.A. MacRae 

Construction of Hybrid Integrated Optical Circuits 

lOOC/ECOC 85, Integrated Optical Waveguide Fabrication, 

Venice, Italy , October 1985 

K.K. Wo~, R.M. DeIaRue am S. Wright 

Eleetro-optic Waveguide Frequency Translator in Lithium 

Niobate Fabricated by Proton Exchange 

Opt. Iett., vo1 7, W546-548, June 1982 

R.A. Beeker 

Comparison of Guided Wave Interferometric Modulators 

Fabricated via Ti imiffusion am Proton Exch~e 

App1. Pbys. Iett., vol 43, No.2, W13l-l33, July 1983 

A. Lawar, S.M. Al-Shukri am R.M. DeIaRue 

Surface Acoustic Wave- Guided Optical Wave Interaction 

in Y-cut LitW3 annealed Proton Excha~ed Waveguides 
IEEE Int. Workshop on Integr. Opt. and Related Technol. 

for Sig. Proc., Addemun, Florence, Italy Sept. 1984 

R.L. Davis 
Acousto-Optic Bragg Diffraction in Proton Exchanged 

Waveguides 

Proc. S.P.I.E., vol 517, paper-lO, 1984 

V. Hinko.r, E. lse am W. Sohler 

Low Frequency Collinear Acoustooptic TMo-TEo Conversion 

and Single Sideband Modulation in Proton Exchanged 

LiN:>03 
3rd E.C.I.O., W169-l73, Berl in (west) ,Germany, May 1985 

J.L. Jacke1, A.M. Glass, G.E. Peter son, C.E. Rice, 

D.H. Olson and J.J. Veselka 

Damage Resistent Lithium Niobate Waveguides 

J. Appl. Pbys., vol 55, W269-270 Oct 1984 

120 



[5.44] 

[5.45] 

[5.46] 

[5.47] 

. [5.48] 

[5.49] 

[5. SO] 

[5.51] 

M. DeMicheli, J. Vollmer, J.P. Baretti and S. Neveu 

Proton Exchange in LiN:>03: 

Temperature and Water Influence During the Process 

2nd E.C.I.O., session 9/a, POP-I, Florence, Italy 

Oc.tober 1983 

121 

P.K. Tien and R. Ulrich 

Theory of Prism-Film Co~ler and Thin-Film Light Guides 

J. Opt. Soc. Am., vol 60, No.IO, pp1325-1350, Oct 1970 

H. Kogelnik and V. Ramaswamy 

Scaling Rules for Thin-Film Optical Waveguides 

Applied Optics, vol 13, No.8, pp1857-1862, August 1974 

J. Finak and H. Jeraninik 

Planar Diffusion Glass Waveguides Obtained by Immersing 

in Mol ten KNJ3 
Optica Applicata, vol XII, No.l, ppll-17, 1982 

W.L. Bond 

Measurement of the Refractive Indices of Several 

Crystals _ 

J. Appl. Phys., vol 36, No.5, pp1674-1677, May 1965 

J.R. DeVore 

Refractive Indices of Rutile and Sphalerite 

J. Opt. Soc. Am., vol 41, No.6, pp416-419, June 1951 

J. Crank 

The Mathematics of Diffusion 

Oxford University, Clarendon Press, London (2nd Fd.) 

1979 

A. Yi-Yan 

Index Instabilities in Proton Exchanged LiNb03 
Waveguides 

Appl. Phys. lett., vol 42, No.8, pp633-635, April 1983 



[5.52] 

[5.53] 

[5.54] 

[5.55] 

[5.56] 

[5.57] 

[5.58] 

122 
J.L. J~kel am C. E. Rice 

Short-and Long-Term Stability in Proton Exchanged 

Lithium Niobate Waveguides 

Proc. S.P.I.E., vol 460, Processing of Guided Wave 

Optoelectronic Materials, 1984 

S.K. Sheem, W.K. Burns and A.F.Milton 

leaky-mode Propagation · in Ti-diffused LiNJ03 am LiTa03 
Waveguides 

Optics Lett., vol 3, No.3, W76-78, Sept 1978 

J. Ctyroky am M. Cooa 

Generalised WKB Method for the Analysis of Light 

Propagation in Inhomogeneous Anisotropic Optical 

Waveguides 

mEE J. QJant. Elect., vol ~-17, No.6, W1064-l070 

June 1981 

W.K. Burns, S.K. Sheem and A.F. Milton 

Approximate Calculation of Leaky-Mode Loss Coefficients 

for Ti-Diffused LiN::>03 Waveguides 

IEEE J. Quant. Elect., vol QE-15, No.ll, W1282-l289 

Novanber 1979 

J. Ctyroky 

Light Propagation in Proton Exchanged LiNb03 Waveguides 

J. Opt. Camm., vol 5, No.l, W16-l9, March 1984 

J. Ctyroky 

Rigorous Calculation of Light Propagation in Proton 

Excharged LiNb03 Waveguides 

J. Opt. CooIm., vol 6, No.3, W100-l02, Sept 1985 

Y. Okanura, S. Yoshinaka am S. Yamamoto 

A Simple Method for Measuring Mode Propagation Losses 

of Integrated Optical Waveguides 

Appl. Opt., vol 22, W3892-3895, 1983 



[5.59] 

[5.60] 

[5.61] 

[5.62 ] 

[5.63] 

[5.64] 

[5.65] 

123 
C. ~Bernardi, A. Loffredo am S. Morasca 

Optimization of Waveguide Attenuation Measurements by 

Scattered Radiation Detection 

Presented at W. I.O.C.S. (FACE-RC), Rome, Italy, 

NOJember, 1984 

Y.H. WOn, P.C. Jaussaud and G.H. Chartier 

Three-Pr ism Loss Measurements of Optical Waveguides 

Appl. Phys. Lett., vol 37, No.3, pp269-271, Aug. 1980 

M.N. Armenise et al. 

Dependence of Inplane Scattering Levels in Ti:LiNb03 
Optical Waveguides on Diffusion Time 

I.E.E. Proc., vol 131, Part H, No.5, pp295-298, 

October 1984 

M.N. Armenise et al. 

Evaluation of Planar Titanium Diffused LiN:>03 Optical 

Waveguides by Micro-Analytical Techniques and 

Measurements of Inplane Scattering levels 

Techn. Digest of 4th Int. Conf on Integrated Opt. and 

.Opt. canm., June 1983, Tokyo, Japan 

A.C.G. Nutt, K.K. Worg, D.F. Clark, P.J.R. Laybourn 

and R. M. DeLaRue 

Proton-Exchange Li thi um Niobate Slab and Str ipe 

Waveguides: Characterisation am Comparisons 

2nd E.C.I.O., IEE Conf. Publ. No.227, pp53-56, Oct 1983 

Florence Italy 

T. Findakly, S.K. Yao, C. Warren, S. Forouhar, W. Chang 

Chirp Grating Lenses on LiNb03 by Benzoic Acid 

Treatment 

ibid ref [5.62] 

Discussions with R.L. Holman, 

Battelle Research Labs, Columbus, Ohio, U.S.A. 

are gratefully acknowledged. 



[5.66 ] 

[5.67] 

[5.68] 

[5. 70] 

[5.71] 

[5.72] 

M.~. Armenise et ale 

Optical Characterisation of Proton Exchanged and 

Titanium-Diffused Proton Exchanged Slab Waveguides on 

Lithium Niobate 

mEE Int. Workshop on Integr. Cpt and Related Technol. 

for Sig. Proc., Technical Digest, R?2l-24, Sept. 1984 

Florence, Italy 

A. Iawar, A.C.G. Nutt, S.M. Al-Shukri et al. 

.Strain am Surface Danage Imuced by Proton Exchange in 

y-cut Lithium Niobate 

Tb be Published in Journal of Materials Science 

G. Stewart, R.H. Hutchins, P.J.R. Laybourn 

Controlled Growth of Arsenic Trisulphide Films for 

Coupling Integrated Cptical Devices 

J. Phys. D: Appl. Phys., vol 14, R?323-33l, 1981 

G. Stewart, R.H. Hutchins, P.J.R. Laybourn 

Hybrid Integration of Active am Passive Devices 

3rd Int. Conf. on Int. Cpt. and Cpt. Fibre Ccrnmun., 

paper WE-I, San Fransisco, April 1981 

R. L. Holman, D. Hicks and J. Busch 

Laser Power Handling am Electro-optic Perfonnance of 

Proton Exchanged Lithium Niobate Waveguides 

Proc S.P. I. E., vol 460, paper 1'«:>. 19, IDs Angeles 

California, U.S.A., January 1984 

K.K. Wong, N.J. Par sons, A. R. Olderoyd 

and A.C. O'Donnel 

High Quality Cptical Waveguides in LiNb03 by Dilute 

Melt Proton Exchange 

lOOC/ECCC'85, Integrated Cptical Waveguide Fabrication, 

Venice, Italy October 1985 

124 



[5. 73] 

[5.74] 

[5.75 ] 

[5. 76] 

[5.77] 

M. Haruna, H. Na~j ima and H,.'-b1ishihara 

Optical Tr-arc Waveguide Interferaneter in Proton 

Exchanged Lithium Niobate for Temperature Sensing 

Applied Opt., vol 24, No.16, pp2483-2484, Aug 1985 

A. Mahapatra and W.C. Robinson 

Integrated-Qptic Ring Resonators Made by Proton 

Exchange in Lithiun Niobate 

Applied Opt., vol 24, No.15, pp2285-2286, Aug 1985 

C.A. MacRae 

125 

Fabrication and Analysis of Tapered Waveguiding Regions 

in Lithiun Niobate for Taper Velocity Coupling. 

Final Year Project RePJrt, Dept E&EE, University of 

Glasgow, 1985 

D. Y. Zang and C.S. Tsai 

Single-Mode Waveguide Microlenses and Microlens Arrays 

Fabrication in LiNb03 using Titaniun Indiffused Proton 

Exchange Technique 

Appl. Pbys. Lett., vol 46, No.8, pp703-705, April 1985 

M. Mahapatra and W.C. Robinson 

Proton Exchanged Ring Resonators in Lithium Niobate: 

Operation at O.79pm and 1.3~ 
Proc. S.P.I.E., vol 578, Integrated Optical Circuit 

Engineerin;J Il, W70-74, Cambridge, Sept. 1985 



/' 

Due to the complexity of the analysis methods it was necessary to 

make use of existing expertise in the field of materials analysis 

and chemical analysis techniques. 'Iherefore grateful thanks are 

due to the following people, for their helpful discussions and 

processing of samples. 

Dr J. Winfield of the Chemistry Department and A. Loni of the 

Dept. of E.&E.E., University of Glasgow for help with infra-red 

absorption measurements and for the chemical analysis of the 

lithium content in PE exchange melts. 

For the Rutherford Back Scattering and Nuclear Reaction 

measurements research colleagues am collaborators, A. Carnera, 

G. Della Mea, P. Mazzoldi of Dipartimento di Fisica and C. Canali 

of Istituto di Elettrotecnica e di Elettronica, both in PadO\Ta, 

Italy are gratefully acknowledged. 

For the analysis of PE waveguides by Double X-ray Diffractrometry 

research colleagU2s and collaborators, M. Servidori, C. SUmmonte 

of C.N.R. Bologna, C. Ferrari of C.N.R. MASPEC Parma, A. Campari 

of Dipartimento di Fisica dell'Universita Modena and G. Mazzi of 

Dipartimento di Fisica dell 'Universi ta Padova (Italy) are 

gratefully acknowledged. 

126 



127 
6.1 Introduction . 

The formation of anisotropic optical waveguides in lithium 

niobate by the inunersion of substrates in a hot carboxylic acid 

(renzoic acid) has been analysed and characterised optically (see 

chapter 5). lk>wever, there is 1 i ttle information on the chem ical 

kinetics of the process. What little materials analysis that has 

been published by authors such as Jackel et al. and others was 

based mainly on t;he chemical analysis of lithium niobate in the 

J;X>wdererl state which may not be fully applicable to an analysis 
in the bulk crystalline form [6.1,6.2,6.3,6.4,6.5,6.6]. With 

this in mim a canprehensive series of analysis techniques have 

been adopted to analyse the PE process on lithium niobate, in 

order to generally uooerstam the PE process am try am explain 

such Iilenomena as surface cracking [6.7,6.8] and the D.C. effect 
[6.9 ] These mater ials analysis techniques were initially 

adopted to investigate Ti-indiffused waveguides on lithium 

niobate am involverl collaboration with research colleagues in 

Italy. This collaboration was continued to make use of the 

considerable expertise amassed in the structural analysis of 
lithium niobate [6.10,6.11,6.12] 

What follows in chapter 6 is an outline of the materials analysis 

techniques used. It is not the purpose of this chapter to 

examine each process in detail, but to give the reader a basic 

understanding of each technique and therefore to be able to 

tmderstam the results discussed in chapters 7 and 8. 

6.2 Infra-re:] Absorption 

When brocrlbaOO radiation is directed through a crystal, certain 

frequencies will be absorberl by the crystal. Absorption occurs 

when the stretching moment, or born strength, between two atoms 

in the crystal has the same resonant energy as one frequency of 

the incident radiation. Thus the frequency of the absorbed 

rcrliation imicates probable inter-atomic bonds in the crystal 

and the amount of absorption gives an indication of the amount of 
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the particular type of oorrl in the crystal [6.13,6.14,6.18]. 

In the following chapter the near infra-red absorption spectra of 

lithium niobate crystals, ooth virgin am proton exchan:Jed, are 

examined. '!he sam'ples are typically 1an2 in area and p:>lished on 

both faces to reduce background scatter noise. The sample 

thickness is typically 1mm. '!he wavelength range of rcdiation of 

interest is from aoout 0.8 ~m to aoout 6 ~m. In this region 

virgin lithium niobate is basically transparent except for the 

OH- absorption peak at aoout 2.864 microns or aoout 3485cm-1 

[6.15] This absorption peak or band is completely polar ised 

perperrlicu1ar to the c-axis of lithium niobate. The absorption 

band is composed of at least two sub-bands which cannot be 

resolve] canpletely, even at very low temperatures [6.16]. 

The main interest of infra-red absorption spectrometry is that 

sane information is available on the incorporation of hydrogen 

(or protons) in lithium niobate resulting from the PE process. 

These protons will always be associate] with oxygen ions to form 

OH- groups and/or weak hydrogen bonds, as they cannot exist 

chemically isolated in a material [6.16,6.17]. Thus monitoring 

the changes in the (le absorption band will yield information on 

the rate of hydrogen migration into the lattice during the PE 

process. R>lar isation measurements will also yield information 

on the direction of the O-H bond in the lattice so that 

compar isons can be mcrle between the proton exchange l,Xocess and 

the OH- present in the bulk crystal. Normal IR absorption is 

carried out with randomly p:>larised brocrlband radiation, however 

the chemical oorrls only absorb the radiation which is polarised 

parallel to the bond since only then will the bond resonance be 

excited and the radiation absorbed. If polarised radiation is 

used, the axis of which can be varied, information may be 

obtained about the way the O-H bonds are positioned or 

alternatively, the extent to which they are random in their 
orientation in the crystal [6.15,6.16] 
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6.3 aKberford Back Scattering 

Rutherford Back Scattering (RBS) in PE LiNb03 can be used to 

determine the amount of 'irregularity' in the exchanged region 

and was also a tool which had proved itself with Ti-indiffused 
waveguides [6.11,6.12]. The method (RBS) [6.19,6.20] is based on 

elastic scattering of ions of known energy incident onto the 

nuclei of atans in a crystal structure. A schematic of a typical 

RBS machine can be seen in figure (6.1). 4He + ions are formed 

into a plasma am focused through a particle accelerator into a 

high energy beam (alpha particles are normally used in RBS), 

typically in the ran:Je 1. 5-2. 5 MeV, which is filtered into an ion 

beam of a specific energy by a p:>werful mcgnet (which acts like 

an energy selector and is normally termed an Energy Analyser). 

The energy resolution is l5-20keV. The beam of ions is then 

allowed to impinge on the. sample surface. A small fraction of 

the incoming particles are backscattered and measured to 

determine the number of particles and particle energy after 

Rutherford oollisions [6.19] with sample atoms. For a standard 

Rutherford type collision, (see figure (6.2)) the energy of the 

incident ions Eo is prop:>rtional to the energy of the scattered 

ions thus; 

E = KE o 

where E is the energy of the scattered ion and the 

prop:>rtionality constant, K, is defined thus; 

K = f(9,M) 

where K is a function of e, the angle of scatter, and also a 

function of M, the mass of the scatter ing nucleus. There-fore 

energy analysis of the pr imary ions backscattered from the sample 

provides a mass analysis of the atoms near the surface. The 

relative sensitivity of the process to different atoms is 

determined by the Rutherford scattering cross section 

(proportional to z2, where Z is the atomic number) and this 

permits a determination of ion concentration. Due to energy loss 
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suffered by the probing p:!rticles as they traverse successively 

deeper atomic layers, energy analysis of the backscattered 

particles also provides distributional information with respect 

to depth. 

A typical plot of an RBS spectrum of Yield against Energy is 

shown in figure (6.3). The yield is the number of scattered 

particles detected, which is derived from the charge collected on 

the silicon detectors normalised to the total charge collected 

from the scatter ing chamber (see figure (6.1». '!he Energy is 

the energy of each scattered ire. 

As was established above the energy of the scattered ion is 

proportional to the mass of the scattering point and can be 

related to depth in the sample. In backscatter ing e is reduced 

to a minimum and therefore the dependence of E on e is also 

reduced to a minimlDll which makes the mass estimations much more 

acx::urate. The bcckscattered yield is oowever a much more complex 
function [6.19,6.20,6.21]; 

Yield 0<. dOlO, 9, d5l, ~ iB/S, A, • 

where dQ is the total charge incident upon the detector, Q is the 

total charge of the incident particle beam (coulombs), e is the 

scattering angle, d~ is the solid angle of the beam incident upon 

the detector (stercrlians), (j is the Rutherford scattering cross 

section (stercrlians), ~E is the energy resolution of the incident 

ion beam in the target (quoted aboJe), s is the channel width of 

the counter (keV) and is proportional to the stopping power of 

the sample atoms in the detector, A is the incident beam area 

(mm2) and N is the sample atom density (atoms/vol). 

The canputer am the multichannel analyser oowever simplify the 

output information so that the Yield can give the number of 

sample atcms at a given depth. Figure (6.4) soows schematically 

the resultant RBS spectrum from a particular incident beam energy 

in bulk LiNb03• The energy of the output beam determ ines the 

depth in the sample surface and the particle COlIDt determines the 



PARrlCLE 

COUN'l'S 

JJETEX:l'ID ICW 

ENmGY 

Figure (6.3): Typical Plot of Raw Data Obtained · from a ReS 

Process. Number of Particle Counts is Plotted 

against Detected Scattered Ion Energy. 

Neither the Particle Counts nor the Detected Ion 

Energy can be Directly Related to Depth or Number 

or Type of Ion without Canplex Canputation. 



PARTICLE 

COUN'l'S 

(O(~ITY) 

AI 

ENmGY (~IEP'm) 

Figure (6.4): Plot of Refined RBS Data Obta ined from a Virg in 

Piece of LiNb0 3• The Graph now Yields Depth 

Information and Information on the Different Types 

of Atomic Species. 



131 
density at that depth. 

The measurement technique used in the analysis of proton 

exchanged layers on lithium niobate is a special case of RBS. 

When ions are incident on a single crystal, such as lithium 

niobate, within 10 of a high symmetry axis, they can be steered 

down an open channel in the lattice by the repulsive potential of 

atomic strings, as shown in figure (6.5). This effect, called 

channeli~, redoces the frobability of nuclear scattering by as 

much as two orders of magnitude. In such channeling corrlitions, 

surface damage due, for example, to mechanical polishing, the 

~ epitaxial nature of surface layers and lattice distortion can 

easily be studied. Channelling can be used as a measure of 

crystal disorientatioo, atanic misalignment, interstitial ions 

and p:>int defects. 

RBS in the aligned mode (channeling) does not result in sample 

crystal damage, assuming correct operation of the machine. In 

strongly piezoelectric dielectrics (or even insulators) such as 

lithium niobate, a large increase in surface charge (caused by 

the bombardment of alpha particles) can cause the incident ion 

beam to be deflected or slowed down which corrupts the 

information. The samples are therefore coated with a thin 

corrluctin;J film of aluminium. 

Figure (6.5) also shows, schematically, backscattering spectra in 

the channeling mode for a perfect lithium niobate crystal and for 

a lithium niobate crystal substrate with a surface layer whose 

atanic positions are distorterl with respect to toose of a perfect 

crystal because of, for example, an ion exchanged surface layer. 

In the latter case the backscatterin;J spectrum soows an increase 

in the backscattering yield for an energy range 6E which is 

relatoo to (arrl approximately proportional to) the thickness W of 

the exchanged (distorted) layer. 

An experimental spectrum would require an incident beam density 

of approximately lOnA/mm2• Higher current densities terrl to heat 

up the substrate and change the properties of the proton 
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exchaJl300 layer as it is being measurErl. The depth resolution of 

the system is 100-150 angstroms, being inversely proportional to 

the size of the incident ion and proportional to the energy 

resolution of the energy analyser (15-20keV). For scattered 

particle detection the ion has to slow down in the target crystal 

by the resolution of the analyser to detect any difference, and 

the required distance is the depth resolution. If a larger 

incident ion than an alpha particle were used the ion would 

interact to a greater extent with the crystal structure, and 

hence it would lose the 15-20keV energy requirErl for resolution 

in a much smaller path length, as it traverses through the 

lattice an thus the depth resolution would be improvErl. 

The main information obtained from RBS channeling spectra, as 

described in the following chapters, is the exchanged layer 

depth lW' and an indication of the amount of 'damage' or atomic 

misalignment in the exchanged region. 

6.4 HydrOJen ProfiliDJ am Lithium Concentratioo Analysis by 

ax::Iear Ieactions 

Since it is assumed that the immersion of lithium niobate 

crystals in hot benzoic acid , as well as in other carboxylic 
acids, hydrate melts etc. [6.22,6.23,6.2], prcrluces sane form of 

exchange between the Li atoms in the crystal and the protons in 

the acid (hence the term proton exchange [6.7]), a method of 

determining the proton depth profile and concentration in the 

exchaJl300 layer would be highly advantageous in uooerstarrl ing the 
exchange process. 

The use of Nuclear Reactions (NR) [6.24,6.25,6.26,6.27,6.43] 

gives a technique canplementary to RBS, especially useful for the 

analysis of elements of low atomic number (where RBS loses 

sensitivity owing to the z2 depeooence of the cross section), aoo 

is based on the analysis of nuclear reaction products induced by 

bombardment with charged particles. NR can provide isotope 
sensitive information [6.25] 'lhe observed reaction products are 
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usually charged particles which are detected and analysed by 

means of nuclear detectors. In NR the choice of the pcojectile, 

its energy, the element to be analysed, angle of detection and 

detector arrangement must all be carefully considered. 

If the differential cross-section for a nuclear reaction is 

nearly constant as a function of pcojectile energy, the nuclear 

reactioo which occurs is particularly sui table for determ ining 

the total number of investigated nuclei. However, a resonance in 

the cross section can be most useful for depth profiling. In 

particular the NlS hydrogen profiling technique uses a narrow 

isolated resonance in the process 

NlS + HI -) C12 + He4 + 4.43MeV ~-ray 

to measure the hydrogen content versus depth. Furthermore the 

off-resonance cross section of this nuclear reaction is three 

orders of magnitude smaller than the peak value, and thus the 

depth pcofiling resolution is very good (see below). 

The experimental set up is similar to that of RBS in figure 

(6.1). To use this resonance as a probe for hydrogen, the 

exchanged sample surface is bombarded with NlS arrl the yield of 

the character istic 4.43MeV ~.-rays is measured with aNal 

detector. When the sample is bombarded with an NlS beam at the 

resonant energy, ER = 6.38SMeV, the yield of the characteristic 

~-rays is proportional to the hydrogen content at the surface of 

the target. When the beam energy is raised above the resonant 

energy, the surface hydrogen is no longer detected because the 

NlS is above the resonant energy but as the NlS beam slows down 

in energy while passing through the target it reaches the 

resonant energy at a particular depth. '!het-ray yield is now 

proportional to the hydrogen concentration at this depth, which 

can be estimated accurately because of the known energy loss 

behaviour for ions in solids [6.19,6.20]. Hence, by measuring 

the t.-ray yield versus the energy of the incident NlS beam , the 

concentration of hydrogen versus depth in the target can be 

determined. '!he interaction between the NlS beam and the target 
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discussed above is shown schematically in figure (6.6). The 

depth resolution of this method is finite because the resonance 

has a finite energy width, 6keV, which for lithium niobate 

corresponds to a depth resolution of 20 angstroms. The 

sensitivity of this method for H+ detection is about 0.1 at%, a 

hydrogen concentration of 5 x 1019 an-3 [6.26,6.27]. 

It should be emphasised that the ~e method can give a signal 

only from hydrogen in the target. The NlS beam is below the 

Coulomb barrier for nuclear interactions with any element other 

than hydrogen and this is its p:irticular attraction. 

An NR technique has also been established for the detection of Li 

in a crystal [6.24]. '!he reaso~s why Li com~sition analysis is 

intrinsically more desirable than hydrogen profiling are 

discussed in section 6.6. To determine the amount of Li atoms 

present in the exchanged layer of lithium niobate a second 

nuclear reaction; 

already used for this purpose, was employed [6.4] .. The above 

reaction is not a resonant reaction so that the achievable depth 

resol ution is qui te poor, about 1000 angstroms. To use this NR 

to detect Li, the sample is bombarded with a proton beam, having 

1.SMeV energy (in our experiments), am the yield of the emerging 

alIha p:irticles is measured. '!he main information obtained from 

this analytical technique is the lithium concentration in the 

exchanged region since, as mentioned above, the low resolution of 

the technique allows only a poor estimation of the concentration 

profile, but can give satisfactory total lithium concentration 

informaticn. 

X-Ray analysis techniques have been used extensively in the 

analysis of titanium diffused surface layers in single crystal 
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lithium niobate [6.28,6.10,6.11,6.12]. The information readily 

available from this type of analysis is crysta110graphic i.e. 

1attioe parameters, strain, crystal phase information am crystal 
quality (defects etc.) [6.31,6.32]. 

Strains and crystal structure modifications induced by proton 

exchange in the lithium niobate crystal have been analysed in a 

form akin to the analysis of titanium diffusion in lithium 

niobate. In particular, a double crystal diffractometer (DXD) 

was used to measure strains present in the waveguiding reg ion 

[6.28,6.31,6.32], X-ray diffraction topography (XT) was used to 

detect defects am dislocations [6.31,6.32], while glanci~ angle 

X-ray diffraction measurements, taken in a Wa11ace-Ward 

cy1imrical texture camera [6.29,6.30], were used to investigate 

the presence of new phases formed during the proton exchange 

process. 

If X-rays are passed through a well ordered crystal (such as 

si~le crystal lithium niobate) tiey are Bragg diffracted by the 

grating like structure formed by the crystal planes and atom ic 

stril13s, asswni~ that one or more of the planes is at tie Bragg 

angle. '!he resultant diffraction patterns when carefully 

analysErl can yield canprehensive structural information. 

Single crystal X-ray diffractometry (XD) is sensitive to strains 

in the order of 1 part in 105 (see figure (6.7) a». The data 

used in the following chapters is in the form of 'Rocking Curves' 

[6.30,6.31] As a crystal is rotatErl through t~ Bragg comition 

for a particular crystal plane the intensity of the diffracted 

beam changes. 

Rocking CUrve. 

w ill be a plot 

The intensity vs. angle curve is known as a 

If the crystal is a 'perfect' crystal then there 

in the form of curve (a) in figure (6.8), with a 

single peak, centred on the Bragg angle. The peak width is 

1imitErl only by the divergence of the input beam incident on the 

crystal grating. If there is surface strain in the crystal, the 

Rocki~ Curve will be in the form of curve (b) in figure (6.8). 

The extra peaks, at much smaller intensity, are created by a 

secondary Bragg reflection obtained from the stressed surface 
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layer which has slightly different crystal parameters. 

The data which can be obtaine:3 is as follows; 

a) the sign of the strain (positive or negative depending on 

which side of the main peak the secoooary peaks occur), 

b) the intensity of the secondary peaks giving an indication of 

the amount of crystal which is stresse:3, 

c) the p:>sition of the secomary peaks relative to the main peak 

givirg the magnitude of the strain (the bi<}3er the deviation the 

higher the strain), 

d) The number and position of the secondary peaks, forming a 

picture of the total stress situation (which in some instances 

can be modelle:3 on a complter). 

Although the single crystal diffractometry technique is fairly 

accurate, in practice [6.32] it is found to be insensitive to 

slow variations in lattice parameters, because of the large 

argular divergence of the X-ray beam. Usirg two crystals, giving 

Double-crystal X-ray Diffractometry (see figure (6.7) b», the 

first crystal Bra<}3 diffracts aoo prO'Jides a collimate:3 beam to 

analyse the secom crystal which increases the sensitivity. For 

high sensitivity it is essential upat both crystals are of the 

same material or that the first crystal is 'perfec ' (silicon can 

be grown almost defect free am is, therefore, commonly used), 

since the imcge for DXD is the superp:>si tion of defects from the 

two crystals. Fortunately the first crystal is some distance 

from the P'lotographic plate and hence any defect from the first 

diffraction will appear blurred and as a result poses little 

problem. This method is not suitable for crystals with high 

dislocation densities, since its high sensitivity causes 

saturation of the data on the photographic film. 

Sirgle crystal X-ray diffraction topography was used to detect 

defects in the proton exchanged layer in lithium niobate (see 

abO'Je) when investigating the surface crackirg so prevalent on Y­

cut substrates. Direct projection of the X-ray beam, which 

reflects off the crystal surface (Le. not at an angle at which 
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Bragg reflection/diffraction occurs) onto a photographic plate 

yields a strain picture of the crystal [6.28,6.31,6.32]. The 

resul ts obtained with this method will be compared wi th those 

from methoos discussErl in section 6.7. 

X-ray diffraction measurements taken with a Wallace-Ward 
cylindrical texture camera [6.29,6.32,6.30,6.28] give 

crystallographic information on any new phases which may be 

evident in the exchanged layer. A schematic diagram of the 

experimental set-up can be seen in figure (6.9). As the sample 

is rotated the or ientation of the incident X-ray beam changes. 

'!hus only at specific IX>sitions in the sample rotation will the 

incident X-rays be at the Bragg angle of a crystallographic 

plane. Hence, the photographic film (which surrounds the sample) 

will only be exposed at specific points. The film, when 

developed and pr inted, shows a large number of white spots on a 

black background, and each spot corresponds to a crystallographic 

plane. Q1 comp:!.ring traces taken from virgin lithium niobate and 

tlx>se from exchargErl samples the presence of extra 'spots' would 

indicate a different set of lattice parameters i.e. a different 

crystal phase. If the spots are distorted it indicates that 

there is strain in the lattice. 

6.6 Chemical Analysis of Li Content in EKcbaoJe Melt 

Although the N.Jclear IEaction ex~riments could give an accurate 

representation of the hydrogen content and profile in the 

exchangErl layer, it was evident that the index change mechanism 

for the proton exchange process was much more likely to be 

related to loss of lithium. It has been well established that 

the stoichiometry of the melt, before the pulling of lithium 

niobate single crystal, affects the crystal indices. In 

particular the Li/Nb ratio [6.33,6.34] in the melt, if reduced 

(to form a lithium deficient crystal), affected the ordinary 

index of the single crystal only slightly whereas the extra­

ordinary index exhibited a substantial increase , this situation 

is fairly similar to that obtained in the proton exchange 
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process. FUrthermore, in the formation of · Ti-indiffused stripe 

waveguides, when the diffusion atmosphere is rot controlloo to 

limit lithium or IX>ssibly lithium oxide outdiffusion, a planar 

outdiffusoo waveguide is formoo which has optical properties such 

as an anisotropic index change that is again comparable with 

proton excha0300 waveguides [6.35,6.36,6.37]. These outdiffused 

waveguides have also been investigated in their own right 

[6.34,6.38,6.39]. The fact that the outdiffused waveguides have 

been shown to be lithium deficient and that these guides/layers 

can be suppressed by using an overpressure of Li and Li02 
(cbtainoo, e.g., by placing congruent lithium niobate IX>wder with 

the substrate in the diffusion furnace) does point to the 

hypothesis that it is the lack of lithium in the proton exchangoo 

layer that is important, with the main function of hydr(XJen being 

to maintain a charge balance and/or allow the lithium to diffuse 

out of the crystal at a consider~y lower temperature than that 

which it is IX>ssible to form outdiffused waveguides. 

The ability of an NR to determine the lithium content in the 

lithium niobate crystal being a recent development in the 

materials analysis of proton exchanged waveguides, discussions 

wi th Or J. Winfield of the Chemistry Dept., University of 

Glasgow, resulted in a method being developed to determ ine the 

amOlmt of lithium in the exchange melt, after the re process, and 

hence determine the amount of lithium leaked from the crystal. 

'!his process is describoo below. 

Z-cut lithium niobate material was cut into lan2 pieces lmm thick 

am polishoo on both sides (partly so that 1.R. measurement could 

be run concurrently and partly to provide smooth exchanged 

reg ions of a known surface area). Each sample was accurately 

measured in all dimensions, using a micrometer, and scrupulously 

cleanoo. lnstecrl of the normal stainless steel exch~e beaker, 

separate and ultra-clean silica beakers and lids were used for 

each sample. The amount of pure benzoic acid in each beaker, Vm, 

was accurately weighed. A small Pl'FE sample oolder was designed 

to give the maximum freedom for acid to circulate about the 

exchanging sample, the sample oolder being scrupulously cleaned 
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before each exchClO3e. Each sample was exchClO3ed isothermally but 

for increasing ~riods of time. 'Ihe tem~rature arrl times were 

accurately measured for each exchClO3e. 

'!he chemical formula of lithium niobate is LiN:>03' however a more 

accurate representation of the chemical formula of a lithium 

niobate obtained from a cOl'XJruent mel t is~ 

Molecular Weight Li - 6.94 x 0.957 

Nb - 92.91 x 1.0086 

o - 16.0 x 3 

148.35061 

Density of lithium niobate for a col'XJruent melt is 4.628 g,lcm3 

Therefore the density of lithium ions in the crystal is~ 

(6.642/l48.351) x 4.628 = 0.2072 g/cm 3 

Thus, since the diffusion coefficients of the proton exchange 

process are known and the resultant exchanged depth can be 

calculated, an estimate of the total volume of lithium niobate 

which has been exchanged can be calculated {see figure (6.1D». 

The assumption must also be mcrle that the diffusion coefficient 

along the Y-axis is the same as that for the X-axis, which is 

koown. The total exchClO3ed volume VT can then be used, assuming 

all the lithium is removed into the exchange- me1 t, to calculate . 

the total. weight of lithium in the exchClO3e melt WLi~ 

Therefore the theoretical maximum concentration of Li in the 

exchange melt for a given tem~rature and time is~ 

fraction of Li in mel t = WLi / Wm 
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'!hese theoretical resul ts can then be comp:lred to the analysis of 

the lithium content in the exchange melt. The analysis first 

used to determine the lithium content in the exchanged melt was 

Flame Emission [6.40]. A weighErl sample from the exchan:Je melt 

was diluted in 50% aqueous solution of ethanol up to a 

predetermined volume. The sample was then burned in a flame 

Plotometer and the Li emission spectrum monitored. '!his spectrum 

was then compared to a set of calibration measurements of koown 

Li doping (the standards being made up from lithium nitrate). 

The characteristic absorption wavelength to detect lithium is 

6707.8 angstroms, and the sensitivity of the method is 0.03pg/ml 

in the pre-diluted exchaJ13e melt. 

Flame Emission is more sensitive to lithium than Atomic 

Absorption [6.42,6.40]. However, subsequent measurements (to 

corroborate the first series of results) were mcrle using Atomic 

Absorption [6.40,6.41,6.42]. Flame emission gives high 

sensitivity information but the results are not accurately 

repeatable due to the noise levels inherent in the process. 

Although Atomic Absorption is less sensitive, the information can 

be consistently repeated. Atomic Absorption is similar to Flame 

Emission in some respects. However, Atomic Absorption is not 

directly related to the Li concentration, although standard 

001 ut ions are mcrle up in a similar way. To alleviate the problem 

of the trade off between reduced sensi tiv i ty and resul t 

repeatability, when the process was repeated the temperature and 

the exchan:Je time of the process were increased am the vol ume of 

acid decreased, ensuring a much higher lithium concentration in 

the melt. 

6. 7 5.E.M. am Iba.se Cantrast Microscope 

The scanning electron microscope was used to give a clear and 

magnified picture of the damaged surface regions in proton 

exchan:JErl waveguides, particularly on Y-cut lithium niobate which 

exhibited severe surface damage. A phase contrast microscope was 

also used to view the surface stress (through index changes) 
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before the crystal was at the p:>int where local ised cracks forma:! 

to alleviate the stress. These methods gave an insight to the 

directionality and severity of surface cracking caused by stress 

associated with the PE process. 

6.8 Conclusions 

The materials analysis techniques outlined in chapter 6 give a 

canprehensive am wide ral13il13 SJurce of data which when brolJ3ht 

to bear on the analysis of proton exchanged waveguides on lithium 

niobate soould yield a full materials characterisation of the 

process. Some of the materials analysis techniques used have 

been tried and tested in the analysis of titanium indiffused 

waveguides and their use has been adapted for proton exchange 

waveguides • 

The data when compared with the optical characterisation of 

proton exchal13ed waveguides soould yield information on the index 

change mechanism and the optical loss mechanism, as well as 

possibly givil13 an indication of oow it is possible to rounteract 

waveguide stability and stress problems. 
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In chapter 6 some of the mater ials analysis techniques for the 

investigation of proton exchanged planar waveguides have been 

discussed extensively. Therefore, in ' this chapter, the 

techniques will only be mentioned by abbreviations. The aims of 

this analysis are to define the proton exchange process and, as 

well as attemptirl3 to uooerstam the index charl3e mechanism, to 

investigate possible Iilase changes, examine the causes of surface 

damage in the crystals and discuss why the waveguides are 

intrinsically unstable. It is hoped that if a clear 

understanding of the process is achieved the information will 

increase the probability of achieving stable low loss waveguides. 

7.2 Analysis of Infra-red Absorption Measurements 

Infra-red transmission absorption spectra have been obtained on 

PE waveguides on x-cut, Y-cut and Z-cut lithium niobate. The 

results obtained are similar to those already reported in the 
literature [7.1,7.2,7.3] 

IR measurements on proton exchanged X-cut lithium niobate use the 

acid temperature as the exchange temperature as discussed in 

chapter 5. All other techniques in this chapter are consistent 

with the usual method of taking the oil temperature as the 

exchange temperature. 

Measurements of IR spectra in PE waveguides were usually carried 

out with the spectrum from the bulk crystal subtracted from the 

output, thus enabling the effect of PE on the crystal to be 

examined witoout the superposition of the ae spectrum from the 

bulk crystal. '!his was the case except for figure (7.2). 
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After protoo exchange in lithiwn niobate two absorption bams are 

observed in the IR spectrum. From figure (7.1) it can be seen 

that o~ is a sharp am strong peak at 3505 cm-I am the other is 

a small broad absorption band at 3250 cm-I, in close agreement 

with other researchers [7.6,7.7]. Figure (7.1) shows IR 

absorption spectra for PE waveguides formErl on a) X-cut, b) Y-cut 

am c) Z-cut lithium niobate. All spectra soow absorption peaks 

for electric field parallel and perpendicular to the c-axis (in 

the case of X-cut am Y-cut samples) am to the X-axis and Y-axis 

(in the case of z-cut samples). From figure (7.1) it is evident 

that, as in the bulk case, the large absorption peak is 

polar isation dependent whereas the low broad band is 

substantially independent of polarisation. 

The spectra of figure (7.1) indicate that in the PE reaction at 

least two ~w OH group; are formErl which differ in their hydrogen 

bonding environment. '!he spectrum, compared with that of virgin 

lithium niobate [7.4,7.5] (or more accurately the main peak of 

the spectrum), is of a much greater intensity than the residual 

water peak although they both have the same polar isation 

characteristics. '!he peak is also asymmetric and consists of at 

least two peaks CJlJerlawing which may arise from more than one 

type of rn group. '!he second peak, much weaker and broader than 

the main peak, is unpolarised and its position in the lower 

resonant energy range suggests that it is due to OH groups which 

participate in extensive hydrogen bonding. '!he spectra obtainErl 

appear to be very similar to those obtained from treating X-cut 

lithium niobate with a hydrate melt and nitric acid. In the 

latter work, the peak was attributed to the formation of a 

secondary phase, possibly HNb03 [7.6,7.7]. 

Figure (7.2) shows that the large absorption peak grows in 

proportioo to the thickness of the exchangErl layer, as would be 

expected. In figure (7.2) Z-cut lithium niobate samples are a) 

exchanged isothermally for differing exchange times and b) 

exchangErl isochronally for differing exchange temperatures. From 

figure (7.2) it can be seen that there is a transition period 

during which the peak shifts position from 3486cm-l (the residual 
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Figure (7.1): a) Polarised IR Absorption Spectra of a x-cut 

Lithium Niobate Sample Exchanged at l800 C for 1 

hour. Main Peak is at 3505 an-I. 

(A) Radiatio~ Polarised Normal to c-axis 

(8) Radiation Polarised Parallel to c-axis 
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Figure (7.1): b) Polarised IR Absorption Spectra of aY-cut 

Lithium Niobate Sample Excha~ed at I7I oC for 

20 min. Mab Peak is at 3504 cm-I. 

(A) Rad iation R:>larised Normal to c-ax is 

(8) Radiation Polarised Parallel to c-axis 
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Figure (7.1): c) Polarised IR Absorption Spectra of a Z-cut 

Lithh.lll Niobate Sample Excha~ed at 180.50 C for 

2 hours. M3in Peak is at 3507 an-I. 

(A),(8) Radiation Polarised Normal to the c-axis 

and Orthogonally to Each Other. 
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water) peak to the 3505cm-l position. It is evident that the 

shift in the lEak is due to the overpower ing effect the PE strong 

OH borrl has m the small bulk water peak when the exchall3Erl layer 

gets deeper. Assuming, as can be seen from figure (7.2) , that 

there is proportionality, it should be possible to monitor the 

exchange process by monitoring the rate of change of the OH­

absorptim band. 

The information that can be gained from the above spectra is that 

substantial amounts of hydrogen enter the lattice during the 

proton exchange process. The hydrogen entering the lattice bonds 

with the oxygen in the lattice. Most of the O-H bonds are in a 

plane normal to the c-axis, although there is a small number of 

O-H borrls whose directions are variErl throughout the crystal axes 

(contrary to the bulk water peak). The amount of hydrogen 

enter ing the lattice is a function of the exchange time and/or 

temferature of the FE process. The randomly bonded hydrogen in 

the lattire is boooErl somewhat more weakly (hydrogen boming). 

Figure (7.3) shows CH absorbance as a function of exchange layer 

depth, on x-cut lithium niobate samples. It is evident that 

there is a small data spread suggesting that the hydrogen 

concentration in the exchange::1 layer is to some degree variable -

(possibly the difference between exchanging with p..1re and used 

benzoic acid) , although no visible changes in waveguiding 

prope:(" t) es have been noted. 

Figure (7.4) shows the peak absorption values for a series of FE 

waveguides on X-cut lithium niobate plotted against, exchange 

temferature (for a series of exchange times)!. 

On examining figure (7.4) it appears that at high temperatures 

(>200°C) or long diffusion times (>1 hour) the exchange process 

is non-linear [7.8] This reasonill3 is valid if the assumption, 

! Figure (7.4) is from reference [7.8] on which I am an author. 

The data was collected and plotted by Mr K.K. Wong, Marconi 

Research Centre, Chelmsford, Essex. 
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implicit in these plots, is m~, that the peak absorption value 

of each IR spectrum can be related directly to the absorption in 

the whole band, implicitly suggesting that the absorption peak 

maintains the same shape for different amounts of exchange i.e. 

that the area under the peak (the total absorption) can be 

related directly to the peak value. This is assumed to be true 

as loJ'Ji} as the brocrl absorpticn peak remains at a value such that 

the OV'erlap with the main peak is not sufficent to alter the main 

'peak. 

For long exchange times -the assumption possibly becomes less 

tenable because of the observed non linearities in the plots 

shown in figure (7.4). The non-linearity in OH absorption (in 

the PE process) may al so be due to the formation of cubic HNb03 
which may be monitored by the broad absorption peak at 3250cm-l 

[7.6,7.7] Altoough this absorption band has been attributErl to 

the presence of a new crystalline structure, HNb03 , in lithium 

niobate samples exchanged in pure benzoic acid [7.7] the 

hypothesis cannot be strengthened by any of the other analytical 

methods descr ibed in this chapter (see section 7.5). Moreover 

the high concentration of hydrogen and the high distortion in the 

crystal lattice (see section 7.3) in the exchangErl region suggest 

that not all hydrogen atoms are substitutional with Li atoms in 

the host lattice (see section 7.4) and that some of the hydrogen 

may be interstitial. As a consequence, the presence of two 

absorption bands with different shape and polarisation 

dependence may be due to the different lattice positions and 

bondings of H atoms present in the exchange layer. 

7.3 Analysis by Rutherford Back ScatteriDj 

RBS analysis of proton exchanged waveguide layers ~as mainly 

carried out on X-cut and Z-cut lithium niobate wafers. Since RBS 

in the channeling mode measures the amount of misalignment in the 

exchanged region, especially of Nb because of its large atomic 

number, it gives an indication of exchanged layer depth and of 

the amount of lattice disruption. 
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Figures (7.5) and (7.6) show RBS channe1ing spectra taken on 

three x-cut and three Z-cut lithium niobate substrates exchanged 

for a constant time, 20 min, and at three different temperatures: 

180o C, 2000 C and 220oC. The aligned spectra clearly show a 

surface region with a slightly higher backscattering yield by 

canpar ism with the 'perfect' crystal lattice. By compar ing the 

spectra of figures (7.5) and (7.6) the displacement of Nb atoms 

appears larger along the c-axis than the a-axis, i.e. the 

backscattering yield is much higher in X-cut crystals than in Z­

cut crystals. The depth of the distorted layer clearly increases 

with increasing temperature when the exchange time is kept 

constant. For almost all samples the small peak present at the 

surface suggests a small amOlD1t of surface damage essentially due 

to mechano-chemical polishing of the sample and/or chemical 

reactions occurring at the sample surface during the exchange 
process [7.9,7.10,7.11]. 

In the random spectra the Nb yield does not show any variation 

going from the exchanged surface layer to the unperturbed 

substrate thus suggesting that the Nb concentration remains 

constant across the whole sample. 

Figures (7.7) and (7.8) show similar ms channe1ing spectra. In 

figure (7.7) for x-cut lithium niobate the prepared samples are 

exchanged isothermally (160°C) for 20 minutes ,' 1h and 3h. In 

figure (7.8) Z-cut lithium niobate is also exchanged isothermally 

(160 oC) for 20 minutes, 1h, 2h and 3h. By comparing figures 

(7.7) , (7.8) and (7.5), (7.6) the results are essentially the 

same. However, examining the spectra more closely, it appears 

that when the exchange time exceeds 1h, the lattice distortion 

appears to be considerably time dependent, with the disorder 

increasing with exchange time, and the lattice disorder appears 

to be relatively insensitive to exchange temperature for short 

exchange times. 

Similar results have been obtained in samples exchanged at 

different temperatures and/or times and on Y-cut substrates when 

the thickness of the exchanged layer was smaller than O.2pm (i.e. 
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limitErl by surface damage, see sections 7.5 and 7.6). 

The thicknesses of the perturbed layers measured from the aligned 

RBS spectra as a function of the exchange time and temperature 

are shown in figures (7.9) and (7.10) for X-cut and Z-cut 

substrates repective1y. In all cases the measured thicknesses 

exhibit a square root time dependence indicating, as in the 

optical analysis, that proton exchange in lithium niobate is a 

diffusion-limited process. The optical data for waveguide depth 

w.r.t. the exchange temperature and time are also plotted for 

comparison on the same figures. As shown on the figures there is 

good agreement between the depth estimates obtainErl from optical 

waveguide measurements and measurements of perturbed layer 

thicknesses obtainErl usin:J the RES technique on Z-cut and X-cut 

lithium niobate. At high temperatures (> 2000 C) the optical 

estimates appearErl to be slightly higher than the RES estimated 

values. 

As in chapter 5, the graphs plotted in figures (7.9) and (7.10) 

yield diffusion coefficients and if these values are plotted 

against inverse temperature, figure (7.11), the values of 

activation energy, Q, and diffusion constant, Do' for an 

Arrhenius law; 

D(T) = Do exp[-Q/Rl'] 

can be def inErl. 

The values of the activation energy calculated from RBS data, 

approx. 94kJjmol, are very similar for all crystal orientations 

(X,Y, and Z) and compare well with the optically estimated 

values. The main difference between diffusion rates in different 

crystal orientations is the diffusion constant, Do. Do appears 

larger for X-cut, Dox = 6.09 x 109 }lm2/h, than for Z-cut, Doz = 

3.47 x 109 }lm2jh, with an intermediate value for Y-cut lithium 

niobate, Doy = 4.93 x 109 Fm 2jh. Again optical values of Do 

compare very favourably with RBS data. A comparison of Do and Q 

can be seen in table 7.1. 
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'lMIE 7.1 

Comparison of Activation EneDgy and Diffusion Constant 

for the Proton Exchange Process in Lithium Niobate 

ACl'IVATICN ENERGY, Q 

(kJ;1no1) 

DIFFUSICN CCNSTANT, Do 
(}lffi2jh) 

OPl'ICAL 

X-cut, 92.5 

Z-cut, 94.0 

X-cut, 2.298x109 

Z-cut, 1.84x109 

RES 

91.6 

91.6 

6.09x109 

3.47xl09 
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The information to be gained from the RBS data is very varied. 

'!he PE process in lithium niobate disrupts the crystal lattice. 

The disrupted area defines an area of different higher 

anisotropic index change (as the optical and RBS data compare 

very closely). In the disrupted region the displacement of 

niobium atoms is greatest along the c-axis. The data has shown 

that diffusion coefficients on Y-cut lithium niobate are smaller 

than en X-cut lithium niobate am hence the severe surface damage 

observoo on Y-cut lithium niobate is oot due to stress caused by 

very high diffusien rates (see section 7.6). '!he RBS information 

points ~ the possibility that the atomic strings of Nb along the 

c-axis of lithium niobate misalign and that this misalignment 

could play a part in the index change mechanism. The amount of 

atomic misal~gnment (or interstitial ions?) increases for 

increasing exchange time but not so 'obviously for increasing 

exchCIDJe temperature if the exchange time is kept short «lh). 

7.4 Analysis by lb:l.ear Ieactions 

'!he NR measurements on lithium niobate were mainly carried out on 

Z-cut lithium niobate, with a few measurements on X-cut lithium 

niobate. '!he results are oot as comprehensive as in ms because 

of the limited time available on the NR facility, and the much 

greater operational difficulties. 

Figure (7.12) shows the measured hydrogen profiles in Z-cut and 

X-cut lithium niobate samples exchangoo in pure benzoic acid at 

two temperatures, l600 C and l800 C for several different times. 

The data clearly srows a step-like hydrogen distribution with a 

well defined plateau, where the resultant hydrogen concentration 

is in the range 1.1 to 1.3 x 10 22 cm-3 with, apparently, a small 

dependence on exchange temperature and substrate crystallographic 

orientatien; the concentratien is in fact slightly higher for X­

cut material. '!he resolution of the analysis is, as previously 

mentioned, 5 x 1019 cm-3 and therefore the small changes in 

concentration mentioned above are well within the resolution of 

the process and are therefore true values. The depth of the 
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hydrogen profile was taken to be the full-width-half-maximurn 

point 00 the profile curve. '!be depths of the exchargoo regions 

measured by m always agree closely with R3S data. '!he disorder 

in the exchange layer is, therefore, clearly related to the 

presence of protons in the lattice. In comparison with the 

optically estimated depth of the waveguide, good agreement is 

found in both x-cut and z-cut samples. 

'!he maximum depth to which this technique can be employoo is in 

the order of O.8pm, greater depths cause substrate annealing (ion 

migration) because of the increase in beam energy required. 

'!he above information alone could point to the index mechanism 

being controlled by the presence .of protons in the lattice. 

However, as discussed previously, the index change mechanism, 

havirg much in commoo with outdiffusoo waveguides [7.12,7.13], is 

more likely to be controlled by the amount of Li atoms in the 

crystal, with the protons possibly lowering the activation 

temperature for the Li outdiffusion from lOOOoC to 2000 C 

It order to give some weight to this hypothesis it was necessary 

to measure the lithium concentration in the exchange layer. In 

the PE process, if it can be assumed to be an ion exchange 

process, the amount of the two exchanging ions, Li+ and H+ in 

this case, soould be equal. As a consequence, from the measured 

concentration of H in the exchanged layer, it would be expected 

that about 65% - 75% of the original Li atoms present in the 

lithium niobate lattice have been exchanged or substituted by 

protons. To determine the amount of lithium ions in the 

exchanged region a second NR was employed, caused by proton 

bombardment (see chapter 6). Figure (7.13) shows the alpha 

particle rates from Li atoms in a virgin sample and in an X-cut 

substrate exchargoo at 2200 C for 1 oour. '!he shape of the alpha 

particle signal produced by Li atoms in the exchanged sample 

clearly indicates that this sample exhibits a surface layer 

partially depleted of Li atoms. '!he thickness of the exchanged 

layer was estimatoo to be approximately 1.0 pm, in agreement with 

RBS data and moreover the concentration of Li atoms is about 30% 
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of the original Li concentration of the bulk sample. This 70% 

lithium depletion of the exchanged layer is in broad agreement 

with the hydrogen profile measurements which point to the process 

effectively being an ion exchange process and this supports the 

theory that the index change is caused by lithium depletion in 

the exchanged layer. 

7.5 An X-Ray Diffractoaetry Analysis of FE Li~ 

Few people have attempted full X-ray analysis of the complex 

proton exchanged lithium niobate structure. Yi-Yan [7.14] 

measured the effects of phase modification duril'lJ the waveguide 

relaxation period and directly related his measurements to 

instabilities that he previously measured [7.15] but that other 

authors to some extent have failed to corroborate (see chapter 

5). The measurements discussed in this section are of a very 

basic nature but give information on structural modifications 

caused by the proton exchange process. 

Figure (7.14) shows double crystal X-ray diffraction (DXO), (220) 

rocking curves, taken on X-cut lithium niobate samples, for a 

c'onstant exchange time (40 minutes) at four different 

temperatures exchanged in pure benzoic acid. The presence of 

satellite peaks, at a negative deviation, ~e, from the Bragg 

angle relative to that for the unperturbed substrate, irrlicates 

that the exchanged layer exhibits a positive strain. '!herefore 

the str ain norm a1 to the sur face is def ined thus, od a/ a > o. '!he 

shape and position of the satellite peaks remain the same with 

increasil13 exchange temperature. Furthermore, as can be seen in 

figure (7.14), their intensity increases linearly as a function 

of exchanged layer thickness. A qualitative estimate of the 

strain observed in figure (7.14) was 0.8% [7.10]. 

Positive strains perperrlicu1ar to the surface have been observed 

in Z-cut and Y-cut lithium niobate proton-exchanged substrates. 

In particular, strains as large as 1.6% have been observed in 

exchanged Y-cut substrates. Further X-ray information is shown in 
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section 7.6 since it has special relevance in that section. 'Ibe 

range of strains observed in the proton exchanged layer are 

highly complex thus deductions obtained are by their nature 

qualitative without an accurate computer model (which was not 

avialable) • 

Exchanged samples were also measured using a Wall ace-Ward 

cylindrical texture camera. Diffraction patterns confirm the 

presence of large strains in the exchanged layer but do not 

reveal the presence of any new phase (Yi-Yan also confirms this 
[7.15]), such as cubic perovskite, HNb03, observed in proton 

excharged lithium niobate powders [7.7] 

7.6 Analysis of SUrface Iamage 

Surface damage on Y-cut lithium niobate, first noticed by Jackel 
et al. arrl discussed in more detail by Goodwin et al. [7.16,7.17] 

has been observed when lithium niobate is immersed in benzoic 

acid. The literature has concentrated on surface damage on Y-cut 

lithium niobate as any such effects on X-cut or Z-cut lithium 

niobate waveguides were not evident at that time. 'Ibis section 

discusses the onset of surface damage on each crystal orientation 

arrl discusses the effect particularly on Y-cut substrates. 

Observations on a phase contrast microscope reveal that before 

stress relievirg cracks occur the crystal surface, on either 

crystal orientation, exhibits an index perturbation not unlike an 

index grating. Figure (7.15) a) shows such an effect on X-cut 

lithium niobate exchanged at 2l0oC for 5 hours. '!he lines of the 

perturbed irrlex gratirg coincide with the eventual position arrl 

direction of the cracks. Figure (7.15) b) shows the damage 

caused to the excharged surface layer after crackirg occurs in Y­

cut lithium niobate. Note that the surface peeling effect appears 

to be limited to one consistent depth. The direction of the 
cracks in Y-cut lithium niobate is along the a-axis, and the 

direction of the cracks on X-cut and Z-cut lithium niobate is 

along the Y-axis. 



Figure (7.15): a) PhotograIi1 Take!1 fran a Phase Contrast Micro­

Scope Depicti:1g a Stress I!1duced Grating 

Cbservable before the Q1set of Surface Damage. 

X-c~ Lithium Niobate Sample Exchanged at 2200 c 
for S oours. 



Figure (7.15): b) Scanning Electron Microg raph of SUrface IBmage 

O!1 Y-cut Lithiun Niobate Exchan:}ed at 1800 C 

for 2 hours. (although damage occurs after 20 min) 

10 Micron Markers. 
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As previously mentioned, surface damage is only observed if the 

exchange process is allowed to proceed for more than a certain 

time and tem~rature. Since an optical analysis of PE waveguides 

on Y-cut lithium niobate was not possible (due to the limited 

number of available modes) RBS measurements in the aligned 

condition reveal the thickness of the exchanged layer (as in 

section 7.3). Results, from observations obtained with an S.E.M. 

and with RBS techniques, show that PE waveguides on Y-cut 

lithium niobate appear free from surface damage when the 

exchanged layer is snallower than about 0.2pm. Figure (7.16) 

shows the variation in waveguide depth with the exchange time for 

three different temperatures: the t l / 2 dependence of the layer 

thickness is in accordance with similar measurements on X-cut and 

Z-cut lithium niobate. On X-cut and Z-cut lithium niobate the 

onset of surface damage occurs at an exchanged-layer depth which 

makes the waveguides highly mul timode at 633nm wavelell3th. '!his 

was one reason that the effect was not noticed on X-cut and Z-cut 

lithium niobate. X-cut am Z-cut lithium niobate PE waveguides 

formed to a depth greater than 3pm will exhibit surface damage 

and although this does not pose a problem for devices and 

components formed at a wavelength of 0.633pm, at longer 

wavelergths, such as 1.3pm, the maximum waveguide depth of less 

than 3}lm will prove to be a limi,tation. 

Lookirg particularly at surface damage on PE waveguides on Y-cut 

lithium niobate investigations using X-ray analysis techniques 

the followirg results were obtainerl. 

Figure (7.17) shows DXD (030) rocking curves taken on three Y-cut 

samples exchargerl at 1800 C for three different times: 10, 20, am 

40 minutes. <Ale can see from the presence of satellite peaks at 

negative, d'e, deviations fran the Bragg angle relative to the 

unperturbed substrate, that the exchanged layer exhibits a 

positive strain 4a/a, as is well known to occur also for 

analogous treatment of X-cut and Z-cut lithium niobate crystals 

(see above). 

DXD Rocking CUrves give information on the various strains in the 
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exchal'l3Erl regime It>wever, the technique gives 00 informatioo on 

the distribution of the strain througoout the exchanged region, 

i.e. if a high strain peak is at the surface or the base of a 

perturbed region. Theoretical simulations of the ex~rimental 

rockil'l3 curves are necessary to succeed in this objective. 

Al though a simulation was oot available, with careful inspection 

of the curves shown in figure (7.17), it was possible to make a 

qualitative estimation of where the lattice strains might have 
oa:::urred [7.18,7.11] 

Remembering that proton exchange is a diffusion limited process 

fran an exterXiErl source, the surface proton concentration in the 

samples should be the same as that of the exchange melt at a 

given temperature. The strain value at the surface should 

therefore be the same for all samples in figure (7.17). The 

observErl increase of the satellite peak shift, on-goil'l3 from 10 

to 20 minutes exchange time, indicates that for short exchange 

times the strain distributioo does not reach a step-like profile. 

In fact the presence of an intensity bump at -1400 arcsec and a 

broad, but more intense, satellite peak at -700 arcsec indicates 

that the strain is highest in a thin surface layer and that the 

strain rErluces depthwise into the substrate (from the small -1400 

arcsec peak) and combined with this there is a thicker region of 

less rapidly varyil'l3 lattice parameter, ao (from the larger broad 

-700 arcsec ~ak). The strain therefore has a high surface value, 

a central fairly constant strain region and a tail of decreasiIl3 

strain extending into the substrate. When the exchange time 

increases, the strain profile appears to form a constant high 

strain step profile with fewer strain var iations over the 

exchan.;JErl regime These characteristics are directly relatErl to 

the further increase of L\e separation of the satellite peak and 

its narrower width in the case of the sample exchanged for 20 

minutes. After 40 minutes exchange time, the disappearance of 

the satellite peak suggests that the large lattice strain has 

been com~nsated for, and inspection of the sample indicates that 

surface cracks have alleviatErl the lattice strain. 

With a combination of X-ray analysis techniques the strain on the 

"", 
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c-axis was also determined [7.18]. Contrary to Yi-Yan [7.15] 

who quotes lattice strains.1 a/a = 0.75 % and fj c/c = 0.43 %, 

resul ts1 irrlicate the the true lattice strains are 4 ala = 1.58 % 

and Ac/c = 0.0 %. '!herefore the heavy strain found in the proton 

exchange lattice, on Y-cut lithium niobate is concentrated 

exclusively in the a o lattice parameter (ao = 5.230A against a 

normal value of ao = 5.l49A while the c-axis remains practically 

unchanged (co = 13.86 + 0.02A). 

'!he reason as to why the surface damage effect is so severe on Y­

cut lithium niobate has, as yet, not been determined. '!he answer 

is almost certainly linked with the dependence of the elastic 

properties of 1 i thium niobate on crystal or ientation 
[7 • 26, 7. 27 , 7. 4] .. 

7.7 Investigation of Lithium Cmltent by the Examination 

of Rlst Exchange Melts 

To determine the amount of lithium leaking from the crystal 

durirg the PE process the experimental procedure of section 6.6 

was adopted. Although the technique is not as elegant as the NR 

estimation lithium depletion in the exchanged layer, it was 

assumed that the technique would give similar results. 

The first set of samples were lcm2 pieces of Z-cut lithium 

niobate (IX>lished on both sides). '!he exchange temperature was 

l80.50 C and the exchange times were 10 mins, 1/2 h, 1 h, and 2 

hrs. A complter programme calculated the total exchanged volume 

usirg the Z-cut diffusion coefficient arrl the X-cut diffusion 

coefficient (the diffusion coefficient in the Ydirection was 

assumed to be the same as that of the X direction). From the 

calculated volume the total amount of lithium in the exchanged 

! Resul ts obtained from measurements made by M. Servidori, CNR 

Bologna, Italy to be plblished [7.18] to which the author of the 

thesis has contr muted. 
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layer was calculated and assumed to be present in the mel t. From 

this inforrnatioo the theoretical fraction of Li. in the acid was 

calculated • 

Figure (7.18) shows a plot of the calculated lithium 

concentratioo in the acid versus the square root of the exchal'l3e 

time. Super imposed onto the graph is the experimental Li 

concentratioo in the exchal'l3e melt, measured by flame emission. 

From the graph it is obvious that the calculated Li ppm in the 

exchange melt is linear with root time (the calculated 

concentration is a function of exchanged layer depth). The 

experimentally measured Li. ppm in the exchal'l3e melt is not linear 

and far greater than would be exp:cted even from a total exchange 

process (NR measurements point to a 70% exchal'l3e). Figure (7.18) 

shows that for very short exchange times both sets of data are 

in close agreement but as the exchange time increases the 

exp:rimental values of concentration increase much more rapidly. 

The results therefore appear to indicate that much more Li 

outdiffuses than is present in the exchange layer, which may mean 

that lithium is leakiI13 aloo fran the bulk substrate through the 
-

exchange layer and into the mel t. 

The concentration range for the set of samples was small, less 

than 3ppm, 00 for consistency the experiment was repeated by A. 

Loni. This time the exchange temperature was 2100 C and the 

exchange times were 37 minutes, 4 hrs and 5hrs. The higher 

temp:rature and longer exchange times ensured a much higher wm 

of lithium in the exchal'l3e melt with the intention of makil'l3 the 

results more accurate. '!he results are plotted in figure (7.19) 

am obtainoo fran atanic absorption spectroscopy. As can be seen 

from the graph the results follow exactly the same trend as in 

figure (7.18). 

One possibility was that although the two main faces of the 

sample were polished there were still four edges which were rough 

and therefore a) could contribut.e a higher than estimated surface 

area and b) since the Y e~e is prone to surface damage the 

peeling effect combined with the rough surface may contribute to 
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a greater than estimated amount of lithium leachin::J to the acid. 

To combat this samples were prepared with both faces and all 

edges polished. The experimental conditions were the same as 

above, i.e. 2l0 0 C for var ious exchange times. The results are 

superimposed 00 figure (7.19). 

It can be seen from the results plotted on figure (7.19) that 

there is no appreciable change in the measured lithium 

concentration when the samples are polished on all sides. The 

results appear to be consistent, therefore there must be an extra 

source of lithium, not accounted for in the exchange layer. As 

the experiments were carried out in the strictest of comitions 

it is assumed that the excess lithium must have been taken from 

the bulk crystal. It is estimated that about 0.1% of the lithium 

in the central bulk area of the crystal would have to leak into 

the melt to cause the non-linear effect. Such a small percentage 

loss of lithum in the bulk crystal may not be detected by any of 

the analysis techniques used. ~ 

7.9 Conclusions 

In this chapter an attempt has been made to analyse the proton 

exchan::Je process. 

Several questions need to be answered about the lattice effects 

am the index chaI)3e mechanism. As mentioned in chapter 6, it is 

probable that the index change mechanism is ~ue to the 

outdiffusion of lithium from the bulk crystal. The index 

profile for the PE process can be assumed a step and indeed the 

proton concentration profile is as much like a step as a 

diffusion limited process could be. Essentially the same value 

of exchanged layer depth (in the form of a step) was obtained 

whether it was estimated by NR, RBS or Optical techniques. The 

abrupt proton step profile is somewhat of an anomaly however 

since there is an extremely sharp proton concentration gradient 

between the exchaI)3ed layer am the bulk substrate. It may well 

be that protons can be considered an extremely mobile ion and the 



questioo that must be posErl is why don't protons diffuse into the 

bulk crystal? Protons are bomed to oxygen atoms in the lattice, 

however these bonds are OH- am weak hydrogen bonds and should 

allow the protons to move from their bonding site to an oojacent 

oxygen atan at roan temperature (mOJement of protons is possible 

at slightly elevated temperatures, see chapter 8). The step-like 

profile suggests that there is possibly either some form of 

reverse electric field attracting the protons to the surface an 

effect similar to ones noticErl with silver ion excharge in glass 

[7.35] or that a non-linear, depth and concentration dependent 

diffusioo coefficient rould acrount for the proton profile (more 

work needs to be done to rorroborate this hypothesis). 

Jackel has suggested the presence of a non-linear or depth 

dependent diffusion coefficient [7.28] in the proton exchange 

process. Work in that paper was based on the assumption that 

deuterated re waveguides are romp:irable with p.1re :re waveguides. 

This assumption is not rash as deuterium and protons are 

chemically equivalent (although deuterium is a bigger ion). The 

paper however based its analysis on experimental information 

which researchers at the University of Glasgow found to be 

unrepeatable!. A large part of the papers argument was based on 

the fact that the deuterium profile was not like a step (and 

hence neither was the protoo profile). Our NR measurements have 

shown the H+ profile to be very like a step, which is in complete 

controoictioo to Jackel's assumption. '!he paper also related the 

index change to the presence of deuterium, when it is obvious 

that since PE waveguides can be made in many ways the mechanism 

is lithium depletion, admittedly in my opinion. The non-linear 

diffusion coefficient was based upon the deuterium profile 

and therefore although the idea may have been correct the theory 

was basErl 00 debatable experimental resul ts. 

!Discussions with Dr. J. Winfield of the Chemistry Dept. and A. 

Loni of the Oept. E.&E.E., University of Glasgow are 

acknowledged. 
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One factor which must be considered in Jackel's work is the NR 
technique she usErl [7.29]; 

D + 3He -> p +~, Q = 18.352 MeV 

On each atomic collision the resultant species is a proton, an 

alpha particle and a lot of energy. The amount of energy 

released on each collision is 18.352 MeV which means that the 

reaction is highly exotherm ic (as mentioned by Jackel [7.28]). 

~ can only surmise that there is a strol'l3 possibility that the 

measurement technique is annealing and al tering the waveguide 

structure as it is beil'l3 measurErl. 

A non-linear effect related to the excess amOl.mts of lithium lost 

fran the substrate (more than is present in the exchal'l3Erl layer) 

was measured. A similar effect was noticed in the formation of 

out-d~ffused waveguides in lithium niobate [7.12,7.13]. An 

attempt was male to com~re the weight loss occurring during the 

outdiffusioo process to the calculaterl amount of Li02 that soould 

theoretically leak from the crystal. Curiously a much greater 

weight loss was measurerl than was calculatErl [7.12,7.13] , which 

appeared to indicate that either much more Li02 was leaving the 

crystal than was expectErl (similar to our fimil'l3s) or that some 

other factors (such as the loss of niobium) contributed to the 

weight loss. In the measurements discusserl in section 7.8, the 

excess lithium must come from the bulk substrate, however there 

is no indication of any change in the bulk substrate directly 

next to the step-like exchanged layer probably because, as 

previously mentioned, any effect in the bulk lattice would be 

very small. Comparing the index anisotropy in both forms of 

waveguide and the weight loss effects there may be a common 

factor. The compar ison is limited since the formation of 

outdiffused waveguides is a high temperature process and the 

formation of PE waveguides is a relatively low temperature 

process. 

'!he structural changes which occurred in the exchangErl layer were 

analyserl in sane detail am the measurements from the different 



processes are outlined below: 

Although there is no evidence which indicates the formation 

of a new phase in the exchanged layer, there is considerable 

stress, as high as 1.6%, and this is mainly unidirectional. It 

has been srown with NR measurements that approximately 70% of the 

Li in the exchanged reg ion exchanges for protons from the pure 

benzoic acid. At the moment there is no proof that the exchal'l3e 

process is a p..lre 'ale for one' exchange process. It is possible 

that the more weakly hydrogen borrlErl protons are interstitially 

positioned in the lattice. The 08- bonds are, in the main, 

perpenHcu1ar to the c--axis, which is the same as the direction 

of strain in the lattice, resulting in a negative 

crysta110graphic index change. The strain is positive which 

indicates lattice parameter expansion in the a-axis. '!here is no 

alteraticn in the c-axis dimensions comparErl to the bulk crystal, 

measurable by X-ray techniques. However RBS data indicates that 

there is misalignment of Nb atoms in their atomic strings 

parallel to the c-axis. '!his misalignment would have to be of a 

zig-zag form to maintain inter-atom spacing along the c-axis, 

which indicates movement of lattice planes perpendicular to the 

c-axis. The amount of lattice distortion appears to be deperrlent 

upon exchange time and relatively independent of exchange 

temperature for short exchange times. 

It has been shown that PE induced surface damage can be avoided 

by titanium pre-diffusion [7.19,7.17]. It is known that Ti­

indiffusion causes a negative strain (la/a < O), which depends on 

the titanium concentration and ranges from 10-3 to 10-2 in Ti­
diffused waveguides [7.20,7.21,7.22]. Damage is apparently 

prevented by some form of compensation between the two opposite 

induced strains. This hypothesis is strengthened by the fact 

that damage appears if the concentration of Ti in ,the TIPE layer 

is reduced [7.19], and obviously, if the thickness of the 

exchanged layer exceeds the thickness of the Ti-diffused layer 

[7.18] Similar effects can be obtained by lowering the proton 

concentration either by using a dilute exchange melt or by 

annealing the waveguide before the formation of cracks otherwise 
) 
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needed to alleviate the stress in the exchanged layer 
[7.23,7.24,7.25] 

The high stress and disorder in the waveguid ing reg ion must be 

relatErl to the poor quality of the optical waveguides fabricated. 

The inherent difficulties encountered with proton exchanged 

waveguides, such as the D.C. effect [7.30,7.15], suggest that the 

waveguides have serious stability problems. 'lhese problems are 

likely to be related to the proton concentration since . a 

reduction in proton concentration gives less lossy and more 

stable waveguides [7.31,7.32,7.33]. It is possible, therefore, 

that the weakly hydrogen bonded protons are the main cause of 

undesirable effects observed, since they appear to cause the 

complex strain patterns in the exchanged layer (this will be 

discussErl in more detail in chapter 8). '!he presence of protons 

in lithium niobate is not always to the detriment of the optical 

properties, however, as they greatly reduce optically induced 

inhomogeneities in the crystal [7.34]. 

This chapter has to sane extent outlinoo materials aspects of PE 

waveguides. However in order to gain a more complete picture of 

the process am the effects of hydrogen in the lattice, a similar 

series of ex~riments would have to be attempted on p:>st-annealed 

:re waveguides. Chapter 8 deals with this analysis am attempts 

to discuss the many questions that have arisen from the 

measurements obtainErl abOlle. 
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8.1 Introduction 
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The formation of PE waveguides in lithium niobate is a 

canparatively low temperature process «240°C) [8.1,8.2] • It is 

therefore not surprising that the process is amenable to low 
[8.3] temperature annealing, as was shown by De Micheli 

Altering the step index profile in this manner is desirable for 

the following reasons: 

Proton exchanged waveguides have a high index change. As a 

result of this, single mode waveguides (at 633nm) are very 

shallow, of the order of 0.2 microns deep [8.4]. Single mode 

str ipe waveguides therefore have a very small field intensity 

distribution (oomp:ired to that of a standard single mooe fibre). 

The reSUltant field mismatch between fibre and PE waveguide 

would be the cause of large power losses if butt-ooupling between 

the two lightguides was attempted. A method of increasing the 

size of the FE field distribution while maintaining single mode 

operation would be desirable as this would improve the fibre 

waveguide coupling loss. '!he problem is similar to that of fibre 

coupling to single mode ion exchanged waveguides in glass 
[8.5,8.6] 

The PE process creates severe surface damage on Y-cut 

substrates for all but very short exchal'lJe times [8.7] am it is 

shown in this chapter that low temperature annealing of such 

waveguides forms multimode waveguides without surface damage. 

Annealed waveguides retain the high waveguide index and 

polarisation properties of the unannealed waveguides [8.3]. 

As well as creating a range of index profiles and hence 

waveguide properties on PE waveguides, the annealil'lJ of PE slab 

waveguides on lithium niobate and subsequent materials analysis 

may provide useful information on waveguide surface index 

relaxation and stability problems in general. '!he mooification 
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of the waveguide surface index after the PE process appears to 

take the form of a low temperature anneal since the overall 

waveguide depth increases and the waveguide refractive index 

decreases during both processes. This will be discussed in more 

detail. 

The annealing of FE waveguides has been shown to result in 

waveguides of a generally higher quality i.e. lower propagation 

losses, lower in-plane scattering and more stable 
[8.8,8.9,8.10,8.11] 

This chapter describes the analysis of post annealed PE on X-cut, 

Y-cut am z-cut lithium niobate includill3 investigations of the 

modification of modal indices, index profile and waveguide 

quality associated with the variation of the five main 

fabrication parameters, the tem:p=rature and time for PE waveguide 

formation and the temperature, time and atmosphere of the 

annealing process. 

8.2 Post Annealing Procedure am Cooc)itions for PE Waveguides 

In the formation of titanium indiffused waveguides on lithium 

niobate, the atmosphere in which the annealing occurred has been 

found to be an important factor in the resulting waveguide 
properties [8.12,8.13]. It thus seemed reasonable that in a low 

temperature process, such as proton exchall3e, the subsequent post 

annealing of such waveguides could produce optical properties 

that were de:p=ndent on the post annealill3 atmosphere, as well as 

depending on annealing tem:p=ratureand time. 

Ini tial measurements, which were undertaken to gain a wor king 
range for the analysis, used the IWKB method [8.14,8.15] as an 

indication of index profile modification, yielded the following; 

PE waveguides should be formed over the usual range of 

temperatures to give waveguide depths of up to 2 microns, which 

provided a sufficient number of guided modes more than three) 

00 that the IWKB method could be implemented. This excluded PE 
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Eigure (8.1): Schematic Diagram of Apparatus used in the 

Annealing of Proton Exchanged Waveguides in LiNb03 



waveguides formed on Y-cut plates (due to surface damage) and 

those require1 for subsequent materials analysis. The maximum 

depth measurable by RBS and NR being 1 micron (see chapters 6,7) 

pre-annea1ed waveguides had to be of the order of 0.3pm deep, 

allowing subsequent depth increases, due to post annealing, to be 

in an acceptable arrl measurable rarge. 
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Post-annealing was undertaken in flowing oxygen with wet and 

dry atmospheres. The flow rates chosen were SOOcc/min and 

2000 cc/m in. '!he gas bul:X>ler water temp:!rature was set to 4S°C. 

The annealing temperatures were chosen in the range 2S0oC to 

SOOoC. The main temperatures used were 32SoC and 400oC. A 

diagram of the post-annealing apparatus can be seen in figure 

(8.1). In all cases, pre-annea1ed waveguides were allowed to 

relax to their stable condition before annealing took place. 

8.3 ~cal Characterisation of Annealed Waveguides 

To investigate the effects of post-annealing on the optical 

properties of PE waveguides, two methods were crlopted. '!he first 

was to plot the variation of modal effective indices against 

annealing time for various annealing conditions. The second 

method was to make use of the IWKB method to give a 

representation of the change in waveguide refractive index 

profile with respect to the annealirg conditions. In some cases 

the index profiles estimated by the IWKB method were checked by 

usirg the profile as an input for a programme based on the method 

described by Vasse1 [8.16]. '!his programme yields theoretical 

mode effective indices of a waveguide whose refractive index 

profile has been defined. The comparisons were made by S.W.C. 

WOl'J3 am the results irrlicatErl that the measured IWKB refractive 

index profiles were in very close agreement with the Vassel 

theory thus confirming the accuracy of the annealing profiles 

obtained with the IWKB method. 

Observations of modal effective refractive index (obtained by the 

prism couplil'J3 technique [8.17]), at A = 0.633um, as a function 

of annealing time is represented in figure (8.2) a) and b) for z-
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cut substrates. The samples were initially exchanged at 2l00 C 

for lh 36min and had an optically estimated waveguide d~pth of 

0.73pm. Initially the waveguide supported two modes. The 

samples were annealed at 4000 C in a) wet and b) dry oxygen 

flowing at 2 litre/min. Note, from figure (8.2), that the 

resul ts for wet and dry atmospheres are practically 

irrlistinguishable. However if the resultant irrlex profiles are 

examined (see figure 8.3), estimated by the IWKB method, as the 

annealing time increases a discrepancy between the index 

distributions of the waveguides annealed in wet and dry 

atmospheres emerges irrlicating that dry atmospheres possibly have 

more effect in altering the waveguide index distribution for the 

abOlJe annealing corrlitions. The data on figure (8.3) are limited 

because there were not enough waveguide modes after anneal ing 

for 10 minutes to extract an irrlex profile from the IWKB method. 

The effects of the annealing atmosphere will be discussed in more 

detail later on in this section. 

In figure (8.2) it can be seen that the second mode, ml' has a 

maximum effective iooex at about 10 minutes annealing am then 

the mode index decays in annealing time in a manner similar to 

that for the fundamental mode. This effect can be -seen more 

clearly in figure (8.4). Figure (8.4) shows the effect of 

annealing temperature aoo time on the TEo mode index of PE 

waveguides formed on Y-cut lithium niobate at 2l00 C and exchanged , , , 
for 5 min (1,1 ), 10 min (2,2) and 3 min (3,3 ), respectively. 

It is evident from the figure that at 3250 C the mooal effective 

iooex of the two deeper waveguides, 1 and 2, srow a peak similar 

to that of ml in figure (8.2). '!he same effect was seen in X-cut 

substrates. This phenomenon can be explained if the various 

stages of annealing in a proton exchanged waveguide are examined 

carefully. Figures (8.5) a) am b) srow the relative changes in 

waveguide refractive index distribution for a) changing annealing 

time and constant temperature and for b) constant annealing time 

and changing temperature. It can be seen from figure (8.5) a) 

that the waveguide distribution, which is originally a step-like 

profile, initially goes deeper while maintaining a similar step­

like distribution. The profile subsequently modifies towards a 

J 
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gaussian like profile in which the peak val ue decreases and the 

width (depth) of the distribution increases as the annealil'l3 time 

increases. Keeping the annealing time constant and increasing 

the temperature, figure (8.S) b), irrlicates that the rate of this 

diffusion process is critically controlled by the annealing 

temperature. Figure (8.6) srows the effect of the same annealiI1C3 

conditions on waveguides of different initial depth, and 

indicates that the rate of change of waveguide distr ibution is 

also dependent on the initial diffusion source [8.18]. Therefore 

the rate of change of the waveguide distribution is dependent on 

the initial waveguide depth with the rate of profile modification 

beil'l3 inversely proportional to the initial waveguide depth 

The short-term increase in modal effective index can be explained 

by the change in index distr ibution. Examining the 32SoC 

annealing of Y-cut substrates in figure (8.4) it is now evident 

that the initial incr~se in effective indices is caused by an 

increase in the depth of the guiding reg ion wi th at most only a 

small change in the waveguide index. Eventually the index 

profile spreads out to assume a profile closer to a standard 

diffusion profile, the index maximum decreases, and thus the 

modal effective indices also decrease. A simple analysis of the 

normalised dispersion curves for index profiles of step and 

gaussian distributions yields similar results. 

Annealing at 4000 C in figure (8.4) does not show the index 

increase which is associated with the lower temperature anneal. 

This was because the range of annealil'l3 times chosen to plot the 

curves were too large to accommodate the rapid initial increase 

and subsequent decrease in the modal indices at the higher 

temperature, the rate of index profile modification being higher 

at higher temperatures, see figure (8.S). 

The possibility of the annealing atmosphere and gas flow rate 

playil'l3 an important role in the annealing process arrl hence in 

the resultant waveguide properties, as discussed above, was one 

that had to be examined. The effects of modifying the above 

parameters is far from straightforward. At an annealing 
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temperature of 4000 C, an any crystal orientation, a flow rate of 

2 litres/min yields no appreciable difference in waveguide 

properties for wet and dry 02 gas flow (see figure (B. 7)) , 

whereas at a flow rate of 500 cc/min the dry flowing atmosphere 

affects the waveguide index profile to a greater extent (see 

figure (B. 7)). Annealing at 32SoC yields similar results, except 

that the profile discrepancy between wet and dry atmospheres when 

annealing at a SOOcc/min flow rate was much less (see figure 

(B.B)). 

Unfortunately the above information is also misleading. It is 

most probable that different flow rates in the system will result 

in small changes in the actual annealing temperature causing 

discrepancies in the results. It may also be that the annealing 

atmosphere (i.e. wet/dry) also causes temp:!rature discrepancies, 

so conclusions obtained from the above information must be 

acknowledged to be inherently weak. 

Annealing at 2S00 C produced a very slow rate of annealing and 

annealing at SOOoC produced an extremely high rate of annealing, 

acknowledging that the annealing rate is also dependent on the 

exchange layer depth. '!he main information to be deduced is that 

annealing is possible at 2S00 C (admittedly the effect is small) 

and therefore the possibility of stability problems occurring 

with PE waveguides at low temperatures is great. The initial 

waveguide relaxation is too fast a diffusion process to be 

explainErl ,. ~ .. ; purely by a room temperature annealing process, 

and it is thought that another mechanism plays a role in the 

process - this will be discussErl in more detail in section B.6. 

8.4 Materials Analysis of Post Annealed PE Waveguides 

The techniques used in the analysis of post-annealed PE 

waveguides are discussed in chapter 6. OJe to the limited period 

of time allocated to use the Nuclear Reaction technique the 

materials information on post-annealed PE waveguides is mainly 

basErl on RBS measurements and X-ray crystallographic techniques, 
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however sufficient data is available from all techniques to 

discuss trerrls in the annealirg process. 

Figure (8.9) shows results of :ms observations on X-cut lithium 

niobate samples. All the traces in figure (8.9) were obtained 

from al igned samples proton-exchanged for 15 minutes at 2l0°C. 

Trace '0' shows the non-annealed RBS curve with its 

characteristic sharp demarcation between the distorted and normal 

lattice regions. Traces 1, 2 and 3 were obtained on samples 

subsequently annealed for times of 15 and 30 minutes and for 1 

hour at 3250 C in wet oxygen flowing at 2 litre/min. The traces 

all show essentially the same decrease in lattice distortion 

canparerl with the non-annealerl sample. It must be noterl that the 

overall drop, at lower energies, corresponding to the normal 

substrate lattice is merely an artefact of the measurement 

technique. The distorted region still exhibits a sharp boundary 

and has, as expected, increased considerably in depth (an 

increase from 0.37 pm to 0.6 pm after 15 minutes annealing). 

Remarkably, however, the distorterl region decreases in depth for 

longer annealing times to 0.446pm after 1 hour. 

Figure (8.10) shows examples of _RBS spectra obtained in Z-cut 

lithium niobate samples under similar conditions to those of 

figure (8.9). Many of the features of the two figures are 

similar but it is evident that there is actually a small increase 

in the apparent lattice distortion occurring when annealing is 

carried out. It can be speculated that figures (8.9) and (8.10) 

taken together irrlicate the relocation of interstitial hydrogen 

atoms to more closely substitutional positions in the lattice or 

vice versa - this will be discussed in more detail in section 

8.6. 

A notable feature of both X-cut and Z-cut samples is the 

appearance of a pronounced peak at the surface of the sample. 

Figure (8.11) shows the peak formation in more detail. Figure 

(8.11) shows annealing trends of X-cut samples at 4000 C and 

illustrates the formation of a surface peak as it increases 

substantially in height arrl width with increasirg annealirg time 
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- being about O.l~m thick after 4 hours. This peak may be 

attributed to the formation of a niobium-rich Li~l_xNb308 phase 

or to irreparable damage caused by the initial exchange at the 

sample surface am will be discussed in more detail later on in 

this section. It is not thought that the damage can be caused by 

surface polishing as it is unlikely that such damage could be 

modified during the low temperature annealing process. 

From observations on RBS spectra, annealing in a wet or dry 

atmosphere produces no remarkable differences in the post­

annealed regions (either in peak distortion or depth). The 

trend, admittedly small, is that annealing in dry atmospheres 

does slightly increase the depth of the effective annealed 

reg ion. Observations of RBS spectra for differ ing oxygen flow 

rates during the annealing process are inconclusive due to the 

small amount of data available, but there is some indication that 

an increase in flow rate increases the depth but not the 

magnitude of the distorted region. The change in depth of the 

distorted region is, at the most, only a few percent. 

Figure (8.12) shows NR hydrogen profiles of exchanged and 

annealed PE waveguides on X-cut lithium niobate substrates. '!he 

samples were exchanged at 1800 C for 25 minutes and subsequently 

annealed in wet flowing oxygen, 500cc/min, for 30 minutes at 

temperatures ranging from 200 0 C to 400 0 C. The figure clearly 

smws the form of the change in hydrogen distr ibution througmut 

the annealing process, the profiles take a form not unlike the 

IWKB index profiles of similarly annealed waveguides. 

Unfortunately these results are the only ones available at the 

present time, mwever they do give a remarkable insight into the 

hydrogen migration and point to the hypothesis that the RBS 

measured disorder is not directly related to the hydrogen profile 

'and that the presence of the hydrogen atoms does not always 

disrupt the lattice structure. 

'!he effects of the annealing process are similar when cornp3.ring 

the optical, NR and RBS results, and can be divided into three 

stages. At the first stage of annealing the index profile keeps 
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a ste~like shape with an increased depth and a lower value of 

waveguide index. Similarly the lattice distortions ooserved by 

RBS decrease in amplitude but propagate deeper into the crystal. 

Afterwards, for intermediate annealing periods, the waveguide 

index decreases further, caused by hydrogen diffusing into the 

substrate. As a consequence of the hydrogen movement the proton 

concentration profile decreases in a similar manner to that of 

the waveguide index profile resulting in the proton profile 

interface with the substrate becoming less abrupt i.e. the 

waveguide profile remains mainly ste~like with a long tail. A 

sim ilar movement in the RBS measured distorted layer is observed. 

For longer annealing periods (or higher tem~ratures) we see from 

figure (8.12) that hydrogen goes deeper and deeper into the 

substrate and the step-like proton profile and the waveguide 

profile change to one much more like a gaussian profile. 

'!he annealing behaviour agrees with the data obtained by double 

crystal X-ray diffraction. Figure (8.l3) shows rocking curves 

from a ser ies of X-cut samples proton exchanged and then post­

annealed for 30 minutes at increasing temperatures, i.e. 

similarly to those used for the NR and RBS measurements. The 

effect of the first annealing stage is reflected in the strong 

modification from the broad and low intensity satellite peak 

produced by the 'as-exchanged' sample to the sharp am high peak 

observed in the 250oC, 30 min annealed sample. '!he shape of this 

peak irrlicates a unique am well definerl strain value (0.6%) with 

a ste~like depth profile. Increasing the annealing temperature 

gradually reduces the height of the satellite peak and a tail 

appears at the left side of the unperturbed substrates Bragg 

diffraction peak. This feature indicates that the ste~like 

strain distribution decreases in intensity and a region of lower 

strain appears in the lattice (most probably at the exchanged­

layer/substrate interface). In other words the strain profile is 

smootherl out similarly to the refractive imex {figure (8.3)) am 

distortion profiles {figure (8.10)). 

Even though no work on examining the annealed layer by IR 

absorption was attempted, other authors [8.10,8.19] have examined 
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the effects, to sane extent, arrl the followill3 conclusions can be 

extracted. PE layers on lithium niobate have infrared spectra in 

the form of a main absorption peak at 3505 cm-l and a broad 

absorption band at 3250 cm-I. After annealing the main 

absorption peak only reduces in intensity (by a few percent), 

whereas the broad absorption band almost disappears. The broad 

peak is due to lower energy hydrogen bonding, supposed to be 

interstitial hydrogen, not positionally ordered like the CH bonds 

of the, main peak. It is possible therefore that during the 

annealing process the unsited H+ ions move into the bulk crystal 

firrlirg sites for borrlirg with the oxygen in positions of a more 

ordered form i.e. a stronger CH bond with an absorption band the 

same as the main peak. This initial proton migration to more 

ordered sites must be directly related to the first stage of 

index profile modification in the annealing process and to the 

creation of a single strain in the exchanged layer. '!he initial 

stage is that the profile maintains its step-like distribution 

but is deeper and has a shallower index than the initial step. 

The protons in the exchanged layer forming random bonds must 

therefore be thought of as excess protons, and have been 

attr ibutErl elsewhere to the inherent waveguide instabilities am 

to the presence of a possible new phase HNb03 [8.10]. The _next 

stages of irrlex mooification durirg the annealirg process can be 

attr ibuted to the CH bonded hydrogen atoms migrating deeper into 

the substrate am allowing Li atoms to transfer to shallower 

regions, reducing the index change in the normal manner of 

diffusion. 

8.5 ImJ;Xovement of In-Plane ScatteriDj in Post Annealed PE 

1Iaveguides 

As was mentioned previously in chapter 5, in-plane scattering can 

give an indication of the waveguide quality. Using in-plane 

scattering levels as such an indicator, the post-annealing of PE 

waveguides was investigated in a limitErl series of experiments. 

The experiments were limited because large sample lengths are 

needed for in-plane scattering measurements (ch.S,sect. 7). 



Preliminary measurements were mcrle on annealed proton exchanged 

waveguides on all three major axes, but mainly on Y-cut lithium 
niobate [8.9] 
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Observations on in-plane scattering levels and waveguiding modes 

for samples exchanged on Y-cut lithium niobate for the same 

conditions as for the samples in figure (8.4) were as follows: 

waveguides proton-exchaIl3Erl for S and 10 minutes supportErl very 

faint waveguide modes which were difficult to couple out with a 

pr ism coupler. In waveguides exchanged for 10 minutes and 

annealed at 32SoC the second mode became apparent after thirty 

minutes of annealing and the third mode after 4 hours. For 

annealing at 4000 C the third mode appeared after IS minutes and a 

fourth mode after 2h. In waveguides exchangErl for S minutes and 

annealed at 32SoC the second mode becomes apparent after 2h. For 

annealing at 4000 C a second mode becomes visible after 30 minutes 

and a third after lh. 

In all the above Y-cut samples, post-annealing did not improve 

the high in-plane scattering levels, except for the sample 

exchang€d for S minutes and annealed at 4000 C which exhibited an 

imprOV'ement in m-line quality after 30 minutes of annealing. 

The sample exchanged for three minutes and annealed at 32SoC 

remainErl single mode after 4h of annealing, while, with annealing 

at 400oC, the sample showed a clear single mooe after IS minutes. 

In either case the samples exhibited improvements in in-plane 

scattering levels after annealing. Annealing at 32SoC for 2h the 

61 vallE was 3.6dB/cm, while a similar value (3.9dB/cm), has been 

measured for samples annealed at 400 0 C for IS min. In either 

case a monomode waveguide still results with effective index 

equal to 2.213. 

It may be that the poor m-line quality observed for most of the 

Y-cut samples proton exchangErl for S and 10 minutes is due to the 

near-surface damage (or high strained region) caused by the 

initial exchange process, such damage (or surface regions of high 

strain) only being modified in the case of the S min exchange and 
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annealirg at high temperature (4000 C for 30 min). 

A three minute exchange at l800 C may be short enough and at a low 

enough temperature that the waveguide has not been stressed to 

the p:>int where annealing redresses the situation. It has been 

observed that the best quality single mode waveguides are 

fabricated with an initial PE that forms an exchanged region 

shallower than the fundamental mode cut-off depth. The 

subsequent annealing of the layer into the guiding region attains 

the best results (in all crystal orientations) [8.20]. This 

information coupled with the above observations on Y-cut lithium 

niobate suggests that after a certain excharge depth, permanent 

damage to the crystal surface layer occurs for which post­

annealirg cannot canpensate. 

If the above hypothesis were true it would explain the poor 

quality of most proton exchanged waveguides and can be related 

possibly to the initial high proton surface concentration, since 

exchanges in lower proton concentration melts do not exhibit such 
poor waveguide quality [8.l0,8.2l,8.22]. 

Limited observations on X-cut and Z-cut lithium niobate indicate 

that annealing does not improve the in-plane scattering levels 

unless the initial exchange depth is below the fuooamental mode 
cut-off depth [8.20] 

8.6 Conclusions 

The initial change in waveguide refractive index profile during 

the annealirg process can be explained in the followirg manner. 

The pre-annealed PE waveguide, as well as having OH bonds 

(protons) in well defined sites, has a percentage of protons 

randomly in the exchanged region (hydrogen bonded as can be noted 

from the broad absorption band centred at 3250 cm -1). On 

annealing the first occurrence is that -these randomly sited 

protons move through and modify the substrate/waveguide interface 

to take up posi tions similar to those defined by the polar ised 
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peak at 3505 cm-I. Thus the waveguide is deeper, and if the 

small amount of Li (in the transition region) disperses 

througoout the exchangoo region (which it probably does) then the 

resultant index profile is still a step but with a slightly 

reduced index due to the small increase in %Li in the exchanged 

region. This theory is supported by the following observations; 

1) after annealing the broad absorption peak at 3250 cm-l 

disappears, indicating that there are no longer any randomly 

(probably interstitial protons) in the exchangoo region 

2) before annealing there is a complex series of strains in the 

exchanged region. After the first stage of annealing all the 

strains disappear except for one well defined strain with a step 

like profile in the exchanged layer (the complex ser ies of 

strains being caused by the random series of hydrogen bonds in 

the pre-exchangoo sample) 

3) the NR measurements indicate the migration of protons 

describOO above. 

Further modification of the waveguide index profile, to a step 

with a tail and finally to a gaussian form, are directly relatoo 

to the migration of the OH bond into the substrate and to the 

subsequent movement of Li into the exchanged (Li depleted) 

region. It is improbable that the OH bond actually moves, it 

seems more likely that the protons 'hop' from an oxygen atom in 

the exchanged region to a near neighbour in the substrate, since: 

1) the NR proton profiles do indicate that the protons move 

deeper into the lattice. The profiles are very much like the 

change in refractive index profiles discussed abOl1e. 

2) the step strain profile (obtained after the first stage in the 

annealiOJ process) is modifioo in a manner akin to the the index 

distribution changes. The step strain reduces in amplitude and 

magnitude and also shows a small tail of reducing strain near 

that of the unperturbed substrate. On further annealing the step 



profile disappears and is replaced by a series of strains, 

tailing off from the unperturbed peak, indicating a series of 

strains rEducirg in magnitude as the the exchallJe region merges 

with the adjacent substrate. 

The :re waveguide relaxation effect is most probably caused by the 

migration of the interstitial protons evenly throughout the 

exchanged layer (directly after the exchange process there must 

be an excess proton concentration at the surface). The protons 

still remain in unaligned bonding sites (as can be seen from IR 

data) but the redistr ibution throughout the exchallJEd layer may 

cause the slight increase in depth and the reduction in surface 

index observed. To move the interstitial protons out of the 

exchanged region needs a much higher temperature than the room 

temperature where relaxation occurs, although measurements have 

been made by NR (see section 8.4) techniques o.n PE waveguides 

annealed at 2000 C and have monitored a substantial change in 

hydrogen position (admittedly the initial waveguide was very 

shallow). There may aloo be an associated even redistribution of 

Li throughout the exchanged layer. Initially after exchange an 

ion gradient will most probably exist. 

Device instabilities such as the D.C. effect [8.23] will most 

probably also be caused by the movement of the interstitial 

protons under the influence of the applied field. '!he reduction 

of strain in the lattice after annealillJ may explain the imprO'led 

quality of some waveguides. 

The ms data has yielded some interesting information. In Z-cut 

PE waveguides annealing caused an increase in the depth of the 

perturbed region (which is rot unreasonable since the waveguide 

also gets deeper). However, in X-cut lithium niobate the 

perturbed region after initially increasing in depth as annealing 

commences subsequently reduces in depth. OblTiously there is an 

increase in lattice order along the X-axis in the waveguide 

substrate interface region. Whether it is the increase of Li 

atoms back into, or the loss of protons from, the exchanged 

region/substrate interface that causes this effect is open to 
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conjecture. 

Finally, from RBS data it was noticed that the surface peak 

(initially thought to be surface damage caused by polishing) grew 

as the exchanged layer was annealed. The temperatures used in 

the annealing process are too low to be able to modify the 

crystal lattice directly, therefore the peak must be due to the 

exchange process. It is thought that the PE process causes 

irreparable damage to the surface of the exchanged layer (due 

possibly to the high proton concentration). The damaged layer 

may only be in the order of 100 angstroms thick, and may be a 

totally different phase (HNb03 or LixHl_xNb30S). This surface 

layer could result in waveguides which exhibit considerable 

scattering (PE waveguides are very prone to optical scatter). 

'!he surface layer damage, if caused by high proton concentration, 

might be averted by either reducing the proton concentration (as 

in dilute melts) or by exchanging for very short periods of time 

am annealing the waveguide abOl7e mode cut-off (this effect has 

been noticed with Y-cut samples). The RBS surface peak is also 

observed from RBS plots obtained from PE waveguides formed by 

dilute mel ts (0.5% lithium benzoate) [S.22) so this theory does 

not appear to be substantiated, although it may be that the 

proton concentration is still too high (RBS spectr a of 1% lithium 

benzoate melts (am greater) have not, as .yet, been taken). 
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9.1 Introduction 

This thesis has presented theoretical and experimental 

observations on the ion beam etchil'l3 of lithium niobate (chapters 

2,3), a fibre/waveguide coupler using ion milled alignment 

grooves (chapter 4) and a materials and optical analysis of 

proton exchanged and post-annealed planar waveguides including 

taperErl regions for a hybrid coupler (chapters 5,6,7,8). 

9.2 loo EtchiBJ of Lithium Niobate 

Various ion etchiNJ techniques have been examinErl for the purpose 

of etching deep groove structures in lithium niobate substrates. 

Thick maskiNJ layers are requirErl to protect the lithium niobate 

substrate when ion beam etching deep structures. AZ 1350J could 

not be used as a masking layer for ion beam etching due to the 

relatively thin layers which can be spun onto the substrate 

surface. Polyimide XU 218 [9.1] is an acceptable maskiNJ layer 

since the substrate can be coated with a thick polymer layer (up 

to 20pm) on one spin. The resultant polymer layer is free from 

striations and can be patterned with a high degree of finesse by 

oxygen reactive ion etching. The anisotropic oxygen RIE process 

ensured vertical walls in the masking layer, the only problem 

with the maskiNJ layer was srown to be the small ripples in the 

side walls which could not be removed by al ter ing process 

parameters. The wall ripples are either thought to be caused by 

ripples in the aluminium masking layer created at the 

photolithographic stage or structure inherent in the polymer 

layer itself. If the former is the case the ripples could be 

alleviated by using a metal with a smaller grain size (such as 

chromium) or by electron beam pattern writing on the Plotoresist. 

In the future, photosensitive polyimides could be used (such as 
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Polyimide Hl'R-2 [9.2]) which will remOlJe the need for the oxygen 

RIE process since their specification shows that they can be 

patterned to even layers of up to lOOum thick and which will 

produce a vertical and smooth wall quality after exposure and 

development. At the moment however these polyimides are 

prohibitively expensive. 

The quality of the resultant ion beam etched slot on lithium 

niobate substrates appears to be directly related to the quality 

of the masking layer. 'llle four main drawbacks encOlmtered were 

1) the relatively slow etch rate (approx. 500R/min), 2) the 

uncontrollability of the etch rate, 3) redeposition and 4) the 

neErl for a very thick am high quality maskirl3 layer. 

Although good groove quality was achieved, suitable for ion 

milled alignment groove fibre/waveguide coupling on lithium 

niobate, the above problems will still have to be addressed if 

the process is to be fully adaptable for industr ial 

implementation. 'llle etch rate achievable is limited by the ion 

eneDgy usErl am by the fact that the substrate can be damaged by 

thermal shock if too high a beam energy is used. The 

uncontrollability of the etch rate coupled with the length of 

time required to etch grooves to the required depth means that 

the final groove depth cannot be accurately predicted. 'lllus to 

improve the system some form of depth monitor or end-point 

detector is required. The most practical monitor would have to 

be some form of laser interferometer [9.3,9.4] to monitor the 

depth of the substrate as it changes and close the beam shutter 

when the required etch depth is achieved. In this manner the 

actual etch duration is no longer critical am the etch rate can 

vary without affecting the final groove depth. The crldition to 

the system of this type of monitor will alleviate problems 1) and 

2) above. 

In a purely physical etching process, redeposition will always be 

a problem. With IBE on lithium niobate the formation of ears 

degrades the quality of the rim of the groove, and the groove 

wall ripples are also related to redeposition. A reactive ion 
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etching process would theoretically solve problems 3) and 4) 

abo'Je. Altoough metal maskiJ13 layers such as aluminium are very 

resilient to reactive gases such as Freon 12, lithium niobate is 

not suitable for reactive ion etching due to its high lithium 

content. The main reason for wanting to use reactive gases is 

that the etched substrate forms volatile products which can be 

removed by the pumping system. However, compounds such as 

lithium fluoride are very hard and have very high partial 

pressures (i.e. they only can be removed under very low pressure 
coooitions) [9.5,9.8] 

The solution to the problem of reactive ion etching lithium 

niobate is to proton exchange the region before etching. Over 

70% of the lithium in the exchanged region is removed during the 

process and hence the exchanged region should etch readily in 

reactive gases which contain fluorine or chlorine (since the 

formation of the lithium salt which acts as an inhibitor is 

greatly reduced). The process would only entail one extra 

process step. The prepared sample to be reactive ion etched in 

lithium niobate would have a patterned metal mask (such as 

aluminium) on the substrate surface. The sample when proton 

exchanged would only be altered in the etch aperture as the metal 

acts as a buffer protectiJ13 the surface that is coated. 

Future work should also include the investigation of other ion 

etching processes such as IBAE and RIBE on lithium niobate 

substrates. Especially when using IBAE the process would be at 

least as good as inert gas ion beam etching. It would be 

exp:cted that the presence of a reactive gas could increase the 

etch rate and should also considerably reduce the problems 

encountered with redeposi tion. 

9.3 Fibre <hip Coupli.o:J 

An ion milled groove fibre/waveguide coupler was examined. '!he 

coupling component consisted of an ion milled groove 

longitudinally aligned to a Ti:diffused waveguide, the etched 
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fibre could then be placed in the groove which aligned it to the 

waveguide, negatirg any neErl for optimisirg the fibre position to 

the waveguide. Working at a wavelength of 1.3pm the best total 

insertion loss measurErl was 3.ldB which is a net insertion loss 

from fibre to waveguide of 2.S8dB. From the loss analysis the 

major part of this loss was estimated to be Fresnel reflection 

loss and with index matching, the net insertion loss could be 

10werErl theoretically to 1. 82dB. Of the 1.82dB net insertion loss 

O.5dB was found to be scatter loss from the side wall and base of 

the groOlTe, O.SldB was estimated to be field mismatch losses aoo 

the remainder consisted of a combination of alignment loss, 

waveguide propagation loss am scatter loss from the end-face of 

the ion milled alignment groove. Although the fibre field 

profile modifies considerably when traversirg from the unetched 

to etched portions of the fibre no power is lost in the 

transition reg ion. 

By increasing the groove depth, and hence fibre width, it is 

envisagErl that the scatter losses can be reduced. ImprOlTirg the 

quality of the ion milled groove (reducing the wall ripples), 

possibly by a reactive etch process, should reduce the side 

wall, base and end-face scatter losses. If the groove depth can 

be accurately controlled with the aid of an end-point detector 

the alignment losses could be improved. '!he field overlap loss 

is considered to be acceptable since Ti:diffused waveguides 

al ways have some degree of anisotropy, however if proton 

exchanged stripe waveguides can be made single mode with 

dimensions comparable to fibre dimensions (possibly by annealing) 

this loss could also be reduced. Instabilities have been shown 

to occur when a polished fibre end is in close proximity to a 

polished waveguide em. The dips in waveguide output power have 

been shown to be greater than that which occurs if the effect is 

assumErl to be a localised Fabry-Perot effect. An explanation for 

this J;i1enomenon was oot found. 

There is, therefore, considerable scope for insertion loss 

imprOlTement in the groOlTe coupler aoo, as its losses are already 

low, the future prospects for this type of coupling component are 
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bright. The coupler is rigid in design (the fibre is supported), 

more stable than silicon V-groove coupler technology and most of 

the processes involved are amenable to industrial implementation. 

Fibre/waveguide coupling using ion milled alignment grooves in 

the waveguide substrate theoretically could be used in any 

substrate material, such as semiconductors or glass, with little 

modificaticn. The etchirg processes used are purely physical and 

and the groove quality is dependent on the masking layer so that 

if a different material was used as a substrate the resultant 

etch should rot be material specific. '!he comp:>nent negates the 

need for the end-polishing of lithium niobate waveguides, 

required for end-fire coupling and fibre/waveguide butt coupling, 

and thus a canplex process step is remOlloo. 

Future work should involve the investigation of both input and 

ouput port coupling possibly related to array coupling. Since 

the fibre outside diameter is much less than that of a standard 

fibre it allows a much higher fibre density at the device 

interface allowing multiport integrated optical devices to become 

practical. Couplers usirg arrays of ion milled alignment groOlles 

do not increas; the number of process steps, as the total number 

of grooves are defined at the photolithographic stage (i.e. the 

number of grooves are defined by the optical mask pattern). It 

should be interestirg to try to implement a microprocessor based 

machine that will place the fibres in the groove array and bond 

them (possibly with fast curirg epoxy). 

Using the ion milling technology described it has been possible 

to design am make other nOllel components. Bristow et al. [9.6] 

have used the process to form novel TM polarisers on lithium 

niobate substrates, and recent research work by the author has 

shown that integrated optical stripe waveguide reflectors (IOR) 

can be made usirg the ion millirg process. '!he IOR is similar in 

form to that described using rib waveguides on semiconductor 

substrates [9.7]. Initial measurements on the type of stripe 

waveguide reflector shown in figure (9.1) have yielded a total 

inserticn loss of l7.5dB for a 6JlIn Ti:diffused stripe waveguide 

operating single mode at l152nm wavelength. The reflector, 
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FICIJRE (9.1): Diagrcrn I:Epicting the Ebnn of the Integrated 

Optical Reflector. Insertion IDss is ~asured as 

10.1og (P1/Po). Light is Ieflected at Interface 

by Total Internal Reflection. 
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operating by total internal reflection, has a high total 

insertion loss but if the typical insertion loss for straight 

waveguide section is subtracted fran that value we firrl that the 

loss at the reflection interface is awroximately 6dB. Although 

this value is still high the measurements were made with 

reflection faces which were much rougher than was observed for 

the ion milled alignment groOlJes. An RIE process would be ideal 

to form the reflection interface, because the process also 

polishes the etched surface [9.8]. A post-graduate research 

student has been sponsored by Barr & Stroud Ltd. to investigate 

this t~ of reflection component. 

9.4 PE and Post Amealed Planar waveguides 00 Li.tIlO3 

The characteristics of proton exchanged (pure benzoic acid) 

planar waveguides on X-cut and Z-cut lithium niobate have been 

investigated in the laboratory. '!he waveguides have been shown 

to be anisotropic with index changes of awroximately 0.125 and 

0.096 at wavelergths of 633nm and 1152 respectively alorg the c­

axis (extra-ordinary axis) and -0.04 along the ordinary axes (at 

633nm wavelergth). The refractive irrlex profile is a step. '!he 

diffusion characteristics, with respect to exchange temperature 

arrl duration, have been soown to follow the form of an Arrhenius 

type diffusion equation. '!he mode effective refractive indices 

decrease after exchange by 0.0075 and the waveguide depth 

increases, however the optical waveguide does stabilise after a 

two week period. The effects of off-axis light propagation have 

been investigated in PE waveguides on X-cut lithium niobate. '!he 

experiments showed the ordinary irrlex change to be close to -0.04 

and this negative change in ordinary index was related to the 

creation of leaky modes. Waveguides were shown to have high 

propagation and in-plane scattering losses when compared to 

Ti:diffused waveguides. Surface damage occurs when substrates 

are exchanged to a depth greater than awroximately ~ for X-cut 

arrl Z-cut lithium niobate while on Y-cut lithium niobate surface 

damage occurs after a depth of approximately 0.2}.lm. The 

formation of waveguide tapered regions in proton exchanged 

waveguides has been shown to be feasible and these tapers may 
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prove invaluable in a hybrid coupling component. Although, at 

the moment, a method of decreasing the taper length is needed, so 

that tapers will be suitable for a practical hybrid coupling 

canIX>nent. 

A high index waveguide in lithium niobate would be extremely 

useful in the formation of integrated optical components. 

However proton exchanged waveguides exchanged in a p.lre mel t are 

not of sufficient quality. Techniques are needed for forming 

waveguides which are less lossy, more stable, that do not have 

doubts about their electro-optic and acousto-optic efficiencies 

and have no instabilities when D.C. electric fields are applied 
to them [9.9] 

The optical properties of post-annealed proton exchanged 

waveguides have been discussed. Annealing PE waveguides does 

alleviate some of the waveguide scatter problems. It allows the 

formation of multimode waveguides on Y-cut lithium niobate. 

However it appears that, for initial exchange depths which 

support a stroll3 single mode or are multimode, annealill3 cannot 

redress the damage that causes the waveguide scatter. The 

annealiD3 process makes the waveguide stable in as much as it 

accelerates the relaxation process (as it appears to be like a 

low temperature anneal). The step-like refractive index profile 

can be modified in various stages to a gaussian form. Annealed 

waveguides become very rnultimode and to form single mode 

waveguides using annealing the initial exchange depth has to 

either close to or below cut-off depth. The rate of change of 

the waveguide profile and hence its optical characteristics are 

proportionately related to the annealiD3 temperature, annealing 

time and inversly proportional tq the initial exchanged depth. 

Future work should and will be directed towards the investigation 

of m waveguides formed with dilute melts. 'lbese waveguides have 

been shown to have super ior waveguiding properties to those of 

waveguides exchanged with p.lre benzoic acid and could prove to be 

suitable for the rnanufacturill3 of devices [9.10,9.11] 



9.5 Materials Analysis of the Protxln EzdlaDje Process 

Materials properties of the proton exchange process on lithium 

niobate were discussed. '!be depth of the step index profile has 

been shown to be equivalent to the depth as measured by the 

proton concentration profile, the lithium depletion depth and the 

depth of the distorted region as measured by RBS techniques in 

the aligned mode. About 70% of the lithium is exchanged for 

protons in the waveguide region however although the bulk of the 

protons are substitutional some are also interstitial showing 

that the process cannot be expresserl thus: 

The iooex change mechanism is almost urrloubtedly the depletion of 

lithium from the lattice. However it is easier to talk about 

proton mO'Jement in the lattice am it soould be remembered that 

there is an associated reverse lithium movement. 

The interstitial protons cause the waveguide relaxation effect. 

Initially after the exchange process the highest proton 

concentration must be at the surface, and as the proton 

concentration gradient evens out in the exchanged region the 

waveguide properties are modifierl. Although the waveguide does 

get slightly deeper during this process the excess protons still 

remain interstitial. Duril'lJ the annealill3 process it is evident 

that the first stage (when the index still remains stetrlike but 

is deeper aoo has a lower surface index), is characterised by 

the excess protons finding ordered boooing sites in the substrate 

region adjacent to the waveguide. The subsequent release of 

lithium into the exchanged region lowers the refractive index. 

Further annealill3 causes the protons to redistribute deeper into 

the lattice similar in form to the index redistribution (when a 

tail in the step iooex profile forms am then modifies towards a 

gaussian form). X-Ray Topographical measurements and NR 

measurements on proton concentration support this theory. 

It is evident that the high optical waveguide scatter is caused 
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by the canplex series of strains in the proton exchargErl region. 

'!here is a possibility that the problems observErl when using o.e. 
fields on proton exchanged waveguides may be due to the weakly 

bonded interstitial hydrogen migrating under the field effects 

am-thus mOJirg the lithium in the lattice. 

Measurements on the amount of lithium in the melt after the 

exchange process strongly suggest that much more lithium is 

removed from the crystal than can be accounted for in the 

depletErl exchargErl region. It can only be suggested that in some 

way a small percentage of lithium (awroximately 0.1%) is being 

removed from the bulk crystal making up the factor of two 

discrepancies in the measured and estimated amount of lithium in 

the melt. 

RBS measurements on annealed waveguides showed that in Z-cut 

waveguides annealing caused an increase in the depth of the 

distorted region (not unreasonable since the optical waveguide 

depth increases). However in X-cut lithium niobate waveguides, 

after initially increasing in depth as annealing commences, the 

perturbErl reg ion then gets shallower. '1his suggests that there 

is an increase in lattice order along atomic strings in the a­

axis at the mergirg waveguide/substrate interface which may be 

related to much reduced strain observed in that reg ion. It is 

not surprisirg that" the lattice distortion is anisotropic since 

most of the lattice strain appears to be along the X-axis (a­

axis), with no measurable strain alorg the c-axis. 

It is difficult to define a process as complex as PE; however the 

observations mentioned suggest that a great deal of the stress 

and instabilities are caused by high proton concentrations in the 

crystal, altoough no charge of phase has been observed, am that 

a reduction in the proton concentration reduces strain and 

imprOJes waveguide quality (assumirg the crystal can redress the 

damcge caused). One solution to these problems is to use dilute 

melts so that the proton concentration is never high enough to 

cause crystal damcge. 
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Future materials analysis research should be directed to the 

investigatioo of the proton excharxJe proce~usirxJ dilute melts 
as it is probable that this type of wa~eguide will prove to be of 

much more use than those excharxJErl in pure benzoic acid. 

In this thesis it has been shown that ion etched slots in lithium 

niobate can be successfully fabricated. The possibility of 

forming good quality ion etched grooves has allowed the 

realisation of a fibre/waveguide coupler which' has shown very 

encouraging properties including net insertion loss, ease of 

fibre alignment, rigidity and process compatibility to industrial 

implementation. Using the ion mill ing technique a novel 

waveguide TM po1ariser and integratErl optical reflector have been 

realised. The thesis has also outlined the first detailed 

materials and optical analysis of a new form of high index 

waveguide in lithium niobate formed by the immersion of 

substrates in hot benzoic acid. The analysis has defined the 

optical properties of such waveguides and has to some extent 

determinErl why waveguide properties will be better in waveguides 

exchanged in benzoic acid which is diluted with a small arnOl.mt of 

lithium benzoate to reduce the proton concentration. The 

formation of waveguide taper regions has shown that hybrid 

coupling using lithium niobate substrates could now be a 

practical alternative to butt-coupling, if more research is 

undertaken in this area. 
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