
              

City, University of London Institutional Repository

Citation: Chitaree, R. (1994). An optical fibre based polarisation modulation technique: 

Development and applications. (Unpublished Doctoral thesis, City, University of London) 

This is the accepted version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/29371/

Link to published version: 

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

City Research Online

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


AN OPTICAL FIBRE BASED POLARISATION 
MODULATION TECHNIQUE: 

DEVELOPMENT AND APPLICATIONS

By

R Chitaree

A Thesis
Submitted to City University for 

the Degree of Doctor of Philosophy in 
Electrical and Electronic Engineering

City University
Measurement and Instrumentation Centre 

Department of Electrical, Electronic and Information Engineering 
Northampton Square, London EC IV OHB 

September 1994



to

my beloved country, THAILAND



Table o f Contents

TABLE OF CONTENTS

Table of Contents i

List of Tables v

List of Figures vi

Acknowledgements xiv

Declaration xv

Abstract xvi

CHAPTER 1 
INTRODUCTION

1 -0 Introduction 1

1-1 The History of Polarisation State Control 3

1-1-1 Free-Space Schemes 4

1-1-2 Optical Fibre Schemes 9

1-2 Ellipsometry 18

1-2-1 The Historical Aspect of Ellipsometric Systems 19

1 -3 Aims of the Work 23

1 -4 Structure of the Thesis 25

1-5 Conclusions 27

i



Table o f Contents

CHAPTER 2
PRELIMINARY STUDIES OF POLARISATION 
MODULATION TECHNIQUES

2-0 Introduction 29

2-1 General Descriptions 31

2-2 General Performance 32

2-2-1 Free-Space Arrangement 33

2-2-1-1 Experimental Configuration 33

2-2-1-2 Theoretical Analysis 35

2-2-2 Optical Fibre Arrangement 38

2-2-2-1 Experimental Configuration 38

2-2-2-1 Theoretical Analysis . 39

2-3 Comparison of Experimental Performance 41

2-4 Conclusions 51

CHAPTER 3
A HIGH BIREFRINGENCE FIBRE POLARISATION 
MODULATION SCHEME: SYSTEM AND PERFORMANCE

3-0 Introduction 53

3-1 Theoretical Analysis 54

3-2 Systematic Details 55

3-2-1 System Arrangement 55

3-3 System Performance Study 56

3-3-1 Detailed Analysis of the Output Signal 56

3-3-2 Extended Analysis 59

3-4 System Enhancement 66

3-4-1 The Properties of the HiBi Fibre 66

h



Table of Contents

3-4-2 Alternative Methods of Modulation 70

3- 4-3 Optical Component Considerations 74

3-4-3-1 Imperfection in the Quarter-Wave Plate 74

3-4-3-2 Misalignment of the Quarter-Wave Plate 80

3- 5 Conclusions 85

CHAPTER 4
ELLIPSOMETRIC MEASUREMENTS USING A HIBI FIBRE 
POLARISATION MODULATION SCHEME

4- 0 Introduction 86

4-1 Function of Ellipsometric Instrumentation 87

4-2 Reflection: Theoretical Background 89

4-3 Experimental Set-up Used in this Work 96

4-4 Experimental Conditions 96

4-5 Experimental Results 97

4- 5-1 Non-Absorbing Sample : air/BK7 Interface 97

4-5-2 Absorbing Samples ’ 100

(a) Low Absorption : air/ZnSe Interface 101

(b) Low Absorption : air/Si Interface 103

(c) Low Absorption : Methods of Sensitivity Improvement 105

(d) High Absorption : air/Copper plate Interface 108

4-6 Conclusions 111

CHAPTER 5
FIBRE OPTIC ELLIPSOMETRY FOR THIN FILM 
MEASUREMENTS AND SENSOR APPLICATIONS

iii

5-0 Introduction 113



Table of Contents

5-1 Theoretical Background 114

5-2 Experiments 117

5-2-1 Procedures 117

5 -2-2 Preparation of Thin Films 118

5-2-3 Results and Discussions 118

5-2-4 Sensing Applications 128

5- 3 Conclusions 136

CHAPTER 6 
CONCLUSION

6- 0 Summary 138

6-1 Suggestion for Further Work 143

APPENDIX A : SIGNAL PROCESSING TECHNIQUES 146

APPENDIX B : A COMPLEX INDEX OF REFLECTION 152

APPENDIX C : SINGLE LAYER FILM 154

APPENDIX D : LIST OF PUBLICATIONS BY THE AUTHOR RELEVANT 

TO THE THESIS 159

REFERENCES 168

IV



List o f Tables and Figures

LIST OF TABLES

Table 1-1 shows features commonly found in commercial ellipsometers against the 

proposed instrument featured expected to achieve.

*Data represents typical values achievable using either the ELX-1 Precision 

Ellipsometer (LOT-Oriel Ltd., UK) or Variable Angle Spectroscope Ellipsometer (JA 

Woollam Co., USA).

Table 2-1 Summary of measured intensities of the output beams at various 

orientations of polarising prism and QWP from the Free-Space and HiBi fibre 

configurations.

Table 2-2 Summary of the calculations of the Stokes parameters from their 

operational definitions.

Table 2-3 Summary of the calculated two characteristics describing the polarisation of 

the output beams from two arrangements.

Table 3-1 This shows quantities measured, characterising the quality of the output 

beam from the different fibre configurations.

Table 3-2 The standard deviation (a) of the intensities Is, Ip and Us around their mean 

values (X )

Table 3-3 The comparison of the average of the ratio IJI of the fringes situated on 

each side of a turning point.

Table 3-4 The comparison of the average of the ratio IJIp of the fringes situated on 

each side of a turning point from a longitudinal polarisation modulation with different 

quality QWPs.

Table 6-1 Summary of specifications achieved in this study comparing to the 

commercial features and performance target expected

*Data represents typical values achievable using either the ELX-1 Precision 

Ellipsometer (LOT-Oriel Ltd., UK) or Variable Angle Spectroscope Ellipsometer (JA 

Woollam Co., USA).



List of Tables and Figures

LIST OF FIGURES

Figure 1-1 The polarisation azimuth controller. The element P is a linear polariser. 

The Pockels cell is an ADP crystal with electrodes on both surfaces, and QWP is a 

quarter-wave plate (after Takasaki, 1961b).

Figure 1-2 Polarisation Modulation (after Jasperson and Schnatterly, 1969).

Figure 1-3 Diagram of the system for production of rotating plane polarised light 

beam (E); L, laser; AO, acousto-optic modulator; Ms, mirrors; BS, beam splitter, and 

corresponding wave plates (after Shamir and Klein, 1986).

Figure 1-4 High speed polarisation azimuth rotation using a Bragg cell. AOD, 

acousto-optic device (Bragg Cell); GTs, Glan-Thompson polariser; BS, beam splitter; 

Ms, mirrors; As, analysers; Ds, photodetectors, to, frequency and Aco, frequency shift 

(after Tatam et al, 1986).

Figure 1-5 Illustration of a proposed free-space arrangement using a Michelson 

interferometer Ps : Polarisers, QWPs : Quarter-Wave Plates, PBS : Polarising beam 

splitter, Ms : Mirrors.

Figure 1-6 Principle of polarisation stabilisation at the output of a single mode fibre. 

BS, beam splitter (after Ulrich, 1979).

Figure 1-7 Setting of the two crystal modulators for polarisation state controller (after 

Kubota et al, 1980).

Figure 1-8 (a) Configuration of single-mode fibre fractional wave devices, indicating 

freedom of rotation of plane of each individual coil.

(b) Illustration of a polarisation state evolution along the fibre coils,

A. an elliptical polarised beam as input light,

B. a tilted linear polarisation transformed by a A/4 wave-plates like 

fibre coil (FC1),

vi



List of Tables and Figures

C. a linear polarisation with an arbitrary angle controlled by a X/2 

wave-plate like fibre coil (FC2) (after Lefevere, 1980).

Figure 1-9 Rotatable fibre crank (RFC). Driving mechanism for 'translation' 

movement (after Okoshi et al, 1985b).

Figure 1-10 Polarisation state azimuth control using a highly biréfringent monomode 

fibre. L, laser; PZ, piezoelectric translator; F, highly biréfringent fibre; Z/4 waveplate 

(after Tatam et al, 1986).

Figure 1-11 The polarisation state of light exiting a HiBi fibre is monitored after a 

double-pass through the fibre and a quarter-wave plate (QWP) orientated at an angle 

to the fibre axes. The control unit then performs the stabilisation of the output state 

(Adapted from Johnson and Pannell, 1992).

Figure 1-12 Schematic representation of a null ellipsometer (after Archer, 1962). 

Figure 1-13 Schematic diagram of the ellipsometer system. LP and LA are linear 

polarisers, M is the polarisation modulator, and PMT is the photomultiplier tube (after 

Jasperson and Schnatterly, 1969).

Figure 1-14 All-fibre ellipsometer: P, polariser; MO, microscope objective; L, selfoc 

lens; PMT, photomultiplier (after Yoshino and Kurosawa, 1984).

Figure 2-1 Schematic of the combination of two opposite circular polarised beams to 

form a linear polarised state.

Figure 2-2 Illustration of the Free-Space arrangement, with a detection arm 

representing a polarisation -characterising system.

Ps : Polarises, QWPs : Quarter-Wave Plates, PBS : Polarising beam splitter, Ms : 

Mirrors and D : Photodetector.

Figure 2-3 Illustration of the HiBi fibre arrangement, with a detection arm 

representing a polarisation-characterising system.

Ps : Polarisers, QWP : Quarter-Wave Plate, Ls : Objective Lenses, D : Photodetector. 

Figure 2-4 Illustration of various combinations of analyser and quarter-wave plate for 

measuring Stokes parameters.

vn



List of Tables and Figures

Figure 2-5 Intensities transmitted through analyser at 0° (dashed line) and 90° (solid 

line) for the free-space arrangement.

Figure 2-6 Intensities transmitted through analyser at 0° (dashed line) and 90° (solid 

line) for the HiBi fibre arrangement.

Figure 3-1 Illustration of HiBi fibre polarisation modulation arrangement. Ps, 

Polarising Prisms; Ls, Lenses; QWP, Quarter-Wave Plate; GS Glass Slide; Ds, 

Detectors.

Figure 3-2 Illustration of typical fringes taken from the polarisation modulation unit. 

(Solid line : Detected signal, Dotted line : Reference signal);

Figure 3-3 Flow chart showing a summary of the procedures for processing the 

signals to determine parallel (Ip) and perpendicular (Is) intensities. Other calculations 

are then performed using this data (more details in Appendix A).

Figure 3-4 Illustration of signals obtained from a 'straight through' set-up. Signal 'a' 

was directly detected from the output of the set-up and signal 'b' was taken after the 

output beam reflected at a glass slide and propagated through a polarising prism. 

Figure 3-5 Illustration of the reference signal (a) and the beat pattern (b) due to the 

interference between the main light flux and a fraction of reflected beam.The situation 

was monitored from the straight through arrangement where modulation rate is low 

(«1 Hz).

Figure 3-6 Illustration of the high frequency reduciton.

(a) shows the signal with significant high frequency components taken 

before applying index matching gel and,

(b) shows the signal with decreased amplitudes taken immediately after the 

application.

(The ratio of the high frequency component intensity to the maximum 

intensity is represented in terms of percentage.)

Figure 3-7 Illustration showing the agreement when

(a) the output end face of a HiBi fibre was coated by an index matching

viii

gel and when



List o f Tables and Figures

(b) the end face of the fibre was polished at an angle of 6 deg.

(The ratio of the high frequency component intensity to the maximum 

intensity is represented in terms of percentage.)

Figure 3-8 Illustration of an input beam, a modulated HiBi fibre and a QWP co-

ordinate system.

Figure 3-9 Illustration of ellipticity evolution occurring when the optical fibre 

polarisation modulation system uses an imperfect QWP. The thin line represents the 

effect from using a mica QWP; the thick line is obtained when using a quartz QWP. 

Figure 3-10 Illustration of ellipticity evolution when the input beam is misaligned by

0.5° from a reference direction and the QWP used is imperfect. The thin line 

represents the effect of using a mica QWP; the thick line is obtained when using a 

quartz QWP.

Figure 3-11 Illustration of an ellipticity evolution when the input is misaligned by 0.0° 

(stars), 0.05° (squares), 0.1° (thin line) and 0.5° (thick line) from a reference direction 

and the QWP is imperfect. The retardance error, y, of the QWP is taken to be t i/250. 

Figure 3-12 Illustration of an ellipticity evolution when a QWP used in the optical 

fibre polarisation modulation system is misaligned by 0.5° from the reference 

direction.

Figure 3-13 Illustration of an ellipticity evolution when the input beam is misaligned 

by 0.5° from a reference direction and a QWP used in the system is misaligned by 

0.5° form the reference direction.

Figure 4-1 The essential arrangement of the reflection ellipsometer.

Figure 4-2 Oblique reflection and transmission of a plane wave at the planar interface 

between two semi-infinite media 0 and 1.

<j)0 and (j) | are the angles of incidence and refraction, respectively. 

p  and s are axes parallel and perpendicular to the plane of incidence.

Figure 4-3 Illustration of a HiBi fibre polarisation modulation scheme for reflection 

ellipsometry.

IX



List of Tables and Figures

Ps, Polarising Prisms; Ls, Lenses; QWP, Quarter-Wave Plate; GS, Glass Slide; Ds, 

Detectors.

Figure 4-4 The ellipsometric parameters \\i and A as a function of the angle of 

incidence for the reflection at an air/BK7 interface: X = 632.8 nm.

Figure 4-5 Experimental data on v)/ (a) and cosA (b) taken from the air/BK7 interface 

during 50 s period at X -  632.8 nm, N BK7 = 1.499. The angle of incidence is 70°. 

Figure 4-6 The ellipsometric parameters \j/ and A as a function of the angle of 

incidence for the reflection at an air/Zinc Selenide interface: X = 632.8 nm.

Figure 4-7 Experimental data on \\i (a) and cosA (b) taken from the air/Zinc Selenide 

interface during 50 s at X = 632.8 nm, N zinc selenide = 2.53 -i0.89. The angle of 

incidence is 50°.

Figure 4-8 The ellipsometric parameters \\i and A as a function of the angle of 

incidence for the reflection at an air/Silicon interface: X = 632.8 nm.

Figure 4-9 Experimental data on i|/ (a) and cosA (b) taken from the air/Silicon 

interface during 50 s at X = 632.8 nm, N silicon = 3-86 -i0.32. The angle of incidence is 

50°.

Figure 4-10 Illustration of an additional quarter-wave plate at the detection arm of the 

present polarisation modulated ellipsometer.

Figure 4-11 Illustration of a shifted phase introduced by a quarter-wave plate along 

the cosA curve and spreading of data at relevant points.

Figure 4-12 The ellipsometric parameters i\i and A as a function of the angle of 

incidence for the reflection at an air/Copper plate interface: X = 632.8 nm.

Figure 4-13 Experimental data on \y (a) and cosA (b) taken from the air/Copper plate 

interface during 50 s at X = 632.8 nm, N copper plate = 0-36 -i2.68. The angle of 

incidence is 70°.

Figure 5-1 Oblique reflection and transmission of a plane wave by an ambient(O)- 

film(l)-substrate(2) system with parallel-plane boundaries.

t/j is the film thickness. (j)0 is the angle of incidence in the ambient and <(>i, <J)2 are 

angles of transmission in the film and substrate, respectively.



List of Tables and Figures

Figure 5-2 Illustration of a HiBi fibre polarisation modulation scheme for reflection 

ellipsometry.

Ps, Polarising Prisms; Ls, Lenses; QWP, Quarter-Wave Plate; GS, Glass Slide; Ds, 

Detectors.

Figure 5-3 Illustration of ellipsometric parameters ij/ and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d\ = 123.3 nm and 

refractive index nx = 1.619. i\i and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of \\i and A from commercial 

apparatus is 0.01°.

Figure 5-4 Illustration of ellipsometric parameters vj/ and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d\ = 93.2 nm and refractive 

index n] = 1.701. i\i and A are in degrees. No errors are indicated on the reference 

curves, but it is noted the typical accuracy of i|/ and A from commercial apparatus is 

0.01°.

Figure 5-5 Illustration of ellipsometric parameters \\i and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d{ = 147.1 nm and 

refractive index ri\ = 1.662. i|/ and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of vp and A from commercial 

apparatus is 0.01°.

Figure 5-6 Comparison of ellipsometric parameters vp and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d\ = 147.1 nm and 

refractive index nx = 1.662. vp and A are in degrees.

Figure 5-7 Illustration of ellipsometric parameters \\i and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d\ = 119.6 nm and 

refractive index nx = 1.521. vp and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of vp and A from commercial 

apparatus is 0.01°.

Figure 5-8 Illustration of ellipsometric parameters vp and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness dx = 118.2 nm and

XI



List o f Tables and Figures

refractive index n] = 1.520. v|/ and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of \\i and A from commercial 

apparatus is 0.01°.

Figure 5-9 Illustration of ellipsometric parameters \\i and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d{ = 142.8 nm and 

refractive index n] = 1.519. \\i and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of \\i and A from commercial 

apparatus is 0.01°.

Figure 5-10 Illustration of ellipsometric parameters vp and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness dx = 144.5 nm and 

refractive index nx = 1.519. vp and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of xp and A from commercial 

apparatus is 0.01°.

Figure 5-11 Illustration of ellipsometric parameters \p and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness dx = 160.2 nm and 

refractive index nx = 1.571. \\i and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of \p and A from commercial 

apparatus is 0.01°.

Figure 5-12 Illustration of ellipsometric parameters vp and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness d] = 157.1 nm and 

refractive index nx = 1.517. vp and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of vp and A from commercial 

apparatus is 0.01°.

Figure 5-13 Illustration of ellipsometric parameters vp and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness dx = 179.3 nm and 

refractive index nx = 1.515. vp and A are in degrees. No errors are indicated on the 

reference curves, but it is noted the typical accuracy of vp and A from commercial 

apparatus is 0.01°.

xii



List of Tables and Figures

Figure 5-14 Illustration of ellipsometric parameters \\/ and A as a function of angle of 

incidence for the air-solgel-Si system. Thin film thickness dx = 178.3 nm and 

refractive index nx-  1.515. \\i and A are in degrees. Typical accuracy of references '(/ 

and A from the commercial apparatus is 0.01°.

Figure 5-16 Illustration of ellipsometric parameters i\i (a) and A (b) as functions of 

thickness and angle of incidence from sol-gel thin film samples (new batch). Each 

curve has a number (1, 2, 3,..., or 8) indicating to which sample it belongs. Notice 

that, from 50° to 70° of angle of incidence in (a) and (b), as the thickness of a sol-gel 

thin film is changed, both \\i and A significantly alter.

Figure 5-16 Illustration of variation in ellipsometric parameters \\> (a) and A (b) as a 

function of humidity over a period of 50 s for sample 4. \\i and A are in degrees (an 

air-solgel-Si system at A, = 632.8 nm, the film refractive index = 1.519 and the film 

thickness dx = 144.5 nm). The angle of incidence is 60°.

Figure 5-17 Illustration of variation in ellipsometric parameters vp (a) and A (b) as a 

function of humidity over a period of 50 s for sample 7. \|/ and A are in degrees (an 

air-solgel-Si system at X = 632.8 nm, the film refractive index = 1.515 and the film 

thickness dx = 179.3 nm). The angle of incidence is 60°.

Figure 5-18 Illustration of variation in ellipsometric parameters vp (a) and A (b) as a 

function of temperature over a period of 50 s for sample 6. vp and A are in degrees (an 

air-solgel-Si system at A. = 632.8 nm, the film refractive index = 1.517 and the film 

thickness dx = 157.1 nm). The angle of incidence is 60°.

Figure 5-19 Illustration of variation in ellipsometric parameters vp (a) and A (b) as a 

function of temperature over a period of 50 s for sample 7. vp and A are in degrees (an 

air-solgel-Si system at X = 632.8 nm, the film refractive index = 1.515 and the film 

thickness dx = 179.3 nm). The angle of incidence is 70°.

Figure A-l Output signals from the poalrisation modulation unit; solid line - a direct 

signal from the polarisation modulation unit, dashed line - a reference signal in which 

the peaks correspond to parallel direction and troughs correspond to perpendicular 

direction relative to a polarising prism at a reference arm.

Xlll



Acknowledgements

First and foremost, the author would like to acknowledge sincerely his 

supervisors: Dr K Weir, Dr A W Palmer and Prof K T V Grattan for their advice and 

guidance throughout this work. Particularly, Dr K Weir who has been very helpful 

and so kind as to provide valuable discussions, at any time and on every matter, from 

optical fibres to dinosaurs.

The author is also pleased to acknowledge support from the Engineering and 

Physical Science Research Council (EPSRC) for this work, and the support from the 

Thai Government by way of a studentship.

Also, the author would like to extend his appreciation to Mr R Valsler and 

other colleagues who create a pleasant and unforgettable atmosphere in the laboratory 

during the years of working with the fibre optics group, City University.

Special thanks have to be given to all Thai brothers and sisters (Dr Preecha and 

his wife, Pee Lek and Pee Moo [from City University] as well as Pee Dang and Nok 

[from Queen Mary College]) who have been with the author over this period of great 

joy.

And, finally, the author would like to show a very deep gratitude to his caring 

father, mother, brother and girlfriend for their encouragements and support throughout 

this important study.

XIV



Declaration

I grant powers of discretion to the University Librarian to allow this thesis to be 
copied in whole or in part without further reference to the author. This permission 
covers only singles copies made for study purposes, subject to normal conditions of 
acknowledgements.

XV



ABSTRACT

This thesis undertakes an investigation of polarisation modulation techniques 
arriving from optical transmission in both free-space and optical fibres with the aim of 
determining relative performances for prospective applications. The system of optimal 
performance is then applied to make ellipsometric measurements.

Polarisation modulation techniques considered allow control of the state of 
polarisation through an interferometric method and modulation of the phase 
difference. Precise state and orientation of polarised light at any instant of time are 
obtainable. These qualities match the specific requirement of a range of optical 
instruments, such as polarimeters and ellipsometers.

The evolution and development of various polarisation modulation techniques 
are discussed in terms of important features such as the operating speed, the number 
of optical components required and methods of controlling the polarisation. After 
initial considerations, two configurations were chosen for more detailed experimental 
study. Their arrangement produces a rotating plane polarised output and are based on 
interferometric techniques. One configuration is characterised by free-space 
propagation (Michelson interferometer); whereas, the other uses highly biréfringent 
(HiBi) fibre as the light propagation medium.

The theoretical and experimental performances of both these configurations 
are investigated. Full studies focusing on the output quality of the controlled light in 
terms of the degree of polarisation and ellipticity from the two arrangements were 
undertaken. These factors are used to determined which configuration offers better 
performance. Further extensive investigations, particularly on performance-related 
factors, for the chosen scheme (the optical fibre based system) are carried out to 
optimise the quality of the rotating plane polarised light emitted. Improvements 
through a range of the factors were undertaken and are clearly demonstrated.

The achievements resulting from the improvement of the rotating plane 
polarised light include a reduction in ellipticity (in the range of 10-2), a much smaller 
effect due to the direction of rotation (a 1-2% asymmetry) and potentially high speed 
detection (up to 1 kHz). These achievements are considered to be appropriate enough 
to employ the improved optical fibre polarisation modulation technique to 
ellipsometric measurements.

The optical fibre modulation scheme is applied to the ellipsometric 
measurements of a simple system consisting of interfaces of two semi-infinite media. 
Various materials are investigated and experimental results are shown in terms of the 
ellipsometric parameters and A which then allow an individual sample refractive 
index to be determined. The accuracy found in measuring the two ellipsometric 
parameters is within 2% of the parameter mean values. A broader application range is 
also demonstrated as the optical fibre polarisation modulated ellipsometer is used to 
characterise ambient-film-substrate samples differing in film thickness. The results 
gained are then compared with corresponding reference values, obtained from a 
commercial ellipsometers, in order to demonstrate the degree of sensitivity. The novel 
implementation of the technique as a thin film based sensor device is demonstrated by 
detecting the change of a thin film properties on exposure to external stimuli.

XVI



Chapter 1 Introduction

CHAPTER 1 
INTRODUCTION

1 -0 Introduction

Long before it was known that light is an electromagnetic wave, its wave 

nature had been demonstrated by interference and diffraction experiments. 

Furthermore, it had also been proven that light is a particular kind of wave, a 

transverse wave. With this description, there are a number of possible directions in 

which the wave may vibrate, all at right angles to the propagation direction of the 

wave.

A convenient way to describe this circumstance is to use an electromagnetic 

theory (Williamson and Cumming, 1983). This describes the light wave in terms of 

the periodic movement of the end point of the electric (and also magnetic) vector of an 

electromagnetic wave, with increasing time. In general, this traces out the shapes of an 

ellipse (as viewed when looking towards the source), which may, of course, reduce in 

special cases to a circle or a straight line. With one of such geometrical appearances 

(circular, linear or elliptical) of the vibration, light is described to be polarised.

In many respects, linear polarisation (when the electric vector is confined to 

vibrate in a single plane) is found to be the most attractive and advantageous for 

exploitation in many optical instruments, due to its simple mathematical form. This 

allows more convenient manipulation and simplified signal analysis when dealing 

with a particular optical application of interest.

Thus, light can be polarised in a number of different ways (circular, linear or 

elliptical) (Jenkins and White, 1957). As suggested, linearly polarised light may be 

conveniently used in instrumentation and the usual and simple method to produce it is 

to use an unpolarised light source and shine the output light through a polariser, or

1



Chapter 1 Introduction

exploit the optical phenomenon of the light reflected, at an appropriate angle of 

incidence from a dielectric surface, to produce such polarised light.

The analysis of linearly polarised light in measurement applications involves 

considering how the beam is transformed and how it may be depicted under different 

optical interactions, such as reflection, transmission or scattering, due to properties of 

an optical sample. When the beam encounters a variety of media such as a birefringent 

crystal, an oblique dielectric or a metallic surface, a change of the polarisation state is 

normally observed. This produces the basis of using linearly polarised light as a tool, 

or probe for evaluating some interesting properties of matter such as indices of 

refraction, absorption coefficients and thicknesses. A good illustration of such an 

implementation can be found in polarimetric instrumentation (Takasaki, 1961a). Such 

a device is generally used to characterise an optical medium by analysing any 

alteration of the incident linearly polarised beam when it is reflected, scattered or it 

propagates through the medium.

Some years ago, it was a cumbersome process to carry out the complete 

characterisations of an optical sample, for example in terms of refractive index and 

absorption coefficient, by employing only a light source, and a few polarising 

components. This is because, in the characterising process, many orientations of the 

polarised light incident on the sample are normally required and to accomplish these 

several adjustments of the components are required and a considerable measuring 

period is inevitable. This obviously limits the performance of the optical instrument 

using the method in many respects such as speed and then its range of practical 

applications.

However, this inconvenience may be overcome by adding a modulation unit to 

the instrument in order to control the orientation and state of the polarisation. Several 

approaches, such as using rotating elements, or electric, magnetic and mechanical 

phase shifters were proposed to achieve this. As a result, the modified systems 

became speedier and could cover a wider range of applications, for instance, the 

monitoring of an optical thin film growth, or the detection of a chemical reaction
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between a chemical substance and an optical surface. Although the modulation 

concept has brought a number of potential configurations to polarisation-measuring 

systems, only some of them can be fully implemented in practice because the 

controllability of the polarisation state is not the only feature necessary for a fully- 

effective system. The system must satisfy some fundamental requirements such as its 

ability to produce a high quality modulated linear polarisation, with cost-effectiveness 

and ease of system arrangement. Therefore, it is both interesting and important to 

discuss and study some previously used configurations which could fulfil such 

fundamental requirements. It is also equally valuable to investigate, in detail, the 

polarisation modulation technique in relation to a useful practical application. At the 

present time, there is considerable interest in the application of the technique to 

ellipsometric systems. Any new proposed system will require many additional 

features (such as a higher speed of operation) compared with conventional 

ellipsometric instruments.

In this chapter, the evolution and development of the polarisation modulation 

will be presented chronologically. The descriptions include comprehensive reviews of 

polarisation modulation technique from its early stages to the present day. Also, the 

evolution and development of the practical utility of the polarisation modulation 

system to ellipsometric measurement are briefly reviewed. In addition, aims of the 

work and structure of the thesis based on this background, and development of the 

polarisation modulation technique are also presented.

1-1 The History of Polarisation State Control

Generally, linear polarisation state control can be classified into to two main 

types based on the medium of the light propagation. The first type is commonly 

known as the free-space scheme. It bears the name because the process of polarisation 

control takes place entirely in the free-space medium using bulk optical components. 

A general configuration for this type uses mostly conventional optical components 

such as mirrors and polarising elements, while the second type has emerged due to
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recent advances in optical fibre technology. This second type termed here the fibre 

optic scheme, allows the modulation to be performed within an optical fibre by use of 

appropriate means, as will be described.

1-1-1 Free-Space Schemes

Firstly, some work that has contributed to free-space linear polarisation 

modulation is considered in light of its contribution to developments of the 

instrumentation. Several early arrangements of the modulation scheme, used for an 

application of characterising optical samples, simply employed appropriate manual 

adjustments of polarising elements introduced next to a light source (Conn & Eaton, 

1954). Even though the configuration conveniently allowed the use of an unpolarised 

light source, the manual adjustments involved reduced the attraction of this method 

for instrumental applications. In later work, polarisation modulation was further 

developed by Takasaki (1961b) in order to eliminate the inconvenience and 

experimental delay caused by the manual adjustments. In his report, the concept of 

modulating the linearly polarised light was based on the longitudinal electro-optical 

effect, better known as the Pockels effect. The linearly polarised light propagated 

through a modulation unit composed of a crystal of ammonium dihydrogen phosphate 

(ADP) which acted as a retardation plate of variable retardation. An alternating 

voltage was applied across the ADP crystal in the direction of the beam propagation 

causing variations in the refractive indices of two orthogonal components 

perpendicular to the light propagation direction and defined by the crystal axes. As a 

result, a time-varying phase difference between the two components along the crystal 

axes was obtained, and in general, elliptically polarised light would emerged from the 

crystal. However, the introduction of a quarter-wave plate oriented appropriately 

could turn the elliptical to a linear state of polarisation (Fig. 1-1). This arrangement 

obviously provided a remedy for the early slower systems by offering the advantage 

of being completely automated and speedy in use.
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Figure 1-1 The polarisation azimuth controller. The element P is a linear polariser. The Pockels cell is 

an ADP crystal with electrodes on both surfaces, and QWP is a quarter-wave plate (after Takasaki, 

1961b).

An alternative configuration to achieve polarisation modulation was proposed 

by Jasperson and Schnatterly (1969), accomplished by using high frequency (50 kHz) 

modulation of the optical properties of a stationary, normally isotropic block of fused 

quartz through which a linearly polarised beam passed. Specifically, a strain induced 

along the j  axis of a fused quartz block caused the phase velocity of light polarised 

along the i and j  axes to differ in a periodic manner, as shown schematically in Fig. 

1 -2, equivalently to the use of a variable retardation plate. If a linearly polarised light 

beam was incidentally polarised at an angle to those axes so as to have non-zero 

components along both axes, the transmitted beam would consequently have the state 

of its polarisation modulated. This method was demonstrated and successfully applied 

to ellipsometric measurements by these authors.

In the same year, Takasaki and Yoshino (1969) also proposed a new 

polarisation modulation technique based on a well-known interferometric 

arrangement, the Michelson interferometer, utilising an ADP crystal to vary the state 

of polarisation. Although there was no significant breakthrough at this stage, the idea
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led to some remarkable developments in free-space polarisation modulation. At this 

point there was an increasing operating speed and non-mechanical, continuous 

polarisation control. In 1983, Hu described a new polarisation modulation scheme 

based on a modified Michelson interferometer known as a Twyman-Green 

interferometer, devised with the initial purpose of testing optical elements. This author 

proposed the combination of an interferometer with a mechanically rotating analyser 

to provide an alternative to control the linear polarisation. However, the work showed 

an obvious disadvantage in his system, in terms of the low operating speed due to the 

limitations of the mechanical rotation of components.

Figure 1-2 Polarisation Modulation (after Jasperson and Schnatterly, 1969).

Later, this inconvenience was overcome in a system proposed by Shamir and 

Klein (1986). They described a new method for the production of a linearly polarised 

light beam, in which the plane of polarisation rotates uniformly at high frequencies. 

The method was based on the superposition of two circularly polarised waves, of 

opposite sense that differed in frequency, introduced by a frequency shifter. The 

authors also claimed that the method was versatile and applicable using most laser 

sources. The system is outlined schematically in Fig. 1-3. The frequency shift was 

induced by an acousto-optic cell (AO) which split the laser beam into two, each of
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different frequencies. One of which was frequency shifted by an amount equal to the 

frequency applied to the cell. The two mirrors (Ms) directed the beams into the beam 

splitter (BS) where they were combined. Each beam was circularly polarised in the 

required sense by a suitably aligned quarter-wave plate (QWP).

Figure 1-3 Diagram o f the system for production o f rotating plane polarised light beam (E); L, laser; 

AO, acousto-optic modulator; Ms, mirrors; BS, beam splitter, and corresponding wave plates (after 

Shamir and Klein, 1986).

More applications of the AO in polarisation modulation can be found in the 

work discussed by Tatam et al (1986) (Fig. 1-4). In this scheme, the optical 

arrangement used a Bragg cell to produce a relative frequency shift in one path of a 

Mach-Zehnder interferometer. Again the frequency of modulation of the polarisation 

azimuth is equal to the frequency shift imposed by the Bragg cell.

Unfortunately, even though the proposed optical polarisation state control 

scheme using a Bragg cell was non-mechanical and able to offer a high speed of 

operation, the frequency shifter itself was bulky and rather expensive. This difficulty 

could be overcome if the Bragg cell modulation were replaced by another suitable 

modulation method. One such modulation method will be described in the following 

paragraph.
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A preferred method is proposed in this thesis that should provide an alternative 

to those earlier proposed systems, and has a much more compact arrangement. The 

configuration uses a polarisation Michelson interferometer (Fig. 1-5) with an 

incorporated polarising beam splitter (PBS). This approach is capable of generating a 

linear polarisation with rotating azimuth as a function of the linear displacement of 

one of the two mirrors. A polariser at the input is orientated at 45° to the plane of the 

PBS and the QWP introduced at the output of the interferometric system has its 

optical axes adjusted to be at 45° to the plane of the PBS. Modulation is achieved by 

the displacement of mirror M2.

D

Figure 1-4 High speed polarisation azimuth rotation using a Bragg cell. AOD, acousto-optic device 

(Bragg Cell); GTs, Glan-Thompson polariser; BS, beam splitter; Ms, mirrors; As, analysers; Ds 

photodetectors; to, frequency and Aco, frequency shift (after Tatam el al, 1986).

The latter configuration obviously provides some significant advantages over 

the previous arrangements, such as the ability to perform total-optical polarisation 

control and the use of a small number of optical components. The performance of this 

system will be discussed in detail later.

With the development of optical fibre technology, recently reaching a mature 

state the use of this technology has become very much evident in many modem 

optical instruments, including those with polarisation state control systems. The

8



Chapter 1 Introduction

following sub-section will review some experimental work that has been carried out 

on this topic by several researchers over the past years, emphasising major 

developments in the field.

Michelson
Interferometer

He-Ne
Laser

Figure 1-5 Illustration o f a proposed free-space arrangement using a Michelson interferometer. Ps : 

Polarisers; QWPs : Quarter-Wave Plates; PBS : Polarising beam splitter; Ms : Mirrors.

1-1-2 Optical Fibre Schemes

Since the advent of optical fibres in the late 1960, many new approaches for 

single-mode optical fibre based polarisation control have been constructed and 

studied. Many of the fibre optic schemes were trying to stabilise or control the output 

polarisation states (as discussed later in this Section). Using optical fibres as the light 

medium has become popular because of their significant advantages over the free 

space medium. For instance, the confinement of light inside flexible fibres allows the 

output to be easily directed in any required direction and it also offers increased 

system tolerance to external influences such as vibration. These advantages cannot 

easily be obtained when performing an experiment in free space because the 

arrangement is subject to vibrations and easily mis-aligned by such a disturbance.

In ideal fibres with perfect rotational symmetry, any polarisation state injected 

into the fibre would propagate unchanged. In other words, the phase difference
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between two orthogonal components (into which the polarisation state may be 

resolved) would remain constant. In practical fibres, imperfections, such as 

asymmetrical stress, non-circularity of the core, etc., cause a loss of the circular 

symmetry of the ideal fibre and affect the state of polarisation (SOP) by disturbing 

the phase difference between the two orthogonal components. This suggests that the 

components propagate with difference phase velocities and accordingly experience 

refractive indices. The phenomenon is known as birefringence in the fibre. Its origins 

has been studied in detailed (Rashleigh, 1983). In fact the exploitation of these 

perturbations are the key to producing a known polarisation state from a fibre. Many 

experimenters have proposed to control the state of polarisation (SOP) under some 

kind of fibre perturbation such as bending, twisting, or subjecting the fibre to 

transverse pressure, longitudinal magnetic or electric fields. By using one of these 

methods, asymmetric properties are introduced into the fibre and, as a result, an 

appropriate phase shift is imposed on the components of the polarised light inside it. 

In other words, at the point where the interaction takes place, a "waveplate condition" 

is simulated by that part of the fibre, giving rise to a change of the polarisation state. 

With an appropriate arrangement of the perturbed point and a proper value of the 

phase shift along the length of the fibre, a controllable polarisation state can be 

achieved.

t Input beam

output beam 
with a stabilised 
polarisation state

Figure 1-6 Principle o f polarisation stabilisation at the output o f a single mode fibre. BS, beam splitter 

(after Ulrich, 1979).
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Probably the earliest work to investigate this was discussed by Ulrich (1979). 

The arrangement was composed of three major parts; a polarisation controller, a 

polarisation comparator and a polarimeter (Fig. 1-6). The polarisation controller made 

physical contact with a length of conventional single-mode fibre through 

electromagnetic fibre squeezers which introduced variable amount of stress- 

birefringence directly onto the fibre. The principle of this approach can be briefly 

described as follows. The polarisation state of the output may be monitored by the 

polarimeter, and the difference of the polarisation state with a desired polarisation 

state at the polarisation comparator is determined. The deviation obtained then 

provides a feedback signal electronically to the polarisation controller (fibre 

squeezers) to apply appropriate pressure to the fibre in order to turn the polarisation 

state at the output into the required polarisation state. Some disadvantages of this 

arrangement include elaborate electronic control circuits and the large number of 

optical components are involved.

Figure 1-7 Setting o f the two crystal modulators for polarisation state controller (after Kubota et al, 

1980).

In 1980, Kubota et al proposed an alternative method to control the 

polarisation of the output light of the optical fibre following the work carried out by 

Ulrich. In this work, active control of the polarisation in the single-mode fibre was 

achieved by an electro-optical feedback system which was very compact and was also
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free from any fatigue problems of optical fibre. The approach was able to generate a 

linear polarisation state with the desired azimuth direction by utilising two carefully 

aligned biréfringent materials whose axes were inclined to each other (Fig. 1-7). There 

were many disadvantages of the arrangement that made it very unattractive. They 

included the requirement of applying a very high voltage (425 V) to the two 

biréfringent materials to operate as waveplates. Also, since this type of modulation 

technique could not be integrated into the fibre, light had to be coupled out from one 

fibre to be modulated and then coupled back into the other fibre, with the result that 

there was potentially a high insertion loss.

Figure 1-8 (a) Configuration o f single-mode fibre fractional wave devices, indicating freedom of 

rotation o f plane o f  each individual coil.

(b) Illustration o f a polarisation state evolution along the fibre coils,

A. an elliptical polarised beam as input light,

B. a tilted linear polarisation transformed by a A./4 wave-plate like fibre coil (FC1),

C. a linear polarisation with an arbitrary angle controlled by a X/2 wave-plate like fibre 

coils (FC2) (after Lefevere, 1980).

Later that year, a new method for controlling the polarisation state was 

presented by Lefevere (1980). The principle was similar to the previous work just 

mentioned. It was again an attempt to create the required phase retardation conditions
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in order to transform an arbitrary polarisation state into the desired output state of 

polarisation, such as a linear state. This new single-mode fibre optic device, which 

was completely equivalent to the waveplates of classical optics, employed a very 

simple configuration (Fig. 1-8). It used the stress birefringence induced by bending 

the fibre and by using several devices in combination, the required state of 

polarisation was then obtained. However, depending on the nature of the 

configuration, energy loss is likely to occur due to the small radius of the fibre bend 

created. Typically, the energy loss of the single mode fibre increases dramatically as 

the diameter of the fibre bending becomes smaller than 50 mm (Shibata et al, 1985).

A further study on linear polarisation state control was carried out by Okoshi 

et al (1985a), in whose work the new SOP control scheme used Faraday rotators as 

the SOP conversion elements to obtain controllable, including linear polarisation 

states. The instrument employed the well-known principle of the magneto-optic effect. 

It concerned the change in the refractive index of the material (single-mode fibre in 

this case) subjected to a steady magnetic field, and the change in orientation of the 

output plane polarised light was proportional to the magnetic field component parallel 

to the direction of the light propagation. Although the authors had managed to reduce 

the effect of external fibre birefringence induced due to the bending, the arrangement 

still had some disadvantages such as using many optical components and elaborate 

circuitry.

fixed

Figure 1-9 Rotatable fibre crank (RFC). Driving mechanism for 'translation' movement (after Okoshi et 

al, 1985b).
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Following these studies, another all-fibre device for controlling the state of 

polarisation in a single-mode fibre was proposed by Okoshi et al (1985b). The most 

notable feature of this set-up was that it consisted of two fibre devices called rotatable 

fibre crank (RFC) elements, which were equivalent to rotatable quarter-wave and half-

wave plates. Each of these elements is made by bending a short section in crank form 

(Fig. 1-9). This action then generated linear birefringence which causes a phase shift 

between two principal components; thus, a device equivalent to a X / 2 and X / 4 -plate 

may be envisaged.

It had been implied by Jones (1941) that an arbitrary SOP could be achieved, 

including linear polarisation oriented in any desired direction, by using two rotatable 

phase plates (X/4 and A./2-plates), and hence, the principle was directly applied to the 

operation with the two RFC elements proposed. Nevertheless, the employment of 

mechanical components to operate the rotatable fibre cranks in this approach makes it 

less capable of high speed operation and physically quite bulky.

With the use of a similar principle of X/4 and ^/2-plates in combination, 

Matsumoto and Kano (1986) proposed a scheme termed an "endlessly rotatable 

fraction-wave device for single-mode fibre optics". The device bore such a name 

because of its ability to create the induced stress birefringence by fibre bending 

without introducing twist into the fibre while being rotated. Hence, the device was 

free from unwanted birefringence potentially imposed by twisting. The construction 

of the endlessly rotatable fractional-wave devices, equivalent to quarter-wave and a 

half-wave plates in this case are quite complicated. Hence, the scheme does not offer a 

practical new way of polarisation state control.

In the meantime, efforts on sustaining a single linearly polarised state over 

long lengths in fibre optic were becoming more successful. This was an important 

development as it originally provided a thrust in the development of light 

communication systems, especially, for long distances. Consequently, a new kind of 

single-mode optical fibre known as polarisation-maintaining (or highly birefringent) 

fibre was developed (Noda et al, 1986). The new fibres are specially fabricated by
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introducing a large asymmetric stress distribution, either by the use of the geometrical 

effect of the core, or the stress effect around the core. Such an induced asymmetry 

gives rise to a difference in the propagation constants of the two orthogonally 

polarised fibre modes. In this case, the fibre then supports two orthogonally polarised 

modes with differing phase velocities, that is the fibre is biréfringent. This prevents 

these modes from exchanging energy as they propagate along the fibre. The fibres are 

therefore able to maintain a linear polarisation within an eigenmode.

With such a property, the fibre has then been considered a useful optical 

component and widely used in many optical fibre applications involving linear 

polarisation state control. An early application in polarisation control was exercised 

by Tatam et al in 1986. The scheme used highly biréfringent single-mode optical fibre 

(HiBi fibre), in the configuration shown in Fig. 1-10.

L
F

rotating plane 
polarisation

Figure 1-10 Polarisation state azimuth control using a highly biréfringent monomode fibre. L, laser; 

PZ, piezoelectric translator; F, highly biréfringent fibre; k/A waveplate (after Tatam et al, 1986).

This provided a better solution to polarisation stability than previous 

polarisation controllers, based on conventional single-mode optical fibres, since the 

SOP can be controlled without bending, twisting, or subjecting the fibre to transverse 

pressure, electric and magnetic fields. Instead, the novel configuration employs 

longitudinal stretching to modulate the birefringence of the fibre (Fig. 1-10). This is 

theoretically equivalent to the modulation of the phase between the two eigenmodes. 

In such an arrangement, the two main features were the use of a piezoelectric 

transducer to modulate the polarised light and a A./4 orientated at 45° to the eigenaxes 

of the fibre to turn the output to the rotating plane polarised light. In the following 

year, Tatam et al (1987) again proposed another HiBi fibre polarisation modulation
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arrangement. This time, the configuration was designed to be able to work as a full 

polarisation state controller which, of course, includes linear polarisation states. In this 

configuration, two sections of HiBi fibre were used. Each section of the fibre was 

again longitudinally stretched by piezoelectric transducers to generate the required 

polarisation state. The authors also showed experimentally that the plane polarisation 

state control previously reported was a special case of this new configuration. This 

was done by modulating the first fibre section while maintaining the second fibre 

section with a constant phase bias of tc/2, i.e. this section therefore behaved as a 

quarter-wave plate. Nevertheless, it is worth noting that, in the proposed 

configuration, launching light from one fibre section to the other could reduce 

considerably the intensity of light. It could be possible to reduce this using a fusion 

splice. However, a more fundamental problem to overcome for the practical 

application of this scheme would be drift in the phase bias with temperature.

Recently Johnson and Panned (1992) proposed another way to produce a HiBi 

fibre polarisation state controller. The technique employed the feedback-controlled 

delivery of non-eigenstates through the fibre (Fig. 1-11). In their work, the eigenstate 

directions are defined by the eigenaxes of the fibre. Ideally, if linear polarised light 

orientated at 45° to the eigenaxes of the fibre is launched into the fibre, a constant 

phase relationship between the two orthogonal plane polarisations, introduced by the 

fibre, may be expected at the output. Practically, the phase varies with the 

environmental temperature variation. To fix the phase value for a required state of 

polarisation, several experimental procedures have to be performed.

If the output signal is returned by a reflector alone, then the reflected 

orthogonal planes still align with the fibre eigenaxes when they re-enter and propagate 

back along the fibre, where they can be detected at the control unit. This eigenstate 

reflection gives rise to an undesired situation and a measurement problem. The 

situation results in an ambiguity in the output SOP because the double transit causes 

two possible phase values to correspond to the same SOP.
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Beam

Reflector

Output

QWP

Figure 1-11 The polarisation state of light exiting a HiBi fibre is monitored after a double-pass through 

the fibre and a quarter-wave plate (QWP) orientated at an angle to the fibre axes. The control unit then 

performs the stabilisation of the output state (Adapted from Johnson and Pannell, 1992).

However, this can be avoided by rotating the planes of the output from the 

eigenstate directions, after the output leaves the fibre. According to the authors’ report, 

the output propagated through a quarter-wave plate orientated at an angle of 22.5° 

relative to the eigenaxes of the fibre before being reflected. The reflected beam passes 

through the QWP again and no longer enters the fibre in the eigenstates from which it 

emerges. Under this condition, the ambiguity is eliminated, and as a result, the 

required SOP of the output beam can be correctly locked on by the control unit. In this 

way, if there is any perturbation, such as randomly occurring handling stresses or 

temperature variations in the fibre, the control unit will try to offset the effect by 

applying suitable heating to the fibre to compensate.

It can be concluded, in this section, that the above descriptions indicate that 

the considerable level of effort made over recent years has resulted in many different 

schemes for polarisation state control based on free space and fibre propagation. 

However, these techniques have not been extensively applied; hence, a further 

investigation into the performance of individual schemes with a view to application in 

measuring systems is required, and this constitutes a substantial part of this thesis. The
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study will objectively determine the most effective linear polarisation state 

modulation mechanism for application in polarimetric type measurements.

After having reviewed and considered many of the optical fibre configurations 

proposed by a number of researchers in the past years, it is considered that the HiBi 

fibre configurations proposed by Tatam et al appear to be the most attractive prospect 

for optical fibre based polarisation control. This is because the configurations 

obviously offer a more compact set-up, the use of fewer optical components, easier 

alignment and potentially high operating speed. To study such a scheme, it would be 

adequate and more convenient at this stage to deal with a configuration using a hybrid 

of HiBi fibre and a quarter-wave plate. In addition, using the quarter-wave plate 

should provide an easier way to examine the effects of mis-alignment.

1-2 Ellipsometry

The analysis of the system performance will not be completely satisfactory 

unless it is made in relation to the proposed application. In fact, the linear polarisation 

modulation system has been investigated quantitatively for a range of interesting 

optical measurements for years. Examples include measurement of optical activity 

(Tatam et al, 1986), electric current via Faraday rotation (Tatam et al, 1988) and, 

especially, ellipsometry (Yoshino and Kurosawa, 1984). However, the last scheme 

reveals a number of disadvantages, such as a slow measuring speed and difficulties in 

the alignment.

Ellipsometry is one of the most powerful techniques for the non-destructive 

and non-invasive evaluation of optical parameters such as the thickness of thin films, 

birefringence, optical activity, and the complex refractive index of optical materials. 

Considerable research and development on the subject has been carried out over 

several decades, and as a result, a variety of the ellipsometric configurations are 

evident, many of which are now commercially available. Many reasons govern the 

way an ellipsometer should be designed. For instance, an ellipsometric system 

specially used for real-time measurements of a thin film growth on a substrate
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obviously requires fully-automatic functions such as a high speed data acquisition to 

cope with such a rapid variation in the process. This is conveniently achieved by 

employing a polarisation modulated ellipsometer (Moritani et al, 1983).

To have a better understanding of the operation and use of instrument, the 

following sub-section will describe the development of some major configurations 

proposed in the past years.

1-2-1 The Historical Aspect of Ellipsometric Systems

The progress of system development will be partly based on the availability 

and state of development of the optical components and electrical instruments 

available at the time when the study took place. It is clear that the early ellipsometric 

arrangement was very simple, as proposed by Archer (1962). The instrument was 

technically known as a null ellipsometer, as is shown in Fig. 1-12.

Sample

Figure 1-12 Schematic representation of a null ellipsometer (after Archer, 1962).

It employed Glan-Thompson polarising prisms, a mica waveplate and a 

mercury arc light source. The basic procedure of the ellipsometric configuration was 

based on finding a set of azimuth angles of all polarising components involved, such 

that the light flux (after interaction with a sample under investigation) falling on a 

photodetector was extinguished. The outcome would provide characteristic data 

relating to the sample which could be manipulated further to determine other optical 

parameters, such as the sample index of refraction. Since the adjustments of optical
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components had to be performed manually, its range of application became, 

accordingly, limited only to slow process applications. However, these instruments 

have been available commercially for many years and are well-understood (Azzam 

and Bashara, 1977). The null ellipsometer is also regarded as the most accurate of all 

the ellipsometric configurations (Jellison and Modine, 1990).

In 1969, Jasperson and Schnatterly proposed an improved method for 

ellipsometric measurements based on a new polarisation modulation technique. The 

authors pointed out that the newly-automatic technique was required to replace the 

nulling system which was slow when making measurements, an interval of several 

minutes was required at every datum point, during which time several manual 

adjustments were performed to extract the desired information. This was undesirable 

since, in some cases such as metallic surface study, surface contamination could occur 

rapidly, even in a good vacuum chamber. In contrast, the new technique made 

possible the measurement of rapid changes in the optical response as well as 

facilitating the observation of long term effects. The technique shows a good example 

of the use of the technique of polarisation modulation in an ellipsometric system.

Source

Figure 1-13 Schematic diagram of the ellipsometric system. LP and LA are linear polarisers, M is the 

polarisation modulator, and PMT is the photomultiplier tube (after Jasperson and Schnatterly, 1969).
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The modified ellipsometry, shown in block form in Fig. 1-13, is based on a 

photoelastic modulator, M, operating at a frequency of 50 kHz (as described 

previously in Sec. 1-1-1). Property changes in M such as density variation along the 

medium can affect the polarisation state of the incident light. In addition, the detection 

circuit shown in the figure provided the electronic recovery of the designed signal.

A few years later, Aspnes and Studa (1975) introduced an alternative 

configuration for an automatic ellipsometer. The instrument was designated as a 

rotating analyser ellipsometer (RAE), where the incident light was plane polarised and 

the reflected light passed through another polariser (the analyser). The analyser was 

rotated mechanically at frequencies from 20 to 100 Hz. In this case, the role of the 

rotating analyser as a polarisation state detector was clear. Because of the extensive 

works on RAE designs, the calibration and operation of the RAE type of device have 

become well-understood, are commercially available and have become more or less 

an industry standard (Collin, 1990). In fact, the use of a rotating polariser in the 

ellipsometer or RPE is also possible as recently was presented by Kim et al (1990).

A primary conclusion at this stage is that the use of a polarisation modulation 

system is a clear choice in real-time monitoring applications in which high speed is a 

priority, such as in studies of fast changes at surfaces. The system is preferable to the 

rotating element system as the latter is limited due to the mechanical control 

involved.

The following examples of ellipsometric systems based on polarisation 

modulation techniques indicates more and more attention has been directed to this 

particular type of technique.

Shamir and Klein (1986) proposed an ellipsometric system using rotating 

plane-polarised light which was a product of the linear polarisation modulation 

controller mentioned earlier in Sec. 1-1-1 (Fig. 1-3). The approach described was free 

from mechanically moving parts; therefore, it was applicable to fast time-varying 

processes.
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Singher et al (1990) presented a new arrangement for ellipsometry. The 

authors claimed an advantage of their new proposed set-up over previous 

ellipsometric configuration in terms of there being fewer complications in generating 

the rotating plane polarised light. The set-up employed a commercially available 

stabilised Zeeman laser (SZL) which interestingly produced a beam with similar 

characteristics to the controllable linear polarisation system.

The SZL emits a single beam consisting of two opposite circularly polarised 

components that differ in frequency. This obviously is equivalent to the principle of 

linear polarisation control in a polarising interferometric configuration (Sec. 1-1-1).

A real interferometric ellipsometry was proposed by Lin et al in 1990. The 

authors combined a Mach-Zehnder interferometer and signal processing to form an 

interferometric ellipsometer for measuring the optical properties of metal surfaces.

Finally, as mentioned at the beginning of this section, the influence on 

ellipsometric design of the availability of particular instruments at the time of the 

study is clear from the first fibre optic-based ellipsometric system reported. This was 

due to the advent of polarisation-maintaining fibres in the 1980s and such 

ellipsometry equipped with HiBi fibre was proposed by Yoshino and Kurosawa 

(1984) (Fig. 1-14).

p MO

Sample

Figure 1-14 All-fibre ellipsometer: P, polariser; MO, microscope objective; L, selfoc lens; PMT, 

photomultiplier (after Yoshino and Kurosawa, 1984).
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The instrument used a polarisation-maintaining single-mode fibre as the 

polarisation modulator. The authors pointed out that their configuration provided a 

flexible and compact alternative for the currently available bulky ellipsometric 

system. In addition, they reported that their all-fibre ellipsometer could be used to 

determine the optical constants of materials and act as a surface state sensor. 

However, there was still a disadvantage for the use of this optical fibre configuration. 

This was the difficulty of pre-aligning the orientation of the eigenaxes of the fibre 

relative to the plane of incidence of a sample. A remedy for this problem will be 

discussed in Chapter 2 under the general description of novel polarisation modulation 

systems given there.

It can be concluded at this point that although ellipsometric measurements, 

particularly those incorporating linear polarisation modulation techniques, have come 

a long way, some developments and refinements are still needed for better 

performance. The changes may include redesigning the configuration to make the 

alignment more convenient and thus reduce the cost of the complete instrument. 

These demands can possibly be met by utilising the polarisation modulation 

techniques proposed here. Such speculation obviously inspires further study into the 

application of the polarisation modulation techniques to the ellipsometric system 

which forms the basis of this thesis.

1-3 Aims of the Work

The information given so far has provided a background to the work reported 

in this thesis and has provided several objectives of research in this field. The 

following presents the primary aims of the work presented here.

(i) Two distinctive configurations: free-space and optical fibre, are of interest. 

Hence, both arrangements will be set up, studied and their performances 

examined in detail.
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(ii) These two configurations will be compared in order to decide which 

provides higher quality of the rotating plane polarised light, better 

performance and hence is most appropriate for further application.

(iii) Once the selection, based on general basic performance characteristics 

such as the quality of the polarisation generated, is made, specific 

improvements will be made in order to enhance the performance of the 

chosen system. Hence, every possible aspect concerning the performance 

of the chosen scheme, such as optical components and modulation 

methods used, have to be closely analysed. This investigation will result in 

optimising the system performance.

Features Commercial Specifications for

ellipsometers* proposed systems

1) period of measurement 1-10 s 10'3 s

2) accuracy of ellipsome- v)/: 0.002°-0.015° t|r. 0.01°

trie parameters (i)/ and A) A: 0.004°-0.08° A: 0.01°

3) extinction ratio 10-8-10-6 io-4

4) mount precision 0.01° 0.1°

5) mechanical movement main feature none

6) Software and D/A specially written for turbo-PASCAL based

converter resolution specific ellipsometers and programme and 8-bit

no mention of the resolu- resolution converter

tion used

Table 1-1 shows features commonly found in commercial ellipsometers against the proposed 

instrument featured expected to achieve.

*Data represents typical values achievable using either the ELX-1 Precision Ellipsometer 

(LOT-Oriel Ltd., UK) or Variable Angle Spectroscope Ellipsometer (JA Woollam Co., 

USA)
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The polarisation modulation technique is to be developed as an instrument 

for ellipsometric measurements. These are extensively used in many 

industrial areas such as material characterisations and sensing applications. 

It is important at this stage to set out the specifications required of the 

proposed system. These requirements are given in Table 1-1 together with 

the corresponding data for commercial ellipsometers. For this initial study 

the development of high measurement speed is seen as the important 

factor.

(iv) It is equally important to demonstrate how well the improved scheme can 

perform with respect to a particular application. Simple experiments on 

material characterisation by ways of ellipsometry are to be performed. 

Chosen optical samples under investigation at this primary stage should 

have a simple structure, such as interfaces of two semi-infinite isotropic 

media. This will offer a suitable means to evaluate the system potential for 

this particular type of application, such as a characterisation of a substrate 

for a purpose of a thin film deposition.

(v) Once the results obtained from the first stage of application are achieved, 

the system will be implemented in a further, more detailed study, to 

characterise an ambient-thin film-substrate system. In addition, the 

application of the ellipsometric system to thin film-based sensors will be 

investigated at this stage to investigate the potential for such a sensor 

system to be widely used.

1 -4 Structure of the Thesis

Clearly, the above aims have a direct influence on the way the research is to be 

performed and, hence, the structure of this thesis. The subsequent description gives 

the outline of the thesis.

In the next Chapter a discussion of the theoretical and experimental details of 

both free-space and optical fibre polarisation modulation techniques is made. For the

25



Chapter 1 Introduction

theoretical aspect, one set of popular mathematical representations, Jones vectors, are 

used to describe and analyse the systems. Then, in the associated practical 

investigation, the other commonly used mathematical description of polarisation, 

Stokes vectors, which are related to observable parameters, are employed. At the end 

of the Chapter, a discussion on the performance comparison between the two 

configurations is then presented.

Extensive considerations on the characteristic of the chosen scheme then 

follows (Chapter 3). Important aspects relating to the system performance, such as 

optical components and modulation methods, are thoroughly investigated. 

Examinations of potential error factors associated with the operation of the scheme are 

carried out, and some significant improvements are also demonstrated as a result of 

this extensive analysis.

In Chapter 4, the principles of optical reflection resulting from Fresnel's laws 

of reflection are reviewed as this knowledge is a basis of the technique of reflection 

ellipsometry to be studied. A description of the arrangement of the reflection 

ellipsometer incorporating the chosen polarisation modulation technique is given. 

Then, ellipsometric parameters of various semi-infinite media taken by the 

ellipsometer are presented. The optical media used include non-, low- and highly- 

absorbing materials. The results from the investigation can be used to give a direct 

indication of the sensitivity of the system. The performance of the ellipsometer is 

examined in both short and long term operations, and a discussion of the results in 

terms of ellipsometric parameters of relevant materials is also presented.

To show the wider range of applications, the polarisation-modulated 

ellipsometer has been used to characterise a chemical thin films with different 

thicknesses. This is described in Chapter 5. The details of the thin film and the method 

of film/substrate preparation are briefly described, and experimental results are again 

presented in terms of ellipsometric parameters determined. It is to be noted that, to the 

best of the author's knowledge, these results, characterising the thin films are the first- 

ever obtaining using an optical fibre based ellipsometer. To verify the accuracy of the

2 6



Chapter 1 Introduction

ellipsometric system, comparisons are also made between reference and experimental 

results of the thin film/substrate for each sample. In addition, the potential of the 

ellipsometric system for applications in thin film sensor systems, where some optical 

property of the film may respond to the presence of an environmental effect (e.g. 

temperature and humidity), are indicated and discussed.

A final conclusion, summarising the evaluation of the ellipsometric system 

along with suggestions of further improvements and work are discussed in the last 

Chapter. Relevant published work is referenced throughout.

In Appendix A, details of the data acquisition and step-by-step procedures for 

automated polarisation state analyses employed throughout the thesis are presented. 

Appendix B shows a detail of how to determine a complex index of refraction of a 

planar interface between two semi-infinite media provided that necessary optical 

information is known. The theoretical analysis of an ambient-film-substrate system is 

given in Appendix C. This indicates how to obtain ellipsometric parameters 

theoretically, if enough information is known. This is followed by Appendix D, a list 

of work published during the period of the study. Finally, a list of references used in 

this thesis is presented.

1-5 Conclusions

In this introductory Chapter, two categories of linear polarisation modulation 

schemes have been reviewed: free-space and optical fibre. The system considerations 

were presented in terms of their evolution and development from early configurations 

to present ones. Discussions on the individual systems were given to evaluate the 

prospect for practical application. In addition, one of the most interesting application 

of the polarisation modulation technique, ellipsometry, was also discussed. The 

quantity of work carried in this area has suggested the implementation of polarisation 

modulation techniques to ellipsometric systems was worthy of being investigated. 

Finally, aims of the study and structure of the thesis were also presented.
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In the next Chapter, general descriptions of the two polarisation modulation 

schemes will be discussed both theoretically and experimentally.
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CHAPTER 2
PRELIMINARY STUDIES OF POLARISATION 

MODULATION TECHNIQUES

2-0 Introduction

The ability to create an optical beam of a controllable or modulated azimuth of 

linear polarisation is an important requirement in a range of optical instruments. This 

feature of the beam allows speedy and continuous optical measurements to be 

performed as well as simple signal processing to be undertaken. Many optical 

instruments such as ellipsometers and polarimeters make use of the changes in the 

state of polarisation occurring as a result of reflection, scattering or transmission by an 

optical medium. Monitoring this change then allows optical parameters of the 

medium, like the index of refraction or the birefringence, to be determined.

The ellipsometer, as it is normally envisaged, traditionally involves precise 

engineering to control accurately the position and orientation of the optical 

components. It requires defined mechanical adjustments to enable the measurement 

process to characterise completely the material under study. In this work, the use of 

polarisation modulation techniques to overcome these obstacles is proposed and 

discussed in details.

A rotating plane polarised beam is very attractive product from a polarisation 

modulation system. The beam provides a convenient way to deal with optical 

applications, such as ellipsometry (discussed later in Chapter 4), in which orientation- 

relating measurements are prime requirements.

The basis for generating the rotating plane polarised beam is based on the 

principle that two orthogonal (left and right) circular polarised beams recombine to
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produce a linear state (Fig. 2-1), whose azimuth is dependent on the phase difference 

between the two circular states (Jackson et al, 1986).

Linear light

Figure 2-1 Schematic o f  the combination o f two opposite circular polarised beams 
to form a linear polarised state.

The difference between the two polarisation modulation approaches in either 

free-space or in an optical fibre, lies in the technique used to achieve modulation of 

the relative phase difference between the circularly polarised' beams, and hence the 

polarisation azimuth of the output state.

Figure 2-2 Illustration of the Free-Space arrangement, with a detection arm representing 
a polarisation-characterising system.
Ps : Polarisers, QWPs : Quarter-Wave Plates, PBS : Polarising beam splitter, 
Ms : Mirrors and D : Photodetector.

The two arrangements for producing beams to meet this requirement are based 

on interferometric techniques. One configuration is characterised by free-space 

propagation (Michelson interferometer) as illustrated in Fig. 2-2. This configuration
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employs a technique of phase modulation through an optical path change of the mirror 

M2, while, the other configuration uses highly biréfringent (HiBi) fibre as the light 

propagation medium (Fig. 2-3) in which the modulation of the phase difference 

between the two circular polarisations is performed by modulating the HiBi fibre 

birefringence.

Figure 2-3 Illustration of the HiBi fibre arrangement, with a detection arm representing 
a polarisation-characterising system.
Ps : Polarisers, QWP : Quarter-Wave Plate, Ls : Objective Lenses 
D : Photodetector.

To describe the mechanism and performance of these methods, an in-depth 

analysis of each individual arrangement has been carried out and an experimental 

comparison between the two schemes was also performed.

2-1 General Descriptions

The general concept for an idealised optical arrangement used to produced a 

linearly polarised output state of controllable azimuth can be described as follows. 

Linearly polarised light is divided to produce two equal orthogonal polarised beams. 

Both beams then transmits along different optical paths, varying with time within the 

polarisation modulation unit. At the output stage, both beams are transformed into left 

and right circularly polarised states (via a quarter-wave plate (QWP) adjusted to an 

appropriate orientation) which, when recombined, results in a linear state. By 

introducing such a variable optical path difference or phase difference between the 

beams, the azimuth of the linearly polarised output can then be controlled.
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It is worth noting that the introduction of the QWP at the output provides a 

solution for the alignment difficulty encountered in the configuration proposed by 

Yoshino and Kurosawa (1984) (Sec. 1-2-1). The problem is solved as using the 

output, rotating plane polarisation, from the system removes some of the restriction of 

optical alignments.

2-2 General Performance

The process described above can be represented mathematically using the 

matrix approach developed by Jones (1941). This simplifies the system analysis 

because each optical component involved in the arrangement under investigation has 

its own matrix notation which allows for simple manipulation, following conventional 

matrix algebra.

By following the general descriptions given above, the electric vector of the 

output beam, £  ,, written in terms of Jones matrix notations is given by,

Ë  output = Q e M Ë mpu, ( 2 - 1 )

where Ëinpu, is the Jones matrix representing the electric field vector of the input light

beam, M represents the modulator matrix which can be a series of optical components 

involved in the particular polarisation modulation system, and Qe is a Jones matrix for 

a quarter-wave plate with its optical axes at an angle 0 to the plane of the system.

The series of optical components required to perform the modulation depends 

on the optical configuration used in the system. However, no matter what 

configuration is employed, i.e. either the free-space or optical fibre as illustrated in 

Figs. 2-2 and 2-3, respectively, the output beam - the controllable linear polarised 

state - will be the same. This fact will be verified and investigated both theoretically 

and experimentally. The mathematical agreement achieved between the two 

arrangements will be shown by using the Jones matrix approach, and experimentally 

by measuring the output polarisation characteristics.
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2-2-1 Free-Space Arrangement 

2-2-1-1 Experimental Configuration

A Michelson type interferometer, as shown in Fig. 2-2 which allows the two 

orthogonal components of circularly polarised light to interfere. A HeNe laser 

(X -  632.8 nm) is used as a light source in the arrangement. The laser tube is rotated 

to make the polarised output be orientated approximately at 45° to the plane of the 

interferometer. A polarising prism (with an extinction ratio of 10'4) with its 

transmission axis orientated at 45° to the plane of the interferometer is introduced to 

improve the quality of the polarised beam. The linearly polarised beam produced is 

then incident on a polarising beam splitter (PBS) with and an extinction ratio of 10-3, 

which divides the light into two beams with orthogonal planes of polarisation. The p  

component (parallel to the plane of the interferometer) of the incident beam is 

transmitted by the PBS to one arm, where a quarter-wave plate (QWP1) with its 

azimuth at 45° to the interferometer plane is situated. The QWP1 transforms the 

outgoing beam into a circularly polarised beam (e.g. right handed) which is then 

reflected back by a mirror Ml (the reflected beam is then seen to be left handed). 

Again, the QWP1 transforms the reflected beam back to being linearly polarised but 

in a direction perpendicular to the plane of the interferometer. This is then reflected by 

the PBS to the output of the system. This circumstance is equivalent to the rotation of 

the azimuth of the linear polarisation through 90° relative to the interferometric 

plane. Similarly, the s component (perpendicular to the plane of the interferometry) of 

the incident beam is reflected by the PBS to the other arm, passed through another 

quarter-wave plate (QWP2) oriented at 45° to the interferometer plane, reflected by a 

modulated mirror M2, converted into parallel linearly polarised light by the second 

passage through QWP2 and then transmitted by the PBS to the output end of the 

interferometer. The modulating system used consisted of mounting one of the mirrors 

(M2) on a piezo-electric transducer, driven by specially designed ramp signal circuitry 

to generate the required optical path shift.
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At the output of the interferometer, the two linearly polarised beams are 

converted by a third quarter-wave plate, QWP3 (with its fast axis oriented at 45° to 

the plane of the interferometer), into right and left circularly polarised light, 

respectively. Then these two beams recombine and give rise to a linear state. The 

translation of one of the two mirrors of the interferometer (mirror M2) introduces a 

time-varying phase difference, or retardance ()> between the orthogonal p  and s linear 

polarisations and produces at the output a linear state whose azimuth is controlled by 

<|>. It should be noted that all quarter-wave plates used in this arrangement and the next 

have retardation tolerance of A./50 (typical retardation tolerance value for mica 

quarter-wave plates).

The alignment of QWP3 must be undertaken with great care because the 

precision of the operation, especially in terms of an orientational alignment, can affect 

the quality of the output. The alignment can be done by allowing an output, of two 

orthogonally polarised light beams, from the system (without the QWP3) to propagate 

through a polarising prism orientated parallel to one of the two polarisation states 

defined by the plane of interferometer. Ideally, the output detected by a photodetector 

should be a DC signal. However, when QWP3 is inserted at the output of the 

polarisation modulation system, generally fringes become visible due to interference 

between the light beams. The QWP3, therefore, has to be adjusted until the DC signal 

is regained and then this component can be rotated to the required orientation, i.e. at 

45°, relative to the orientation of the plane of interferometer.

It has to be emphasised that this polarising Michelson interferometer offers the 

potential of producing a good quality rotating plane polarisation over other alternative 

Michelson arrangements. For example, although a Michelson arrangement with 

replacements of PBS by an ordinary beam splitter, QWP1&2 with eight-wave plates 

and no QWP3 can generate the same light product (the rotating plane polarisation) the 

quality of the polarisation may be different. This is because the polarising element 

such as the PBS polarisation-divides an incident light (from polariser PI), orientated 

at 45° to the plane of the interferometer, into two completely separate orthogonal
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components and then recombines the two polarised lights before they enter the 

QWP3. Under this circumstance, the linearity of the lights obtained from the PBS is 

defined by the extinction ratios of the PBS alone. This then results in a high quality of 

the rotating plane polarised light if, subsequently, a good quality QWP3 is used. 

Conversely, using an ordinary beam splitter, the polarisation at the output is highly 

dependent on the performance of the beam splitter and A./8 plates. Thus higher 

tolerances on all of the optical components are required.

At this stage, it is worth pointing out that the quality of the PBS and QWP3 

used are, indeed, critical to achieve acceptable characteristics of the rotating plane 

polarised light for further ellipsometric applications.

2-2-1-2 Theoretical Analysis

To get an insight into the process, a theoretical analysis is performed. Let the 

phase change introduced by the static and dynamic arms to the two beams be <|>a and 

<j)A , respectively. The electric vector of the input light from the HeNe laser may be 

given by,

(2-2)

where Ea is the amplitude of the beam, co0 is the angular frequency and t is time.

According to the general expression given by Eq. (2-1), the output beam can 

be found in this specific case as,

= a  (e„rCQ_is.K„Pp + Q_„,CQ„,.K,PS)
E TP
V2 A (2-3).

where M, again, a modulator matrix, Pp and Ps are the Jones matrix for the p  and s

polarisations, respectively, transmitted by the PBS, Ka and Kb are the propagation 

matrices in the static and dynamic arms, respectively, Q±K„ are the Jones matrices for

the quarter-wave plates oriented with their optical axes at ±45° to the interferometric 

plane and C is the phase retardation introduced by the mirrors Ml and M2. Explicitly:
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' 1  o'

00

'e'u 0 1 ' 1 ± r '1 O 'II

0 0 ,p .= 0 1 ,KaJ> =
0 e*« ±i 1 , c =

1 0 3'
1__

_

(2-4).

The group on the left-hand side inside the first brackets (Eq. (2-3)) refers to the 

effect of the series of optical transformations in the static arm (with mirror Ml) and 

the second group represents the series of optical transformations encountered by the 

reflected beam from the PBS in the dynamic arm (with mirror M2).

Firstly, considering the transformation of the p  polarisation incident beam, the 

process can be described as,

£ „ = ( a < 2-5)

By substituting Eq. (2-4) into Eq. (2-5), the electric field in the static arm 

becomes,

'  1 +i '1 0 ' '  1 -/•' ~e*' 0 " "1 O' T
+/ 1

----1
g0

- i  1 0 e*' _ 0 0 1

The product is found to be,

Eq
2V2

etoJ (2-6)

Eq i(tt>ol+ta+f) (2-7).

Similarly, the above procedure can be applied to the transformation of the s 

polarisation beam in the dynamic arm. The process can be described in terms of the 

Jones notations as,

Et = {q ^ c q ^ i;j > ,X O  (2-8).

The description of the transformation procedures for this arm is similar to 

those for the previous one but the beam transmitted by the PBS to the output end is p  

polarised.

The resultant electric field is given by,

1
0

'(»„'+* i+f)
42

(2-9).
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At the output of the interferometer before the third quarter-wave plate, QWP3, 

the outgoing beams from the interferometer are composed of two linearly polarised 

beams with orthogonal polarisations, Êa& Ëh. The combination can be expressed in 

the following form,

E
C

Eg <(«,„< + ♦.+§) (2- 10)

where <f>(l* (= <\>h -  §a) is the phase difference between the two polarised beams.

As stated in Eq. (2-1), the two linearly polarised beam are transformed by the 

quarter-wave plate QWP3 to left and right circularly polarised beams which then 

recombine to give a linear state,

£(0 
^  output

1 i 
/ 1

Eg ci{«>„l+̂a 
2

'W+1>.+f)

(2- 11).

It should be noted that the left term inside the braces explicitly shows a left circularly 

polarised light and the right term clearly indicates a right circularly polarised one.

This output electric field can be rewritten as,

?(*)
Joutput

f ix  <♦*- 1 + e

1 — e
y________

i

Eg ci(.(Oat + <t„+Tl) 
2

(2- 12).

Factorizing each element from the Eq. (2-12) by a common factor of 

? , the equation becomes,
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Eoutput

2 i (2-13).

Using the following identity (Selby, 1968),

cosQ =
2

(2-14a),

sinQ =
j  n -¡ne - e

2 i (2-14b),

where Q is defined as an angular argument, the output electric field in Eq. (2-13) can 

be rewritten as,

In this system (Fig. 2-2) the relative phase between the beams is continuously 

varied by modulating one of mirrors in the interferometric system. The amplitude of 

the driving signal is set such that the phase difference between the beams is varied to 

generate the required variation in orientation of the electric vector of the output.

2-2-2 Optical Fibre Arrangement 

2-2-2-1 Experimental Configuration

As an alternative, the necessary phase modulation can be achieved through the 

use of single mode fibre optic components. This has the obvious advantage over the 

previous arrangement that there is no requirement for many bulk optical components 

and their careful alignment.

The principle of this alternative scheme is based on the modulation of the 

birefringence of HiBi fibre (Fig. 2-3). The optical fibre polarisation modulation 

arrangement can again be described in terms of the effect on the polarised light beam 

emitted from a HeNe laser (A,=632.8 nm). The light from the laser was polarised at 45°

(2-15),

which is a linear state whose azimuth varies according to <|>̂ .
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to the eigenaxes of the fibre and launched into it by means of a xlO objective lens, 

causing the two eigenmodes of the HiBi fibre to be equally populated. The 

birefringence of the fibre may then be modulated in some appropriate way as will be 

described later. The output from the fibre was then collimated using another xlO 

objective lens and passed through a quarter-wave plate (with a retardation tolerance of 

E/50) with its optical axis at 45° to the axes of the fibre, transforming the output from 

each eigenmode into circularly polarised light of opposite handedness which then are 

combined together to give a linear state.

2-2-2-2 Theoretical Analysis

It is useful to gain an understanding of the mechanism of this configuration 

through a simple analysis using Jones vector notation. Suppose that the input light 

from the HeNe laser is again given by Eq. (2-2)

The beam transmits through a series of optical components: a length of 

modulated HiBi fibre and a quarter-wave plate oriented at 45° to the eigenaxes of the 

fibre. Then, according to Eq. (2-1) and following the above details, the output vector 

can be found to be
£ l l , = a 4,(A /) (£ ,„ )output i ^ + 45c

1 i 
i 1

o

(e'(,l‘Li>+ i) 

2 i

Ene'W+'U where <j> -  (j) f — §s

(2-16),

where M represents the properties of a linear birefringent fibre described in terms of a 

pseudo-Jones matrix (Tatam et al, 1986), and § f and <j> v are the phase retardances

corresponding to the fast and slow eigenmodes respectively.
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Again, factorizing each element in Eq. (2-16) by a common factor of 

and using identities, Eqs. (2-14a) and (2-14b), the electric field output 

may be rewritten as,

(̂2)
output (2-17),

which is again a linear state with the azimuth controlled by <j> , as before. The 

relative modal retardance (j>(2) can be modulated by several techniques such as heating, 

longitudinal stretching and cylindrical piezoelectric stretching, thus yielding the 

azimuth rotation. A detailed investigation of modulation techniques is given later in 

this work (Sec. 3-4-2).

As can be clearly seen, both configurations provide essentially the same result 

(Eqs. 2-15 and 2-17), which is a controllable linear polarisation state. It is worth 

noting at this point a few of the properties of the output. If the emerging polarised 

beam is detected immediately by a photodetector, a photocurrent that is proportional 

to the light intensity will be obtained. Summing the squares of the amplitudes of the 

two orthogonal components from Eqs. (2-15) or (2-17), the intensity of the output 

may be given by,

2w , = ( £ « J - f e J  / = 1 or 2

= I<> (2-18)

where I0 = E2a = a constant.

Thus a DC signal is obtained from the photodetector. In addition, if an 

analyser is introduced before the photodetector, the transmitted electric field will 

becomes
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/?(')
'output

cos20 cos 0 sin 0
cos0sin0 sin20

E e n

J analyser ^0 ̂ o

cosj’j" (<t>(,) — y)} 

-sin{i((t)(') - f )}

cos2 0cos{ÿ(<t>(,) -f)}-cos0sin0sin{j((j)(') - f ) }  

cos0sin0cos{y(<))^ - f ) } - s in 2 0sin{ÿ(())(') - f )}
E e n

(2-19),

where represents the Jones matrix for an analyser at an arbitrary orientation, 0,

and the phase s = toor + (j)a +^L + ̂ - in case of the free space arrangement and
, ( 2 )

s = (D0/ + <t>i + j  + 52-  when using fibre optics.

Consequently, the intensity detected after the analyser may be given by,

/  ) (e  )*
analyser \  analyser /  * V analyser J

= ^ ( l  + cos2{0 + i((j)(') -f)} ) i = 1 or 2
(2-20)

This shows that the output signal is a sinusoidal function of the orientation of 

the analyser, 0, and the modulation phase, <|>(,), regardless of which configuration is 

chosen. Moreover, as the analyser rotates, the amplitude of the output signal remains 

stable while its phase changes. This is important in the alignment procedure of the 

polarisation modulation system and its subsequent applications.

In all, this theoretical analyses would appear to suggest that both arrangements 

have similar capability to offer the required, controllable linear polarisation. 

Nevertheless, the conclusion does not ensure that both arrangements will work 

practically with the same performance and operational characteristics. These 

experimental aspects of the two schemes are examined in the next section.

2-3 Comparison of Experimental Performance

The ability to create a controllable or modulated state of polarisation is not the 

only requirement for an effective optical measurement. Equally important for such 

instruments is their sensitivity and their ability to make an accurate measurement. 

Here, the sensitivity of the polarisation modulation system is dependent on the quality
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of the state of polarisation (SOP) of the recombining beams produced by the chosen 

system. If the two recombining optical beams have orthogonal circular SOPs then a 

plane polarised beam with 100% degree of polarisation (DOP) will result. The DOP is 

defined most generally as (Hecht and Zajac, 1974),

DOP = Ip x 100% (2-21)
7, + / .

in which I and Iu are the constituent intensities of polarised and unpolarised light.

However, even if a 100% DOP is detected for the beam under study this does 

not mean the required state of polarisation is provided since other states of 

polarisation such as completely circular and elliptical polarisation may also give the 

same DOP. In order to tell the difference between these states when encountering such 

a case, the quantity known as ellipticity is needed. The ellipticity is generally defined 

as the ratio of the semi-minor to semi-major axes of an elliptical pattern (Schurcliff, 

1962). Clearly, in the case of a completely plane polarised beam, the ellipticity is zero 

and for completely circular polarised beam the ellipticity is unity. This criterion can 

also be used for checking how the quality of the detected beam compares to that of 

one which is completely linear one. As a result, with a rotating plane polarised light 

beam under study, it is reasonable to carry out an experimental performance 

comparison based on the investigation of the DOP and the ellipticity of an output 

beam produced by each of the two arrangements in a point in time.

For the free-space configuration, the performance of the Michelson 

interferometer, previously described in Sec. 2-2-1, was examined and in the second 

arrangement a replacement of the interferometer was made with a length (10 m) of 

HiBi fibre (York HB-600). A cylindrical piezo-electric transducer (PZT) was used as 

the optical fibre modulation method by winding the length of the fibre around it, with 

the PZT then driven sinusoidally to stretch the fibre and modulate the birefringence. 

The rest of the procedures are similar in detail to that described earlier, under the 

general performance (Sec. 2-2-1).
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To characterise any state of polarisation, three independent quantities are 

necessary to form a complete description, e.g. the amplitudes of an electric field along 

two principally orthogonal axes and the phase difference between the two axes. 

However, these parameters cannot be measured instantly. The first limitation is as the 

beam of light propagates through space, transversely to the direction of propagation, 

the light electric vector traces out some figure depending on the SOP (either a line, 

circle or ellipse) in a time interval of the order of 10“l5s. This period of time is clearly 

too short to allow any available detecting system to follow the changing electric 

vector. Secondly, the circumstance becomes even more impracticable in the case of 

unpolarised light whose SOP is continually changing since the amplitude and phases 

of the electromagnetic waves vary irregularly in time.

However, these limitations can be surmounted by considering only the average 

values of the electromagnetic field, i.e. the representation of polarised and unpolarised 

light in terms of observables. The remedy to this situation was proposed by G G 

Stokes, as far back as the year 1852, who introduced alternative and practical ways for 

characterising the state of polarisation using four parameters (S0,Sl,S2,S3) all of 

which have the same physical dimension of intensity; each corresponds not to an 

instantaneous intensity but to a time averaged intensity, i.e. the average being taken 

over a period long enough to permit practical measurement. Such polarisation 

parameters are now known as the "Stokes parameters". Apart from the normal 

purpose of describing the SOP of a beam, the parameters can be used to determine its 

DOP as well.

The four parameters can be defined from many theoretical bases such as the 

operational approach (Schurcliff, 1962) and electromagnetic theory (Hecht, 1970). As 

the operational definition provides a practical solution to the characterisation of a 

polarised beam, the following performance comparison will be based entirely on this 

description.

The operational approach can be formulated using directly measurable 

quantities as indicated by Born and Wolf (1989). The quantities may be determined
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from simple experiments. If /(0,^) denotes the intensity of the light beam polarised 

in the x direction making an angle, 0, with a fixed laboratory Cartesian co-ordinate 

system, when the orthogonally composite component, is subjected to retardation, 

with respect to the x component. Then the Stokes parameters are given by

5'0 = /(0 ° ,0 )  + /(9 0 ° ,0 ) ( 2 -22a),

sj = / ( o ° , o) -  / ( 90" , 0) ( 2 -22b ),

S2 = / (4 5 ° ,o ) - / ( l3 5 ° ,o ) ( 2 -22c),

S, = / (  4 5 " , |) - ( 1 3 5 ” . | ) (2 -2 2 d ).

The parameter S0 evidently represents the total intensity. The parameters Sj is 

equal to the excess in intensity of the light transmitted by a polariser which accepts 

linearly polarised light in the azimuth 0 = 0°, over the light transmitted by a polariser 

which accepts linear polarisation in the azimuth 0 = 90° to the chosen reference 

direction. For the parameter, S2, there is a similar interpretation with respect to the 

azimuth 0 = 45° and 0 = 135°. Finally, the parameter S3 is equal to the excess in 

intensity of light transmitted by a device which accepts right-handed circular 

polarisation of light over that transmitted by a device which accepts left-handed 

circular polarisation. It should be noted that the circular polarisation filter device can 

be formed by letting a beam under study impinge first on a quarter-wave retarder first, 

and then an analyser with the appropriate orientation (Hecht, 1970).

Thus in summary, the quantity Sj, is simply the total intensity while Sj, S2 and 

S3 specify the state of polarisation and they are indeed directly observable.

The four parameters are obtained by measuring the intensity transmitted by 

various orientations and combinations of an analyser and a quarter-wave plate 

(Fig. 2-4). The required combination is then included in the system under 

investigation. Figs. 2-2 and 2-3 show the output-analysing part added to the specific 

configurations.
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1(45’, p - 1(135', p  =  S

( I ) = Analysers, ( = QWPs,

/ \  = Detectors, 1(0,s )  = Intensities of Light

Figure 2-4 Illustration o f various combinations o f  an analyser and 
quarter-wave plate for measuring Stokes parameters.

Two particular quantities, the DOP and the ellipticity, obtained from each 

arrangement were to be compared, since these quantities can readily provide details on 

the quality of the two outputs. As already mentioned, the values of these quantities for 

the case of perfect linearly polarised light are 100% for the DOP and zero for the 

ellipticity. Clearly, the closer the measured values of the DOP and ellipticity from 

each arrangement are to these desired optimum values, the better the performance of 

the particular arrangement. The values of the DOP and ellipticity are easily obtainable 

from the Stokes parameters.
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The two specific quantities required for the performance comparison between 

the two arrangements, written in terms of the Stokes parameters, can be expressed as 

(Bom & Wolf, 1989)

1) the degree of polarisation, DOP,

DOP =
j s ; + s i + s j

So
x 100%

and

2) ellipticity, e,
f '

e = tan
M

sin S3
^ s 2+ s 22 + s 2

(2-23),

(2-24).

Intensities Free-Space arrangement HiBi fibre arrangement

Intensities (arb. units) Intensities (arb. units)

/(o°,o) 0.40±0.05 0.01010.005

/(90H,0) 3.9010.05 0.72010.005

/(45°,0) 2.3510.02 0.37010.004

/(l35°,0) 2.1010.04 0.37010.04

/(  45°,f) 2.2510.03 0.33410.006

/(l35°,f) 2.3510.03 0.44210.003

Table 2-1 Summary of measured intensities of the output beam at various orientations o f polarising 

prism and QWP from the Free-Space and HiBi fibre configurations.

To evaluate the Stokes parameters, the intensities of the output beam, at 

various orientations and combinations of optical components involved, have to be 

measured. Table 2-1 summarises the experimental results from the investigation of a 

number of output beams. These results correspond to the output polarisation 

orientated at 90° to the defined reference.
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The four Stokes parameters can be determined through Eqs. (2-22a) to (2-22d) 

by substituting for the intensities, the measured values from Table 2-1. The calculated 

values obtained are shown in Table 2-2.

From the definitions given for the Stokes parameters, the four parameters have 

the same dimension of intensity. In particular, the scale for the parameters depends 

totally on a corresponding total intensity of the beam represented by S0.

Stokes parameters Free-Space arrangement 

Intensities (arb. units)

HiBi fibre arrangement 

Intensities (arb. units)

So 4.3010.07 0.7310.007

St -3.5010.07 ' -0.7210.007

S, 0.2510.04 0.0010.04

-0.1010.04 -0.10810.006

Table 2-2 Summary o f the calculations o f the Stokes parameters from their operational definitions.

This can be seen from Table 2-2, whereby the two configurations generated 

different ranges of the Stokes parameters. The HiBi fibre arrangement has a much 

lower total intensity S0 = (/(o",o) + /(90°,o)) than does the Free-space. This arises as

the HiBi fibre arrangement contains a length of optical fibre as the light propagation 

medium tends to have stricter launching conditions (such as matching the input beam 

size to the acceptance angle of the fibre) and lower efficiency. As such, an intensity 

reduction will result.

The values of the DOP and e for each arrangement are then calculated and 

shown in Table 2-3.

As shown in the table, in case of the free-space arrangement, the DOP was 

measured to be 81%. With this value of DOP, it is unlikely that a satisfactory result 

would be achieved if this partially polarised beam is introduced into a polarimetric 

measuring system, and so this cannot be used.
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Quantities of interest Free-Space arrangement HiBi fibre arrangement

Degree of polarisation «81% «99%

Ellipticity «IO'2 «10-2

Table 2-3 Summary o f the calculated two characteristics describing the polarisation o f the output 

beams from two arrangements.

Figure 2-5 Intensities transmitted through analyser at 0° (dashed line) and 90° (solid line) for the free- 

space arrangement.

Fig. 2-5, illustrating the detected output intensities from the free-space 

arrangement, was obtained when an analyser in the detection arm was orientated at 0° 

(dashed line) and 90° (solid line) to the chosen reference direction. Each curve shows 

a non-zero minimum intensity which implies a large unpolarised component in the 

relevant output beam under investigation. The ellipticity was also calculated using Eq. 

(2-24) and the value was found to be of the order of 10“2.

Fig. 2-6 describes the intensities transmitted through an analyser orientated at 

0° (dashed line) and 90° (solid line) in the detection arm for the HiBi fibre 

polarisation modulation arrangement. As can be seen from the figure, the minimum 

intensity of the polarised light approaches zero, which clearly means that the
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unpolarised light fraction is dramatically reduced in this situation over the previous 

case (Fig. 2-5). From the experimental result obtained, the DOP was about 99% which 

is much more acceptable for the practical use of such a system. The ellipticity of the 

light beam was calculated and the result was also found to be in the order of 10"2.

Figure 2-6 Intensities transmitted through analyser at 0° (dashed line) and 90° (solid line) for the HiBi 

fibre arrangement.

It should be noted that the DOPs obtained from both arrangements are 

significantly different, whereas, the ellipticities are somewhat similar. These results 

require a more detailed description of what makes the two systems behave differently.

An explanation that could account for the difference in the DOP obtained from 

the two arrangements can be reasonably drawn from a consideration of the practical 

arrangement. The result suggests that the free-space arrangement allows the 

introduction of an increased quantity of unpolarised light over that with the optical 

fibre. This occurrence may be justified when the basic structure of each arrangement 

is analysed.

First of all, when considering the free-space arrangement, the apparatus is 

composed of a number of discrete optical components such as PBSs and QWPs whose
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alignments and qualities, in practice, are such as to be prone to induce more or less 

unrelated electric fields which can contribute to the depolarisation of transmitted 

beam.

Having checked the specifications of the PBSs and QWPs (supplied by Melles 

Groit (1992)), a further explanation is possible. In case of the PBS, it has a low 

extinction ratio of 1(H and any irregularities in the splitting ratio would also 

contribute to the effect. Likewise, mica, a common material used to manufacture 

QWPs and used in these arrangements often has regions of inhomogeneity and a 

retardation tolerance of A./50. This implies that any procedure in the polarisation 

modulation technique, which has QWPs involved (such as the process of transforming 

two circular polarised lights into a linear) may not give rise to the required SOP of the 

output and may reduce the DOP. In addition, the multiple reflections occurring 

between surfaces of the optical components as aligned in Fig. 2-2 can also contribute 

to the depolarising effect.

In the other case, the arrangement of the optical fibre system is rather different 

from that in the free-space since in the former case many less bulky optical 

components are replaced with a single length of optical fibre. Optical fibre production 

is a very specialised process. Many years of development have gone in to the 

manufacturing of low loss single mode fibre optic for long haul communications 

systems. As a result, regions of homogeneity and inclusions are negligible, and this is 

also true for the HiBi fibre used here.

The measured DOP obviously shows that the technique using fibre suffers less 

depolarisation than the previous one.

Since the unpolarised light is operationally defined (Schurcliff, 1962) as a 

beam that, operated on by optical devices like polarisers and retarders, is divided the 

beam into two completely polarised subbeams, these subbeams have equal power (in a 

time interval long enough to permit the power to be measured). Thus, it can be 

detected in such a way as to provide an input to each intensity involved in the 

calculation of the Stokes parameters.
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If the total intensity of the unpolarised light is given by 2Iu, the modified 

Stokes parameters become,
S i = { / ( 0 ” ,0 ) + / ,}  +  { / ( 9 0 " ,0 ) + / „ } ( 2 -2 5 a ) ,

s; =  { / ( o " ,o ) + / . }  -  { / ( 9 c r ,o ) + / . } ( 2 -2 5 b ) ,

S ; = { / ( 4 5 - ,0 )  +  / . } - { / ( l 3 5 - , 0 ) + / , } ( 2 - 2 5 c ) ,

S ;  =  h ( « M )  +  / . } - { / ( l 3 5 “ , f )  +  / „} ( 2 -2 5 d ) .

The above combination treatments for particular Stokes parameters, 

S{, Sj and ,S'3' , are thus independent of /„, and the parameters then can be considered 

to be the same as S], S2 and S3.

By using Eq. (2-23), the DOP can be found to be a function of the unpolarised

factor,

DOP' = 4 S\ + S 2 +Sj _ x j 00o/o (2-26).
So

This clearly explains why a large amount of the unpolarised intensity, as found 

in the free-space configuration, deteriorates very much the DOP of the output beam.

The similarity of the ellipticities observed from the two arrangements may also 

be explained by the same analysis. If the Stokes parameters in the ellipticity 

expression in Eq. (2-24) are substituted by the modified parameters (Eqs. (2-25a) to 

(2-25d)), the expression remains unchanged since the unpolarised light terms cancel 

out completely. Therefore, the value of the ellipticity obtained from each arrangement 

is not affected by the existence of the unpolarised constituent. Although it suggests 

that both configurations can generate the required polarisation factor, the output beam 

quality determined by the DOP still shows the obvious difference in the depolarising 

effect of the free-space and optical fibre techniques.

2-4 Conclusions

The operation of the two polarisation modulation techniques has been studied 

and quantified. Both techniques produce a low ellipticity rotating linear polarisation
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state. However, the degree of polarisation obtained was much higher in the fibre case 

than in the free-space instance. Thus, for use in polarimetric measurement systems, 

the optical fibre modulation scheme would appear to be the better choice, in terms of 

simplicity and ease of alignment, as well as achieving adequate DOP.

To obtain an even higher performance including a higher DOP from the 

optical fibre arrangement, more extensive studies and development on the system 

were carried out. The investigation will be presented in terms of performance-related 

aspects, such as the properties of the HiBi fibre, the modulation methods and the 

optical components involved, in the next Chapter.
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CHAPTER 3
A HIGH BIREFRINGENCE FIBRE POLARISATION 

MODULATION SCHEME: SYSTEM AND PERFORMANCE

3-0 Introduction

The previous Chapter has described two approaches to achieve the required 

linear polarisation modulation for use in the ellipsometer measurements to be 

described. The employment of free-space bulk optical components and optical fibre 

has been studied and investigated in detail, to determine their experimental 

performance in terms of the degree of polarisation (DOP) and ellipticity achievable. 

The results have demonstrated that a higher quality output, more applicable to 

polarimetric measurement systems, was achieved by using the fibre optic scheme.

Nevertheless, further improvement to the quality of the rotating polarised 

light, which is the essence of the technique, is still required for the application in 

mind. This is because, from the previous Chapter, the degree of polarisation of the 

output is found to be related to the structure of the configuration itself. This suggests a 

problem to be tackled in order for the system to achieve the performance target set up 

in Sec. 1-3 This Chapter describes an extensive quantitative investigation into the 

performance of such a fibre-based system, detailing and experimentally verifying 

some important performance-related aspects, (namely, the properties of the high 

birefringence (HiBi) fibre, the modulation method and optical components involved) 

which could influence the quality of the rotating polarised light.

Before analysing the main factors involved, it is necessary to derive a 

theoretical basis to the behaviour of the optical fibre approach used in order to gain a 

fundamental insight of the processes taking place in the generation of the desired 

rotation.
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3-1 Theoretical Analysis

The optical fibre polarisation modulation technique used to generate a linear 

state whose azimuth is dependent on the phase difference between two combining 

circular states can be illustrated conveniently using the familiar Jones vector notation, 

as described in Sec. 2-2-2.

In this configuration, the light emitted from a HeNe laser passes through a 

series of optical components: a length of modulated HiBi fibre and a quarter-wave 

plate oriented at 45° to the eigenaxes of the fibre. Thus the output electric vector is 

given by

r «*{*(♦(/)-»)} 1 ,a„
(3-1),

where

'O+-s*r1h7©̂ (3-2),

and CW = t0<T + i  + j{kx +ky)(L + L(t)) (3-3),

L is the length of the HiBi fibre, L(t) is the fibre length extension due to the 

modulation unit (the modulation length) and kx and ky are propagation constants for

each eigenmode defined as kx = nx —  ,ky =ny — , respectively (Longhurst, 1973).

Clearly, there is a temperature and strain effect which will be reflected in kx and ky, 

but for the purposes of the operation of the instrument, kx and ky are assumed constant 

and all possible modulation effects are considered to be included implicitly in L(t). In 

the actual instrument, the referencing technique used means that details of the specific 

origin of the modulation are not required.

Eq. (3-1) represents a linear polarised wave in which the orientation of the 

polarisation has been rotated through an angle, j(<t>(f)-f), the azimuth angle. This

rotation is proportional to the modulation of the HiBi fibre, as given in Eq. (3-2).
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3-2 Systematic Details

In this section, descriptions of the optical fibre system arrangement, the 

rotating plane polarisation generation, and methods of data evaluation are discussed. 

3-2-1 System Arrangement

The initial polarisation modulation scheme employed was produced by 

winding a length (10 m) of HiBi fibre (York HB-600) around a cylindrical piezo-

electric transducer (PZT) as shown schematically in Fig. 3-1. The PZT used is 

ceramic with a length of 76.2 mm, outer diameter of 76.2 mm and wall thickness of 

5.08 mm (supplied by Morgan Matroc). The resonant frequency of the PZT is 14 kHz.

Figure 3-1 Illustration of a HiBi fibre polarisation modulation arrangement.
Ps, Polarising Prisms; Ls, Lenses; QWP, Quarter-Wave Plate;
GS, Glass Slide; Ds, Detectors.

This was driven sinusoidally to stretch the fibre and modulate its birefringence 

characteristics. As a result, a beam with a rotating linear state of polarisation was 

obtained.

A reference signal was provided by reflecting a small fraction of the beam via 

a glass slide (at an incidence angle of 3°) through a polarising prism onto a 

photodetector and the main beam was then analysed via a polariser (orientated at 45° 

to that in the reference arm) and a photodiode. The detected and reference signals 

were transferred to a computer for analysis. It should be noted that the reference signal
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allows for the ability to determine particular polarisation states exiting the modulation 

unit.

3-3 System Performance Study

As already mentioned, the essence of the polarisation system designed is the 

production of good quality rotating plane polarised light as an output beam. Therefore, 

a close look at the beam characteristics would reveal what deficiencies need be 

addressed to improve the beam quality.

3-3-1 Detailed Analysis of the Output Signal

Fig. 3-2 shows a typical output signal obtained from the polarisation 

modulation scheme when the output from the fibre is transmitted directly through a 

polariser (angled at 45° relative to the orientation of the polariser in the reference) and 

then to the photodetector (Fig. 3-1). Signal intensities with known polarisation 

orientations relative to the reference signal thus can be evaluated, utilising the signal 

processing method briefly summarised in Fig. 3-3 and fully described in Appendix A.

Figure 3-2 Illustration o f typical fringes taken from the polarisation modulation unit. (Solid line : 

Detected signal, Dotted line : Reference signal)
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Stop

Figure 3-3 Flow chart showing a summary o f the procedures for processing the signals to determine 

parallel (Ip) and perpendicular (Is) intensities. Other calculations are then performed using this data, 

(more details in Appendix A)

Since the polarised light emitted from the polarisation modulation unit is 

modulated by driving the PZT sinusoidally, when the PZT is expanded electrically, 

the linear output state rotates in one direction (say clockwise), and then in the other 

direction (counterclockwise) when the PZT is relaxed. Thus, as can be seen (Fig. 3-2),
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the group of fringes to the left of the turning point is a mirror image of the fringes on 

the right of the turning point (where the direction of the rotation changes).

Initial considerations suggest that both orientations of the rotating polarised 

light should result in the same type of output. However, by using the procedures 

described in Appendix A to determine both intensities parallel ( /p) and perpendicular

(Is) to the direction defined by the polarising prism in the reference arm, it was found 

that the average of the ratio Is / 1 p of the fringes situated on one side of a turning point

differed significantly from the average ratio found on the other side.

This raised the question of a differing performance depending on the direction of 

rotation. This inconsistency in the ratio could give rise to unreliable measurements, 

once the system has been implemented in practical applications.

An initial suggestion for the source of the inconsistency was based on a 

property of the PZT itself as all piezoelectric ceramics exhibit hysteresis (Jaffe et al, 

1971). This arises from the difference in the strain that occurs when a particular 

voltage is approached from a lower voltage and then from a higher voltage (as 

occurred due to the application of a sinusoidal signal in this case).

However, this view was dismissed experimentally because the referencing 

scheme employed provided the orientation of the polarisation state, independent of the 

drive signal, and consequently, the hysteresis of the PZT cannot contribute to this 

effect. A closer analysis was made by monitoring the output of the polarisation 

modulation as shown in Fig. 3-4, taken from the "straight-through" optical set-up 

(with no polariser (P3) in detection arm) where the output from polarisation 

modulation system is incident directly on the photodetector (Fig. 3-1). The figure 

reveals that the signal 'a' is partly composed of high frequency components, in 

contrast to the expected output DC signal. The signal 'b' is the reference signal. The 

form of the output signal can be understood once a careful and extended analysis has 

been made, as discussed below.
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Intensity 
(arb. unit) vyvwvN/vu,A/yvw
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Figure 3-4 Illustration o f signals obtained from a "straight through" set-up. Signal 'a' was directly 

detected from the output o f the set-up and signal 'b' was taken after the output beam reflected at a glass 

slide and propagated through a polarising prism.

3-3-2 Extended Analysis

The signal from a detector placed immediately after the quarter-wave plate 

(QWP1) at the output end of the polarisation modulation unit can be derived by using 

Jones matrices. For convenience, the two orthogonal modes may be designated as x 

and y; thus, the electric field of the wave which propagates along the mode, x, of the 

fibre is given by,

È X

a e i(<0ol - k x(L+L(l))+ex) 

0
(3-4),
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where a = amplitude of the wave, kx = propagation constant in mode x, L = an initial 

length of the fibre, L(t) = the fibre length extension due to the modulator unit and s r = 

the initial phase in the mode x.

Similarly, the wave propagating along the mode, y, may be written as,

E y =
0

j^i(<D0t - k y (L+L(t))+£y ) (3-5),

where b = amplitude of the wave, ky = propagation constant in mode y, and sy = the 

initial phase in the mode, y.

When the light passes through the QWP1 oriented at 45° to the eigenmodes of 

the fibre, the light from each mode is transformed into a circular polarised light with 

different handedness. The wave in mode x becomes right circular polarised light given

by,

= aei ( a J - k x(L+L(t))+Ex) 1
(3-6),

i _

while the wave in mode y is transformed to be left circular polarised light given by,

foe '(<°ot-ky (L +L(t))+sy + j) (3-7).

The total intensity, I, at this stage may be found to be the sum of the intensities 

of the right and left circularly polarised beams, 1 ^  and /['* respectively, i.e.

/  = 4 "  + 4 "  = + (£ i,)) - ( 4 ',)‘ (3.8),

cca2 +b 2

Therefore, it may be concluded that no matter how much the amplitudes of the 

circular polarised beams may differ, the output signal should be a DC signal.

However, in practice the electric field in each eigenmode is not only composed 

of the main light flux but it also involves light reflected backwards and forwards along 

the fibre.
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As a result of the reflection, the reflected light, which is emitted from the fibre 

after being reflected by both end faces of the fibre is given in terms of the component

of E(2) by

r ( 2 )  _  „ 2  A a > o l - ^ x(L+L{t))+ex)Lx -r \  ae

where r| is the reflection coefficient at the fibre ends (assumed identical) and 

3kx(L+L(t)) is the phase of the reflected beam for mode x.

Therefore, the intensity exiting this eigenmode is found to be

(3-9),

r ( l ) + ( 2) _
1 X ;>)•

l [a 2 + x\Aa~ + r|2 a 2 cos(2kx(L + Z(7))))
(3-10).

The argument of the cosine term is given by = 2 kx(L + L(t)) which can be

rewritten in terms of the phase difference between the light exciting the two

eigenmodes Am = —  B(L + L(t)) as,
^ o

A _ | '2" A ' 
B J (3-11),

where b (= nx -  ny) is the linear birefringence of the fibre (Kaminow, 1981).

""(2)Similarly for the y mode, the reflected electric field, E , can be written as

ß ( 2 )  _  r ^ ,2jJ e '{<s>„l-^y (L+L{l))+ey +f ) 1
(3-12),

where if  is a reflection coefficient at the fibre ends and 3ky(L+L(t)) is the phase of 

the reflected beam for mode y. Thus, the total intensity in mode y is found to be

4 l)+(2) = 2 (b2 + TI'V + r|,262 cos(2 kv(L + L(t)))) (3-13),
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where 2kJL+L(t)) is equal to the phase difference between the two beams exciting 

eigenmode y and can be written in terms of the phase shift between the two 

eigenmodes as

A,=
f 2n A )y  m

B
(3-14).

In addition, if the reflected beam and the main light flux of both eigenmodes are 

detected simultaneously, (as they will be in a practical situation) the detected intensity

1  totalis given by

Ito,at = [e ?  +  +  E ? )  + ( £ ?  +  E(? \ E f  +  E\;2 ) ) *

= 2[a2 +b2 + r|4a 2 +r\'2 b2 +r\2a 2 cos(2kx(L + L(t))) + r\'2b2 cos(2ky(L + ¿(f)))}

(3-15).

If it is assumed that a - b  and r\ = r\', the last two cosine terms in Eq. (3-15) 

can be written as,

cos(2&r(z  + Z(f))) + cos(2£>,(z, + Z(f))) = 2cos[(&_t -  ky){L + Z,(f))Jcos[^(^ + ky)(L + £(/))]

(3-16).

This indicates, theoretically, the presence of a beat effect with a modulated 

amplitude of cos [kx -  kv){L +

The first factor of Eq. (3-16) is low frequency, and the second, high frequency, 

as can be seen in the following analysis. An analysis of the modulated amplitude 

factor may be made by writing it as a function of the phase shift between the two 

eigenmodes, Am, to give,

_ nx̂ m ny^m
B B

= A„, (3-17).
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Eq. (3-17) indicates how the envelope of the beat is similar to the modulation 

phase between the two eigenmodes. The situation can be clearly observed from Fig. 3- 

5 which shows the output obtained (again from the arrangement of Fig. 3-1) where the 

modulation rate is greatly reduced (a low frequency linear ramp was used, giving rise 

to a polarisation rotation frequency of » 1 Hz). This illustrates (a) the reference signal 

and (b) the signal from the "straight through" arrangement (without a polarising 

prism). In this case, the detector was not frequency limited as the signal frequencies 

generated were within the detector 3 dB bandwidth (100 kHz).

Intensity 
(arb. unit)

0 5

Time(s)
Figure 3-5 Illustration of the reference signal (a) and the beat pattern (b) due to the interference 

between the main light flux and a fraction o f reflected beam. The situation was monitored from the 

straight through arrangement where modulation rate is low (» 1 Hz).

Additionally, the characteristics of the components inside the envelope may be 

investigated. Again, rewriting all the factors in terms of the phase shift between the
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two eigenmodes (A„,), the phase of the high frequency cosine factor (from Eq. (3-16)) 

may be given by

As can be seen, this indicates the rapid phase change when compared to the 

modulation phase between the two eigenmodes as a typical value of B for HiBi fibre

be made, by considering the difference between the two modulation conditions in both 

frequency and form. In Fig. 3-4, the modulation was via the cylindrical PZT operating 

at a sinusoidal frequency of 14 kHz. In this case, L(t) in Eq. (3-16) varies sinusoidally. 

Then Eq. (3-16) may be expanded as a Fourier series (whose terms are harmonics of 

the modulation frequency) involving Bessel functions (Connor, 1973). This gives rise 

to a complicated equation with an extended frequency spectrum. The actual detailed 

form of the power spectrum in such a situation depends on both the amplitude of 

modulation and the initial phase of the factor in Eq. (3-16). The situation was 

extensively modelled using a simple Fast Fourier Transform computer algorithm. 

Removing the high frequency components (above the cut off frequency of the detector 

circuit; i.e. 100 kHz [3 dB frequency bandwidth]) before performing the inverse 

Fourier transform was used to mimic the low pass filtering effect of the detector. This 

confirmed the low frequency content of Eq. (3-16) and the resultant, reconstructed 

time signal was similar in form to the reference signal. The exact form of this 

reconstructed signal is sensitive to initial conditions of phase and modulation 

amplitude. This is in agreement with the signal shown in Fig. 3-4 (a) which (for the 

particular initial phase and amplitude encountered experimentally) is observed to be 

similar to the reference signal, Fig. 3-4 (b). In Fig. 3-5, thermal expansion 

corresponding to a linear ramp was used (resulting in a frequency of « 1 Hz for the

B (3-18).

is in the order of 10'4 (Vamham, 1984). A useful comparison of Figs. 3-4 and 3-5 can
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polarisation rotation) and a simple, sinusoidal, low frequency envelope can be seen 

(Fig. 3-5 (b)).

(a)

(b)
Figure 3-6 Illustration o f the high frequency components reduction,

(a) shows the signal with significant high frequency components
taken before applying index matching gel and,

(b) shows the signal with decreased amplitudes taken immediately
after the application.

(The ratio o f  the high frequency component intensity to the maximum 

intensity is represented in terms o f percentage.)
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Clearly, these higher order reflections should be minimised to ensure optimum 

performance because as well as giving rise to variations in intensity, changes in the 

output polarisation may occur. When high speed modulation is required, a sinusoidal 

modulation signal will normally be applied, as this is more easily applied at high 

frequencies, resulting in a signal with a complex frequency spectrum. Therefore, it is 

not an option merely to filter electronically these high frequencies, as was already 

shown in the high frequency modulation by the PZT.

This analysis suggests that the beat effect can be reduced by cutting down the 

intensity of the reflected light. This conclusion was initially tested experimentally by 

applying index matching gel to the output end of the fibre in order to reduce the 

amplitude of the reflected light imposed on the main light flux. Figs. 3-6 (a) and (b) 

show the high frequency components as elements of the output signals taken from the 

arrangement as shown in Fig. 3-1 and with an analyser at an arbitrary orientation 

placed in front of a photodetector, respectively.

Fig. 3-6 (a) shows that the high frequency components is found to be 

approximately 4% of the maximum value; whereas, in Fig. 3-6 (b), taken after 

applying the index matching gel to the output end face of the fibre, a reduction of the 

high frequency components to about 2% is observed. From Fig. 3-6 (a), it can be seen 

that the possibility of errors in resulting data readings is very high. Therefore, a 

reduction of these amplitudes obviously helps in reducing measurement errors when 

applying this system to an actual measurement situation. However, the use of an index 

matching gel does not represent a practical, permanent solution to the problem.

3-4 System Enhancement

3-4-1 The Properties of the HiBi Fibre

In order to improve the output from the polarisation modulation technique, for 

a better performance when implemented, it is desirable that the amplitude of the 

reflected light which contributes to the amplitude of the beat frequency should be 

reduced as much as possible. Techniques to cut down the reflections at the end faces
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of the fibre included index matching gel (as discussed), anti-reflection (AR) coating of 

the fibre end face, the use of an immersion cell and a tilted end face to deviate the 

reflected light (Ulrich and Rashleigh, 1980).

The tilted end face of fibre was the most simple and thus a suitable approach 

to try in the laboratory, by polishing the end face at an angle other than 90° to the 

fibre axis. By tilting the end face of the fibre, the reflected light flux is separated from 

the main light flux. To achieve a low reflection factor, the tilted angle of the end face 

was required to be greater than 5.8° (Ulrich and Rashleigh, 1980), and this was 

achieved by hand polishing.

For the preparation of the flat tilted fibre end, the plastic coating of the fibre 

was stripped at the end of the fibre. This end was then glued info a capillary tube. The 

tube held the fibre during the process of polishing, and served, later, to mount the 

fibre in the fibre chuck. In this experiment, a tilt angle of 6° was chosen. During 

polishing, the capillary is mounted in a specially prepared jig that determines the tilt 

angle. The fibre is polished, by hand, using diamond and aluminium oxide films. With 

about 100 strokes for 5 different roughness of the films (i.e. 30, 12, 9, 3, and 1 pm) 

an acceptable surface finish is obtained. Finally, the fibre end was thoroughly cleaned. 

The same procedures were carried out for the other end face of the fibre.

The advantage of polishing both end faces is not only to reduce the internal 

reflection from them but also to prevent power fluctuations due to light coupling back 

into the laser light source.

The optical quality of the end face was checked by inspection and by coupling 

light from a HeNe laser (a  = 632.8 nm) into the fibre, then observing the far-field 

output from the polished end. A uniform circular spot of light was observed, 

representing an acceptable surface finish. The far-field beam profiles, the beat pattern 

and the ratio of the amplitude of the high frequency components to the maximum 

intensity output were compared for plane and angle polished end face preparation. The 

light from a HeNe laser was polarised at 45° to the eigenaxes of the fibre and coupled
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into a length (10 m) of the HiBi fibre by way of a xlO objective lens: thus, both 

eigenmodes of the fibre were excited equally.

The purpose of this investigation is to check the presence of the high 

frequency components which are proportional to the modulation rate (Eq. (3-18)). It is 

worth pointing out that if a very high frequency modulation is used, the high 

frequency components generated (Sec. 3-3-2) could go beyond the photodetector 

bandwidth, which normally acts as a low pass filter. Thus, it would be difficult to 

determine whether or not the proposed improvement works as expected. The problem, 

however, can be overcome by using a low frequency modulation such as heating. 

Under such a low frequency circumstance, the detectable high frequency components 

would be observed and monitored.

The light was modulated by heating a small part of the fibre with a hot air 

blower. The output beam was divided into two parts to provide reference and 

"straight-through" signals, as shown in Fig. 3-1. The results of this experiment were 

compared with those using the HiBi fibre with plane cut end faces, and they are 

summarised in Table 3-1.

Preparation Fibre 

methods

Beat effect Amplitude Ratio* Degree Of 

Polarisation 

(DOP)

1. Plane cut end Observed «6% > 99%

faces

2. Polished angled Observed «2% > 99%

end faces

Table 3-1 This shows quantities measured, characterising the quality of the output beam from the 

different fibre configurations.

*Note: the ratio is calculated from the amplitude of the high frequency signals to the maximum output 

signal.
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(a)

(b)

Figure 3-7 Illustration showing the agreement when

(a) the output end face o f  a HiBi fibre was coated by an index matching gel and when

(b) the end face o f  the fibre was polished at an angle o f  6 deg.

(The ratio o f  the high frequency component intensity to the maximum intensity 
is represented in terms o f a percentage.)

From the Table 3-1, this clearly indicates that the performance of the HiBi 

fibre system can be improved considerably by polishing the end faces of the fibre.
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Furthermore, the reduction of the amplitude of the reflection observed with the 

polishing method, is in agreement with that obtained by applying index matching gel 

to the end face of the unpolished fibre.

Figs. 3-7 (a) and (b) show the agreement between the two methods as, in both 

cases, the output signals show the smaller contribution to the beat amplitude (the high 

frequency components highlighted).

This suggests that further improvement could be achieved in the contribution 

of the reflected constituent to the output beam by increasing the tilt angle of the fibre 

end faces.

An angle of 12° tilt was chosen in order to ensure the observation of any 

change that would be apparent. The preparation procedures for this test were almost 

the same as those previously except for the tilt angle used for the polishing jig. Once 

the polishing was finished, the polished ends were checked to guarantee that a 

uniform circular output beam was obtained.

The result was as expected. The amplitude ratio measured from the tilted end 

faces of 12° was approximately 1% compared to a ratio of 2% when using tilted end 

faces at 6° (Table 3-1). Nevertheless, the potential to increase of the angle is not 

indefinite because, apart from greater problems in the preparation process in which the 

intensity of the transmitted beam is reduced, a very large tilt angle could also upset the 

state of polarisation of the output beam. In all, the 12° polished end face exhibited a 

better performance than the 6° polished one.

3-4-2 Alternative Methods of Modulation

Since the 6° polished end faces were simpler to prepare and good enough to be 

implemented for the analysis of alternative methods of modulation, the subsequent 

study then adopted this approach. However, in subsequent applications (discussed in 

Chapters 4 and 5) in which a better quality output is required, the 12° polished end 

faces were used.

The polarisation modulation method using a length of fibre wrapped around a 

cylindrical PZT subjects the fibre to stress-induced birefringence from bending which
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will couple light between the two polarisation modes of the fibre unless the axis of the 

cylindrical PZT is parallel to the fibre birefringence. However, in practice, the 

orientation between the fibre axes and those of the cylindrical PZT cannot easily be 

controlled. This then leads to the coupling of optical energy from one particular mode 

to the other. The effect can be observed as inconsistent power levels in each 

eigenmode, as the fibre is perturbed by various directions of forces relative to the fibre 

birefringence. To examine this, the distribution of intensities measured at the 

detection arm when a polariser is orientated at a chosen angle of 45° (to the direction 

of the polariser in the reference arm) were studied (Fig. 3-1).

In particular, the intensities parallel Ip, perpendicular Is, and at half orientation 

between these two, I4 5’ relative to a reference direction defined by a polarising prism 

in a reference arm, were investigated. At these particular polarisation orientations, 

data obtained provide a convenient and simple way to check the system performance. 

For instance, if the system operates perfectly, the output with its azimuth parallel to 

the reference direction, Ip, will be identical to that with its azimuth perpendicular to 

the reference direction, Is. In other words, the ratio Is over Ip becomes unity 

(Sec. 3-3-1).

In an effort to reduce the coupling of power between the two eigenmodes, 

alternative ways of modulating the light were investigated. Thé intrinsic birefringence 

in the York Bow-Tie HiBi fibre used is caused by the difference in thermal expansion 

between the cladding and the stress-applying regions inside the fibre as it cools 

(Chiang et al, 1990). If the fibre is stretched with uniform axial strain, the stress- 

applying regions and the cladding of the fibre are strained differently in a longitudinal 

direction. As a result, this process introduces a strain-induced birefringence. The 

stretching of the HiBi fibre will increase the value of the intrinsic birefringence, but 

will not affect its direction. That means the problem of the energy coupling should be, 

if not completely removed, greatly reduced. Since the birefringence of the fibre 

changes as the fibre is strained, the stretching of the fibre can be used to modulate the 

phase between the two orthogonal polarised light beams. In the case of thermal
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modulation (induced by heating a short length of the fibre), this method also does not 

affect the direction of the intrinsic birefringence because there is no external force that 

can cause the redirection of the birefringence. It should be expected that this method 

of polarisation modulation would be as effective as stretching the fibre.

To investigate this, a comparison of the performance of the system using each 

modulation method was made on the distribution of measured intensities Ip, Is and I4 5 . 

The mean value and standard deviation were calculated for each side of a turning 

point (i.e. clockwise and counterclockwise, were considered separately) when the 

arrangement was "straight through", as shown in Fig. 3-1.

Modulation methods 

(polished end faces fibre)

Clockwise rotation Counterclockwise rotation

a cylindrical PZT Xh =35.281, a,  =2.256 

X, =37.521,0, =2.702*P 1P
X. =69.000,a, =0.819M5 7 M5

X. =38.767, 0 , =0.7831 s *s

X. =33.115,0, =0.5341P lP
X. =71.227,0, =0.388

heating X. =32.627, 0 , =0.8781 s ls

X, =33.344,o, =1.194lP JP
X, =64.496,0, =0.487

X u =32.568, a,  =0.343 

X, =33.094,0, =0.304 

X, =65.400,o, =0.489y45 7 y45

stretching X, =26.508, o ; =1.177 

X, =28.634, 0 , =0.437 

X, =62.900,o. =0.238M5 7 M5

X, =28.122, 0 , =0.8751 s xs

X, =28.771,0, =0.317lP lP
X, =61.667,0, =0.200y45 y45

Table 3-2 The standard deviation (a) o f the intensities Is, lp and around their mean values (X  ).

The experimental set-up for the uniform stretching with polished angled end 

faces is similar to that for the thermal polarisation modulation, as described previously 

except, of course, for the modulation unit. For the uniform stretching set-up, a section 

of 20 cm from a 1 m length of HiBi fibre was held under longitudinal strain with one
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end mounted at a fixed point and the other end attached firmly to a shaker which 

serves as a sinusoidal modulator, operating at a frequency of 30 Hz. Since the intrinsic 

birefringence of the HiBi fibre changes with the longitudinal strain, this means that 

the phase difference between the two orthogonal components also changes (Tatam et 

al, 1987). Under appropriate conditions, a 2n phase shift can be achieved, and Table 

3-2 shows the distribution (standard deviation, a) of interest around their mean values

( X ) .

As can be seen from Table 3-2, the scattering of the measured values (either 

from clockwise or counterclockwise orientation) around their means from the two 

methods of heating and longitudinal stretching are similar to each other, as expected, 

and have a smaller spread than the results obtained from the stretching by a cylindrical 

PZT. Further, the average of the ratio Is / I p of one group (say the clockwise rotation)

of fringes situated on one side of a turning point was compared to the average of the 

ratio found in the group on the other side of the turning point (the counterclockwise 

rotation). The results are shown in Table 3-3, which indicates that the problem of 

grouping is greatly reduced when using heating or stretching as the means of 

modulation.

Modulation methods Clockwise rotation Counterclockwise rotation

(polished end faces fibre)

a cylindrical PZT 0.940 1.170

heating 0.978 0.984

stretching 0.925 0.977

Table 3-3 The comparison o f the average of the ratio Is / 1p o f the fringes situated on each side o f a 

turning point.

In summary, the results obtained from the thermal and longitudinal stretching 

modulation scheme showed not only less scattering of I Is and Us around their mean
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values but also the reduction of the gap between groupings. Thus, it can be concluded 

that by changing the method of modulation, the power coupling can be reduced and, 

as a result, the measured intensities tend to concentrate around their mean values.

It is envisaged that the longitudinal stretching would be more practical in a 

measurement system due to the higher bandwidth that is available.

3-4-3 Optical Component Considerations

So far, the optical fibre polarisation modulation technique has been 

investigated in two major aspects; namely, the properties of the fibre and the 

modulation method, and improvement in performance were achieved over the optical 

fibre set-up initially studied.

Using the optical arrangement shown in Fig. 3-1; it is clear that the 

performance of the system is also critically dependent on the quality of the quarter- 

wave plate (QWP1) used. The first cause for concern is how closely the phase 

retardance of the plate corresponds to n/ 2  and the second is the precision of the 

orientational adjustment of the QWP optical axes to the eigenaxes of the fibre.

3-4-3-1 Imperfection on the Quarter-Wave Plate

The most appropriate way of showing the resultant effect on the output beam 

is to employ Jones vector notation. Previously, the manipulations of the rotating plane 

polarised beam were calculated relative to the optical fibre co-ordinate system. This 

time, for simplicity, the calculation will be performed relative to the input beam co-

ordinate system (Fig. 3-8).

a modulated
-p* HiBi fibre QWP

Figure 3-8 Illustration of an input beam , a modulated HiBi fibre and 
a QWP co-ordinate system.
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Therefore, the electric field input, Emput may be given by

1
input (3-19)

The Jones vector notation of an imperfect quarter-wave plate, Q' , with its 

optical axis parallel to the input beam co-ordinate system may be written as

where y represents the retardance error.

In addition, according to the co-ordinate rotation procedure (Nussbaum and 

Phillips, 1976), the pseudo-Jones matrix for the properties of a linear highly 

biréfringent fibre has to be rewritten in a new form relative to the input beam co-

ordinate system.

Generally, this process can be accomplished by using the rotation matrices, R£ 

which are given by

where ± indicate rotational directions of the input beam co-ordinate system relative to 

the fibre co-ordinate system, e.g. a positive rotation matrix, i?e+ is defined from the +x 

plane toward the +y plane. 0 represents an angular difference between the two co-

ordinate systems.

In this particular case 0 = 45° to the principal axis of the input beam co-

ordinate system; thus, the matrices can be simplified to

Then the modified modulator matrix, M ' , relative to the input beam co-

ordinate system may be written as

(3-20),

R,
± cos0 ±sin0 

+ sin0 cos0
(3-21).

(3-22).
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1 - 1 " V * » o  " '  1 +\
+ 1 1  _ 0 eih - 1 1

e‘*° - e ih
e'*° - e ih e‘*° +eih (3-23).

Now, if the input beam is launched into this modulated HiBi fibre, the beam

M'Einpu, =

emerging at the output end is given by
V*" + eii>b 
e'*° - e ‘*k

cos —V2 J
^  «— e ■
v2

sm
(3-24),

where <)>(= <j>(j — 4**) >s the modulation phase.

At this stage Eq. (3-24) illustrates the evolution of the state of polarisation 

(SOP) of the output beam before propagating through the waveplate. It indicates that 

the beam, with a varying amplitude and a constant phase difference of 7t /2, can give 

rise to different SOP. Specifically, if (j) = 0 or n radians, the output beam becomes 

linear, if <(> is modulated to be n/2 , the output then becomes circular and in general the 

output is elliptical.

It is obvious that if this modulated beam propagates through a perfect QWP, a 

rotating linear state will be obtained. However, the case of general interest occurs 

when transversing through an imperfect QWP. By following the process described in 

Eq. (2-1), the output electric field, Eoulpul , may be given by

EOUIPu, = Q'M'Empul (3-25).

Substituting Eqs. (3-20) and (3-24) into Eq. (3-25), gives

f
cos

output

sm

V2y

V-
-  e

(3-26).
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This shows a state of rotating azimuth is produced, but it will no longer be 

linear because of the existence of the retardance error, y. It can be shown that, in fact, 

a state with varying azimuth and ellipticity is generated.

To verify this, first of all it is necessary to derive an expression for the 

ellipticity of this beam as a function of the retardance error, y, and phase <|>.

Generally, the ellipticity, e, of an ellipse written in terms of Jones vector

notation as
Axe'qx
A / -

is give by (Schurcliff, 1962) 

ellipticity(e) = tan^sin_1{(sin2v4)|sinç|}j (3-27),

( a \
where A and q are defined as equal to tan ' y and (q - q x), respectively.

With some simple manipulation, the expression for the ellipticity of the output 

beam (Eq. (3-26)) is found to be

ellipticity = tan y sin '{(sin(j))|sin(y)|} (3-28).

An illustration of this equation is shown in Fig. 3-9. It reveals a modulation 

phase-varying ellipticity. The effect shown, as a thin line, was calculated when the 

retardance error is 7t/25, a typical value for a standard mica QWP used in practice.

Interestingly, the calculated ellipticity found is comparable to the measured 

value obtained in the previous experimental investigation (Sec. 2-3). In addition, the 

calculation also predicts that if a higher quality QWP such as that made of quartz (y = 

tt/250) is used, the amplitude of the ellipticity will be significantly reduced as a result 

(thick line). It should be noted that the maximum ellipticity is obtained when the 

modulation phase is rc/2, corresponding to a circular state emerging from the fibre 

(Eq. (3-24)).

A point worth considering here is that the problem was analysed, based on the 

assumption of a well-aligned linear input, i.e. the vector of the input polarisation state 

is seen to be perfectly parallel to the chosen co-ordinate system (referring to Fig. 3-8). 

If not, the misalignment which occurs can cause an unwanted orthogonal component,
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whose magnitude totally depends on the angle of misalignment. This effect can be 

described as follows.

P h a s e  m o d u l a t i o n  (deg rees )  ,4>

Figure 3-9 Illustration of an ellipticity evolution occurring when the optical fibre polarisation 

modulation system uses an imperfect QWP. The thin line represents the effect obtained from using a 

mica QWP; whereas, the thick line is obtained when using a quartz QWP.

If the input beam is misaligned by a small angle, d(p, relative to the axis of a 

given co-ordinate, the beam then may be given by

F' = R+ F^  input ''Vcp ̂  input

COSflftp
-sinr/cp (3-29).

Eq. (3-29) shows that the amplitude of the unwanted component (-simicp) is, 

of course, a function of the misaligned angle, dtp. In practice, the degree of alignment 

precision was found to be 0.5°, where the positive angle is measured from the +x 

plane toward the +y plane. So, substituting this numerical value into Eq. (3-29), the 

amplitude of the unwanted component was calculated to be approximately 1.0 % of 

the main constituent.
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By following the procedures described earlier (Eqs. (3-24), (3-25) and (3-28)), 

the new phase-varying ellipticities with y = tc / 25 (thin line) and y = 7i / 250 (thick 

line) were determined and are shown in Fig. 3-10.

P h a s e  m o d u l a t i o n  (deg rees )  ,42

Figure 3-10 Illustration o f an ellipticity evolution when the input beam is misaligned by 0.5° from a 

reference direction and the QWP used is imperfect. The thin line represents the effect o f using a mica 

QWP; the thick line is obtained when using a quartz QWP.

From the graph, the unusual curvature of the ellipticity is dependent on a 

particular modulation phase and the magnitude of the ellipticity can be clearly seen 

when the retardance error is significant (y = tt /25). In such a way, the error from the 

input misalignment can contribute to the total system error. However, this unusual 

trend of ellipticity becomes less pronounced when the retardance error, y, is reduced 

to 7i / 250 (thick line). This suggests that by using a high quality QWP the error from 

the input misalignment can be tolerated.

It should be noted that curves shown in Fig. 3-10 are evidently out of phase. 

This is dissimilar to Fig. 3-9. This situation may be clarified by considering a series of 

misalignment angles, d(p, of the input beam. Fig. 3-11 illustrates the ellipticity 

evolution with various cftp (i.e. d(p = 0.0° [stars], 0.05° [squares], 0.1° [thin line] and 

0.5° [thick line]) with y = n / 250. The figure reveals that the ellipticity curves change
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in phase as dtp changes. It can be expected that this phenomenon can also be applied 

when y = n / 25. However, with different retardance errors, the ellipticity evolution 

when dip = 0.5° (as shown in Fig. 3-10) can be found.

Figure 3-11 Illustration o f an ellipticity evolution when the input beam is misaligned by 0.0° (stars), 

0.05° (squares), 0.1° (thin line) and 0.5° (thick line) from a reference direction and the QWP is 

imperfect. The retardance error, y, o f the QWP is taken to be rt/250.

In fact, any inaccuracy introduced by a QWP is not only from its imperfection 

but possibly also from its misalignment. These circumstance will be studied in detail 

in the next section.

3-4-3-2 Misalignment of the Quarter-Wave Plate

It is equally important to analyse the orientational adjustment of the QWP 

eigenaxes as its material imperfections. The effect of such a misalignment may be 

assessed by replacing Q' in the previous analysis (Eq. (3-20)) by

Q" =
.

(3-30),
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where £, is the orientational misalignment measured relative to the input beam co-

ordinate system and Q” represents a matrix of a QWP with misalignment but no 

retardance error.

Thus, the output beam then becomes

where

Eoulpu, = Q"M'Êmput

\{a 2 +b2)" e [̂ )Y

00 (c2+ j 2) y (tan"(i))

a = { ( ^ co4)-(V2^sm f)}

è = {^co4}

c = {^ siny}

(3-31), 

(3-32a), 

(3-32b), 

(3-32c),

d = {(^siny) + (V2^cos|)} (3-32d).

Eq. (3-31) indicates that the effect of the misalignment gives rise to a rotating 

elliptical polarisation. The ellipticity expression of the beam calculated from 

(Eq. 3 - 27) is found to be

ellipticity = tan[jsin“'{(sin2/i')|sinc;'|}] (3-33),

where A' = tan-1i c2+ d 2V
yO1 +b2 j

(3-34a),

(
tan-1 -tan  1fb y

V \ d ,
(3-34b).

It is noted that for a particular phase modulation (e.g. (j) = 0 or n) the 

corresponding ellipticity calculated from Eq. (3-33) is found to be equal to £,. This is 

shown in Fig. 3-12 where the value of orientational misalignment is chosen to be 0.5° 

(~ 9 x 10“3 rad), a degree of precision met in practice, which is measured from the +x 

plane toward the +y plane. This figure also illustrates that, at this particular 

modulation phase, the largest ellipticity of the output beam is obtained.
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Again, the analysis was considered on the basis of a perfectly aligned linear 

input beam. With an introduction of a small misalignment at the input as well as the 

QWP, the electric vector of the input is given by Eq. (3-29). By following the 

procedures for determining the time-varying ellipticity in the misalignment case 

above, the trend of the ellipticity can be found (Fig. 3-13). It can be clearly observed 

that under this additional input misalignment a larger change in the ellipticity than 

was seen before is introduced. This suggests a higher degree of system error would 

occur.

P h a s e  m o d u l a t i o n  (degrees)  ,4>

Figure 3-12 Illustration of an ellipticity evolution when a QWP used in the optical fibre polarisation 

modulation system is misaligned by 0.5° from the reference direction.

Comparing the scales of the two illustrations, Figs. 3-9 and 3-12, of the 

ellipticity obtained from the two error sources considered, it can be seen that the 

imperfections of the QWP tend to introduce larger errors in the output beam than the 

QWP misalignment does. In other words, the material imperfection is most 

responsible for the occurrence of the output ellipticity.

Certainly, with the previous improvements to the fibre and the modulation 

method and employing a higher quality QWP, the performance of the optical fibre 

system should be further improved on what was obtained earlier.
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To investigate this experimentally, the system was tested using a high quality 

quartz QWP (y=7t/250). Again, the "straight through" arrangement under 

longitudinal modulation was employed. A polariser with its transmission axis at 45° 

to the reference signal was placed in the detection arm. Intensities Ip and Is were 

recorded and the ratio 7V / 1 p were calculated.

P h a s e  m o d u la t i o n  (degrees)  ,4s

Figure 3-13 Illustration o f an ellipticity evolution when the input beam is misaligned by 0.5° from a 

reference direction and a QWP used in the system is misaligned by 0.5° from the reference direction.

Modified Polarisation 

Modulation 

(polished end faces + 

longitudinal modulation)

Clockwise rotation Counterclockwise rotation

with a mica QWP 1.083 1.020

(y = 7t/25)

with a quartz QWP 0.999 1.008

(y = t i/250)

Table 3-4 The comparison o f the average of the ratio Is / 1p o f the fringes situated on each side o f  a 

turning point from a longitudinal polarisation modulation with different quality QWPs.
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Table 3-4 shows the comparison of the optical fibre systems with a standard 

quality mica QWP (i.e. retardance error, y = 71/25) and a high quality quartz QWP 

(i.e. y = 7t /250) at the output end in terms of the average ratio Is / Ip for two different

direction of rotations; i.e. clockwise and counterclockwise.

Clearly, the table indicates that a significant improvement can be obtained 

when using the high quality QWP. This can be seen as the ratio Is / 1p comes closer to

unity for both directions of rotation.

It is also worth mentioning that some environmental effects, usually seen as 

relevant to the overall performance of an optical fibre based system, were not found 

significantly to perturb the output beam. Good illustrations of the errors involved are 

seen in temperature and pressure effects (Jones, 1985). Theoretically, the internal 

birefringence of the Bow-Tie HiBi fibre is a function of the environmental 

temperature (Chiang et al, 1990); hence, the temperature change will cause 

fluctuations of the output polarisation azimuth and thus reduce the stability and 

resolution of the system. However, this was of little consequence in the arrangement 

used, as the referencing scheme employed allows the tracking of the drifting of the 

output signal due to the effect.

In the same manner, although the birefringence is also pressure-dependent 

(Tatam et al, 1986), the factor again did not affect the system.

Lastly, a consideration which is worth noting here is the fibre polarisation-

holding ability. The effect is an important criterion of HiBi fibres, indicating how well 

they hold polarisation or, equivalently, the average rate at which the perturbations 

couple power out of the desired eigenmode into the orthogonal mode (Rashleigh et al, 

1982a). Typical Bow-Tie HiBi fibres have polarisation-holding parameters, h, of 

h< 10“5 m"1 which indicates that the unexcited polarisation mode is suppressed, on 

average, by more than -30 dB after 100 m of fibre (Rashleigh and Marrone, 1982b). 

This polarisation holding ability can still be maintained as long as the fibre used is 

kept lying straight. In practice, all conditions supporting the polarisation-holding
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ability were met; for instance, a short length (1 m) of fibre is used, and care is taken in 

the positioning of the fibre during the experiment.

3-5 Conclusions

The optical fibre polarisation modulation technique necessary for 

incorporation in a novel polarimetric measurement system has been modified to 

improve its performance. The reduction of the light reflections at the end faces of the 

fibre and power coupling between the two eigenmodes has been successfully 

achieved. A series of investigations has been carried out and, as a result, an 

improvement in the performance of the polarisation modulation technique has been 

observed. This was achieved by polishing the end faces of the fibre at an angle, 

modulating the fibre either by the use of heating or longitudinal stretching and using a 

high quality QWP. It is also worth mentioning at this stage that different modulation 

methods can offer dissimilar modulating frequencies and, thus, give rise to various 

measurement speeds which are suitable for different applications. For instance, in a 

sensing application whereby rapid changes of medium properties often occur, an 

optical method such as ellipsometry (discussed in detail in the next Chapter) equipped 

with a high frequency modulation method could provide high measurement speeds to 

enable detection of such changes.

In addition to the performance-related aspects of the optical fibre 

configuration, some potential factors such as temperature, pressure and polarisation-

holding ability were considered but reasonably dismissed because their possible 

detrimental effects on the system could be minimised by taking some simple 

precautions.

Having optimised the HiBi fibre scheme, work described in the next Chapter 

uses this optical fibre polarisation modulation system in the ellipsometric 

measurement of a range of optical materials.
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CHAPTER 4
ELLIPSOMETRIC MEASUREMENTS USING A HIBI FIBRE 

POLARISATION MODULATION SCHEME

4-0 Introduction

The HiBi fibre polarisation modulation technique used to generate a rotating 

plane polarised beam has now been thoroughly studied and optimised, as described in 

the last Chapter. Achievements thus far may be summarised as: (1) by reducing some 

potential sources of depolarisation (i.e. replacing a number of discrete optical 

components with a piece of fibre), the degree of polarisation becomes acceptable for 

polarimetric applications (i.e. DOP > 99%), (2) with the optical fibre configuration 

chosen, limitations normally introduced by the mechanical-base arrangement such as 

low measuring speed, precise engineering for discrete and bulky components can be 

avoided, and (3) the significant reduction of the observed asymmetric output (i.e. the 

percentage of asymmetry between the different orientational direction of linear light is 

found to be reduced from 10-20% down to 1-5%). As a result, the system performance 

is now significantly improved from its original state. To illustrate the potential of the 

present configuration, its application was demonstrated by characterising some 

materials via an ellipsometric system.

Generally, ellipsometry is known as an optical technique for the 

characterisation of interfaces and films, and it is based on the transformation of 

polarisation of an incident beam by various optical interactions such as reflection, 

transmission or scattering. One particular example, the reflection ellipsometer, uses 

the fact that the reflection of polarised light from an optically smooth surface is 

accompanied by a change in phase and intensity of the composite components giving, 

in general, an elliptically polarised beam. Frequently, to ease the mathematical
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analysis, the input polarisation state is chosen to be linear or circular. These 

parameters allow the optical properties of the material under study to be evaluated 

(Yoshino and Kurosawa, 1984).

One of the most useful optical characteristics obtained by this method is the 

complex index of refraction (also called the complex refractive index). This parameter 

is important because it is used to classify an optical sample of interest. For example, if 

an optical medium is dielectric and non-absorbing, the refractive index, n, a real 

constant will be measured, whereas, when there is absorption (as there always is in the 

case of metals) the refractive index becomes a complex quantity N = n-ik, so that two 

constants are involved. In this case n is the refractive index and k the absorption 

coefficient of the medium (Hecht, 1974). The definition of the complex index is quite 

analogous to that for the ordinary real index. For example, the progress of a plane 

wave in the medium can be written E = E0 exp[ico(i-(%).?)]• When N is real, c/N is 

merely the velocity of the wave in the medium. It is clear that when N is a complex 

quantity, the amplitude of the wave decreases with distance, which corresponds to the 

absorption present.

4-1 Function of Ellipsometric Instrumentation

The motivation for the development of ellipsometric measurement is the 

determination of some aspect (physical, optical, electrical, etc.) of the state of a 

specimen in the optical system. To obtain such a measurement, the following 

procedures (Hague, 1980) in the configuration of the device are required:

Firstly, it is essential to employ an incident beam with known properties of the 

state of polarisation and its orientation. This provides a knowledge of the initial 

conditions before the interaction between the beam and a medium under study occurs. 

Therefore, any effect from the sample on the incident beam can be clearly found and, 

in principle, correctly quantified.

Ellipsometry, as a technique, employs an appropriate interaction to gain access 

to the system under study. In the case of optical interfaces, in this study, either
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transmission or reflection can be used. The criterion for choosing which interaction 

mainly depends on the properties of the measured system itself. For instance, if the 

system is not transparent enough to make the transmitted wave accessible for 

measurement, the use of the reflected wave would be preferable. Also, in the case of a 

thin film coated on a substrate (considered in the next Chapter), the use of the 

reflection could avoid complicating the mathematical treatment due to propagation 

through the substrate used.

Then, in order to obtain information relating to the sample, it is necessary to 

measure the emerging polarisation state after the selected interaction. This step is 

important because only the development and use of a proper arrangement for data 

acquisition will allow the full capability of the polarisation modulation approach 

proposed to be exploited.

Polarisation State Generator 
(Rotating Polarisation 
Production unit)

Sample

Figure 4-1 The essential arrangement of the reflection ellipsometer

Following the previous procedure, the information gained may then be used to 

determine the required characteristics such as the refractive index, the absorption 

coefficient or the thickness of the optical medium, via some manipulation, based on 

an appropriate theoretical analysis (Azzam and Bashara, 1977).
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This can be achieved by implementing the HiBi fibre polarisation modulation 

technique, presented here. The approach does not only produce a linear state of known 

orientations but also permits its speedy and continuous controllability.

Fig. 4-1 shows, in a simple schematic diagram, the selected configuration 

which will be utilised throughout the following investigations.

With the degree of the absorption varying according to the sample type, it is 

clear that the transmitted-beam method is very inaccessible for measurement, 

especially in the case of the metal plate. Hence, these considerations favour the 

application of the reflection approach.

4-2 Reflection: Theoretical Background

Figure 4-2 Oblique reflection and transmission of a plane wave at the planar interface 
between two semi-infinite media 0 and 1.

(j)Q and (j)̂  are the angles of incidence and refraction, respectively.

p  and s are axes parallel and perpendicular to the plane o f incidence.

With reference to Fig. 4-2, the oblique reflection of an optical plane wave at 

the planar interface between two semi-infinite homogeneous optically isotropic media 

0 and 1 with complex indices of refraction N0 and JV,, respectively may be 

considered. The wave incident from medium 0 gives rise to a reflected wave in the 

same medium and a transmitted wave in medium 1. The angle of incidence, tj)0, and
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the angle of transmission, <j),, are both measured from the direction of the normal to 

the interface. The propagation of the electromagnetic fields inside media 0 and 1 obey 

Maxwell's equations.

This leads to certain requirements which must be met by the fields in order to 

be continuous at the interface. These are referred to as the boundary conditions (BC). 

Specifically, one of these is that the component of the electric field which is at a 

tangent to the interface must be continuous across it (Klein, 1970). This particular BC 

results in (1) the angle of incidence must equal the angle of reflection and (2) the 

angle of incidence <j)0 and transmission <j>, must be related by N0 sin§ 0 = iV, sin <j>,, 

which is familiar as Snell's law.

Furthermore, the same BC may then be applied to the corresponding magnetic 

components. Consequently, application of the BC and solving the resulting equations 

leads to the Fresnel's laws of refraction (Fowles, 1975). The laws state the relationship 

between the incident, reflected, and transmitted waves in terms of two composite 

polarised components. One component, designated p, is in the plane of incidence. The 

other, designated s, is normal to the plane of incidence.

In general, if a polarised beam is reflected by an optical medium, the phases of 

the p  and s components are shifted, as well as their amplitudes altered. (Eip, Eis) and 

[Erp,Ers) may be used to represent the complex amplitudes of the components of the 

electric field vectors of the incident and reflected waves, respectively.

and

iVj cos(|)0 -  N0 cos<j), 
Nx cos(j)0 + N0 cos(j)|

N0 cos(j)0 -  N] cost)), 
N0 cos(|)0 + N] coscj).

(4-1),

(4-2),

which are the Fresnel complex amplitude reflection coefficients for the p  (rp) and 5

(rs) polarisations. It is worth noting that Eqs. (4-1) and (4-2) explicitly contain the
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complex refractive indices. Knowledge of <j>0, rp and rp will then allow the 

determination of these indices.

If media 0 and 1 are transparent, so that N0 and Nl are both real numbers, then 

the system analysis becomes simple. However if one of the media, normally medium 

1, is absorbing, the corresponding index then becomes a complex quantity and the 

investigation is inevitably more complicated.

In order to examine the effect of reflection on the amplitude and phase of the 

wave separately, the complex Fresnel coefficients may be rewritten as

r ,= | r , |A  (4-3),

and

r . - y y -  (4-4).

|rp| gives the ratio of the amplitude of the reflected to that of the incident

electric vector when the beam is polarised parallel to the plane of incidence, with there 

being a similar meaning for |rj. hrp represents the phase shift upon reflection

experienced by the electric vibration parallel to the plane of incidence, with a similar 

meaning to §„.

The ratio of the complex p  and s reflection coefficients, p, is customarily 

related to the measurable, real ellipsometric parameters, vj/ and A, by the relation

p = — s  tan \\i ■ e'A (4-5).
rs

From Eqs. (4-3) and (4-4), it is readily seen that

tanv|/ = -pj (4-8),
fcl

A = 5r, - 5 ri (4-9).

Thus v)/ and A determine the differential changes in amplitude and phase, 

respectively, experienced upon reflection by the component vibrations of the electric 

vector parallel and perpendicular to plane of incidence.
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Substituting rp and rs in Eq. (4-5), using their values from Eqs. (4-3) and (4-4), 

and making use of Snell's law, the equation can be solved for TV, / N0 in terms of p 

and (f>0 to give

(4-10),

Eq. (4-10) shows that the complex index of refraction of medium 1 can be 

determined if the index of refraction of medium 0 (the medium of incidence) is known 

and the ellipsometric ratio, p, is measured at one specific angle of incidence, (j>0.

It is interesting to know that if the complex index of refraction of medium 1 is 

given by A, = «, -  ik{, the real term is found to be (the details are discussed in 

Appendix B),

n, = N0 sin(f)0(fl2 + Z>2)4 c o s k  . (4-11),

and the imaginary part can be expressed as

= N0 sin<j)0(<22 +b 2 \  sinx (4-12),

A, . . —- = sin®. 
A„

1 + 1-P  
1 + P

\ 2
tan2 c))0

where a = 1 + tan2 <J)0
(l -  tan2 v|/) -  4 tan2 \|/ sin2 A 

(l + tan2 vg + 2cosAtan\|/)
(4-13),

b = tan2 <)>(,
4 (l- tan 2 vj;)(tanv|/sinA) 

(l + tan2 v|/ + 2cosAtanv|/)
(4-14),

and k  = j j ta n  '( -4 )}  (4-15).

For the purpose of the measurement, it is necessary to know that amplitude 

reflection coefficients rp and rs are related to measurable quantities Rp and Rs known

as reflectances by (Azzam and Bashara, 1977)

*,= hr (4-i6),

K. = k ,r  (4-17),

which give the fraction of the total intensity of an incident plane wave that appears in 

the reflected wave for p  and 5 polarisations, respectively.
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where rp and rs are as given in Eqs. (4-3) and (4-4).

If this reflected electric field, E2, is detected by a detector, the corresponding 

intensity, I2, is given by

I2 = (e 2 -E;) = I0 (r p c o s 2 (()' + Rs sin2 f )  (4-21).

It can be seen that, with an appropriate phase modulation (j)', Eq. (4-21) allows 

the determination of j/'J /|rs| but certainly not the relative phase shift, A. Thus, the

information for evaluating the sample index of refraction (cf. Eq. (4-10)) is not 

obtained. However, the problem of this inadequacy of information can be solved by 

considering the situation when both components of the incident wave are resolved into 

a common plane. Under this condition an interference term between the two 

eigenstates will be introduced and the phase information of the. reflected beam will be 

maintained.

This circumstance can be accomplished by placing a polarising prism 

orientated at an arbitrary angle, 9, relative to the plane of incidence in front of the 

detector. Thus the electric vector transmitted by the polariser, E3 0, can be represented

by the vector

= PqE2

rp cos(|)' cos2 9 -  rs sintj)' cos 9 sin 9 
rp cos(j)' cos9 sin9 - rs sine))' sin2 9

E e n
(4-22).

To simplify the signal representation and provide the most practical solution of 

the problem, the polariser is oriented at an angle of 45° to the plane of incidence. The 

Eq. (4-22) becomes

3, 45° {r cosij)' — rs sin(j)') —-e" (4-23).

This electric field is then detected by the photodetector in the system and its 

intensity, / 3 45„, may be given by

73,45° = (£ 3.45° • £ 3,45°) = ^ { RP cos2 f  + Rs sin2 f  -  ̂ RpRs s in 2 f cos a ) (4-24).
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This suggests a practical solution for determining the ellipsometric parameters 

\|) and A and subsequently the sample index of refraction.

At the detection arm, when the light is modulated to be parallel to a plane of 

incidence (c.f. Eqs. (A-3) and (A-4)), the intensity at the detector is given by

InR.
*'=(1 ) ' ( R * A'=n) ~

0 p (4-25),1 parallel' V“ 3 45«̂ .̂=0/ 450 <(,-=0 ̂  2

Similarly, when it becomes perpendicular to the plane of incidence, the 

intensity is found to be

h  Rs (4-26),perpendicular V“ 3, 4 5°, f=f 7  v“ 3, 4 5°,f= f' 2

Other orientations of incident polarisation can also be identified but a great 

degree of simplification occurs when the azimuth is at 45° to the plane of incidence, 

where the intensity is then given by

7 4 5 » = ( £ 3 , 4 5 » , ^ f ) - ( £ 3 . 4 5 " . ^ f ) * =  2
L  (  R n  R .■ 4“

2 2 - j RpRs C0SA (4-27).

Clearly the ratio of Eqs. (4-25) to (4-26) would permit the determination of \\j 

and then substituting the two equations into Eq. (4-27), the relative phase shift A can 

be determined. Hence, p is obtained. Substitution of the parameter, p, into Eq. (4-10), 

allows the complex index of refraction of medium 1 (the medium under study) to be 

determined, provided that (f>0 and N0 are given. It is obvious that the process of 

characterising the reflecting surface can be accomplished without mechanical 

movement of any optical components. This provides a major step forward in the use 

of this ellipsometric technique for real time applications.

It is worth pointing out at this stage that, in this experiment, data similar to 

Fig. 3-2 is detected. Therefore, a number of Ip, Is and I4 5  can be collected from 

consecutive rotations of a polariser by using a reference signal. This allows 

determinations of Ip, Is and I45 (subsequently \|/ and A) in averaged forms. By doing 

this, the residual effect of direction of rotation should consequently be minimal (of 

course, a much smaller effect of rotation in different directions will be imposed on the
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results due to the extensive improvements carried out on the polarisation modulation 

system).

4-3 Experimental Set-up Used in this Work

Since the experimental set-up of the rotating polarised beam production has 

already described in the previous Chapters, the following experimental arrangement 

mainly concerns the situation occurring following the use of the HiBi fibre 

polarisation modulation system. Fig. 4-3 illustrates that a reference signal was 

fractionally sampled from the main beam emitted from the polarisation modulation 

system (utilising longitudinal stretching). The reference signal scheme enables 

monitoring of the state of the rotating plane polarised beam input to the ellipsometer, 

as discussed in Sec. 4-2. The sampled beam was reflected by a microscope glass slide 

(at an angle of 3° to the plane of incidence) through a polarising prism onto a 

photodetector. This main beam was incident on a sample oriented at an appropriate 

angle of incidence, and was then reflected through a polarising prism with its 

transmission axis at 45° relative to the plane of incidence. After passing through the 

polariser, the reflected beam was detected by a photodetector. Finally the detected and 

reference signals were transferred to a computer for analysis.

The modulation technique used is that of longitudinal fibre stretching. In 

practice, the modulator was driven by a ramp signal whose amplitude was adjusted to 

be « 1 Volt at a frequency of » 30 Hz. Under these modulation conditions (and taking 

the strain coefficient of the differential modal retardance to be « 6.5 xlO4 rad.m"1, 

[Tatam et al, 1987]) the length of the fibre stretching was found to be approximately 

300 pm, i.e. « 671 phase shift.

4-4 Experimental Conditions

To demonstrate the capability of the ellipsometric system, the optical medium 

studied involves two distinctive kinds of material: non-absorbing and absorbing. For a 

non-absorbing material, BK7 was used because its well-known optical properties
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(especially the index of refraction) provided a very good calibration for the measuring 

system. In addition, the material is also recognised as an industry standard glass used 

in an enormous variety of optical applications.

In the case of the absorption, materials with different degrees of absorption 

were studied. Firstly, materials with low absorption at the wavelength used 

(X = 632.8 nm) were employed. Some very suitable samples for this case are silicon 

(Si) and zinc selenide (ZnSe). Silicon is a material at the heart of semiconductor 

electronic technology, with high refractive index and low absorption coefficient. For 

ZnSe, one of its advantages that makes it one of the most popular materials for 

transmissive infrared optics in many applications is its low absorption in the red end 

of the visible spectrum (Melles Griot, 1992). This then allows the ubiquitous HeNe 

laser to be used as an inexpensive and convenient alignment tool for the infrared 

optical system. This advantage can be exploited here for examining the sensitivity of 

the proposed instrument in the low absorption region with the currently used 

wavelength. Therefore, such materials provide a very good investigation of the system 

sensitivity in terms of detecting the low absorption of such materials. In the second 

case, the sensitivity of the instrument in the case of high absorption was examined by 

using a copper plate as a sample under investigation.

With such a varying degree of the absorption, according to the sample type, it 

is clear that the transmitted beam is very inaccessible for use for measurement, 

especially in the case of the metal plate. Hence, these considerations confirm the more 

appropriate application of the reflection method in this study.

4-5 Experimental Results

4-5-1 Non-Absorbing Sample : air/BK7 Interface

In order to undertake a preliminary evaluation of the system designed, an 

evaluation of a standard optical wedge (of BK7) was undertaken. The wedge shape 

was used to separate the front and the back reflections from one another in order to 

avoid unwanted interference that could introduce errors to the measurement. Since the
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BK7 wedge has no absorption at the wavelength used (X = 632.8 nm), only the real 

part of the index of refraction is of concern in the investigation.

In the first set of measurements, the variation in the ellipsometric parameters 

involved (\\i and A) was obtained. This was done by recording the relevant values 

(r and rx) at different angles of incidence. The incidence angle started at 10° and then

increased by 10° steps up to 80°. The detection was straightforward, as described 

earlier in the Sec. 4-2. The relative ratio of Rp / Rs was obtained and, as a result, vp

and A were measured as a function of the angle of incidence. The result is shown in 

Fig. 4-4.

This illustrates a typical set of curves of ellipsometric parameters for glass 

materials. At the angle (j)B, known as Brewster's angle (marked in the figure) the p- 

polarised light wave incident on the interface entirely disappears (i.e. Rp =0). This

implies that the ellipsometric measurements at or near the Brewster angle are highly 

likely to introduce large errors as I (when Rp —> 0) becomes very small and

comparable to the degree of background noise.
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Figure 4-4 The ellipsometric parameters y  and A as a function o f the angle o f incidence for the 

reflection at an air/BK7 interface : X = 632.8 nm.
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Figure 4-5 Experimental data on vp (a) and cos A (b) taken from the air/BK7 interface during a 50 s 

period at A, = 632.8 nm, = 1-499. The angle o f incidence is 70°.

In addition, the figure also reveals that the sample causes a phase shift, A, of 

180° when the incidence angle is less than the Brewster angle and 0° when the 

incidence angle is greater.
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The second operation was the determination of the refractive index of the 

BK7. Because of the problem of operation near of the Brewster angle, the angle of 

incidence was chosen to be 70°. In addition, the ellipsometric parameters were 

recorded over a period of 50 s in order to examine the distribution of the ellipsometric 

parameters over a period of time (Fig. 4-5). The measured \\i was found to have a 

mean value of 20.67° and a standard deviation of 0.215°' from the mean. The 

distribution over the operating period of vp was within ±1 % around its mean (Fig. 4-5 

(a)).

In the case of the phase shift, A, it is convenient to present this data as cosA, 

the absolute values of the cosine function of the phase shifts (c.f. Eq. (4-27)). The 

population mean of the cosine function of the phase shift should be unity because 

<j)0 > (|)B and A = 0°.

However, experimentally, the mean was found to be 0.996 with a standard 

deviation of 0.014 from the mean. The distribution over the operating period of cosA 

was within ±1 % of its mean (Fig. 4-5 (b)).

From all the information obtained at this stage, the refractive index of BK7 

was calculated to be 1.49±0.01 in comparison with the value quoted of 1.519 (at 

X = 632.8 nm) supplied by Comar Instruments.

It is noted that, as a result of a small drift in the measured cosA (« 0.996) from 

an ideal value (i.e. cosA = 1.00), a smaller value of absorption coefficient, k, is 

generally expected. However, in principle, the coefficient is also a function of i|/ and a 

range of other parameters shown in Eq. (4-12). By substituting all the information 

involved, the value of k was thus found to be 0.06±0.09.

4-5-2 Absorbing Samples

To examine the sensitivity of the instrument to absorption, two sets of 

absorbing samples with different degrees of absorption were used. The same 

experimental procedures as in the non-absorbing study were followed.
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ta) T,ow Absorption : air/ZnSe Interface

Fig. 4-6 illustrates the experimental results obtained for \j/ and A at different 

angles of incidence. The \\i curve which corresponds to the inverse tangent of the 

factor by which the amplitude ratio changes (c.f. Eq. (4-8)) implies the reflectance Rp

for the /^-polarisation exhibits a minimum value around an incidence angle of 70°. The 

angle is known as the Pseudo-Brewster angle (Hass and Thun, 1967). This also 

suggests that, the intensity /  , as Rp approaches a minimum, may be comparable to

the background noise and this can introduce errors. Thus, the angle of incidence used 

was chosen to be at 50°.
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Figure 4-6 The ellipsometric parameters v|/ and A as a function o f the angle o f incidence for the 

reflection at an air/Zinc Selenide interface : X = 632.8 nm.

At this angle of incidence, the detection of \\i and cosA was conducted for a 

period of 50 s. The mean value of \j/ was calculated to be 27.20° and a standard 

deviation about the mean was 0.311°. The distribution over the chosen period of \j/ 

was within ±1 % of its mean (Fig. 4-7 (a)). The cosA was found to have a mean value 

of 0.96 and a standard deviation of 0.022 around the mean. In this case, the

101



Chapter 4 Ellipsometric Measurements Using A HiBi

distribution over the chosen period of cosA was found to be within ±2 % of its mean 

(Fig. 4-7 (b)).
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Figure 4-7 Experimental data on vp (a) and cos A (b) taken from the air/Zinc Selenide interface during 

50 s at X = 632.8 nm, N ^ nc Selenide = 2-53 -i0.89. The angle of incidence is 50°.

The index of refraction of ZnSe was calculated from Eqs. (4-11) and (4-12) to 

be 2.53(±0.30) -i0.89(±0.30). This shows a low magnitude of the complex part (low
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absorption) at the wavelength used. Since the complex index of refraction of the ZnSe 

at X = 632.8 nm was not available from other sources, a comparison can be made only 

in terms of the refractive index (real term). Pedinoff and Braunstein (1979) measured 

the refractive index of a ZnSe film on a KC1 substrate by means of ellipsometry at the 

same wavelength as was used here. The refractive index they quoted is 2.45 which is 

comparable to the result obtained.

fbl Low absorption : air/Si Interface

Fig. 4-8 shows the experimental results of vp and A at different angles of 

incidence for a sample of air/Si interface. As can be seen from the graph, a pseudo- 

Brewster angle is again found («70°). This additionally implies that measurements at 

or close to this angle should be avoided because the value of Ip is comparable with

the background noise. Therefore, the chosen angle of incidence was taken to be 50°.
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Figure 4-8 The ellipsometric parameters and A as a function o f the angle o f incidence for the

reflection at an air/Silicon interface : X = 632.8 nm.
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At this angle of incidence, the measurements of \\i and cosA were again 

performed over a period of 50 s. The mean value of vp was found to be 31.52° and a 

standard deviation around the mean was calculated to be 0.217°. The distribution of 

data detected over the chosen period of \p was within ±0.7 % around the mean value 

(Fig. 4-9 (a)).
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Figure 4-9 Experimental data on \\i (a) and cos A (b) taken from the air/Silicon interface during 50 s at 

X = 632.8 nm, Nsiijcon = 3.86 -i0.32. The angle o f incidence is 50°.
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The mean of the cosA was calculated to be 0.999 and its standard deviation 

around the mean was 0.011. Again the distribution of cosA data collected was 

calculated and found to be within ±1 % around its mean value (Fig. 4-9 (b)).

The index of refraction of the Si was calculated from Eqs. (4-11) and (4-12) to 

be 3.86(±0.40) -i0.32(±0.70) and compared to a typically quoted index of refraction of 

the material, 3.85 -i0.02, given by Zaghloul et al (1975). The value is obviously 

comparable for the real part (the refractive index); whereas, the complex part (the 

absorption coefficient) is rather different. It could be from thé fact that such a small 

absorption coefficient, i.e. k = 0.02, partly implies a small phase shift which is very 

difficult to detect with the current data acquisition technique. In other words, the 

technique used is largely insensitive to a small phase change for a specific range phase 

near 0° or 180°. Nevertheless, an improvement can be obtained with a small 

modification to the present arrangement and this is discussed in the following section.

(c) Low absorption : Methods of Sensitivity Improvement

The sensitivity of the technique could be improved by adding an extra phase to 

the current phase shift between the two orthogonal components with a wave plate. 

One of the most suitable wave plates to be employed is a quarter-wave plate aligned 

parallel to the sample axes. A schematic of the modification is shown in Fig. 4-10.

Sample

Polariser

Figure 4-10 Illustration o f an additional quarter-wave plate in the detection arm o f the present 

polarisation modulated ellipsometer.
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From Fig. 4-11, using this modification, an initial A (point A) would be shifted 

along the cosine curve (c.f. cosA from Eq. (4-27)) to a position where a higher 

sensitivity, corresponding to a steeper slope on the curve, could be seen to where such 

a small alternating phase can be detected (point B).

Theoretically, the function of cosA can be represented by a Taylor series 

(Spiegel, 1971) as

A 1 A  Acos A = 1------1------
2! 4!

(4-28).

If the sensitivity is defined as the change of cosA relative to A, the value may 

be calculated to be

d cosA 
dA

SS -A (4-29).

This means that the sensitivity of the system totally depends on the value of 

the phase shift. In other words, the smaller the value of | A| is, the less the sensitivity of 

the system.

cosA

Figure 4-11 Illustrations of a shifted phase introduced by a quarter-wave plate along the cosA curve 

and spreading of data at relevant points.
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However, if a quarter-wave plate is added to the detection arm, the function 

cosA then becomes cos{(7i/2)+A} or sinA. In this case, the series representing the 

function may be given by

sin A = A - A3 A5 — + — +...
3! 5!

(4-30).

Consequently, the sensitivity is found to be

d sin A , a2--------w 1 -  A
dA

(4-31).

This obviously shows that the sensitivity becomes much less dependent on the 

value of the phase shift (v A —> 0).

It is worth pointing out at this stage that, in practice, it is crucial to know 

exactly what phase value the additional quarter-wave plate introduces. An experiment 

to determine this can simply be performed using transmission ellipsometry (Azzam 

and Bashara, 1977).

The complex refractive index evaluations were carried out again with zinc 

selenide and silicon samples at the same angle of incidence of 50°. Before the 

experiments were performed, a calibration of the quarter-wave plate used had been 

made and the retardation of the plate was found to be 88.75°..In case of the air/Zinc 

Selenide interface, the ellipsometric parameter, \|/, was found to be 28.30° and a 

standard deviation around the mean was 0.356°. The spreading of the data around the 

mean value was within ±1.2 %. The mean value of cosA was calculated to be 0.237 

and a standard deviation around the mean was 0.05, resulting in a spreading of 

±21.1% around the mean. Again, using Eqs. (4-11) and (4-12), the refractive index of 

the ZnSe was calculated to be 2.81 (±0.20) - i0.86(±0.50).

For Si, the mean value of \\i was calculated to be 31.915° and its standard 

deviation around the mean was 0.153°. This indicated a distribution of ±0.48 % 

around the mean. The averaged cosA was calculated to be 0.037 and a standard 

deviation around the mean found to be 0.011. The spreading of the data was
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calculated to be within ±30.8 % around the mean. The Silicon index of refraction was 

determined to be 3.99(±0.10)-i0.13(±0.10).

From the results of the complex refractive indices obtained, particularly for the 

absorption coefficients, the work has clearly illustrated that the additional quarter- 

wave plate improved the ellipsometric performance. The improvement can be clearly 

seen, especially, in the study of Si, in that the newly measured absorption coefficient 

is smaller than the one obtained previously and approaches to the value quoted in the 

literature.

However, it is important to note that the accuracy of the system has to be 

sacrificed, especially, in case of measured cosA from both samples, as seen from the 

experiments. This can be explained by examination of Fig. 4-11. If the deviation in A 

is given by 5 (arising from system error, e.g. misalignment of QWP), the resulting 

spread in cos A depends on the initial phase. For an initial phase near 0 rad (point A) 

the spread in cos A is small; whereas, for an initial phase near n/2 rad introduced by 

the inclusion of a QWP (point B) the resulting spread in cosA is large.

(d) High Absorption : air/Copper plate Interface

The performance of the ellipsometric system was also tested on a highly 

absorbing sample by investigating the characteristics of a copper plate. A point worth 

mentioning here is that the surface preparation of the metallic sample under test is as 

important as the measurement of the ellipsometric parameters. This is because a poor 

quality finish of a polished surface can give rise to diffuse reflections which do not 

obey the Fresnel's laws of reflection (Palais, 1988). A preparation process of the 

copper plate was carried out by polishing the copper surface with a chemical solution 

commercially available for metal polish. Immediately after that, the surface 

characterisation using the ellipsometry was performed in order to ensure specular 

reflections from the copper surface.
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Figure 4-12 The ellipsometric parameters vp and A as a function o f the angle o f incidence for the 

reflection at an air/Copper interface : X = 632.8 nm.

The ellipsometric parameters t|/ and A of the copper plate were measured at 

various angles of incidence (Fig. 4-12). Again the trends of the ellipsometric 

parameters obtained in the figures suggested that any angle of incidence could be 

selected for the refractive index measurement. This is because there is no angle where 

indicates a possibility of noise disturbance as found in previous samples.

Fig. 4-12 also reveals the curve of the phase shift, A, resulting from the highly 

absorbing material. This can be seen more clearly here than with the data obtained 

from the low absorbing samples.

The angle of incidence chosen for the measurement was 70°. The parameter \\i 

was measured to have a mean value of 41.51° and a standard deviation of 0.151° from 

the mean. The distribution of vp over a period of 50 s was found to be within ±0.4 % 

around its mean (Fig. 4-13 (a)). The cosA was found to have a mean value of 0.16 and 

a standard deviation of 0.004 from the mean. The distribution of cos A over the certain 

period was within ± 0.03 % around its mean (Fig. 4-13 (b)).
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The copper plate refractive index was calculated to be 0.36(±0.02)-i2.68(± 

0.02). A direct comparison between the copper refractive index measured here to the 

value from other sources is unable to do because the comparing index value is mostly
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presented at different wavelengths, from the one used in this experiment, in the 

literature.

However, the value at the closet wavelength (k = 650 nm) is given as 0.744 - 

Ì3.26 (Gray et al, 1957). Although the real terms of the index are rather different by 

comparison, imaginary parts from both sources certainly indicate high absorption 

property generally found in metallic samples.

4-6 Conclusions

The HiBi fibre polarisation modulation technique has been successfully 

applied to the ellipsometric measurement of different materials. The technique 

combining with the reflection from a sample under study and a fixed polarising prism 

orientated at an angle (45°) allows complete measurements of all the necessary 

ellipsometric information (\p and A) to be taken and the required index of refraction to 

be evaluated, without any experimental adjustment during the operation.

Materials investigated under this novel ellipsometric approach were non-

absorbing (BK7), low-absorbing (Si and ZnSe) and highly-absorbing (Cu). The 

experimental results showed that the instrument worked well in all cases. 

Nevertheless, an apparent difference in the absorption coefficient between the 

measured and typical values, in the case of low absorbing materials, causes a degree 

of concern about the sensitivity of the ellipsometer to that particular characteristic.

According to the results obtained and theory used, a small absorption 

coefficient corresponds to very small phase changes near 0° and 180° where the 

instrument is less sensitive. It has been demonstrated that an appropriate procedure to 

undertake is to improve this is by optically shifting these small phase changes away 

from that insensitive region. The process was simply accomplished by introducing a 

quarter-wave plate, with its optical axis parallel to the plane of incidence (into the 

detection arm) in front of the polarising prism. Physically the QWP will be placed in 

front of P3 of Fig. 4-3.
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In addition, a test on the long term performance of the system was also 

conducted. The overall outcome from this examination showed that the concentration 

of measured data were within ±2 % around a mean of the data.

For further applications, in the next Chapter, thin film materials will be 

investigated using this novel ellipsometric technique. This will reveal a prospect of 

the ellipsometric technique in thin film measurements and sensing applications.
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CHAPTER 5
FIBRE OPTIC ELLIPSOMETRY FOR THIN FILM 
MEASUREMENTS AND SENSOR APPLICATIONS

5-0 Introduction

A knowledge of the optical constants of dielectric materials in thin film form 

is necessary for predicting and understanding the performance of optical coatings 

incorporating these materials. A good practical use of this knowledge can be found in 

the design and fabrication technology of many optical components, which include 

optical filters, anti-reflection coatings and optical waveguides for integrated optics 

(Lukosz and Tienfenthaler, 1983).

It has been well known for many years that the determination of optical 

constants of thin films can be performed using the ellipsometric technique (Hall, 

1969). Over this period of time, many different configurations of the technique have 

been proposed and implemented. No matter what arrangements are employed, they all 

have a common purpose of obtaining the two ellipsometric parameters, ig and A, of 

the thin film under study. Unlike the previous case when the system under 

consideration was composed of two semi-infinite isotropic interfaces, this time the 

two parameters will be affected by the multiple reflections between ambient-film and 

film-substrate interfaces. From this point of view, the expressions for ig and A are 

altered accordingly, but they can still be defined in terms of the Fresnel reflection 

coefficients for two principal component waves at the two interfaces and the optical 

thickness of the film. The full details of this are discussed in Appendix C.

An additional point being investigated here is the prospect of employing the 

ellipsometric system as a thin-film-based sensor. Normally, information measured by 

the system is simply related to fixed properties of the optical sample itself. However,
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if the properties detected are known to be altered by some specific variables, such as 

the presence of a particular gas, the ellipsometric system can change its function to 

focus on sensing applications.

To demonstrate the capability of the proposed ellipsometric technique applied 

to thin film systems, a system of a single layer film (sol-gel) coated on a silicon (Si) 

substrate with different values of thickness was studied. The characterisation of the 

thin film systems was carried out in terms of the ellipsometric parameters (vj/ and A). 

In addition, a comparison between experimental and reference results (obtained from 

a commercial instrument in conjunction with Appendix C) was also made for all 

samples used. Thus, the results obtained were then used to assess the suitability of the 

instrument to distinguish between different thin film thicknesses. Also, to show the 

potential of this fibre polarisation-modulated ellipsometer for application as a thin 

film sensor system, the device was used to monitor the change of the sol-gel thin film 

properties with time. Two particular environmental effects; heat and humidity, on the 

thin film characteristics were investigated.

5-1 Theoretical Background

Figure 5-1 Oblique reflection and transmission of a plane wave by an ambient (O)-film(l)- 
substrate(2) system with parallel-plane boundaries. 

d  i is the film thickness. <)> 0 is the angle of incidence in the ambient and 

♦ l» <t>2 are the angles o f transmission in the film and substrate, respectively.
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The case of interest, showing light reflection by a substrate covered by a single 

film, is as shown in Fig. 5-1. The film of thickness dx has parallel plane boundaries 

and is sandwiched between semi-infinite ambient and substrate media. The ambient 

(medium 0), the film (medium 1) and substrate (medium 2) are all homogeneous and 

optically isotropic with refractive indices N0, N\ and N2, respectively. Under normal 

circumstance, the medium of incidence and the film are transparent, (thus, N0  and A, 

are real) while the substrate is absorbing and its complex index of refraction N2  is 

given by n2 -ik2, where n2  and k2  are an index of refraction and absorption coefficient 

of the substrate.

A plane wave incident on medium 1 (at an angle <t>0 in medium 0) will give rise 

to a resultant reflected wave in the same medium and to a resultant refracted wave (at 

the angle <J>2) in medium 2 (the substrate).

As can be seen from the figure, when the incident wave first meets the 0-1 

interface, part of it is reflected in medium 0 and part is refracted in the film, as 

previously described in Sec. 4-2. Then, the refracted wave inside the film 

subsequently suffers multiple internal reflections at the 1-2 and 1-0 film boundary 

interfaces which are, in general, not perfectly reflecting. Thus, each time the multiply- 

reflected wave in the film strikes the 1-0 or the 1-2 interface, a component is refracted 

into the ambient or substrate medium, respectively. Here the main concern is the wave 

in the ambient medium.

If the Fresnel reflection coefficients at the 0-1 and 1-2 interfaces in the p  and s 

directions are denoted r0]p, rUp, r0]s and rl2s, respectively, the overall complex 

amplitude-reflection coefficients for light polarised in these two directions are given 

by (Azzam et al, 1975)

r =
r  4-  r  p
'0 1 v

1 + r r  e ~ ' 2p
1 ^  r 01 v r 1 2 v e

(5-1),

where v is taken to be p  or s and P is the phase change that the multiply-reflected 

wave inside the film experiences as it transverses the film once from one boundary to 

the other (Hecht and Zajac, 1974).
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In terms of the free space wavelength X, the film thickness dx, and the index of 

refraction Nx, the phase angle p (alternatively known as the film phase thickness) is 

given by

The above expression is valid when the incident wave is linearly polarised either 

parallel (p) or perpendicular (s) to the plane of incidence.

However, the change in the polarisation state of polarised light reflected from 

a sample is still described in terms of the ellipsometric parameters ip and A. With the 

same definitions for both ip and A (Sec. 4-2), this time the two parameters of a given 

ambient-film-substrate are not only a function of the angle of incidence (as in the 

previous two isotropic interfaces system) but also the thickness of the thin film. Thus, 

for a chosen thin film system, a set of values of ip and A found over a range of 

incidence angles will vary from one value of the film thickness to another. In addition, 

this also suggests that if there is any process that changes any of the optical variables 

in ip and A, the ellipsometric technique may then be implemented as the basis of a 

sensing instrument.

Numerical methods are available to transform the ellipsometric parameters to 

values of thin film thickness and index of refraction (Kihara and Yokomori, 1992) but 

here, for simplicity, only the ellipsometric parameters are calculated and presented.

In order to obtain ip and A from the system, similar procedures of Rp, Rs and A 

recovery as described in the system of two isotropic interfaces (Sec. 4-2) were 

performed. Once the experimental values of ip and A have been found, they can be 

cross-checked with the corresponding reference ones (details discussed in Appendix 

C) provided that all the required parameters: N0, A,, N2, d}, 4>0 and X are known.

(5-2).
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5-2 Experiments

5-2-1 Procedures

Fig. 5-2 shows the, by now, familiar schematic diagram of the reflection 

ellipsometry. The rotating plane polarised beam generated by the HiBi fibre 

polarisation modulation system is incident on a thin film sample. The reflected beam 

then propagates through a polarising prism orientated at 45° to the plane of incidence 

and onto a photodetector. With the provision of a reference signal, the three required 

intensities, Ip, Is and I45 can be found from the reflected signal allowing the 

determination of ellipsometric parameters \\i and A (c.f. Eqs (4-20), (4-21) and (4-22) - 

the same signal acquisition and processing).

D1 Reference arm

P2
He-Ne
Laser ^  LI HiBi

=  0 o— Longitudinal 
Stretching Uni

' x
00 -^ cGS

L2QWP

solgel/Si film 

“ ' '  Detection arm

V
P3

D2

Figure 5-2 Illustration of a HiBi fibre polarisation modulation scheme for reflection 
ellipsometry.
Ps, Polarising Prisms; Ls, Lenses; QWP, Quarter-Wave Plate; GS, Glass 
Slide; Ds, Detectors.

Thus, the thin film can be characterised without mechanical movement of any 

optical components. Such a feature suggests the prospect of using the ellipsometric 

technique in real time applications, for instance a thin film growth monitoring device.

A suitable range of materials for initial studies were sol-gel thin films. Sol-gels 

are suitable for a number of applications such as anti-reflection coating and 

waveguides for integrated optics. In both cases, details of the refractive index and 

thickness of the thin film are important (Lukosz and Tienfenthaler, 1983).
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5-2-2 Preparation of Thin Films

The preparation process of the sol-gel thin film on a silicon substrate, using 

the dip-coating method, were performed by V Murphy and B D MacCraith, 

researchers at Dublin City University, Ireland. The solutions used are mixtures of 

Si02 and Ti02 'Liquicoat' supplied by Merck. The procedures used by the researchers 

are as follows. Silicon substrates are withdrawn from the solution with constant 

velocity (typically, 60-100 mm/min). Dip coating is done at room temperature. The 

coated substrates are first dried at about 120°C for about 15 min to evaporate the more 

volatile components of the solution and subsequently are baked at a temperature of 

500°C in flowing oxygen for 1 hour to obtain hard and resistant films. The refractive 

index of the film depends on the Si02:Ti02 mixture ratio and- the film thickness can 

be varied by changing the concentration of the mixtures or controlling the velocity of 

withdrawal of the substrate. Three similar films were produced and their refractive 

index and thickness recorded immediately after curing using a commercial Rudoff 

Auto El-III ellipsometer (again performed by the researchers at Dublin City 

University, Ireland).

5-2-3 Results and Discussions

The samples were placed in the new fibre ellipsometer system for study. 

Results are presented for a range of angles of incidence from 10° to 80° in 10° steps.

Fig. 5-3 illustrates vp and A of the first sol-gel/Si film (A) as the angle of 

incidence is varied from 10° to 80°. The squares and stars indicate the measured 

values of the ellipsometric parameters vp and A, respectively, and the solid curves 

represent the results of a theoretical calculation of the corresponding parameters 

assuming an ambient (air) index of 1.00, a sol-gel film index of 1.619, the original 

film thickness of 123.3 nm, the Si substrate index of 3.85 -i0.02 and X = 623.8 nm. It 

should be noted that the numerical values of the thin film and substrate were derived 

from the commercial ellipsometer. These values were substituted into v|/ and A 

expressions (Appendix C) to obtain theoretical results (i.e. values gained from a 

commercial ellipsometer).
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S am p le  A

Figure 5-3 Illustration of ellipsometric parameters vj/ and A as a function of angle of incidence for the 

air-solgel-Si system. Thin film thickness d\ = 123.3 nm and refractive index n\ = 1.619. v|/ and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f \\i 

and A from commercial apparatus is 0.01°.

The figure reveals a relatively small scatter of the experimental points from the 

theory. This may arise since the properties of the film could have changed due to 

environmental effects such as temperature and humidity between the initial 

measurement of the thin film thickness and the measurements in this work. In 

addition, some systematic errors from optical elements used in the system, such as the 

imperfection of optical components, as well as noise (unavoidably obtained when 

detected signals are transformed from analogue to digital formats) are likely to 

contribute to the error in results observed (as analysed in Sec. 3-4-3).

It is worth pointing out at this point features of the behaviour of the Fresnel 

reflectances Rp and Rs. Clearly from Fig. 5-3, when the ellipsometric parameter \|/ is 

less than 45° (seen here when angle of incidence is between 0° and 40°) Rp is less than 

Rs. But as the angle of incidence increases (from 40° onwards), \\i becomes larger than 

45° and this corresponds to a situation when Rp is larger than Rs. This observation is 

in contrast to what is normally observed in the case of two semi-infinite isotropic 

interfaces (as presented in Chapter 4).
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The data for the second sample (B) are shown in Fig. 5-4. All conditions of the 

system under investigation remained the same except the index of refraction and the 

thin film thickness. In this measurement, the index was given as 1.701 and the 

thickness was given to be 93.2 nm.

3^ i ^  Sam p le  B

Figure 5-4 Illustration o f ellipsometric parameters v|/ and A as a function o f angle o f incidence for the 

air-solgel-Si system. Thin film thickness d\ = 93.2 nm and refractive index «j = 1.701. vp and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f vp 

and A from commercial apparatus is 0.01°.

In Fig. 5-4, the squares and stars represent experimental data of \\i and A, 

respectively, taken over the range of incidence angles. The solid curves show the 

theoretical values of the corresponding parameters, with the results also showing an 

agreement between experimental and theoretical results.

The data for the third sample (C) were obtained from a sol-gel thin film with a 

refractive index of 1.662 and a thickness of 147.1 nm. These are plotted in Fig. 5-5. 

Again, the squares and stars illustrate the experimental values of and A, 

respectively, and the solid curves describe the theoretical values of the corresponding 

data. On this occasion the agreement between data and theory is very good. In this 

case, Rp is less than Rs for the complete range of incidence angles.
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I / S A  Sam ple  C

Figure 5-5 Illustration o f ellipsometric parameters \\i and A as a function o f angle o f incidence for the 

air-solgel-Si system. Thin film thickness d\ = 147.1 nm and refractive index n\ = 1.662. vp and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f v)/ 

and A from commercial apparatus is 0.01°.

So far the polarisation modulated ellipsometer has been tested successfully on 

three different thicknesses of sol-gel thin film/Si substrates. However, there were still 

more studies to be performed as the history of the samples employed was not known, 

which may lead to an inconclusive interpretation in comparing results with theory 

because various effects such as temperature and humidity can affect the properties of 

the samples between the initial measurements of the thin film thickness (by the 

commercial ellipsometer at Dublin City University) and the measurements performed 

in the laboratory at the City University. This may explain some of the differences 

between experimental and theoretical results observed in Figs. 5-3, 5-4 and 5-5.

This speculation led to a simple experiment being carried out by leaving the 

sol-gel/Si film of the third sample exposed to the laboratory environment for a period 

of two weeks after taking the initial measurements of v|> and A. The measurement of 

the ellipsometric parameters was then repeated.
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Figure 5-6 Comparison o f ellipsometric parameters \\i and A as a function of angle o f incidence for the

air-solgel-Si system. Thin film thickness d\ = 147.1 nm and refractive index «j = 1.662. vj/ and A are in

degrees.

Fig. 5-6 illustrates the two sets of data of both \\i and A of the sample, captured 

at an interval of two weeks. The stars indicate the first measurement of \\i and A and 

the squares show the results taken after two weeks. Clearly, a variation in the film 

characteristics over this period is reflected in these results, which certainly confirms 

the change in these properties of the samples with time, as expected.

For more performance studies of the system, eight more sol-gel thin film 

samples, again provided by Dublin City University, were characterised. This time, the 

sol-gel samples with eight different thicknesses were studied within a week of the 

samples being made in order to minimise the effects of environmental disturbances. In 

this set of samples, the mixture of Si02 and Ti02 was controlled to give a Si02:Ti02 

ratio of 3:1 (the ratio was unknown for the first sample batch). This gave rise to 

similar refractive indices for all the samples under investigation. Nevertheless, the 

thickness was different for individual samples due to different coating speeds. Again, 

the commercial Rudoff Auto El-III ellipsometer was used to determine thickness and 

index of refraction, immediately after the films were produced. Even though the same

122



Chapter 5 Fibre Optic Ellipsometer for Thin film....

coating speed was used to pull a set of two samples, they do not have the same 

thicknesses. Variations of the bath surface, air currents and the swinging of the 

substrate while performing the dipping process can give rise to the thickness 

differences from one sample to the other (Phillips and Dodds, 1981).

s q u a re s  : e x p e r im e n ta l  r e s u l ts  of ^  
s t a r s  : e x p e r im e n ta l  r e s u l ts  of A

Y', A S a m p l e  1 solid  c u rv e s  : r e fe re n c e  r e s u l ts

Figure 5-7 Illustration of ellipsometric parameters vp and A as a function of angle of incidence for the 

air-solgel-Si system. Thin film thickness d\ = 119.6 nm and refractive index «j = 1.521. vj/ and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f vj/ 

and A from commercial apparatus is 0.01°.

In Fig. 5-7, the results (\|/ and A) obtained from the first sol-gel thin film 

sample with a refractive index of 1.521 and a thickness of 119.6 nm (an approximate 

coating speed of 0.49 mm/s) are shown. The squares and stars indicate the 

experimental values of ip and A, respectively, and the solid curves show the 

theoretical results.

Next, experimental and theoretical ellipsometric parameters (v)/ and A) of the 

second thin film sample with a refractive index of 1.520 and a thickness of 118.2 nm 

(with an approximate coating speed of 0.49 mm/s) are plotted in Fig. 5-8.
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s q u a re s  : e x p e r im e n ta l  r e s u l ts  of Tp 

s t a r s  : e x p e r im e n ta l  r e s u l ts  of A
Y', A s a m p l e 2  so lid  c u rv e s  : r e fe re n c e  r e s u l ts

Figure 5-8 Illustration o f ellipsometric parameters and A as a function o f angle o f incidence for the

air-solgel-Si system. Thin film thickness d\ = 118.2 nm and refractive index «] = 1.520. \\i and A are in

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f  t|; 

and A from commercial apparatus is 0.01°.

Note that the data trends from both figures (Figs. 5-7 and 5-8) are similar due 

to the small differences of thicknesses and refractive indices between the two samples.

The next two samples (samples 3 and 4) have the same index of refraction of 

1.519. Sample 3 has a thickness of 142.8 nm and its ellipsometric parameters ip and A 

(from experiment and theory) are shown in Fig. 5-9. The other sample (sample 4) has 

a slight different thickness (144.5 nm) and was also characterised in terms of t|> and A 

as shown in Fig. 5-10. These two samples were coated at an approximate speed of 

0.798 mm/s.

As the coating speed increases, the thickness of the sol-gel thin film becomes 

thicker (the thickness is linearly related to the square root of the coating rate [Yodas, 

1982]).
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sq u a re s  : e x p e r im e n ta l  r e s u l ts  of Tp 
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■\p, A s a m p l e 3  so lid  c u rv es  : r e fe re n c e  r e s u l ts

Figure 5-9 Illustration o f ellipsometric parameters \\i and A as a function o f angle o f incidence for the

air-solgel-Si system. Thin film thickness d\ = 142.8 nm and refractive index n\ = 1.519. vp and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f vj/ 

and A from commercial apparatus is 0.01°.

s q u a re s  : e x p e r im e n ta l  r e s u l ts  of Tp 

s t a r s  : e x p e r im e n ta l  r e s u l ts  of A 
A s a m p l e d  so lid  c u rv e s  : r e fe re n c e  r e s u l ts

Figure 5-10 Illustration of ellipsometric parameters \\i and A as a function o f angle o f incidence for the

air-solgel-Si system. Thin film thickness d\ = 144.5 nm and refractive index n\ = 1.519. vp and A are in

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f \p

and A from commercial apparatus is 0.01°.
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s q u a re s  : e x p e r im e n ta l  r e s u l ts  of Tp 

s ta r s  : e x p e r im e n ta l  r e s u l ts  of ATp, A sample5  so lid  c u rv e s  : r e fe re n c e  r e s u l ts

Figure 5-11 Illustration o f ellipsometric parameters vp and A as a function o f angle o f incidence for the 

air-solgel-Si system. Thin film thickness d\ = 160.2 nm and refractive index n\ = 1.571. \\i and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f  vp 

and A from commercial apparatus is 0.01°.

sq u a re s  : e x p e r im e n ta l  r e s u l ts  of ^  
s t a r s  : e x p e r im e n ta l  r e s u l ts  of A 

A sample6  solid  c u rv es  : r e fe re n c e  r e s u l ts

Figure 5-12 Illustration of ellipsometric parameters vp and A as a function o f angle o f incidence for the 

air-solgel-Si system. Thin film thickness d\ = 157.1 nm and refractive index «j = 1.517. vp and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f vp 

and A from commercial apparatus is 0.01°.
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For the next two samples (samples 5 and 6), an approximate coating speed of 

0.971 mm/s was applied. Sample 5 has a thickness of 160.2 nm and sample 6 has a 

thickness of 157.1 nm. Both of them have an index of refraction of 1.517.

The ellipsometric parameters v(/ and A of the fifth sample are illustrated in Fig.

5-11 and the parameters of the sixth are shown in Fig. 5-12. The theoretical trend 

(solid curves) and experimental (squares, vp, and stars, A) are indicated.

s q u a re s  : e x p e r im e n ta l  r e s u l ts  of ^  
s t a r s  : e x p e r im e n ta l  r e s u l ts  of A

^ , A sample7  so lid  c u rv e s  : r e fe re n c e  r e s u l ts

Figure 5-13 Illustration o f ellipsometric parameters vj/ and A as a function o f angle o f  incidence for the 

air-solgel-Si system. Thin film thickness d\ = 179.3 nm and refractive index n\ = 1.515. vp and A are in 

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f  vp 

and A from commercial apparatus is 0.01°.

For the final two sol-gel thin film samples (samples 7 and 8) with a similar 

refractive index of 1.515, an approximate coating speed of 1.235 mm/s was used. As a 

result, one of the samples (sample 7) has a thickness of 179.3. The characterisations of 

the sample 7 is presented in Fig. 5-13. The other sample (sample 8) has a thickness of 

178.3 nm and has its characterisations illustrated in Fig. 5-14.

According to the results obtained from the newly produced sol-gel thin film 

samples, less scatter of the experimental results (when comparing to corresponded
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theoretical results) was clearly observed. This could support the idea previously raised 

that there may be a change of sample properties with time. The new batch of samples 

were characterised within a week of their production and initial characterisations. In 

such a short period, minimal effect from the environment was expected.

s q u a re s  : e x p e r im e n ta l  r e s u l ts  of if* 

s ta r s  : e x p e r im e n ta l  r e s u l ts  of A 
A s a m p l e 8  solid  c u rv e s  : re fe re n c e  r e s u l ts

Figure 5-14 Illustration of ellipsometric parameters \p and A as a function o f angle o f incidence for the

air-solgel-Si system. Thin film thickness d\ = 178.3 nm and refractive index «j = 1.515. vp and A are in

degrees. No errors are indicated on the reference curves, but it is noted that the typical accuracy o f \\i

and A from commercial apparatus is 0.01°.

5-2-4 Sensing Applications

In this section, the prospect of the use of the polarisation modulated 

ellipsometer in sensing applications will be examined.

A further investigation of the device in relation to its sensing proficiency was 

prompted by the observation of the change in the sol-gel thin film characteristics 

(shown in Fig 5-6) as a particular sample had been left exposed to the laboratory 

environment for a period of time. However, the results did not provide evidence of 

clear behaviour of a particular effect; namely, of temperature and humidity on the
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sample. Hence, in the next phase of the analysis, the humidity and temperature effects 

were examined explicitly on sol-gel samples from the second batch.

?

(b)

Figure 5-16 Illustrations o f ellipsometric parameters \\J (a) and A (b) as functions o f thickness and angle 

of incidence from all sol-gel thin film samples (new batch). Each curve has a number (1, 2, 3,..., or 8) 

indicating to which sample it belongs. Notice that, from 50° to 70° o f  angle o f incidence in (a) and (b), 

as the thickness o f a sol-gel thin film is changed, both \\i and A significantly alter.
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The incidence angle used in subsequent experiments was chosen in the 

expectation of the influence of particular environmental effects; humidity or 

temperature, which may cause a change in a thin film thickness. As shown in Fig. 5- 

15, a range of incidence angles between 50°-70° is seen to be appropriate and offered 

the prospect of a sensitive response to the effects in terms of both \\i and A. This is 

indicated as the steep change of \|/ (Fig. 5-15 (a)) and A (Fig. 5-15 (b)), as the 

thickness is changed.

First of all, the humidity effect on sol-gel samples was tested. This was carried 

out by placing a beaker of boiling water in close vicinity to a thin film sample under 

investigation. Precautions had been taken to avoid a significant temperature change 

and condensation around the sample since the phenomenon could mislead the sensor 

and the result be misinterpreted. The temperature was continuously monitored and the 

density of water vapour that could lead to condensation was continuously examined. 

Samples 4 and 7 were used. Fig. 5-16 indicates changes of vp (a) and A (b) of the 

fourth sample during a 50 s period of investigation, at an incidence angle of 60°.

As these results represent the time evolution of \\j and A, no averaging was 

carried out as was the case in the previous results. The observed variation in the 

measured values is partly accounted for due to measurements corresponding to 

different directions of rotation.

To made a comparison, the sample was not exposed to the humid environment 

in the first 10 s. On exposure, alterations can be clearly seen in both \\t and A. The 

temperature of the humid atmosphere was measured to be approximately 35 °C. The 

change (in \\i and A) was observed to be irreversible as time went by. A possible 

reaction that could be occurring is that water molecules from the vapour may enter 

into the pores of the thin films (Ritter, 1969). This reaction may then give rise to 

alterations in both the thickness and index of refraction of the samples. Consequently, 

a change in v|j and A was observed. For the other sample at an incidence angle of 70° 

(sample 7) (Fig. 5-17), no change can be discerned in \\i (a) and A (b). One possible
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explanation at this stage is that only a specific thin film fabrication method can show a 

clear response to the humidity.
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Figure 5-16 Illustrations of variation in ellipsometric parameters vp (a) and A (b) as a function o f  

humidity over a period o f 50 s for sample 4. vj; and A are in degrees (an air-solgel-Si system at X = 

632.8 nm, the film refractive index = 1.519 and the film thickness d\ = 144.5 nm). The angle of 

incidence is 60°.

no humidity applied 
for first 10 sec

humidity occurs 
from this point on

. T _ *_

H-
2010

Tim e (s)
(b)

30 40 50

131



Chapter 5 Fibre Optic Ellipsometer for Thin film....

i '

i i 1 i

no humidity applied i

i
i
i

1

1
1

i

i
i

for first 10 sec i

I

i

i

1

1

i
i

— i

r

i

r

1

r
i

i

r
i

i * i i , , * * * * *'

* * * t *

■ \ '  ‘  '  • ’ *

* * * '* *
i

* * *
* * * *

*i * *
* * * ! * * i * i

humidity occurs i

L

1

L

i

L

1 from this point on
i

i
i

1

1

1

1

1
1

1

1

1

1

1

1

i

i

i

r
i

i

i
i

i

i

+ -

1

1

1
r

i

i

i

i

i

i

H -------------------

1
1

1

r

i
i

i

i

i
i

— i------------------

1

1

1
r

i

i

i

i
i

i

— t— -------------------- 1
0 10 20 30 40 50

Tim e (s) 
(a)

A
120 T

110

1 0 0 -

90

80

no humidity applied 

for first 10 sec

\ -  ; ’ * •
humidity occurs

Trom this poinT on

+ -----------h-
20 30

Tim e (s)
(b)

10 40 50

Figure 5-17 Illustrations o f variation in ellipsometric parameters \\i (a) and A (b) as a function of

humidity over a period o f 50 s for sample 7. i|/ and A are in degrees (an air-solgel-Si system at X = 

632.8 nm, the film refractive index = 1.515 and the film thickness d\ = 179.3 nm). The angle of 

incidence is 60°.
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Figure 5-18 Illustrations of variation in ellipsometric parameters \\i (a) and A (b) as a function of 

temperature over a period of 50 s for sample 6. \\i and A are in degrees (an air-solgel-Si system at A = 

632.8 nm, the film refractive index = 1.517 and the film thickness d\ = 157.1 nm). The angle of 

incidence is 60°.
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Figure 5-19 Illustrations o f variation in ellipsometric parameters t|/ (a) and A (b) as a function of  

temperature over a period o f 50 s for sample 7. \\i and A are in degrees (an air-solgel-Si system at A, =

632.8 nm, the film refractive index = 1.515 and the film thickness d\ = 179.3 nm). The angle of 

incidence is 70°.
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Secondly, the effect of heat on the film was studied. A hot air blower was used 

to produce a rise in temperature at the sol-gel sample. The hot air blower was placed 

» 15 cm from the sample. The heat generated by the blower could increase the sample 

temperature up to 90 °C. The experiments were carried out with the sample 6 and 7 at 

an angle of incidence of 60° and 70°, respectively.

Fig. 5-18 shows changes of ellipsometric parameters i|/ (a) and A (b) for 

sample 6 as the temperature increased over a time period of 50 s. The heat was applied 

after 5 s of the investigation (indicated in the figure). The graphs show clear increase 

with temperature during 5 to 30 s. After that the values of the ellipsometric parameters 

\|/ and A remained constant as the temperature reached the maximum value at 90 °C.

Similar trends can be seen from Fig. 5-19 showing \\i (a) and A (b) obtained 

from sample 7. From the experiments, the observed change is more significant in the 

case of vji rather than A. This observation cannot readily be exploited in temperature 

measurement applications as the process is not reversible. In other words, such a high 

temperature in some ways altered the sample properties permanently.

From the results obtained in both experiments, the sol-gel thin film employed 

showed more susceptibly to temperature effects than humidity. However, the results 

still indicated no immediate application as a temperature sensor for this instrument, 

due to the irreversibility of the effect. However, it should be noted that the method 

used showed a real prospect for a sensing application as change could be detected.

Ultimately, the main application of such method in sensing will be in their use 

for optical chemical sensing. Temperature and humidity will have to be eliminated 

and the results shown indicate some problems may occur. Sol-gels have been used as 

media to contain chemically sensitive materials, e.g. pH and oxygen sensing dyes 

(Badini et al, 1989 and Ding et al, 1991). The changes that occur due to the effects of 

these chemicals could be sensed using the ellipsometer, but it could appear that a 

relatively constant temperature and humidity is necessary. This aspect is the subject of 

further study at City University on pH sensitivity materials.
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5-3 Conclusions

A novel reflection ellipsometer employing the proposed HiBi fibre 

polarisation modulation technique has been further applied to the study of ambient- 

film-substrate systems. Firstly, the investigation concentrated on monitoring thin film 

systems of different thicknesses. The results obtained from each sample, presented in 

terms of \|; and A, were satisfactory in their agreement with results from a commercial 

ellipsometer and distinguishable. It is to be noted that, to the best of the author's 

knowledge, these results, characterising the thin films, are the first-ever obtained 

using an optical fibre-based ellipsometer.

As observed from the experiments, A was considered to be more sensitive to 

the film thickness because each sample was more recognisable by the distinctive trace 

of this parameter. However, this still implied that the ellipsometric technique 

possessed a good enough capability to characterise the thin film-substrate system.

Secondly, it should be noted that the differences between the experimental and 

reference results from the systems were slight. This suggests that some factors, such 

as the environmental effects imposed on the thin film, systematic errors from optical 

components involved and noise (e.g. when transforming the signals from analogue to 

digital forms), could contribute to the results obtained. The response of the system to 

its environmental effects formed the basis for the study of the potential of the 

ellipsometric scheme as a thin film based sensing device. Investigations of particular 

environmental effects; namely humidity and temperature, on sol-gel thin film samples 

were performed. Reactions between the humid atmospheric environment and chosen 

films were recorded in terms of \|/ and A over a 50 s period. The results reveal that not 

all thin films exhibit sensitivity to humidity. One of the samples did show sensitivity 

suggesting the effect is highly dependent on the individual sample. This gives some 

hopes that chemically-sensitive thin films with no sensitivity to humidity could be 

produced routinely. A closer study of the differences in fabrication method is needed 

to ensure that these favourable conditions can be reproduced. The change of 

temperature was easily-detected using thin film samples during monitoring of the
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optical characteristics \\i and A over a similar time period. Although the processes 

observed from both cases were irreversible, the overall results were still highly 

encouraging. This confirmed the prospect of employing the optical fibre polarisation 

modulated ellipsometer as a sensing device, if appropriate samples are available and 

clearly indicated further work is needed to optimise the sensitivities required and 

minimise those which are undesirable.

In addition, this polarisation modulated ellipsometer allows a simple 

modification of the system operating speed by means of using a suitably fast 

modulation method such as a longitudinal PZT stretching. This then can increase the 

monitoring speed of the system to match any quick change of the sol-gel thin film 

properties in a reaction, such as would be obtained for rapid chemical sensing 

purposes.

In conclusion, the prospects for the application of the new ellipsometric 

technique in thin film characterisation and sensor applications, utilising chemical 

sensitive thin films designed to be chemically sensitive (e.g. solgel-substrate coating 

for gas sensors [MacCraith, 1993]), appears a realistic proposal, albeit one which 

requires considerable further work on samples and their characterisations.

In the next Chapter, an overall conclusion of this study will be discussed. Also 

further work in this research theme will be suggested.
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CHAPTER 6 
CONCLUSION

6-0 Summary

All the objectives set at the beginning of the study were successfully achieved. 

The results obtained were satisfactory and provide encouragement for further 

applications of the technique in a practical measurement system. The following 

describes the summary of this research.

(i) Linear polarisation modulation techniques were investigated. The historical 

evolution and development were presented in two categories according to 

the light propagation medium, these two groups being free-space and 

optical fibre polarisation modulation systems. Following detailed 

consideration, two promising configurations; free-space and optical fibre 

polarisation modulation, were chosen as being expected to offer potentially 

the best performance. One of the notable features was the employment of a 

simple and non-mechanical modulation method which allowed a 

potentially high operating speed. A detailed study was carried out both 

theoretically and experimentally, on each of the arrangements.

For the theoretical point of view, Jones vectors were used to analyse the 

proposed schemes and predict what could be derived from the polarisation 

modulation systems. However, when the system investigation turned to the 

practical aspects, an alternative description, using Stokes vectors, was 

used. This was because of their convenience for simple direct measurement 

and easy transformation to describe the output polarisation state. The 

practical performances of both techniques were characterised in terms of 

the output degree of polarisation (DOP) and ellipticity.
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(ii) For the theoretical study using Jones vectors, both modulation technique 

were demonstrated to offer similar potential in generating controllable 

linear polarisation states. Nevertheless, the experimental analysis obtained 

from the Stokes parameter measurements showed otherwise. The measured 

degree of polarisation and ellipticity (used as criteria of system quality) of 

the output beam revealed that the optical fibre scheme had better 

performance and was, therefore, most appropriate for polarisation-sensitive 

applications such as ellipsometry. Furthermore, the fibre optic scheme also 

appeared to be the better choice in terms of simplicity and ease of 

alignment over the free space one.

(iii) Further analyses on the chosen scheme were carried out so as to improve 

the quality of the system output, in terms of the rotating plane polarised 

light. Quantitative investigations into the performance of the fibre based 

system were extensively performed. Important performance-relating 

aspects; namely, the properties of the HiBi fibre' used, the modulation 

method employed and optical components involved, were thoroughly 

examined and then appropriately improved. As a result, a higher quality 

output beam from the polarisation modulation system was satisfactorily 

obtained. The asymmetry effect: the difference between the intensity ratio, 

between the different orientational direction of linear polarisation is found 

to significantly reduced from 10-20% to 1-2%.

The improvements included

• using the HiBi fibre with end faces polished at an angle to reduce 

interference to the main beam from back reflections usually introduced 

by plane cut end faces,

• utilising a longitudinal fibre stretching method to modulate the light in

order to avoid mode coupling inside the fibre which occurs when the 

fibre is wrapped around a cylindrical PZT, and,
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• employing a high quality quartz quarter-wave plate (i.e. the retardation 

tolerance of 1/500) at the output end of the polarisation modulation 

system to reduce the output ellipticity.

The overall achievements of the optical fibre polarisation modulation 

technique for ellipsometric measurements are summarised in Table 6-1 

against the system initial targets and commercial features.

Features Commercial

ellipsometers*

Proposed

Spcifications

Achieved

Specifications

Comments

l)period o f  

measurement

1-1 Os 10'3s 10_1s The measuring time 

may be decreased to 

10"3s with a high 

speed modulation tech-

nique such as PZT.

2)accuracy of V]/: 0.002°-0.015° \\r. 0.01° vp: 0.02° This accuracy de-

ellipsometric 

parameters 

and A)

(V

A: 0.004°-0.08° A: 0.01° A: 0.02° pends on a suitable 

angle o f incidence 

chosen for charac-

terising each material. 

The values quoted as 

'achieved' are values 

indicated the average 

accuracy over all 

measurements carried 

out.
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3 Extinction ratio

VOi0
 1

001o

10’4 K>'2 This can be further 

decreased if  optical 

fibre and polariser 

extinction ratios, QWP 

specifications and 

mount precision are 

higher.

4)mount preci-

sion

0.01° 0.1° 0.5° This is a limit from 

mounts employed 

in this study. It can 

be improved.

5)mechanical

movement

main feature none none A significant 

achievement obtained 

from the optical fibre 

based configuration.

6)software and specially written for turbo-Pascal based turbo-Pascal based The execution time

D/A converter specific ellipso- programme and 8- programme and 8- may be improved upon

resolution meters and no bit resolution bit resol-ution by further consider-

mention o f the 

resolution used

converter converter ation o f programme 

design and pro-

gramming language. 

Error in conversion 

would be reduced if  a 

higher bit resol-ution 

converter is used.

Table 6-1 Summary o f specifications achieved in this study comparing to the commercial 

features and performance target expected
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*Data represents typical values achievable using either the ELX-1 Precision Ellipsometer

(LOT-Oriel Ltd., UK) or Variable Angle Spectroscope Ellipsometer (JA Woollam Co., USA).

(iv) The HiBi fibre polarisation modulation technique was then successfully 

applied to ellipsometric measurements. At the first stage, the 

implementation of the technique was performed' on two semi-infinite 

isotropic media which were interfaces between air/BK7, Si, ZnSe or Cu. 

Several types of media were used to assess the sensitivity to absorption 

characteristic of the ellipsometric system. The results obtained were 

presented in terms of ellipsometric parameters \\i and A. In addition, the 

index of refraction corresponding to each sample was calculated from the 

parameters measured. The experimental results showed that the instrument 

worked well for the chosen systems studied. However, in the case of low- 

absorbing materials (Si and ZnSe), the introduction of a wave plate has 

been shown necessary for improved sensitivity.

The measurements were also conducted over a long time period. The 

ellipsometry performance was monitored and determined through the 

ellipsometric measurements of the same samples. The final result (as 

discussed in Sec. 4-5) from this examination showed that the measured 

data were within 2% of the mean value of the ellipsometric data.

(v) A further application of the HiBi fibre polarisation modulated ellipsometer 

was performed. In this investigation, an ambient-thin film-substrate system 

which was composed of a sol-gel thin film coated on a Si substrate was 

studied. The samples with different thicknesses were characterised in terms 

of the customary ellipsometric parameters \\i and A. The results were 

satisfactorily obtained, and clearly distinguishable data from each thin film 

thickness value was observed. This obviously indicated that this particular 

ellipsometric technique was capable of studying optical thin film systems. 

The differential of results between different thicknesses indicated that with
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this value of refractive index and thickness changes of 5 nm could be 

monitored. It is to be noted that, to the best of the author's knowledge, 

these results, characterising the thin films, are the first-ever obtained using 

an optical fibre-based ellipsometer. Furthermore, a particular study on the 

prospect of the ellipsometer working as a thin film based sensing 

instrument was carried out. This was examined by monitoring the change 

of the thin film properties with environmental effects, i.e. temperature and 

humidity, over a period of 50 s. As expected, the ellipsometric scheme 

demonstrated its extended utility as a sensing device, providing promising 

results (measured in terms of the ellipsometric parameters) on the 

occurrence of changing properties of a sol-gel film. As a result, the 

application range of the ellipsometric system becomes even broader and 

highlights the need for further work in this area.

6-1 Suggestions for Further Work

Although, the current HiBi fibre polarisation modulated ellipsometer has 

showed promising performance, there are still some system features which can be 

modified for even better performance. These are suggested as follows.

(i) It is a fact that the measurement speed can be controlled via the modulation 

frequency and tailored for individual applications. This suggests that if a 

high speed operation, such as in the case of thin film growth monitoring or 

chemical reaction detections, is required, the modification can simply be 

done by replacing the low operating frequency fibre stretcher with a high 

frequency piezoelectric transducer. Typically, the replacement could bring 

the frequency of modulation up to the region of kHz or greater. In other 

words, a complete characterisation of the monitored surface can be 

obtained in a repetitive time slot of lO3 s or less. Such an advantage is 

unlikely to be achieved in a mechanically-based ellipsometer.
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(ii) In this study, a polished angle to be used at the end faces of the fibre was 

proposed to be greater than 5°. However, this may not provide an optimum 

operation for the polarisation modulation system. Therefore, it might be 

interesting to apply waveguide theory to optimise the polished angle for 

the HiBi fibre to gain the optimum system performance.

(iii) The adjustment of polarising elements involved in the polarisation 

modulation technique is not accurate, as found in this study (Sec. 3-4-3-1), 

and any error introduced in this way can inevitably affect the subsequent 

ellipsometric measurements. However, the degree of the error can be 

alleviated if a high-precision method of azimuthal alignments is applied. 

Such a method proposed has been recently by Monin et al (1994) could be 

implemented. The arrangement involves a nulling method and does not 

require any phase compensator (neither quarter-wave plate nor Babinet- 

Solei), which often introduces important errors in ellipsometry.

(iv) Although, the proposed HiBi fibre polarisation modulated ellipsometer 

offers considerable advantages over the conventional devices in terms of 

size, cost-effectiveness and speed, the system proposed here is still a 

hybrid arrangement made up of optical fibres and some conventional 

components such as objective lenses and a quarter-wave plate. The system 

could be even more attractive if it really can be arranged as an all-fibre 

system. It is understandable that the all-fibre structure would provide 

substantial advantages of mechanical stability and miniaturisation to the 

ellipsometry. There are some modifications that can be achieved with the 

current optical fibre technology. For instance, direct coupling from a light 

source to HiBi fibre may be successfully performed by using pigtail style 

power source couplers commercially available from OZ optics Ltd. Since 

the pigtails normally only allow the power to couple into one eigenmode, 

this piece of fibre has to be spliced with the other piece of HiBi fibre at an 

orientation of 45° relative to each other in order to satisfy the coupling
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condition required in this study. In addition, at the output end of the 

ellipsometer, the quarter-wave plate could be substituted by a piece of 

HiBi fibre with a constant phase bias of rc/2 as proposed by Tatam et al 

(1987). However, to reduce thermal effects that could impose a drift in 

phase, a specially designed elliptical core polarisation maintaining fibre 

studied by Wong and Poole (1993) would be a good selection.

(v) Finally, the results from the sensing tests, under environmental factors, i.e. 

temperature and humidity, by the novel ellipsometer using sol-gel thin films 

as sensing materials indicated highly dependent sensitivity of the 

instrument on the individual sol-gel sample. This means that appropriate 

care must be taken if the ellipsometer is to be implemented in particular 

sensing applications, such as chemical sensing. This is because the 

inconsistency of temperature and humidity may give rise to an inaccuracy 

of the instrument. Therefore, a closer study on sensing materials in terms of 

their fabrications, characteristics and responses to undesired factors, is 

needed to ensure that only the specific sensitivity required is exclusively 

obtained. When this stage of study is satisfactorily completed, an interesting 

aspect of the system - the ellipsometer incorporating chemically sensitive 

materials - should be tested with specific substances such as a particular gas 

or a family of gases. In this way, such a sensing status of the ellipsometric 

system can be additionally confirmed.
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APPENDIX A
SIGNAL PROCESSING TECHNIQUES

In this Appendix, signal processing techniques are discussed as they are one of 

the most important procedures repeatedly employed wherever data acquisition, e.g. 7S, 

7p and 745, is required in this study. In general, the signal processing starts from the 

conversion of the incident light into electrically analogue signals by photodetectors (at 

both reference and detection arms). The signals then are transformed into digital form 

by an analogue-to-digital (A/D) converter, in order to be analysed by an on-line 

computer.

It is true that the signal at the detection arm provides all the desired 

information for analyses of interest such as an investigation of an output beam quality 

shown in Chapter 2. However, the information required, such as the index of 

refraction and the absorption coefficient of an optical sample, is entirely polarisation 

orientation-related, as the intensities parallel (Ip) and perpendicular (Is) to a reference 

direction are required. In order to identify accurately, the orientation of the output 

beam under study, a reference signal has to be provided to define the polarisation 

direction. The importance of this has been shown when the system was used in several 

specific applications (Chapters 4 and 5).

As the light beam used in this configuration is a rotating polarised beam in 

which its azimuth depends upon the modulation signal, the use of the provided 

reference signal, defined by an orientation of the transmission axis of the reference 

polariser, allows the orientation of the rotating polarised beam to be identified. If the 

rotating polarisation is parallel to the transmission axis of the reference polariser, a 

maximum intensity is obtained i.e. a peak represents parallel polarisation (Ip); whereas 

a minimum intensity (a trough) corresponds to perpendicular polarisation (Is).
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To analyse the process, at the reference arm, the rotating plane polarised beam, 

given by Eq. (2-17), is reflected from a glass slide and propagates through a 

prealigned polariser parallel to the reference direction. Suppose, the reference 

direction is parallel to the incidence plane of the glass slide. The reflected electric 

field, ErfaraUe„ is given by

Fref =
^ p a ra l le l E0 eK (A-l)

where rrpef is the Fresnel reflection coefficient of /7-polarisation of the glass slide, <f>' = 

y((j>(2) - f )  and s = co0t + (j), + f  + <j)(2).

The corresponding intensity detected by a photodetector is found to be

I Rref
= h K ‘  “ S2 f  = - ^ - ( 1 + co s2 f) (A-2)

where Rrp is the reflectivity.

For a particular modulated phase of interest, cj>' = 0° (the parallel polarisation 

state), the intensity becomes

C  n^KK'(A-3)

This value obviously corresponds to peaks of the sinusoidal intensity (Eq. (A-2)) at 

the reference arm.

In addition, the perpendicular polarisation state can be found when <j>' = 90° 

and the intensity is given by

Iref = 0perpendicular (A-4)

The value is found to be at the troughs of the reference intensity (Eq. (A-2)). 

Therefore, the two orientations, both parallel and perpendicular, of a beam under 

investigation can be identified from the reference signal.

Fig. A-l shows typical reference and detected signals obtained from the 

experimental set-up. It can be seen that peaks and troughs of the reference signal 

(dashed line) can be used as an indicator to pinpoint parallel and perpendicular
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orientations of the detected signal (solid line). This condition is obtained without any 

adjustment of the analyser after it is initially aligned.

Nevertheless, the above procedure would be useless if cumbersome readings 

of analogue signal were employed. By handling the above process in a digital form 

incorporating an on-line computer, a speedier reading and interpretation can be 

achieved. Because the signals (reference and detected) have to be converted from 

analogue to digital formats, an A/D converter (Thurlby DSA 524, Digital Storage 

Adapter) is required. The converter had 8-bit resolution, 20MS/s sampling rate and 

5MHz bandwidth. It should be noted that the error from the conversion can be reduced 

if the converter has the resolution higher than 8 bit. The digital format then influences 

the method of signal processing presented later. The transformed reference and 

detected signals are read by an on-line computer. With a suitable programme running 

on the computer, the input data are then processed, analysed and, finally, the required 

parameters, e.g. Ip and Is are determined.

Figure A-l Output signals from the polarisation modulation unit; solid line - a direct signal 
from the polarisation modulation unit, dashed line - a reference signal in 
which the peaks correspond to parallel direction and troughs correspond to 
perpendicular direction relative to a polarising prism at a reference arm.

The signal processing details are given as follows:

(1) Both reference and detected signals are read into a memory of the 

computer for analysis.
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(2) To improve the smoothness of the data, a simple processing average was 

made over three points. This required, at each data point, that the average 

of the value of intensity at that data point, the previous data point and the 

next data point be calculated and stored. If Ir[i] is defined as a reference 

intensity at an index i, an averaged intensity over n points may be written

as T-
\J='

. For convenience, n is chosen to be an odd number, i.e. n

-  3 in this program; therefore, the average then can simply be designated 

as an averaged reference intensity //[/'] where V = j  [(2 x /) + ( « - 1)].

(3) In the signal, it is not known if a peak or a trough would be first 

encountered. The program therefore expects to deal with a peak at the 

beginning. In order to check for the occurence of a peak, the following 

procedures were applied.

First of all, an average of the sum over three consecutive points of the

( i'+1
reference, I

\
I'r[j] , is calculated (provided that / / [ / ' - 1] is not less

than the first intensity point on the averaged reference curve). Secondly, 

the average of the sum over three consecutive points separated from the

first group by 9 points, }
f  (/'+9)+l 

< > ( ''+ 9 )-l

is determined (provided that

/,'[(/' + 9) + l]is not greater than the last intensity point on the reference 

curve).

Then, if the second average value is less than the first average, a peak is 

considered to have been found. If not, the program steps through the data 

applying the same arguments at each data point until the condition is 

satisfied. After that //[/'] and /,'[/' + 9] are recorded for a further analysis.

(4) The knowledge of an intensity, //[/'], obtained can be related to a 

corresponding time, tr[i'] and vice versa. Therefore, an average of the
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sum of the corresponding times, \ ( t r[i'] + 1r[i' + 9]),of the two intensities, 

//[/'] and//[/' +9], would provide an estimate of the point in time 

representing the position of the peak and a parallel state of polarisation. 

However, due to the discrete nature of the data points (in time), this 

average does not provide an accurate estimate of the peak position. This is 

only accurate when the intensity calculated at the data points on either 

side of the peak are equal. This can be achieved by means of 

interpolation. Specifically, a curve fitting method is required to provide a 

continuous smooth variation of intensities on each side of the peak.

To generate the best curve fitting, a group of co-ordinates on each side of 

the peak are chosen. Firstly, on the side of (/r \i'],I'r[/']), seven existing 

pairs of times and intensities; (tr[i'-3\,I'r[i'-3 ]),...,(tr[z'],/r'[i']), 

+ 3],/'[/' + 3])are selected. Secondly, a curve represented by a

quadratic equation is fitted to these co-ordinates. Similarly, on the side of 

(ir[f +9],I'r[i' + 9]), a second quadratic equation is also calculated.

(5) In practice, there must be a fixed point on one side of the peak. In this 

analysis, a temporal point on the side of {tr\i' + 9],/r'[/' + 9]) is chosen.

The value selected is then substituted into the corresponding quadratic 

equation and, as a result, an interpolated intensity, I'rfm,d is calculated.

In addition, a time value on the other side is chosen and then substituted 

into the corresponding quadratic equation to produce a value of intensity 

I 'r . The intensity found is compared to the fixed one, and the difference is 

obtained. If the difference is less than a chosen criterion, i.e. 

\K,fixed ~ I'r \ < 0.0001, both intensities are considered to be approximately 

equal and their corresponding temporal elements are suitable to be used in 

the determination of the time coincident with a parallel polarisation state.

(6) Although the time indicating the parallel polarisation state is determined,

the parallel intensity (Ip) in the detected signal can still not be identified
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properly. It is because of the discrete form of the data and, consequently, 

it is unlikely that the time value will match one of the discrete time points 

of the detected signal. Therefore, a curve fit to the detected signal is 

required and again a quadratic equation was used. Consequently, a more 

accurate determination of Ip can be achieved.

(7) Similar procedures as described in the case of ,Ip are applied to the 

determination of Is. It is clear that conditions previously used have to be 

suitably modified for the case of Is determination.

(8) Furthermore, in some application such as surface characterisations by an

ellipsometer, discussed in the Chapters 4 and 5, the knowledge of phase is 

very important. In order to obtain this, an evaluation of the intensity 

orientated between p  and 5 polarisation states is needed. As a result of the 

times provided by Ip and Is previously, it would be convenient to 

concentrate on a specific orientation of 45° relative to the principal 

directions.

The average time between the times corresponding to p  and s polarisation 

states would provide a point in time coincident to the 45° polarisation state. However, 

this time is unlikely to match an existing intensity in the detected signal due to the 

discrete data form. Hence, a quadratic curve fitting for the detected signal around the 

time is needed. Then, the calculated time substituted in the quadratic equation can 

give a more precise value for the intensity of I4 5  in the detected signal.

An important point worth mentioning here is that the higher the sampling 

points per cycle (a signal range completely of Ip, Is and I45), the better the 

establishment of the fitting curve and the more precise the interpolated data. It should 

be noted that, from the experiment, a number of sampling points per cycle which 

offers the most satisfactory results is 50 and this corresponds to a time base (on the 

DSA) of 500 ms/div.
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APPENDIX B
A COMPLEX INDEX OF REFRACTION

One of common characteristics of an optical samples is its complex index of 

refraction. The parameter is normally used to described how an electromagnetic wave 

incident on a material interacts and behaves. For example, under the illumination of 

HeNe laser (A, = 632.8 nm), some dielectric materials, such as glasses, have only a real 

term of the refractive index. This implies that the materials' are transparent to the 

wavelength and there is no absorption. However, other dielectric materials, like zinc 

selenide and silicon, show a small absorption properties at this wavelength through a 

small magnitude of their absorption coefficient. And in a completely different class, 

metals, such as copper and aluminium, heavy absorption of this wavelength can be 

detected as the absorption coefficient is relatively large. Therefore, the materials 

appear to be opaque.

In this Appendix, a summary of the determination of the complex index of 

refraction are presented. It is noted that the resultant expression of the index is valid 

only for a system of planar interface between two semi-infinite homogeneous and 

isotropic media.

As mentioned in Sec. 4-2, the complex index of refraction of the medium 1 

can be determined through an expression given by Eq. (4-10),

N, • a —- = smqn
Nn Yo

1 + T V 2
1 + P.

tan2 <j)0

Since p = tan i|/ • e'A (Eq. 4-5), the above expression then can be rewritten as
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N] = N0 sin<j)f 1 +
f 1 -  tan \\i • e'A ^

1 + tan \\i • e/A tan2 <j)0 (B-l).

This equation obviously implies the existence of real and imaginary parts of 

the complex index of refraction. If jV) is given by nx-ikx, explicit forms for each terms 

can be shown as follows.

ft, -  iki = N 0 sin (j)( 1 + tan2  (f) 0

( l - t a n 2 v|/) -  4 tan2 i|/ sin2  A

(l + tan2  \\i + 2  cos Atan \\i)
-  i tan2 < |)0

4 ( l - t a n 2 v|/)(tan\j/sinA)

(l + tan2  v|/ + 2 c o sA ta n y )  

(B-2).

Given a = l + tan2(j)0
(l -  tan2 v|/)2 — 4 tan2 \\i sin2 A

(l + tan2 \\i +2cosAtanij/)
(B-3),

b -  tan2 <)>0
4(l -  tan2 vj/)(tan\|/sinA) 

(l + tan2 v|/ + 2 cos Atan vj/)2

and

(B-4),

(B-5).

Eq. (B-2) can then be rewritten as
ft, -  ik, = Â0sin<j)0[fl-/6]2

= A 0̂ sin(j)0(a2 +Z»2)J(cosK + /'sinK) (B-6).

Finally, equating real terms and imaginary terms on both sides, expression of 

ftj and kx as functions of N0, (j>0, i|/ and A are given by

ft,(refractive index) = N0 sin<j>0(a2 + i 2) J c o s k  (B-7),

and ^(absorption coefficient) = Â0 sin<j)0(iar2 +b2)' sinic (B-8).
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APPENDIX C
SINGLE LAYER FILM

Generally, the expression of ellipsometric parameters \\i and A are valid for an 

individual optical structure. For example, simple forms of the \\i and A shown in 

Chapter 4 can be used only in a system consisting of the planar interface between two 

semi-infinite media. Therefore, in a different structure under investigation, a single 

layer film on a substrate, the expressions of both parameters have to be modified 

according to system conditions added. In this Appendix, the theoretical derivations of 

\j/ and A corresponding to the system are demonstrated and an expression to determine 

the values if relevant optical information are known is also derived.

The general system of the ambient-film-substrate is shown in Fig. 5-1. A laser 

beam of wavelength X is incident at an angle <|>0 on the sample which is made of 

homogeneous and optically isotropic material. This transparent film of index Aj and 

thickness d\ is supported by an absorbing substrate of complex index A2 = n2 -ik2.

X

AMBIENT (0)

FILM (1)

SUBSTRATE (2)

The amplitude reflectances rp and rs are given by Eq. (5-1)
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f  -i-f p '2P 
'p ly  ’ 'l2v**

1 + r T s1 T  '01 v 'l2 v c

where v = p  or s denoted as p  or s polarisation. Here r()Xp and r0i5 are the Fresnel 

reflection coefficients at the interface between the incident medium of index N0  and 

the film, and rX2p and rx2s are also the Fresnel reflection coefficients at the interface 

between the film and substrate.

The phase change that results from the double transversal of the film, 2p is 

given by Eq. (5-2)

2p = 47If i | ( lV i - W 02s m ^ 0)i

The Fresnel reflection coefficients at 0-1 and 1-2 interfaces that appears in Eq. 

(5-1) are given by

r  JV , COS<|)0 -  No cos4, 
01/1 N t cos(j)0 +  jVgCosij),

(C-l),

N 2 cost)), -  N x cos<()2
UP A^2 COSif), -F A ^, COS(f)2

(C-2),

r _  N 0 cos<t>o -  N x cos<t», 
01,5 N 0 cos<))0 +  N ] cost)),

(C-3),

N ] cost}), -  N 2 c o s <()2 

12'' N x cost}), +  N 2 c o s c })2
(C-4),

where (J)2 and N 2 are complex values. The three angles t)>0, (j), and (¡>2 between the

directions of propagation of the plane waves in media 0 ,  1 and 2 respectively, and the

normal to the film boundaries are inter-related by Snell's law

N 0 sin<}>0 =  N ] sine}), =  N 2 sin<})2 (C-5).

Since the film is transparent, r0Xp and r 0 h . are real. On the other hand, rX2p and

rX2s are generally complex; hence, they can be defined as follows:

r  — \ r  1 12/7M2 p  \r \ 2 p \C (C-6),

V  — \ v  |/?^12i 
'125  "  |M25 r (C-7),

155



Appendix C Single Layer Film

where \rUp\, |r12i| give the absolute ratio of the amplitude of the reflected wave parallel 

and perpendicular to the plane of incidence, respectively and §Up, <)>12i are the phase 

shift upon the reflection experienced by the reflected wave parallel and perpendicular 

to the plane of incidence, respectively.

On replacing N2 cos(j)2 by u2 - i v 2 to Eqs. (C-2) and (C-4), the amplitude and 

phase terms of Eqs. (C-6) and (C-7) become (Kihara and Yokomori, 1990),

[(«2 -&2)cos<j), -TV,w2] + (2 n2 k2 cos«}), +A ,̂v2)2 

[(«2 - £ 2)cos<j), + Nxu2 j +(-2«2A:2 cos^, + TV,v2)2
(C-8),

(TV, c o s i )), — w, ) 2 + v 2

( * i  COSij), + M ,) 2 + v 2
(C-9),

tan(j)12/, =
-2 TV, cos<j)1̂ 2n2Â:2w2 +(n2 - k 2 )v2j 

(n2 + k2 ) cos2 <(), -  Nf (w2 + v2 )
(C-10),

and 2lf |COS*'u2 + v2 -  TV, cos (j), 

where u2 and v2 written in terms of (j)0, TV0 and TV, are given by

(C-ll),

and

2 u] = (n2 -k2)~ Nq sin2 <J)0 + (n2 -  k2 -  TV2 sin2 c()0 )2 + 4«2 k2 

2v\ = ~(n2 - k 2) + Nq sin2 <()0 + (n2 - k2 -  TV02 sin2 (|)0)2 + 4n]k-

(C-12),

(C-13).

Now, substituting Eqs. (C-6) and (C-7) into Eq. (5-1), the overall complex 

amplitude-reflection coefficients for light polarised in p  and s directions may be 

written as

K, = ' o i v + l r \ 2 v \
e'(«*>.2v-2P)

l  + ̂ Olv \ r \ 2 v
|eK<(«12v-2P) , v = p , s (C-14).

In order to examine the change of amplitude and phase separately, as a plane 

wave is obliquely reflected from a film-covered substrate, the overall complex- 

amplitude reflection (rp, rs) are written in terms of their absolute values and angles,
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(C-15),

(C-16),

where and drp represents the amplitude attenuation and phase shift respectively, as

/»-polarised light is reflected by the film-covered substrate, with similar meaning for 

|rv| and 8„ in the case of ̂ -polarisation.

From Eqs. (C-l) - (C-4), the difference of the Fresnel reflection coefficients 

for the p  and s polarisations are evident. Therefore, the overall reflection coefficients 

of an ambient-film-substrate systems for these two polarisations (rp, rs) are also 

different. According to the practical point of view in this thin film investigation, 

it is clear that the elementary requirement for characterising the thin film system is the 

ellipsometric parameters \\i and A.

The ellipsometric angle v|/ is given by

i|/ = tan 1 — = tan (C-l 7),

where

, v = p, s (C-l8),

and the phase shift A can be written as

A = 5 rp- b rs (C-l 9),

where the phase shifts , v = p, s (C-20),

where

(C-22),
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(C-24).

It can be seen that Eqs. (C-17) and (C-19) provide a mean to determine v)/ and 

A as reference values provided that N0, N\, N2, 4>o and d\ are known.

158



Appendix D List o f Publications

APPENDIX D
LIST OF PUBLICATIONS BY THE AUTHOR RELEVANT

TO THE THESIS

1. CHITAREE, R., WEIR, K., PALMER, A. W. and GRATTAN, K. T. V. (1992) in 

Polarisation Modulation In Free Space and Fibre Optics, Conference on Applied 

Optics and Optoelectronics, 14-17 September 1992, Leeds, UK, Proceeding published 

by Institute of Physics : p 220-222.

2. WEIR, K., CHITAREE, R., PALMER, A. W. and GRATTAN, K. T. V. (1993) in 

High Speed Sensing Using an Ellipsometer for Investigating of Thin Films and 

Surfaces, 16-23 May 1993, Honolulu, Hawaii, USA, Proceeding published by The 

Electrochemical Society, Inc., USA : p 236-243.

3. CHITAREE, R., WEIR, K., PALMER, A. W. and GRATTAN, K. T. V. (1993) in 

A HiBi Fibre Polarisation Modulation Scheme for Ellipsometric Measurements, 

Conference on Sensor VI Technology, Systems and Applications, 12-15 September 

1993, Manchester, UK, Sensor VI : Technology, Systems & Applications, Ed : K T V 

Grattan and A T Augousti, Published by Institute of Physics Bristol : p 275-280.

4. CHITAREE, R., WEIR, K„ PALMER, A. W. and GRATTAN, K. T. V. (1994) A 

Highly Biréfringent Fibre Polarisation Modulation Scheme for Ellipsometry: System 

Analysis and Performance, Measurement Science and Technology 151 : p 1226-1232 

(a copy of this paper is presented at the end of this Appendix).

5. CHITAREE, R„ MURPHY, V., WEIR, K., PALMER, A. W„ GRATTAN, K. T. 

V. and MACCRAITH, B. D. Ellipsometric Measurement for Thin Film Based Sensor 

System (in preparation for Sensors and Actuators).

159



Appendix D List o f Publications

6. CHITAREE, R., WEIR, K., PALMER, A. W. and GRATTAN, K. T. V. in A HiBi 

Fibre-Based Polarisation Modulated Ellipsometer: The System Improvement on An 

Optical Component Relating Aspect (in preparation for Sensors and Actuators).

160



Meas. Sei. Technol. 5 (1994) 1226-1232. Printed in the UK

A highly biréfringent fibre polarization 
modulation scheme for ellipsometry: 
system analysis and performance

R Chitaree, K Weir, A W Palmer and K T V Grattan
Measurement and Instrumentation Centre, Department of Electrical, Electronic, 
and Information Engineering, City University, Northampton Square, London 
EC1V0HB, UK

Received 22 November 1993, in final form 9 June 1994, accepted for publication 
27 June 1994

Abstract. An investigation of the polarization modulation performance of a highly 
birefringent fibre was carried out. The performance of the system and aspects 
such as the modulation method and the properties of the highly birefringent fibre 
were analysed in order to enhance performance. An important application of 
such a polarization modulation technique is in a novel ellipsometer, and the use 
of the fibre-based system to make ellipsometric measurements to determine the 
refractive index of a bulk sample is described.

1. Introduction

Optical constants such as refractive index, absorption 
index, optical thickness, and the birefringence of optical 
surfaces and thin films can be determined by a variety 
of optical techniques, including ellipsometry which uses 
the fact that the reflection of linearly or circularly 
polarized light from a material is accompanied by a 
change in the phase and intensity of the composite 
components giving, in general, ellipticaliy polarized 
light. This allows the optical properties of the material 
under study to be evaluated [ 1 ] by monitoring the 
reflected polarized light for various, known, input 
polarization states. The traditional instrument involves 
fine mechanical engineering to control accurately the 
position and orientation of the optical components to 
enable the measurement process to characterize the 
reflecting material completely.

In this work, the use of a polarization modulation 
technique to simplify the instrument is proposed and 
discussed, the main feature of which is the generation 
of linearly polarized light of continuously varying 
azimuth. This permits continuous, rapid and real time 
investigation of the ellipsometric parameters, and thus 
the optical material, to be performed with no mechanical 
adjustment of the optical components required. Several 
approaches can be used to achieve this. The use of 
free-space bulk optical components and fibre optics has 
previously been described [2], In addition, several 
such approaches have been investigated and their 
experimental performance [3] compared in terms of 
the degree of polarization (DOP) and ellipticity. The 
results have demonstrated that a higher quality output,

0957-0233/94/101226+07S19.50 © 1994 IOP Publishing Ltd

more applicable to ellipsometric measurements, was 
achieved using a fibre optic scheme. Such schemes 
have been applied to the measurement of refractive index 
of both non-absorbing and absorbing samples using 
ellipsometric techniques [4,5]. Nevertheless, further 
improvement to the quality of the rotating polarized 
light, which is the essence of the technique, is still 
required over that previously reported [5] for the system 
to be practicable.

This work reports an extensive investigation into 
the optimization of such a fibre-based system, detailing 
important performance related aspects of the instrument 
developed which colild influence the nature of the 
rotating polarized light. In particular, the effects of 
multiple reflections and the use of different modulation 
techniques for application in the ellipsometer were 
investigated.

2. Theoretical analysis

The technique relies upon the fact that the two 
orthogonal (left and right) circularly polarized light 
beams combine to produce a linear state whose azimuth 
is dependent on the phase difference between the circular 
states. In the scheme to be described, the light from 
a laser passes through an initial polarizer, a length of 
modulated highly birefringent fibre and a quarter wave 
plate oriented at 45= to the eigenaxes of the fibre. This 
situation is easily described by the use of Jones vector 
notation [6 ] and the result is described by Tatam et al
[2]:
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Detection arm

P3

D2

Figure 1. Illustration of a highly biréfringent fibre polarization modulation 
arrangement. P, polarizing prism: L, lens: qwp, quarter wave plate; gs, glass 
slide; D, detector.

-'output E0c'if« ) cos (p{t) 
sin tp(t) ( 1)

where

m  =  ~(kx + k y)[L +  8 L(t)]

<p(t) =  - ( k x - k y ) [ L  +  8 L ( t ) ]  

. 2;r
kx - nx —*o
, 2w

E0 is an electric vector amplitude, nx and ny are indices 
of refraction along eigenaxes x and y of the fibre, X0 

is the free space wavelength, L is the length of the 
highly biréfringent fibre and 8 L(t) is the fibre length 
extension due to the modulation unit (the modulation 
length). Clearly, there is a temperature and strain 
effect which will be reflected in kx and ky, but for the 
purposes of the operation of the instrument, kx and ky 
are assumed constant and all possible modulation effects 
are considered to be included implicitly in 8 L(t). In the 
actual instrument, the referencing technique used means 
that details of the specific origin of the modulation are 
not required.

Equation (1) represents a linearly polarized wave in 
which the orientation of the polarization has been rotated 
through an angle ip(t) proportional to the modulation 
caused by the highly biréfringent fibre. Using an optical 
analyser, the intensity thus detected may be given by

/„
f analyser =  +  COS 2[Q -  ( p ( t ) ]}  ( 2 )

showing that the output signal is a sinusoidal function 
of the orientation of the analyser 9 and the modulation 
phase ip(t).

In order to apply such a theoretical analysis 
to a particular ellipsometric measurement problem, 
the polarization modulation technique was examined 
experimentally to confirm the predicted operation, 
identify limitations imposed by the experimental 
arrangement and to maximize the system performance.

3. System performance

3.1. Basic configuration

The initial polarization modulation scheme employed 
was produced by winding a length ( 1 0  m) of highly 
biréfringent fibre (York HB-600) around a cylindrical 
piezoelectric transducer (PZT), as shown schematically 
in figure 1 and described previously [5]. The PZT was 
driven sinusoidally to stretch the fibre and modulate 
its birefringence characteristic. Light from a HeNe 
laser (À =  632.8 nm) was polarized at 45° to the 
eigenaxes of the fibre into which it was launched and 
the output was collimated via a further objective lens 
and passed through a quarter wave plate with its optical 
axis at 45° to the fibre axes. This transforms the output 
from each eigenmode into circularly polarized light 
of opposite handedness, these outputs then combining 
together to give a linear state. A reference signal was 
provided by reflecting a small fraction of the beam 
via a glass slide (at am incidence angle of 3°) through 
a polarizing prism onto a photodetector and the main 
beam was then analysed via a polarizer (oriented at 
45° to that in the reference arm) and a photodiode. 
The photodetector circuits had a 3 dB bandwidth of 
100 kHz. The evaluation procedures are summarized 
briefly and are illustrated by figure 2  which shows 
the peaks of the reference signal (dotted curve) which 
correspond to linearly polarized light with its azimuth 
parallel to the direction defined by the polarizing prism 
P2, whereas troughs of the reference signal correspond to 
a polarization direction perpendicular to the direction of 
the prism. By orientating the reference polarizing prism 
P2 in a known direction, the corresponding parallel ‘h’ 
and perpendicular V  intensities in the detected signal 
(full curve) may be identified.

3.2. Detailed analysis of the output signal

Figure 2 shows a typical output signal obtained from 
the polarization modulation unit when the output from 
the fibre is transmitted directly through polarizer P3 
(angled at 45° relative to the orientation of the polarizer 
in the reference) onto the photodetector (figure I). 
Since the polarized light thus produced is modulated by
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60 t

Figure 2. Illustration of typical output fringes obtained 
from the polarization modulation unit. Full curve, detected 
signal; dotted curve, reference signal.

driving the PZT sinusoidally (at a resonant frequency of 
14 kHz), the linear output state rotates in one direction 
(say clockwise), and then vice versa (counter-clockwise) 
when the PZT is relaxed. Thus, as can be seen (figure 2), 
the group of fringes to the left of the turning point 
are a mirror image of the fringes on the right of the 
turning point (where the direction of rotation changes). 
Initial considerations suggest that both orientations of 
the rotating polarized light should result in the same 
output. However, by determining both the intensities 
parallel (//,) and perpendicular (/„) to the direction 
defined by the polarizing prism in the reference arm, it 
was found that the average (over several periods) of the 
ratio //,//„ of the fringes situated on one side of a turning 
point differed significantly from that found on the other 
side. This raised the question of differing performance 
depending on the direction of rotation. This observation 
is not predicted in the analysis, but it is important to 
note this observation as any inconsistency in this ratio 
will give rise to unreliable measurements. Therefore 
it is important that techniques to reduce this effect be 
examined. A closer analysis was made by monitoring 
the output of the polarization modulation system, as 
shown in figure 1, with the polarizer P3 removed from 
the detection arm. An ideal signal at the detector D2, 
would have constant amplitude but it was found that 
this signal, shown in figure 3(a), has intensity variations 
following the form of the reference observed at detector 
D1 in the reference arm (figure 3(b)). The peak-to-peak 
amplitude of the signal in figure 3(a) corresponds to 1% 
of the DC value.

3.3. Extended analysis

The purpose of this extended analysis was to describe 
the form of the detected signal as shown in figure 3. It 
is a requirement that the intensity is constant throughout 
the polarization modulation period as this is assumed in 
the application of the technique, but, as described above, 
this is not what was observed experimentally.

In practice the electric field in each eigenmode is not 
only composed of the main light (lux but it also involves 
reflected components as the end faces of the fibre act 
as parallel mirrors. Hence the reflected light, which is
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Figure 3. Signal (a) was detected at the output of the 
set-up of figure 1 (no polarizer P3) and signal (b) is the 
corresponding reference signal (different gain and offsets 
apply).

emitted from the fibre after being reflected by both end 
faces, backwards and forwards along the fibre for one of 
the eigenmodes (designated x), may be written in terms 
of the component of Ex (after propagating through the 
QWP), given by

t Q
W V W M /V V V Y V V
V ^ W nAAAAATVAT

Ex n2E0e‘l“*_3*«Ii-+it<,,l+r'l ' (3)

where ij is the reflection coefficient at the fibre ends 
(assumed identical), 3kx[L +  ¿L(r)] is the phase of the 
reflected light for mode x and ex is an initial phase in 
eigenmode x. Similarly for the other eigenmodc y, the 
electric field component is given by

Ey „ 2  £ o e 1|" ' ~ 3* ' ,L + i '-<,)l+£'- ' r/21 (4)

In addition, if the reflected light and the main light flux 
of both eigenmodes are detected simultaneously, the total 
intensity may then be given by

ftotal =  2 /0|[2 +  p* 3 4 +  p '  +  cos{2A:t [Z. +  5 i.(r))j
+  n'2  6 cos[2ky[L +SL(r)])||. (5)

If it is assumed that r? «  p', the last two cosine terms in 
equation (5) can be written as

/' =  2cos{(*x- /:y)[L+5L(r)])cos{(^+fcv)[Z.+5L(r)]}.
(6)

This indicates theoretically, the presence of a beat effect 
with a modulated amplitude of cos{(kx— )t_v)[i,+5E(r)]).

The first factor of equation (6 ) is iow frequency 
and the second is high frequency as can be seen in the 
following analysis. Analysis of the modulated amplitude 
factor may be made by writing it as a function of the 
phase shift between the two eigenmodes Am to give

(kx -  ky)[L + SL(t) ] =  ^  ^  =  A", (7>

where B is the modal birefringence of the fibre.
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Figure 4. Illustration of the reference signal (a) and the 
beat pattern (b) due to the interference between the main 
light flux and the reflected light (different gain and offsets 
apply).

Equation (7) indicates how the shape of the envelope 
of the beat is similar to the modulation phase between 
the two eigenmodes. This is clearly illustrated in 
figure 4 which shows the output obtained (again from 
the arrangement of figure 1 ) where the modulation rate 
is greatly reduced (a low-frequency linear ramp was 
used, giving rise to a polarization rotation frequency 
of as 1 Hz). Figure 4(a) is the reference signal and 
figure 4(b) is the signal with the polarizing prism P3 
removed. The peak-to-peak amplitude of the signal of 
figure 4(b) corresponds to 6 % of the DC value.

Additionally, the characteristic of the components 
inside the envelope may be investigated. Again, 
rewriting all factors in terms of the phase shift between 
the two eigenmodes Am the phase of the high-frequency 
cosine factor (from equation (6 )) may be given by

(kx + k x)lL +  SL(t)] =  ^  +  h ^  =  ^ ( „ > + „ v).

(8)
As can be seen, this indicates a rapid phase change 
when compared to the modulation phase between the 
two eigenmodes, as a typical value of B for a highly 
biréfringent fibre is of the order of 1(T4. A useful 
comparison of figures 3 and 4 can be made by 
considering the difference between the two modulation 
conditions in both frequency and form. In figure 3, 
the modulation was via the cylindrical PZT operating 
at a sinusoidal frequency of 14 kHz. In this case 
8 L(t) in equation (6 ) varies sinusoidally. Equation 
(6 ) may then be expanded as a Fourier series (whose 
terms are harmonics of the modulation frequency) with 
coefficients involving Bessel functions [7]. The actual 
detailed form of the power spectrum in such a situation 
depends on both the amplitude of modulation and the 
initial phase of the factors in equation (6 ). This situation 
was extensively modelled using a simple fast Fourier 
transform (FFT) computer algorithm. Removing the 
high-frequency components (above the cut-off frequency 
ol the detector circuit) before performing the inverse 
Fourier transform was used to mimic the low pass

tittering elfect of the detector. This confirmed the low- 
frequency content of equation (6 ) and the resultant, 
reconstructed time signal was similar in form to the 
reference signal (though of course reduced in amplitude 
relative to the original). The exact form of this 
reconstructed signal is sensitive to initial conditions of 
phase and modulation amplitude. This is in agreement 
with the signal shown in figure 3(a) which (for 
the particular initial phase and amplitude encountered 
experimentally) is observed to be similar to the reference 
signal, figure 3(£>). In figure 4, thermal modulation 
corresponding to a linear ramp was used (resulting in a 
frequency of «  1 Hz for the polarization rotation) and a 
simple, sinusoidal, high-frequency modulation and low- 
frequency envelope can be seen (figure 4(b)).

Clearly, these higher order reflections should be 
minimized to ensure optimum performance because, as 
well as giving rise to variations in intensity, changes 
in the output polarization may occur. When high-speed 
modulation is used, a sinusoidal modulation signal will 
normally be applied resulting in a complex frequency 
spectrum. Therefore, it is not an option merely to filter 
these high frequencies electronically.

3.4. System enhancement

In order to improve the output from the polarization 
modulation technique to be used in the ellipsometer, 
it is desirable that the amplitude of the reflected light 
which contributes to the amplitude of the beat frequency 
should be reduced as much as possible. Techniques to 
cut down the reflections at the end faces of the fibre 
included using index matching gel, anti-reflection (AR) 
coating of the fibre end face, the use of an immersion cell 
and an angled end face (not 90°) to deviate the reflected 
light. The polished angled end face was tested as the 
most practical approach to try in the laboratory. To 
achieve a low reflection factor, the angle of the end face 
was required to be greater than 5.8° [8 ] and this was 
achieved by hand polishing both end faces, not only to 
reduce their internal reflection but also to prevent power 
fluctuations due to light coupling back into the source.

The optical quality of the end face was checked 
by inspection and by coupling light from a HeNe laser 
(X =  632.8 nm) into the fibre, then observing the far 
field output from the polished end for the situation with 
tilted end faces. In this case, a length of the fibre 
used in the experiment (see figure 1) was 1 in. The 
modal birefringence was modulated by heating a small 
part («s 50 mm) of the fibre with a hot air blower 
to achieve the polarization modulation. The results of 
this experiment were compared with those from the 
highly birefringent fibre with plane cut end faces. The 
same degree of polarization was achieved and the higher 
frequency components could still be observed, but the 
relative amplitude of the high-frequency components 
(the ratio of the high-frequency component amplitude 
to the total signal amplitude, under identical condition 
of modulation and detection) was reduced by a factor of 
live.
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Table 1. The mean x  and standard deviation a of the intensities /„, lh, h? for
different pc arizarion modulation tech;-.:

Modulation method 
(angled ends)

Clockwise Counter clockwise

K ¡h Us /, /„ Us

Cylindrical pzt  x 35.28 37.52 69.00 38.77 33.12 71.23
a 2.26 2.70 0.82 0.78 0.53 0.39
Heating x 32.63 33.34 64.50 32.57 33.09 65.90
O 0.88 1.19 0.49 0.343 0.30 0.49
Stretching x 26.51 28.63 62.90 28.12 28.77 61.67
a 1.12 0.44 0.24 0.88 0.32 0.20

This clearly indicates that the performance of 
the highly biréfringent fibre system can be improved 
considerably by polishing the end faces of the fibre 
at an angle, although some residual reflection factor 
apparently remains. In subsequent work, the end faces 
of the fibre were polished at an angle of 6 ° for improved 
performance.

3.5. Alternative methods of modulation

Mode coupling in a highly biréfringent fibre, i.e. the 
coupling of optical energy from one mode to the 
other [9], can also affect the system by introducing 
inconsistent power levels into each eigenmode. This 
arises as the fibre undergoes variations in external force, 
and a study of different modulation techniques was 
made to investigate this. The distribution of intensities, 
particularly the intensity parallel Ih, perpendicular /„, 
and at 45° to these directions, /45, relative to the 
orientation defined by the reference signal, were studied.

The intrinsic birefringence in the York Bow-Tie 
highly biréfringent fibre is caused by the difference in 
thermal expansion between the cladding and the stress 
applying regions inside the fibre, as it cools. If the 
fibre is stretched with a uniform axial strain, the stress 
applying regions and the cladding of the fibre are strained 
differently in the longitudinal direction, introducing a 
strain-induced birefringence, which will increase the 
value of the intrinsic birefringence, but will not affect its 
direction, potentially reducing the problem of the energy 
coupling. The case of thermal modulation (induced 
by heating a short length of the fibre) is similar to 
the modulation achieved by fibre stretching and the 
direction of the intrinsic birefringence is not affected 
because there is no external force that can cause the 
redirection of the birefringence. This results in an 
effective polarization modulation method, although the 
technique is not particularly practical for a measurement 
system due to the low bandwidth achievable. In the 
study a low-frequency linear ramp was used to assess 
this method of modulation. The resulting frequency of 
polarization rotation was «  l Hz. .

A comparative investigation was made on the 
distribution of measured intensities /„, Ih and / 4 5  and 
the stable means and standard deviations were calculate 
from a large number of measurements. Clockwise and

Table 2. A comparison of the average of the ratio /„//„ of 
the fringes for different directions of polarization rotation 
and modulation techniques.

Modulation method 
(angled ends)

Average lv/ lh

Clockwise Counter-clockwise

Cylindrical p z t T.100 0.855
Heating 1.021 1.016
Stretching 1.083 1.020

counter clockwise directions of rotation were considered 
separately. The experimental arrangement was as 
described previously except, of course, for the change 
of the modulation method. For the uniform stretching 
set-up, a section of 2 0 0  mm from a i m  length of highly 
biréfringent fibre was held under longitudinal strain with 
one end mounted at a fixed point and the other end 
attached firmly to a 30 Hz sinusoidal modulator.

Table l summarizes the distribution (mean, x and 
standard deviation, cr) of the intensities of interest, for 
the clockwise or counter clockwise. An important point 
to note from table 1 is that there is a larger spread 
(standard deviation) in the measured values when the 
modulation was performed via a cylindrical PZT. It is 
most likely that this is due to mode coupling within 
the fibre coiled around the cylindrical PZT modulator 
[9]. Loading on the fibre then introduces birefringence 
which does not have the same direction as the intrinsic 
birefringence.

Further, using the data of table 1, the averages of the 
ratio /„//*, calculated for different directions of rotation, 
were compared as shown in table 2. These results 
indicate that the problem of the variation in values due 
to the direction of rotation is reduced when using heating 
or stretching as the means of modulation.

In summary, the results obtained from the thermal 
and longitudinal stretching modulation scheme showed 
not only less scatter in /„, Ih and Us around their mean 
values but also a reduction in the variation with direction 
of rotation. Thus, by careful choice of the method of 
modulation, and reduction in the reflected components, 
the system performance can be improved.
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Figure 5. Schematic of the highly biréfringent fibre polarization modulation scheme for 
ellipsometric measurement.

4. Experimental measurements using the 
ellipsometer

With these improvements, this modified polarization 
modulation technique can be integrated into a simplified 
ellipsometric measuring system. This was used to 
measure the refractive index of a sample, to illustrate 
the capabilities of the system.

In order to characterize a sample, it is customary to 
determine the ratio p of the complex Fresnel reflection 
coefficients for the p and s polarizations [ 1 ] where p is 
parallel and .v perpendicular to the plane of incidence,

p =  tan0e'A. (9)

The angle A is defined as the phase difference between 
the p and s components, and the angle ifr the inverse 
tangent of the factor by which the amplitude ratio 
changes.

Figure 5 illustrates the highly biréfringent fibre po-
larization modulation scheme as used in the ellipsometer. 
By following the change in the polarization of the light 
passing through, the effect on the input beam can also 
be described in terms of the Jones matrices. In most 
practical situations, the final polarizer is orientated at an 
angle of 45° to the plane of incidence and /f, the detected 
intensity, is simplified to:

If cos 0 (f)]

+  sjRpRs sinO(f)] cos A ( 10)

where R,,(= rj) is the reflection coefficient for the ‘p ’ 
component and R,(= rj) is the reflection coefficient for 
the ‘s ’ component.

Since the light used in this experiment is rotating 
polarized light in which its azimuth depends upon the 
modulation signal, the use of a reference signal allows 
the input orientation of the rotating polarized light to 
be identified. The transmission axis of the polarizer 
in the reference arm was orientated such that it was 
perpendicular to the plane of incidence at the sample and 
the two orientations, both parallel and perpendicular, can

then be identified from the reference signal. The peaks 
of the reference signal indicate the perpendicular states 
(j) while its troughs show the parallel states (p ). The 
point in time half way between a peak and a consecutive 
trough corresponds to the 45° orientation. Thus the 
intensities corresponding to the input polarized states can 
be identified in the detected signal intensities (/,,, /,, / 4 5 ).

Substitution of the corresponding intensities /,,,
I45 and modulation angle <p(t) in equation ( 1 0 ), then 
allows i/r and A to be determined, thus enabling 
the characterization of the reflecting surface without 
mechanical movement of any of the optical components 
being necessary, marking a major step forward in the 
use of ellipsometric techniques in real time applications.

By using Snell’s law and expressions for the Fresnel 
complex amplitude reflections [ 1 ], the equation used to 
determine the complex refractive index characterizing a 
bulk sample is

r , -11/2
N, / l - p \ 2  ,
—  =  sin </>o 1 +  ( -— — ) tan2 0o (11)
No [_ \ 1 + P/

where <p0 is the angle of incidence, N0 is the complex 
refractive index of medium 0  (the incidence medium) 
and Ni is the complex refractive index of medium 1 

(the reflecting medium). Equation (11) shows that, from 
a measurement of p, the complex refractive index of 
medium 1 can be calculated if the values of the angle 
of incidence and N0 are given. In order to undertake 
an evaluation of the system designed and described, 
a determination of the refractive index of a standard 
optical wedge (of BK7) was made. The wedge shape 
was used to separate the front and the back reflections 
from one another in order to avoid unwanted interference 
that could introduce errors to the measurement.

Table 3 shows the comparison of the output 
performance in terms of the mean ar i  standard deviation 
of the measured refractive index and cosine of the 
ellipsometric phase difference A of the three different 
methods of polarization modulation over a large number 
of measurements (including results from a similar 
number of clockwise and counter-clockwise rotations). 
For a non-absorbing sample such as BK7, the phase 
difference A is 180° when the incidence angle is less
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o. Liii^soineiric dei&fTniricttico oi lue feiictCiivG 
index and cosine of the ellipsometric phases difference (of 
BK7) for different methods of polarization modulation.

Modulation method 
(angled ends) Refractive index, n* COS(A)

Cylindrical pzt  x 1.530 0.979
(7 0.08 0.173
Heating x 1.499 0.999
O 0.039 0.129
Stretching x 1.503 0.999
a 0.034 0.148

* The quoted value for the refractive index of BK7 at a 
wavelength of 632.8 nm is 1.519.

than the Brewster angle (< 56.3°) and 0° when the 
incidence angle is greater. Absolute values of the cosine 
function of the phase difference concerned (cos A) are 
shown.

From table 3 it may be seen that the mean value 
of refractive index was lower when using the PZT. 
However, the spread (standard deviation) is the more 
important parameter as the mean value, for all means 
of modulation, may be affected by systematic errors 
arising from, for example, small misalignments. Thus 
the results in table 3 again illustrate that the two 
preferred ways of modulation considered for use in 
the ellipsometer, heating and stretching, produce better 
results, as measured by the standard deviation, than using 
the cylindrical PZT modulation. These results favour 
their use in actual measurement situations, using the 
ellipsometer design discussed. However, it is envisaged 
that the longitudinal stretching would be more practical 
in a measurement system due to the higher bandwidth 
that is available.

5. Conclusions and discussion

A series of invetigations has been carried out and, as a 
result, a considerable improvement in performance of the 
polarization modulation technique has been observed. 
The system has then been successfully applied to the 
ellipsometric measurement of a standard sample. This 
improvement was achieved by polishing the end faces 
of the fibre at an angle and modulating the fibre either 
by the use of heating or longitudinal stretching. The

¿uiaiysi* Wiib modi licci io ìnciuue muiupie reflectioii 
effects and the results obtained from the system showed 
an improvement in accuracy over previous similar 
systems, as potential error sources were reduced or 
eliminated.

Further development of the ■ system to increase 
modulation frequency and investigate the application of 
the polarization modulation scheme to further, real time 
ellipsometric measurements over a range of materials, 
employed for various sensing purposes, is the subject of 
continuing work.
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