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Abstract

Abstract

This work discusses polarisation modulated HiBi fibre based ellipsometry. The
polarisation of light is discussed with mathematical representation of polarised light
and propagation of polarised light through optical components. Such mathematical
representation allows convenient analysis of the interaction of light with matter.

The history and evolution ellipsometry as a measuring tool through various optical
configurations is reviewed. This gives an insight in to the existing ellipsometric
configurations and point out important features such as operation procedure, type of
modulation, resolution and speed of measurement, optical components used and
application limitations etc. The review concludes polarisation modulation as being an
obvious choice for fast real time ellipsometric applications.

High biréfringent (HiBi) fibre based polarisation modulated ellipsometry is discussed
in which rotating polarisation is generated by stretching a HiBi fibre. Mathematical
analysis ofthe optical set up is given using Muller and Jones matrix methods.

The performance of the system is studied thoroughly and applied for refractive index
and film thickness measurements both on bulk (absorbing or non-absorbing) optical
samples. The potential for sensor use is also demonstrated with dynamic
measurements carried out on oil films and sol-gel based films.

The system is simulated to identify sources of errors and their effect of the
ellipsometric parameters, ty and A. The conclusions drawn from the error analysis
identify the quarter wave plates as being major sources of errors due to azimuth
misalignmant and component imperfection. This finding lead to an alternative
approach for the ellipsometric configuration.

A modified ellipsometric configuration that does not employ any use of quarter wave
plates is introduced. The new configuration enables a measurement technique that is
simpler (ratio of intensities) and more accurate with faster data update rates.
Polarisation modulation again involves stretching a HiBi fibre longitudinally. The
output beam is a phase-generated carrier and is analysed with Bessel functions. Lock-
in amplifier feedback control system is implemented to control the polarisation. The
new configuration is applied for ellipsometric measurements and results obtained are
presented and discussed.

The main advantages of this system include improved accuracy, more compact system
with smaller number of optical components and thus cheaper system. The ease of
signal processing as simple ratio of intensities is also an important advantage for high
bandwidth measurements.

Starting with polarisation theory of light, the thesis discusses the present state of
ellipsometry and its limited application arising mainly due to the bulky nature of
existing systems and mechanically moving nature of operation. This also limits the
bandwidth of the measurement. An all fibre ellipsometer should overcome most ofthe
limitations of existing ellipsometers and with a wider scope of application.

xii



Chapter 1 Introduction

Chapter 1

Introduction to Optics and
Sensor Technology

1.0 Introduction

Application of light in communication and measurement has been known for over a
century. In these systems, air was originally used as a medium of light transmission
and the eye did optical detection while a movement such as by the human hand did
signal modulation. Such simple optical system left much to be desired for. A break
through came when Kao and Hockham in 1966 demonstrated that light could be
transmitted in thin, flexible fibre guides [1]. This discovery which led to the birth of
the possibility of guiding light through a confined space over a long distance thereby
eliminating the uncertainties of atmospheric transmission was an important step in the
early form of optical communication.

Early work carried out in confining light transmission into a small space such as a
glass tube was not so successful with losses of ~105dB/Km [2]. With such huge
potential application for high bandwidth communication evident at that stage,

research continued to bring down the transmission loss to a level less than 20dB/Km,
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which was seen as an economic barrier to fibre optic communication as opposed to
the well established conventional metallic transmission lines for communication
applications. This led to the world-wide interest on optical fibres as transmission line
for optical communications. During this period, the high sensitivity of optical fibres to
external perturbations such as, pressure, microbends, temperature etc became evident,
and research continued to reduce these effects and produce a signal carrying fibre
immune to such external effects. At the same time, the observation of the sensitivity
of optical fibres to external perturbations led to the application of optical fibres as
sensing devices. This grew particularly with the growth of optical communications
industry in the production of low loss optical fibres, development of high power
lasers, modulated laser diodes, integrated optical devices as well as light detectors
[3][4]. The use of optical fibres in sensing applications has many advantages [5][6],
Primarily, they posses the advantage of being immune to -electromagnetic
interference. The result is noise free transmission and can operate in electrically
hazardous environment. The highly directional nature of the fibre means that, fibre
sensors become important in sensing applications such as chemically corrosive
environments, hazardous atmospheres or medical applications, where conventional
metallic or electrical sensors, are impractical.

In sensor applications, in addition to being a transmission medium, the fibre is more
importantly used as transducer or a modulation unit.

The transduction advantages over conventional electrical counterparts in sensor
applications such as described above may be summarised as follows:

1. Remote sensor: The sensing head can be easily directed to a remote

measurement point via a low loss fibre.
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2. Immunity to electromagnetic interference: since optical materials are non-
conductive, safety and noise problems associated with electrical sensors are
irrelevant.

3. Safety: Most fibre sensing heads are passive and do not employ electrical power
directly for their operation. And thus introduce no danger of electrical sparking in
hazardous environments.

4. Compact and small size: The sensor head can be made as small as the diameter
ofthe fibre and few millimetres long.

5. Sensitivity and bandwidth: High-resolution measurements can be obtained with
a possibility of addressing a large number of measurands.

Thus optical measurement techniques offer various advantages. The measurement

technique can be non-contact and non-evasive which is important in applications

where the substrate under measurement has to be preserved from damage or
contamination during measurement process.

Measurement technique in most optical sensors among variety of methods is based on

measuring the intensity change, phase change, polarisation change or wavelength shift

measurements upon the interaction of the light or the sensor head with the measurand.

Broadly, fibre optic sensors may be classified as intrinsic or extrinsic sensors based on

the role of the fibre on the measurement technique. In intrinsic fibre sensors, the

physical parameter to be sensed modulates the characteristics ofthe fibre, and thus the
fibre is used as a sensor head. In this case the properties of the guided light, such as
intensity, phase, polarisation (e.g. current sensor) or spectral content (e.g. Bragg
grating) is modulated by the measurand. Another family of sensors is the extrinsic

sensor. In this case the fibre either acts as a mere means of guiding the light to and
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from the sensor head or the fibre may also act as a modulator guiding a modulated

light to and from the sensor head (e.g. interferometry and polarimetry).

1.1 Polarised light as a measuring tool

Polarised light carries valuable information about where the light has been and the
various physical parameters, which have been acting upon it [7]. A variety of physical
phenomena influence the state of polarisation of light. Chemical interactions,
molecular structures, mechanical stress all impose changes in the polarisation state of
an optical beam, thus applications relying on the study of polarisation state of light
cover a vast range of engineering, medical, physical, agricultural and various
industrial processes. Ellipsometry is an important application of polarised light. The
technique involves measuring the change in the polarisation of light upon interaction
with a material. Such measurement allows characterising important optical properties

of'the material. The science of ellipsometry is the subject ofthe thesis.

1.2 Aims and objectives

In summary, the objectives of the work presented in this thesis can be outlined as:

* To review the present state of ellipsometry and its application in optical
measurement.

* To evaluate the potential use of HiBi fibre ellipsometer as a compact non-
mechanically moving ellipsometer.

» To test the system as a device for thin film measurement applications.

* To study the system performance and identify sources of errors for further

improvement.
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* To devise an alternative approach for the design of the fibre ellipsometer as a
simplified, compact, improved accuracy and high bandwidth system.

* To report and discuss the results of'the work.

1.3 Thesis structure and outline

The thesis is structured so as to give a step-by-step development of the theory of
polarisation-based measurements for ellipsometric application. In doing so various
ellipsometric configurations are reviewed.

Chapter 2 reviews the electromagnetic nature of light and the theory of polarisation of
light needed to describe polarisation based measurements. Mathematical description
of polarised light, the fundamental equation of ellipsometry and the mathematics
behind the inversion of measured ellipsometric parameters into optical properties of
samples are introduced. Chapter 3 discusses the evolution of ellipsometry as a
measuring tool over the years. In this Chapter, various ellipsometric configurations
that exist commercially as well as laboratory prototypes are described. This Chapter
concludes with techniques of polarisation control as a basis for the work in Chapter 4.
Chapter 4 introduces the main subject of this thesis; Fibre based Polarisation
Modulated Ellipsometry (FPME). Experimental configuration as well as the
performance of FPME is discussed in great detail. This Chapter concludes with
ellipsometric measurement results on bulk substrates. In Chapter 5, we encounter the
use of FPME as a dynamic thin film sensor. Measurement of Dynamic film thickness
changes used to highlight the potential use of the FPME in in sifu time domain
measurements. Chapter 6 looks at sources of errors in the FPME described thus far.

This Chapter does not seek to investigate a detailed error analysis of all possible error
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sources. It does however look at the subject of measurement errors in an attempt to
make the FPME more compact and simple. Chapter 7 starts with critical analysis of
the FPME dealt with in the previous chapters based on the conclusions obtained from
Chapter 6. A modified version of the FPME described in Chapter 7, with fewer
number of optical components and improved signal processing technique is
introduced and analysed. The new FPME is used for measurement applications. The
results of the measurement are presented. A final conclusion of the work reported in
this thesis is given in Chapter 8 with a review of the system performance levels
obtained and also a comparison with commercial ellipsometers. The thesis concludes

with some suggestions for future work.
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Chapter 2

Electromagnetic waves:
Theory of polarisation and
Ellipsometry

Abstract

Light is electromagnetic in nature and can be described as a vector wave. Such
transverse vector waves possess a common property, the vector field of disturbance
vibrates in a certain orientation. The directional vibration of transverse waves is
termed its state ofpolarisation. In this chapter the electromagnetic wave nature of
light and the concept of polarisation of the light is introduced. Mathematical methods
for describing polarised light and its interaction with optical elements are developed
with particular reference to ellipsometric measurements. Mathematical determination

of optical properties of samples from ellipsometric measurements is also discussed.
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2.0 Introduction

Electromagnetic waves are transverse waves with both electric field strength, E and
magnetic field, H, which are perpendicular to each other and normal to the wave
propagation direction. Light waves, being electromagnetic waves, can be analysed by
electric or magnetic field vectors. In a generalised manner, the orientational
characteristics of one of these carriers of field, observed at a fixed point in space and
time, defines the polarisation ofthe same wave [1][2], In the particular case of light, it
is generally accepted that the electric field strength, E is chosen for optical study
purposes. This is based on the fact that when light interacts with matter, the force
exerted on the electrons by the electric field is much greater than that exerted by
magnetic field of the wave [3]. Thus, throughout this thesis and for the purpose of
ellipsometric studies, the polarisation of light will be defined as the direction of
vibration of the electric field, E(r,t) observed at a fixed point in space, r, with time, t.
The periodic nature of the vibration of light at the tip of'the electric vector as defined
by electromagnetic theory traces out a geometrical shape looking towards the source.
The locus of such geometrical shape a fixed point in space and time defines the state
of polarisation of light. In general, the vibration direction traces out an elliptical
shape, the locus could also be circular or linear, and thus light is generally elliptically

polarised with circular or linear polarisations being special cases.
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21 Polarisation of Light

Most of the light we encounter every day is a chaotic mixture of light waves vibrating
in all directions. Such a combination is known as "unpolarised" light [4]. In such
natural or unpolarised light, the radiation is emitted by molecules, which are randomly
excited. A beam of unpolarised light, if observed over a short time interval, appears to
be elliptically polarised but the type of polarisation changes continually. In other
words, the electric vector traces out an ellipse whose size, eccentricity and orientation
gradually change, consequently each new ellipse is completely unrelated to the
original one. Thus in any experiment which requires a longer period of observation,
one measures the average effect of a large variety of different polarisations. Some
light sources generate a polarised light, in general however polarised light is obtained
by passing the light beam through a polarising optical element or by causing the beam
to make a reflection at a specific angle called Brewster angle [5].

A plane polarised light (constant plane of vibration) can be resolved into two
orthogonal optical disturbances, Exand Ey, which are resultant components along x

and y axes [5]. This may be expressed as:
E,(z,t) = ExOeJ “-1zm (2.1
Ey(z,t) =E » - 2alM (2.2)
Where s is the relative phase difference between the two waves, Ex and Ey, both of
which are travelling in the z direction. Exo and Eyo are amplitudes of the x and y

vibrations at z=0. o is the angular frequency and X is the wavelength. The resultant

optical disturbance is given by:

10
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E(z,t) =Ex(z,t) +Ey(z,y) (2.3)
If the two waves are considered to have the same phase, i.e. s is zero or an integral
multiple of £271, the resultant wave is linearly polarised light beam with a fixed
amplitude and constant polarisation angle. Another case of particular interest is when
both the component waves are 90° out of phase and have equal amplitudes. When
these two waves are combined, the tip of the resultant electric vector traces a circle,
and the light beam is referred to as circularly polarised. 1f the phase difference is
other than 0° or 90°, the resultant electric vector will both rotate and also change its
magnitude as well. The end point of the electric vector will trace out an ellipse. Such

light is elliptically polarised.

Linear Circular Elliptical

Fig. 2.1 Examples polarised light

In practice, there are several ways to obtain elliptically polarised light. Of primary
interest in polarimetry is the fact that when linearly polarised light interacts with an
optical surface, there is a change in amplitude as well as a shift in the phases of both
the normal polarisation states. This change, in general, is not the same for both
components; hence the resultant light will be elliptically polarised. The change of
polarisation that the incident light suffers among other things is a function of the
optical properties of the substrate [3]. This is the basis of ellipsometry, which is the

subject ofthis thesis.

11
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2.2 Ellipsometry

Ellipsometry [3][6][7] is a sensitive optical technique for determining the optical
properties of surfaces and thin films. If linearly polarised light of a known orientation
is reflected at oblique incidence from a surface then the reflected light is elliptically
polarised. The shape and orientation of the ellipse depend on the angle of incidence,
the direction of the polarisation of the incident light, and the reflection properties of
the surface. An ellipsometer measures the changes in the polarisation state of light
when it is reflected from a sample. If the sample undergoes a change, for example a
thin film on the surface changes its thickness, then its reflection properties will also
change. Measuring these changes in the reflection properties can allow us to deduce
the actual change in the thickness of the film. The most important application of
ellipsometry is to study thin films. In the context of ellipsometry a thin film is one that
ranges from essentially zero thickness to several thousand Angstroms. The sensitivity
of an ellipsometer is such that a change of film thickness of a few Angstroms is

usually easy to detect.

Optical Sample
Fig. 2.2 The principle of reflection ellipsometry. The change in

polarisation upon reflection carries information on the characteristics of
the sample.

12
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2.3 Mathematical description of polarised light

As mentioned before, polarised light is usually generated by passing unpolarised light
through a polarising optical element. In the context of ellipsometry, this section will
be confined to matrix representation [8] of polarised light and the respective linear
polarising components are described.

Polarisers allow the transmission of only one polarisation state. A linear (or plane)
polariser transmits light polarised in a single plane. The output polarisation axis
orientation is independent of the input beam polarisation state. The plane of
polarisation can be changed by rotating the linear polariser about the beam axis. A
circular polariser transmits either left circular polarised light or right circular polarised
light for an input beam of any polarisation state.

Ellipsometry, as defined before, is a measurement of the change of the state of
polarisation of light. This change involves the amplitude of the two orthogonal
polarisation components and/or a change in their relative phase difference. These
parameters which are fundamental to the ellipsometric measurement cannot however
be measured instantly. The reason for this is that the locus of the state of polarisation
(SOP) goes through one period in a very short time of the order of 10 cycles per
second [8]. This instantaneous change is too fast for any conventional detection
technique. Secondly the random statistical nature of the change of the SOP of
unpolarised light is again too fast for any practical measurement. Time averaged
observations overcome the above practical measurement problem. Such averaged
measurement representation of polarised, partially polarised or unpolarised light

involves the Stokes parameters, after G. G. Stokes, 1952 [8]. These parameters are

13
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measurable quantities and are useful in analysing the evolution of the state of
polarisation of light on passing through polarising optical components. The Stokes
parameters are defined by letting o to be the total intensity, Ixand Iyare the intensities
of horizontal and vertical linear polarisation states respectively, 145 and 145 represent
the intensities of linear polarisation at a 45° and -45° angles, and Irand h are the right
and left-handed circularly polarised light beams respectively. The Stokes parameters

(So, Si, S2, S3) are then defined as:

=4 =(4 +4)=(4.5- + (4 +4).
S) =iX~iy,

S§2 = /+#o+/ 40, (2.4)

Ss=1r-1,

Where So is the total intensity and Si and S2 represent the intensity of the linearly
polarised light at the angles indicated in equation 2.4 and S3 is right or left circularly
polarised light intensity. These measurable quantities are important in characterising
the quality of partially polarised light in terms of its degree of polarisation (DOP),
ellipticity angle, s and the azimuth, 9 of the ellipse of polarisation as shown in figure

2.3.

14
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Fig. 2.3 Representation of the locus of elliptically polarised light and the

parameters that define elliptically polarised light.

i;g] +1S2 + iSj
DOP =
sT~
b 1 .
£ —= —arcsin
a
1
(0 = —arctan —
2 [SJ

(2.5)

(2.6)

2.7)

The Stokes parameters can describe the SOP of a light beam completely, further more

they can be measured experimentally [8] as has been done in this work. The

parameters are measured in order to analyse the quality of the polarisation of'the light

beam in the ellipsometer constructed. Thus a partially polarised light can be

represented by a 4x1 column vector whose elements are the four Stokes parameters. If

this beam of light is allowed to enter an optical device, the measured Stokes

parameters at the output characterise the effect of the device on the SOP of the input

beam, i.e. Sal =MSm where Smand Satare the Stokes vector of'the input and output

beam respectively, M is a 4x4 matrix which is characteristic to the optical device and

15
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orientation of its optical axis. Such representation is called the Muller matrix, after its
inventor [1][5][8],

Thus if a beam of light passes through a succession of optical devices, the SOP of the
emerging light beam can be deduced from knowledge of the SOP of the input beam
and the optical devices through which it passes. Refer to the appendix section for a list

of Muller matrix of optical devices relevant to ellipsometry.

Fig. 2.4 Incident and transmitted polarisation states at the input and output
ofa polarising element, M.

Jones calculus, developed by R. Clark Jones [5][8] is another method of dealing with
propagation of polarised light through polarising optical components. This involves a
simpler 2x2-matrix formulation for optical polarising component representation.
Jones calculus is applicable to polarised light with 100% DOP only, otherwise Muller
matrix formulation should be selected. Throughout most of this work, both Jones and
Muller matrices will be applied to for mathematical analysis of propagation of
polarised light through the optical components in the ellipsometric configurations

under study.

2.4 Interaction of light with matter

Ellipsometric measurements involve the reflection of light from a surface or

transmission through a transparent surface. The outcome of the process depends on

16
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the initial polarisation of the incident light, angle of incidence and the optical
characteristics of the sample. The ability to monitor the state of polarisation of light
before and after the interaction with the substrate permits investigation of the process

occurring at the substrate or characterising the optical properties ofthe sample.

2.41 Reflection by ambient-substrate boundary
system

When a beam of light is incident at a boundary between two isotropic homogeneous
media, with respective refractive indices, No and Nj as shown in figure 2.5, some of
the light is reflected at the boundary and some of'it is transmitted through the sample.
The light can be resolved in to two orthogonal components, one with the direction of
vibration parallel to and the other perpendicular to the plane of incidence. The plane
of incidence is defined as the plane containing both the incident and reflected beams.
The Fresnel reflection or transmission coefficients [S][9] are the ratio of the reflected

electric vector to the incident wave. These are given by:

EP N]cos #9- NOcos x

P (2.8)
EP jV, cos 8+ NOcos g|

En & NOcos $9- N]cos %

& (2.9)
Es NOcos +N, cos #

Where the subscripts p and s refer to the waves parallel and perpendicular to the plane
of incidence and EjPand EiSrefer to the complex amplitudes of the incident electric
vector while Frp and Ers are the corresponding reflected components. No and Nj are
refractive indices of the ambient and substrate system respectively and <) and J2 are

the angles of incidence and refraction respectively.
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Ambient (NO)

Substrate (Ni)

Fig. 2.5. Reflection and refraction oflight at a boundary between two media.

Fresnel equations are the basis for examining the effect of reflection and refraction of
polarised light on a boundary. It is convenient to express equations 2.8 and 2.9 in the

form of exponential amplitude and phase representation.

r ol (2.10)
P P
L =lrie s 2.1D
Where |rp| and [rs are the ratios of the amplitudes of the reflected sinusoidal waves to
that of the incident wave with s and p polarisations. Spand 5Sgive the respective phase
changes after reflection.
For an isotropic optical sample represented by a Jones matrix, the effect of reflection

on the incident polarisation can be represented mathematically as [3]

;%]' 0 A. =
Where EiPand EiSrepresent the p and s polarisation states of the incidenr electric
vector, Eq, and Ers are the corresponding reflected electric vectors and rp and rs are the
Fresnel reflection coefiencets which are function of the optical properties of the
sample as shown in equations 2.8 and 2.9. The changes in either the amplitude or
phase or both of the p and s polarisations states after reflection leads to the

determination of the ellipsometric parameters |i and A as a ratio of the complex

18
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Fresnel reflection coefficients rp and rs. and hence the fundamental equation of

ellipsometry is defined as:

p =— =tany/mld (2.13)
tanp/ = (2.14)
A=8p- S8 (2.15)

Where A is the phase change between the p and s polarisations and tan (/) is the
amplitude ratio. The value of A varies between 0° and 360° while \Y ranges 0° to 90°.
Thus Y and A quantify the differential changes in amplitude and phase respectively of
the incident s and p polarisations upon reflection from an optical sample. Knowledge
of y and A through measurement leads to the determination of the optical proprieties
of a sample such as its refractive index, film thickness, composition of a substrate and

over layers, surface roughness etc.

In an ambient-substrate system, the complex refractive index, Ni, of the substrate is
usually of measurement interest. With a single ellipsometric measurement of ip and A,
the complex refractive index can be computed. If we substitute for rp and rs in
equation 2.13, their values from equations 2.8 and 2.9 and make use of Snell's law [3],
we can get an equation for Ni [3] such that:

k

NI=N0tan(*0) 1- P in2("0) (2.16)
(1+Py

Where No is ambient refractive index

Jois the angle ofincidence

p is the measured complex reflectance ratio given by tan(ip)eJA.
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In practice since the measured quantity is intensity of the reflected light, the
reflectance measurements correspond to the square of the Fresnel reflection

coefficients rpand rs. Thus,

p= (2.17)

2.4.2 Reflection by ambient-film-substrate system

The most common application of ellipsometry is in the analysis of thin films. This
application is particularly useful, as the measurement technique is non-destructive and
thus very thin films can be measured with no structural damage to the substrate and
with high accuracy.

When a polarised light is reflected from a substrate covered with a thin film, as shown
in figure 2.6, some of the light is reflected from the front of the film while some of it

traverses the film and is reflected back at the film substrate boundary.

Ambient (NO)

Substrate (N2)

Fig. 2.6 Reflection and transmission of a plane wave by an ambient-film-substrate system.
Where d, is the film thickness, §0is the angle of incidence at the ambient-film boundary, 2
and if2are angles ofrefraction at the film and substrate interface.

We assume that the film is optically isotropic and homogeneous with uniform
refractive index Ni, throughout its thickness, d. The ambient and substrate are also

considered semi-infinite, homogeneous and optically isotropic with refractive indices
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No and N2 respectively [10]. Unlike the two phase system, in which only the phase
and amplitude changes of the reflected polarisation were measured, in the three phase
system, an additional parameter is considered. This corresponds to the phase
difference of the light rays traversing the film [4]. Consider light incident at the
boundary between ambient and film, some of the light is reflected back to the ambient
medium and some of it is transmitted through the film and is in turn internally
reflected back to the film at the film-substrate interface and some of it is refracted
back to the ambient. Ifthe Fresnel reflection coefficients at the ambient-film and film-
substrate interfaces are denoted by roi and ri2, respectively for the s and p polarisation
states and [3 is the phase change that the multiply reflected wave inside the film
experiences as it traverses the film, we can formulate the overall complex amplitude
reflection coefficients, Rp and Rs for the p and s polarisation states by adding the
successive partial waves that make up the resultant reflected wave [3], Thus Rpand Rs
are given by:

-J 218

+

R, - finp +rmPe . (2.18)

I+ W W *

R = rou + rUsC
i (2.19)

1+V ,2 7P
Where the film phase thickness [3is given by

/7=2 " | Jat2-A rising (2.20)

Joangle of'incidence
d is film thickness

Ni (=n-jk) is complex refractive index ofthe film
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X is the wavelength ofthe light
If we now express the measured quantity, p, in terms of Rp and Rs of equation 2.18

and 2.19 above, we have

rnn +7,,,,e " :
tan(y/)ejA =p =-— ---—---— trVuste 1P (2.21)

5 -
1+ rolpru Pe P rou +rnse

Equation 2.21 above relates the measured ellipsometric angles i/ and A to the optical
properties of the three phase system. In most cases analytical inversion of equation
2.21 to determine Nj and d is usually impossible except in some special cases. There
are however various numerical techniques [10-20] for the determination of optical
parameters ofthe sample.
For a given three phase system, measurement of \j/ and A at one wavelength, X and
one angle of incidence, $x provides enough information to determine two real
parameters of the system only, assuming all the remaining parameters are known.
Thus, for example, the complex refractive index of a film n -jk can be determined if
the film thickness, d, and the refractive index ofthe ambient and substrate are known.
When the number of unknown parameters of the three phase system exceeds two, as
in most practical cases, for example in a case where the film complex refractive index,
n-jk, and its thickness, d, are to be determined, additional data is required. There are a
number of ways of increasing the number of independent ellipsometer readings [10]
including:

i. Assuming the refractive index of the film stays unchanged, multiple

measurement can be taken with varying the thicknesses of'the film.
ii. Taking readings on a single film for a different media or substrate, provided the

film properties remain unchanged.
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1il.

1v.

Recording independent data readings for a single film at various angles of
incidence.
Making multiple wavelength measurements on the same film at a fixed angle of
incidence.
In practice, multiple angle of incidence (MAI) ellipsometry and multiple
wavelength ellipsometry (MAE) are common due to the simplicity and non-

destructive nature of the measurement technique [21].

2.5 Summary

The electromagnetic nature of light and its polarisation behaviour has been
discussed; mathematical description of polarised light is also introduced to serve as
an essential pre-requisite for discussions to ellipsometric measurements.

Finally the fundamental equation of ellipsometry is introduced based on Fresnel
reflection theory. The objective of this chapter has been to present a theoretical
background to ellipsometric measurement of optical properties of optical materials.
In the next chapter, various ellipsometric configurations building on the theory

provided in this chapter are discussed.
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Chapter 3

History of Ellipsometry and
polarisation control

Abstract

Ellipsometry can be generally defined as the measurement of the state of polarisation
of a polarised light. The changes of polarisation come about with the interaction of
polarised light and an optical sample, the optical properties of which are under
measurement. Ellipsometry has been applied across a wide spectrum of fields such as
Physics, Chemistry, Material science, Biomedical, optical and electronic engineering,
etc. The steady growth of interest and wider application areas has led to the evolution
of ellipsometry through a number of development stages. As a result, various
laboratory as well as commercial ellipsometric configurations exist.

In this chapter, basic ellipsometric instrumentation is described. Various ellipsometric
configurations and modulation techniques [7- 14] from several researchers on the
field is presented and compared. The chapter concludes with the discussion of

polarisation control and its importance in ellipsometry.
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3.0 Introduction

The concept of ellipsometry dates as far back as 1800 [1] with the detection of
polarisation by reflection by E. L. Malus. With the development of the classical
theory of light and in the time that followed, ellipsometry became an established
measuring tool. As such, ellipsometry has evolved through several stages of
instrumentation and development and at the same time acquired a wider range of
application from refractive index measurement to thin film thickness measurement

and process monitoring.

3.1 Instrumentation and Optical Elements

Common to most ellipsometers, the configuration consists of two arms, one for
generating an appropriate polarisation state of light to interact with a sample under
measurement and another arm for collecting the reflected optical signal for detection
and analysis. Usually the optical instrumentation (figure 3.1) consists of polarisers,
analysers and compensators along with a monochromatic light source and a detection

system.

Fig. 3.1 Basic ellipsometric set up. P is linear polariser, R is a retarder, A is
analyser and S is a sample.
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Detailed discussion of the optical components comprising a typical ellipsometer is
given in [2-4], Here; a brief discussion of these optical elements is given here for

completeness.

3.1.1 Linear polariser

A linear polariser transforms unpolarised light into a linearly polarised light beam
with angle of polarisation set by the polarisation axis of the polariser. The quality of
polariser is specified in terms of their extinction ratio, which defines the percentage of
transmitted polarisation state normal to the axis of polarisation. A Glan-Thompson

polarising prism from Melles Griot such as one used here, has an extinction ratio of

less than 1x10'5.

3.1.2 Retarder

An optical retarder such as a quarter wave plate (QWP) is an anisotropic optical
element. In general the wave plate has a fast and slow axes which are normal to each
other and to the propagation direction of the light beam. When a light beam with
normal polarisation components along the two axes of a QWP passes through a QWP,

the component of light whose polarisation direction parallel to the slow axis is

retarded by 7z relative to the component parallel to the fast axis. Thus a linearly

polarised light with a polarisation angle at 45° to the fast axis of a QWP is converted
to a circularly polarised light. An ideal retarder has a retardance tolerance of zero,

while in practice the retardance tolerance ranges from X/50 to A./500.
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3.1.3 Optical sample

The sample being studied should be clean and free of contamination. It should also be
smooth enough for specular reflection of the incident polarisation or transmission.
Careful sample preparation is important in obtaining reproducible and meaningful

ellipsometric data.

3.1.4 Analyser

An analyser is a linear polariser in a different role. When a polarised light is incident
on an analyser, the transmitted light is resolved for polarisation detection. Light

reflected ofthe sample is passed trough the analyser before detection.

3.1.5 Light source

Visible spectrum has been commonly used for -ellipsometric measurement
applications. The choice of light source is usually dictated by the availability of
polarising optical components at that particular wavelength. Laser sources offer
monochromaticity and collimation, which are ideal for ellipsometric measurements. It
is important that the stability of polarisation state of the laser source and its intensity

maintained for an accurate and repeatable measurement.

3.1.6 Photo detector

The information carried on the polarisation state of the light beam reflected from an
optical sample is converted in to an electrical signal by a photodetector. The spectral
response of the detector must cover the wavelength of the light source. Another

important consideration is the noise characteristics of the photodiode. The photodiode
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is usually followed by an amplifying stage to bring the detected signal to an
appropriate level for further measurement and analysis. The combined noise level of
the photodiode and amplifier stage must be minimised to increase the precision of the

ellipsometric measurement.

3.2 The Null Ellipsometer

The null Ellipsometer [4][5] is one of the earliest ellipsometric configurations. The
operation principle relies on manually or automatically turning a compensator and
analyser axis so that the light reflected from the sample is null at the detection point.
The angular orientations of the polarising components are then reduced to y and A by
simple relationship [4].

There are a number of null ellipsometric configurations, the most common one in
principle is the polariser-compensator-sample-analyser- (PCSA) arrangement [4][5]

shown in figure 3.2 below.

Light source

Polarisation
Angle of A

S
Fig. 3.2 Schematic diagram of a null ellipsometer. Where: P, polariser; C, compensator; S, sample;

A, analyser; PD photo-detector.
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The compensator or quarter wave plate (QWP) is fixed at 45° to the plane of
incidence; the polariser and analyser are rotated until null is found. It should be noted
that near the null point, the change in intensity as a function of azimuth angle is very
small. In addition, near the null point, the detected light is very low to a level where
the detector noise becomes a significant problem.

To overcome this problem a null may be obtained by taking two angular positions on
either side of the minimum light detection and take the average value. The manual
null ellipsometer described so far relies on careful calibration of the azimuth scales of
the polarising components. Its operation, adjustment of optical components to reach
null point and subsequent visual reading of the divided circles on the polarising
components, introduces measurement dependent on the resolution of the azimuth
scales. This requires several minutes per single measurement. For applications that
require faster measurement speeds, i.e. to avoid surface contamination or rapid
surface reaction to be followed during measurement or when measurements need to
be repeated several times, the manual null ellipsometer is impractical and automated

measurement becomes essential.

3.3 Automated Ellipsometers

Manually null ellipsometers provide acceptable performance when measurement time
is of no concern, i.e. no changes occur at the surface under measurement or when
measurements do not have to be repeated several times [4], Frequently however rapid
surface reaction is to be followed to control or monitor a chemical reaction, film

deposition etc. Such applications call for an automated measurement system.
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Fig. 3.3 Schematic Classification of Automatic ellipsometers (After
Azzam et al. 1977).

The design of automatic ellipsometers [4] has progressed along two different lines as
shown in figure 3.3 above. One of'these types is a rotating null instrument; the second

type is photometric or interferometric instrument.

3.3.1 Automatic Null Instruments

The principle operation of these instruments is the same as the manual null
ellipsometer described earlier; in this case servo-system instead of manual adjustment
is employed to achieve a null point.

There are two kinds of automatic null ellipsometers, those that employ motors to drive
the polarising components and Electro-optic self-nulling ellipsometers with no
moving parts. Early versions of motor driven null ellipsometers were those designed
by Takasaki [4] and Ord Wills [4], Elere two ADP (Ammonium Dihydrogen
Phosphate) modulators rotate the polariser and the analyser in the PCSA ellipsometer.
The response speed was rather slow, 5 seconds was needed to reach a null point to 1°

accuracy. The ac voltage applied for the ADP cells was -200V which is not attractive
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for commercial instrument. Another limitation for Takasaki's servo null ellipsometer
is the need for visual reading of the scales by the operator once null has been reached
automatically. This was overcome by replacing the servomotors by stepper motors to
drive the polariser and analyser [4]. Automatic read out of the polariser and analyser
azimuthal settings is obtained by counting the pulses that drive the stepping motor to
achieve null. Another advantage of having the stepping motor is the ease it could be
interfaced with a digital data acquisition system for an online measurement. This
system has 0.01° resolution and 1 second nulling time.

Winterbottom [4] suggested a stationary self-nulling Electro-optic ellipsometer. This
one offers a high measurement speed and precision. The principle of this operation is
to use Faraday cells to magneto-optically rotate the azimuth angles of the polariser
and analyser instead of manual or motor driven adjustment. The Faraday cells are
driven by variable dc current and an alternating modulation current. The component
of'the detector signal at the modulation frequency is feedback to control the dc current
levels in the polariser and analyser Faraday cells [4] until null is reached.
Ellipsometric parameters are derived directly from Faraday cell current supplies.
Yamaguchi and Hasunuma [4] developed a fast Electro-optic self-nulling
ellipsometer. Two KDP (Potassium Dihydrogen Phosphate) crystals act as voltage
controlled variable phase retardation plates. Q.J2 retardation induced by 75kV at
546nm) by controlling the voltages applied to the KDP, any polarisation state can be
achieved. Automatic nulling is achieved by feedback control of the dc voltage levels
applied to the KDP crystals. The voltage read out enables W and A to be obtained

directly. The response time ofthis instrument was ofthe order of 1 second.
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3.3.2 Automatic photometric ellipsometer

The second group of automatic ellipsometers is photometric instrument. These use the
values of variation of light intensity for measuring ellipsometric parameters i/ and A
Intensity variation can be achieved as a function of one or more ofthe azimuth angle,
retardation or angle of incidence. Two such systems are the rotating analyser

ellipsometer (RAE) [4] and the polarisation modulated ellipsometer (PME).

3.3.2.1 The Rotating analyser ellipsometer

Aspen and Stude (1975) [6] introduced the rotating analyser ellipsometer (RAE). In
this system the analyser is synchronously rotating at frequencies ~100Hz with its
rotation axis along the direction of the beam propagation while the polariser and
compensator remain fixed with defined azimuthal orientations.

Plane polarised light reflected from a sample passes through a rotating analyser; the
detected intensity signal is a sinusoidal function from which Y}/ and A are detected [4].
The operation of RAE is well established and in fact different versions of RAE are

commercially available.

3.3.2.2 Polarisation Modulated Ellipsometry

In 1969, Jasperson et al. [7] introduced polarisation-modulated ellipsometry as an
improved system to replace the null ellipsometric techniques that existed prior to that
time. The nulling techniques require several minutes for measurement. Such longer
response time is undesirable in certain applications where rapid surface contamination
is intolerable or when a fast process such as a chemical reaction or film deposition

needs to be monitored. The principle of operation is that the state of polarisation of
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the light beam is modulated by introducing a controlled phase retardation so that the
information carried on the reflected light from the optical sample under measurement
is retrievable by analysing the resulting time varying detected photo-electric current
()

Several possible configurations exist depending on the application of modulation. An
arrangement proposed by Jasperson et al. is the Polariser Modulator sample Analyser
(PMSA) arrangement. In this arrangement a fused quartz block is driven by an ac
signal through piezoelectric crystal cemented to one end of the block. The oscillating
strain induces modulated birefringence (dual refractive index axis). Thus the quartz
block acts as a linear retarder with time varying retardation. The amplitude of the
retardation is proportional to the applied varying voltage. In PME, all optical
components remain stationary. This freedom of mechanical movement is a distinct
advantage and allows high-speed measurement.

The primary observation at this stage is that the importance of automating the
ellipsometer has been recognised since the advent of manual null ellipsometer and
considerable attention has been given to the development of an automated fast and
more accurate measuring. A clear advantage of an automated system is faster
measurement time. The development of a faster measuring tool has increased the
application of ellipsometry in the study of dynamic film growth or surface studies
where fast changes occur during measurement.

Several techniques that have been used to design automatic ellipsometer have been
described in this chapter. Automatic null ellipsometers have a disadvantage of slower

response time due to the mechanical movements involved. In general the instruments
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described thus far involving mechanically moving parts do not hold the promise to
reduce measurement time significantly.

The conclusion of this chapter so far is that for real time high-speed measurements,
polarisation modulated ellipsometry holds the key.

The RAE has a disadvantage in that it involves a mechanically rotating polarising
element.

Since Jasperson et al., several researchers have worked on PME and more attention
has been given to this technique due to the obvious advantages it offers for time
resolved measurement applications.

Shamir et al. in 1986 [8] proposed a polarisation-modulated ellipsometer, which was
free from mechanically moving parts. An acoustic modulator and a waveplate are
used to generate RPP beam.

Singher et al. (1990) [9] introduced an ellipsometric set up using a commercially
available stabilised Zeeman laser, (SZL). An SZL emits a beam composed of two
circularly polarised components that differ in frequency. This generates an RPP beam
at the difference frequency, which is ideal for ellipsometric measurements but is
expensive.

With the advent of polarisation maintaining fibre, Yashino and Kurosawa (1984) [10]
introduced the first ellipsometer based on a high birefringence (HiBi) fibre as
polarisation modulator. The authors demonstrated that their all fibre ellipsometer
could be used to measure the optical constants of the materials and as a surface

SEnsor.
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3.4 The future of ellipsometry

So far the progress and direction of research carried out in the area of ellipsometry
has been reviewed. The trend has been to realise an accurate, flexible and compact-
measuring tool, which is capable of doing fast time resolved measurements.
Polarisation modulated ellipsometry promises such features and has been worked on
by several researchers [7-11]. With the development of telecom industry and fibre
technology, HiBi fibre has been applied in developing an all fibre ellipsometer [10].
Thus the combination of polarisation modulation and fibre based ellipsometry looks

set to dominate any future work developing better and affordable ellipsometes.

3.5 The need for an all fibre ellipsometer

The conventional ellipsometer consists of bulk polarising optical components,
compensators and polarisation modulators that require precise alignment. Such a
system is physically large and bulky and thus is limited for use within laboratory
environment. Automation is usually achieved by mechanically moving one of the
optical components for modulation, which limits operation speed. This is undesirable
nature for many applications where dynamic processes are to be monitored. A
compact system would broaden the applications areas of ellipsometry as a sensing
device or as a field instrument for environmental applications at a fraction of the cost
ofthe present commercial ellipsometers.

An all fibre ellipsometer offers a more compact and flexible system, immune to
electromagnetic noise and enables remote sensing in hazardous environments. Such

system is free of mechanically moving parts offering a potential for high-speed
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measurements and does not rely on careful azimuthal alignment and component

imperfections considerations discussed in chapter 6.

3.6 Polarisation state control and polarisation
modulation

There are a number of sensor schemes in which polarisation azimuth control and
measurement forms a basis for optical instrumentation. These include ellipsometry
and polarimetry in which well-defined polarisation modulated beam is generated such
that upon interaction of the beam with the sample, the changes in polarisation can be
measured. These changes in polarisation characterise the sample.

To date, several techniques have been proposed for producing a linearly polarised
beam of controllable azimuth [12]. Early work on the area mainly concentrated on
free space instrumentation using bulky optical components such as beam splitters,
polarisers, biréfringent crystals, etc.

In 1961, Takasaki et al. [13] used electrooptic effect or pokels effect for modulating a
linearly polarised light. A linearly polarised light is propagated through an ADP
crystal. An ac signal current was applied to the ADP causing variations in the
refractive indices of the two orthogonal components along the crystal axis normal to
the beam propagation direction. The ADP thus acts as a retardation plate with
modulated retardation.

Few years later Jasperson et al. [7] introduced a strain induced polarisation
modulation using a fused quartz crystal driven by an ac signal and were applied for
ellipsometric measurements.

In 1986 shamir and Klein [8] introduced high frequency polarisation modulation

using a Bragg cell as a frequency shifter. This approach was latter applied to
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ellipsometric measurements by the same authors. Although the measuring process did
not involve any mechanical movements and was reported to be applicable for fast
time varying measurements, the Bragg cell modulator was bulky and expensive.
Magneto-optically induced birefringence for polarisation control [14] has been
achieved, however these components are large and expensive, and a large magnetic
strength and OPD are required to generate a sufficient azimuth modulation.

Generally free space polarisation modulation involves bulky optical components,
which are relatively large and expensive. With the development of fibre optic
technology, a range of techniques has evolved for the generation of modulated
polarisation state [12].

Optical fibres provide significant advantages over the free space medium, notably
increased system tolerance to external influences such as vibration; higher speed of
modulation and cheaper systems which are more compact. The nature of the fibre
itself provides flexibility and confinement in light transmission, which is important

for remote sensor systems.

3.7 Polarisation maintaining behaviour in single
mode fibres

Conventional single mode optical fibres do not normally preserve the polarisation
state of the light propagating along the fibre. In many applications in which
polarisation state of the light is irrelevant, this is of little significance. However, in
polarimetric or interferometric sensor applications, ellipsometry and in coherent
communication systems, the polarisation state of the light injected in to the fibre

should propagate unchanged. This requires a single mode fibre, which can support
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single polarisation state along the entire length. Such a fibre would have a perfect
circular symmetric core along its entire length.

In practice, imperfections such as asymmetrical stress and core ellipticity affect the
polarisation of the propagating light, i.e. the light along the two normal eigenmodes of
the fibre experience different refractive indices or birefringence and thus propagate
with differing phase velocities.

The polarisation state is also dependent on external forces such as bends, twists,
transverse pressure or temperature etc.

Thus for a conventional monomode fibre or low birefringence fibre, the SOP of the
propagating light is not preserved. Polarisation applications with such fibres require
attaching polarisation controller at the output end of'the fibre and be restricted to high
stability (e.g. Submarine) environments. [15]. Early work on polarisation control was
directed towards exploiting the birefringence of the fibre by subjecting the fibre to
some kind of external perturbations through various elasto-optic [16-20], magneto-
optic [14][19] or Electro-optic [13] index changes. By using one of these methods the
circular symmetry of the ideal fibre is broken as a result a phase shift is introduced
between the two light polarisation components along the eigenmodes of the fibre.
With proper value of the phase shift, a controlled polarisation state can be achieved
[21].

Thus, in the absence of single polarisation fibres, the phenomenon of birefringence
has been exploited to develop a high birefringent (HiBi) fibre that can preserve the
SOP. In a HiBi fibre the intrinsic birefringence is increased deliberately by imposing
some form of asymmetry in the cross-sectional fibre structure. The level of intrinsic

birefringence achieved is far greater than that can be produced by external
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perturbations, and thus the fibre is immune to unstable environment [22]. A single
mode HiBi fibre is able to transmit two orthogonal polarisation modes or eigenmodes
with slightly different velocities. It will preserve the linear polarisations of the
propagating light when launched in one of'the eigenmodes. There are various types of
PM fibres each with different stress applying geometry fibre core structure.

Figure 3.4 shows a variety of polarisation preserving core/cladding structures
presently used in the industry. The dashed lines in the drawings show the slow axis
within each structure. More recently there has been the development of polarising
fibres. These fibres only transmit light that is polarised along the transmission axis of

the fibre.

ELLIPTICAL CORE D-SHAPED ELLIPTICAL CORE

ELLIPTICAL STRESSED RECTANGULAR STRESSED
CLADDING CLADDING

CORE

BOW HE CIRCULAR SAP

Fig. 3.4 Examples ofpolarisation preserving fibre core structures.

With the introduction of HiBi fibres in to the fibre-optic technology, optical sensor
design and polarisation control techniques soon benefited from these fibres. Precision
bulky mechanical systems were soon replaced by fibre-optic equivalents providing

more compact and cheaper systems. Higher speed of modulation was also achieved.
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Tatam et al. (1986) [12] describes a range of techniques in which polarisation control
may be achieved based on fibre-optic or acousto-optic modulators. Perhaps the most
attractive scheme for polarisation control proposed by the above authors is single
biréfringent fibre system with piezoelectric transducer (PZT) modulator. A schematic

diagram is shown in figure 3.5 below.

PZT X/4
\/ A K 1"/ - F

Fig. 3.5 Polarisation state azimuth control using a single highly biréfringent monomode fibre.
L, Ar 'laser; PZT piezo electric transducer; F, HiBi fibre; 7/4, QWP. (After Tatam et al. 1986)

In this scheme, a linearly polarised argon-ion laser was launched into a HiBi fibre
with its polarisation angle at 45° to the fibre eigen axes to excite both the fibre
orthogonal modes equally. At the output of the fibre, a QWP oriented at 45° to the
fibre eigen axis was used to return the beam into a linearly polarised state.
Polarisation modulation was achieved by applying longitudinal strain modulating the
modal phase retardance of the HiBi fibre with a saw-tooth waveform driving a PZT.
This technique provides better polarisation control and is free of bulky mechanical
components since the modulation is achieved with out bending twisting or subjecting
the fibre to any transverse pressure, electric or magnetic fields.

If the eigen axes of a HiBi fibre are equally populated with a linearly polarised light,
ideally there should be a constant phase relationship between the two orthogonal
plane polarisations introduced by the fibre, however extrinsically induced

birefringence effects, due to environmental effects such as temperature variations etc.
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introduce random phase variation. In 1992, Johnson et al. [23] proposed feedback
controlled HiBi fibre polarisation controller, their work highlighted environmental
effects on HiBi fibre based systems and proposed phase variation compensation
techniques. A number of schemes have been proposed for phase stabilisation in fibre

optic systems [24-26].

3.8 Summary

In this chapter, the evolution of ellipsometry as a measuring tool has been presented.
Various ellipsometric techniques have been discussed chronologically and compared
on the merit of design, performance, modulation techniques and future viability.
Polarisation modulation is found to hold a definite promise in ellipsometric
applications. This point has been greatly helped with the advent of fibre-optic
technology. The introduction of HiBi fibres into the polarisation control means that
bulky and expensive precision mechanical components be replaced with more
compact and rigid design based on fibre optic technology.

Single HiBi fibre polarisation control proposed by Tatam et Al. has been applied for
ellipsometric measurement applications [11]. This approach is the subject of this
thesis. In the next chapter, fibre based polarisation modulation is discussed and

applied to for ellipsometric measurement applications.
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Chapter 4

HiBi Fibre Polarisation
Modulated Ellipsometry

Abstract

Polarisation modulated ellipsometry (PME) in which modulation is achieved by
stretching a high biréfringent (HiBi) fibre longitudinally in a periodic manner is
described. The performance of such a device is analysed and the limitations
examined. Finally the system is applied to the determination of optical properties of

absorbing and non-absorbing bulk optical substrates.
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4.0 Introduction

As discussed in the previous chapter, polarisation modulation has been found a
preferred scheme for polarisation based measurements such as ellipsometry.
Generation of a linearly polarised beam with a modulated azimuth is an attractive
feature for ellipsometric and other polarimetrie measurement applications [1-4]. It
allows fast time resolved measurements with important applications for on line
process monitoring, dynamic film growth etc.

Most ellipsometers, including commercial ones, involve bulky optical components
requiring precise mechanical engineering and precise component alignment for
measurement. Modulation usually involves mechanical movement of an optical
component in the system, e.g. commercial rotating analyser ellipsometer (RAE).
Mechanical movement and bulky components are undesirable features for rapid real
time ellipsometric measurement [5]. Chitaree et al. in 1994 used a HiBi fibre
polarisation modulation technique for ellipsometric application [1]. In their work, a
rotating plane polarised beam (RPP) is generated by stretching a HiBi fibre
longitudinally. The scheme has been applied to measurement of the refractive index
of optical samples.

In this chapter, the theoretical aspects and practical performance as well as limitations
of HiBi polarisation modulated ellipsometry is thoroughly investigated. Some

experimental measurement results are presented and discussed.
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4.1 Experimental Configuration

The basic configuration comprises a 1Omw helium-neon (HeNe) laser at 632.8nm
wavelength which is circularly polarised using a linear polariser and a quarter wave
plate combination (from Melles Griot, 1995). The polarised light is then launched in
to a HiBi fibre (YORK 600HB) via a 10x objective lens. Modulation is achieved by
stretching the fibre longitudinally with a dynamic shaker (from LING Dynamic
systems) driven at ~50Hz. The output beam from the fibre is then collimated by
another 10x lens and in to a QWP with its optical axis at 45° to the fibre eigen axes.
The QWP transforms the linear states from each eigenmode in to left and right
circularly polarised beams which then recombine to give a rotating azimuth linear

state.

Fig. 4.1 Experimental configuration ofthe ellipsometer. A helium neon laser, HeNe, a linear polariser,
P, QWP, Q, HiBi fibre, HB, fibre stretcher, M, signal generator, OS, glass reflector, GS, sample, S,
linear analyser, A and a photodetector, PD.
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4.2 Mathematical Analysis and measurement
technique

For a complete mathematical description of the SOP of a light beam as it propagates
through a train of optical components comprising the ellipsometer arrangement
described above either Muller matrix or Jones calculus [6][7] can be utilised. As
described in section 2.3, the Jones calculus has the advantage over the Muller calculus
of employing a smaller 2x2 matrix instead of 4x4 of Muller calculus. The Jones
vector representation of light is associated with the amplitude and transmittance,
while the Muller matrix is based on phenomenological foundation, its matrix
representation employs stokes vector whose elements are directly related to intensity
and type of polarisation [7], two parameters of paramount interest in ellipsometry. For
our analysis purposes, Muller matrix is preferred here as the Muller description is
more closely linked to our experimental observations, although Jones calculus is also
used where the simplicity ofthe 2x2 matrix is advantageous.

A list of Muller and Jones matrix representations of linear optical elements relevant to

ellipsometric configurations described in this thesis is given in appendix A.

4.3 The PCMCSA Arrangement

An unpolarised HeNe source may be represented by a normalised stokes vector [7] of

the form:
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The PCMCA (Polariser-Compensator-Modulator-Compensator-Sample-Analyser)
arrangement can be simplified into a combined single matrix. Each optical component
is represented by a 4x4 Mueller matrix defined by its type and optical axis orientation
relative to a predefined reference plane.

Consider the PCMC train, the polariser, P and the QWP, C are oriented so that the
light at the output of the first QWP is circularly polarised, i.e. their optical axes are at
45° to each other. The QWP at the output of the modulator (HiBi fibre) is oriented
with its axis at 45° to the fibre eigen axes. With the polariser adjusted so that the light
source is polarised in the P (horizontal) direction, the matrix of the train is computed
as:

£0=/C\M\Clp\i| (4.2)

Where L is the Stokes vector of the unpolarised light source, M is the modulator
matrix and C and P represent the Muller matrix of the compensator and polariser

described above. E ois the Stokes vector ofthe resulting polarisation state.

100 . 'l 0 0 ' 00 iy 0 o«
000-1 01 0 0 000 -1 yiy 000
001 00 cos(& sin(®» 001 0 00 00O
010 . 00 -sin(®) cos® 0 10 0 0 0 0 0 .,

Where M, the modulator Matrix, in this case is a HiBi fibre, <dis the differential
retardance between the fast and slow eigen polarisations introduced by periodic
longitudinal stretching of the fibre under tension. Multiplying from right to left, the
light launched into the fibre is a circularly polarised beam with a Stokes vector ofthe

form:
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'So’ Vi
Si 0 (4.4)
52 0

3.

As this light travels through the modulator, the resulting Stokes vector at the output of

the fibre is given by:

'So’ 1
0
s ! , (4.5)
~2 sin(?)
§3  _cos(M)_

As 4dvaries between 0 and nil, the SOP ofthe light at the output ofthe fibre varies

between circular, elliptic and linear polarisation states in a periodic manner as shown

in figure 4.2 below.

Fig. 4.2 Periodic polarisation evolution ofthe light beam at the output of'the
fibre.

The final compensator turns the light from the fibre in to a rotating plane polarised

beam with a corresponding Stokes vector:
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X' 1
_17 cos() (4.6)
~2 0 sin(")

S3n 0

The RPP beam shown in equation 4.6 above has intensity of 0.5lo and its azimuth <42
varying according to the modulation angle & It has ellipticity angle of zero and DOP

of 100%. The equivalent Jones matrix representation of equation 4.6 is given by:
E<d) = . 4.7)

The RPP generated is then reflected from a sample under investigation. The Muller

matrix of an isotropic surface with ellipsometric parameters |i and A is given by:

1 - cos(2™) 0
-cos(2”-) 1 0 0
S = ) . (4.8)
0 0 sin(2”) cos(A)  sin(27) sm(A)
0 0 - sin(2") sin(A)  sin(2”) cos(A)

The Stokes vector representation of the light reflected from the sample can be
obtained by right multiplying the 4x4 Muller matrix of equation 4.8 by the RPP
vector of equation 4.6. The resulting elliptically polarised beam is given by:

'So’ 1+ cos(2”) cos(<Hd)
17 - cos(2”) - cos(™)
2 0 sin(2”)cos(A)sin(*)

s 3 - sin(2%)sin(A)sin(* )

The reflected light is then analysed by an analyser with its polarisation axis at 45° to
the plane of incidence. At this stage we are only interested in the form of'the detected
intensity signal which is given by the first term of the resulting Stokes vector in

equation 4.10.
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AV 1+ cos(2(") an(<~d) + sin(27/) cos(A) sin(™ )
?
40 9 (4.10)
0
X ?
Therefore:
I(t) = 4—70(1 + cos(2”) cos(™ ) + sin(2(p) cos(A) sinFEd)) (4.11)

Extracting \j/ and A from equation 4.11 is not a straightforward procedure. Equation
4.11 can however be simplified into simpler forms from which yp and A can be
extracted. This is done with the help of a reference polarisation beam.

In practice the RPP beam is partially reflected with an isotropic glass slide at near
normal incidence (~2°). At such small angles of incidence, the complex Fresnel
reflection coefficients, rp and rs remain unchanged and the transmitted and reflected
light beam can be reasonably assumed to have the same SOP. With this in mind, the
reflected signal provides a reference polarisation state such that the information on the
light reflected from the sample under measurement can be measured relative to the
orientations of the linear analyser at the reference arm. The light on the reference arm
is an RPP one, the analyser at the reference arm defines the direction of the
polarisation of light on the detection arm. The polarisation axis of the reference arm
analyser is set at 0° relative to the plane of incidence at the sample. The signal

detected at the reference arm is then given by the first element of the resulting Stokes

vector:
X ! l-cos (™)
?
=-/0
s2 40 ?
X ?
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(4.13)

M ') =i AGinW )) (4.14)

Thus we can make a three-point measurement to simplify equation 4.11. The peaks of
the reference signal correspond to the in plane or p polarisations and the trough
correspond to the normal or s polarisations. A point half way between the p and s
polarisations gives intensity at 45° orientation of the beam. Thus respective
intensities, Ip Isand 145 are measured at the detection arm from which ip and A can be
extracted by simple substitution and algebraic manipulation. The actual measurement
is done via a 12-bit ADC with 100K samples per second. Both the reference and the

detected signals are read in to a computer for processing.

4.4 Experimental analysis of the PCMCSA
system

Before any measurements on optical samples are undertaken, the performance ofthe
system and accuracy needs to be characterised. In this section, several experiments

carried out in that respect are presented.

4.4.1 Calibration

The polarising components in the system are calibrated relative to a common
reference plane. All angles are measured from the direction of the linear eigen
polarisations of the optical system under measurement and are taken positive in the

counter clockwise sense when looking against the propagation direction ofthe beam.
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Calibration of linear polariser is done based on what is known as Brewster law [§]
which states that when a beam of partially polarised or unpolarised light hits a

boundary between two isotropic surfaces of refractive indices no and nj where no< ni,

at an angle of incidence 9 equal to tan 1(—) the reflected light is completely
«

polarised with its E-field perpendicular to the plane of incidence (parallel to the
boundary surface). The reflected light is then used to calibrate the transmission axis of
the polarisers.

The QWP's were calibrated by aligning one of them between two crossed linear
polarisers. Rotating the QWP results in 4 null or zero intensity points. These points

occur at 45° away from the fast-slow axes ofthe QWP.

4.4.2 Azimuthal Alignment

At the input end of the HiBi fibre, the alignment of the fibre eigen axis relative to the
input polariser and QWP is immaterial. This is because the polariser and QWP
preceding the fibre are oriented at 45° relative to each other so that a circularly
polarised beam is launched into the fibre which could be resolved equally into two
normal eigenmodes ofthe fibre irrespective of their angular orientations.

At the output end ofthe fibre however, the azimuthal alignment ofthe fibre eigen axis
and the fast-slow axis of the QWP which follows is important. For this application a
45° azimuthal relationship is required. The way this is achieved is by launching a
linear polarised light in to one of the eigenmodes of the fibre at the input and arrange
a glass reflector with the angle of incidence equal to Brewster angle, twisting the fibre

at the output until no light is reflected from the glass. This ensures the eigen axes of
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the fibre to be aligned with the plane of incidence. The QWP is then oriented at 45°

relative to the same plane.

Another way of verifying the angular alignment of QWP with the fibre eigen axes is
in fact at 45° is by rotating the analyser. Varying the azimuthal orientation of the
analyser just after the QWP should not change the amplitude or depth of modulation

of'the detected signal while the phase varies. This has been experimentally verified.

4.4.3 Signal Analysis

The reference and detected signals are analysed with no sample in place. At the
reference arm, the signal is a sinusoidal function ofthe modulated phase, see equation
4.14. If the detection signal is looked at through an analyser at 45° with no sample,

the stokes vector is given by

50 L+sin(*(0)
?
-1, (4.15)
s2 20 ‘
S3 ?
7.(0 =jfo (1 +sin(*(0)) (4.16)

The straight through and the reference signals detected resulting from the polarisation
modulation are shown below in figure 4.3 below.

The nature of the Doppler signal reflects the directional manner in which the fibre is
being stretched. The signal on either side of the turning point is mirror images
resulting from the rising and falling directions of the oscillator signal driving the

modulation unit.
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Fig. 4.3 Shows signal fringes, where is the detection signal and
is the reference signal.

The signal processing described in section 4.3 is applied to the straight through signal
for calibration. The results obtained from either side of the turning point differed
slightly. This is due to the effect of the 4% back reflection from the fibre ends
detected coherently with the main signal. Chitaree et al. [7] has given mathematical as
well as experimental accounts for this phenomenon. A close study of the detected
signals shows high frequency components superimposed on the main signal as well as
a beat frequency fluctuating at the same frequency as the modulated signal. The low
frequency content of the signal can be seen looking at the signal from the second
compensator before the analyser.

Equation 4.6 shows that this signal should be a dc signal, while in practice it was
found that the detected signal is composed of an envelope at the modulated frequency

with high frequency components [1] see figure 4.4 below.
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Fig. 4.4 Illustrating the beat pattern and high frequency fluctuation resulting from
coherent interference ofthe main signal and back reflection signal.

The effect of back reflections gives rise to intensity fluctuations; it could also
introduce variation in the SOP of the RPP beam. Cutting down the intensity of the
reflected signal can reduce the beat effect. There are several techniques commonly
applied to cancel the effect of back reflections. These include index matching gel,
antireflection coating ofthe fibre ends or tilted end faces to deviate the reflected light
[9]. In this application both the fibre ends were carefully cleaved at angles < 10°. This
technique was found to give better quality end face finish than hand polishing the
fibre ends at an angle with films of differing grades of roughness.

Figure 4.5 shows the high frequency components superimposed with the main signal.
It is also to be noted that the unequal amplitude levels of the fringes are due to the
beat pattern resulting from back reflection interference. It shows that the back

reflections have introduced ~5-6% amplitude uncertainty. The data on figure 4.6 are
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taken with tilted end faces and show a reduction of the high frequency components

(<1%) and thus the detected signal is more stable.

Time (s)

Fig. 4.5 detected signal with high frequency components from a fibre
cut at 90° end face.

Time (ms)
Fig. 4.6 Illustrating the reduction ofhigh frequency components after the fibre
end is cut at an angle.
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The measurement uncertainty introduced due to the coherent detection of back
reflections is perhaps highlighted by looking at the amplitude of the detected fringes
on either side of the turning point. Figure 4.7 shows a model of the effect of beat
pattern on the amplitudes of the fringes with the envelope signal at the modulation
frequency. It can be seen that the signal not only consists of the fringes resulting from
the interference of the main flux along the two eigenmodes, but also a signal resulting
from the interface of back reflection at the modulation frequency is added to the main
signal. This results in undesirable variation of measurements taken on either side of
the turning point which suggests a differing performance of the overall measuring
system depending on the direction of modulation. The reduction of the effect of back
reflection is thus an important requirement for improved measurement accuracy. The
overall result is that the measurements on either side of the turning point show a
smaller spread around the average expected value. However, it should be noted that
the inconsistency of the results on either side of the turning point is not the sole result
of back reflections. Factors such as polarising components azimuthal misalignment,
component imperfection or any fibre bending birefringence also contribute to such

measurement inaccuracy, see chapter 5 for fuller analysis.
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Fig. 4.7 Illustrating the effect of beat pattern resulting from back reflection.

The simulated data shows that the amplitudes ofthe fringes on either side of

the turning point are unequal.
The quality ofthe RPP beam was also analysed in terms ofits DOP and ellipticity. To
such end the Stokes parameters were measured. A DOP of 99.7% and ellipticity of

0.0118 have been measured. This indicated a good quality RPP beam has been

generated which can be applied for ellipsometric measurements.

4.5 Ellipsometric parameters and system
calibration

A number of experiments have been carried out to investigate the performance of the

system and to evaluate average system errors associated with the ellipsometric
parameters, A and \j/, as a basis for improvement in further measurements. The
“straight through” optical signal is analysed to measure wp and A, with no sample

placed on the signal arm, and the results of this experiment are shown in figure 4.8
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below, where cos(A) and tan(vj/), are scattered around a theoretical value of unity with
respective standard deviations of 3.46x10° and 1.82x103. The system is found to
have an acceptable average error of 1.31° in A and 6.2°x10'2 in vp, using known

calibrated optical components.

Fig. 4.8 Repeatability in the measurement of'\j/ and A over time.

In figure 4.8 above, the first 20 readings were taken on a same day at 15 minute
intervals, and the further points were taken three days later on the same interval of 15
minutes every reading. The measurements show cos(A) and tan(v|/) were repeatable
with in <1%, although tan(v|/) showed a slight change over the two days measurement.

This could be due to systematic error introduced over time by alignment changes.
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4.6 Determination of optical parameters of
samples with a HiBi PME

So far the technique of PME for measurement applications has been analysed
thoroughly and the performance of the system has been optimised.

As described before, the ellipsometer measures the quantities vy and A. We use these
quantities along with some model to calculate the optical properties of the given
material, i.e. complex refractive index, film thickness, surface roughness etc.
Although |li and A are measured accurately to within the measurement resolution of
the ellipsometer employed, the reliability of the calculated properties is only as good
as the assumed model. Thus if an improper model is assumed, although the values of
\/ and A are correct, the calculated refractive index or film thickness may well be
meaningless [10].

Most of the time, ellipsometric measurements deal with characterisation of optical
properties of substrates and films. The distinction here is that a material is considered
as substrate if it is thick enough such that the light reflected at the lower boundary
does not return to the ellipsometer measuring system or if it absorbs the reflected light
beam before it reaches the lower boundary. A film on the other hand is a thin
transparent material in which the light reflected from the upper and lower boundary of
the sample is available for ellipsometric detection.

The transformation of the SOP of the light by reflection is the basis of ellipsometry
for the determination of important optical properties of materials. One such property

is the complex refractive index of a material. This parameter is important in
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classifying optical medium in to absorbing or non-absorbing at certain wavelength,
knowledge of which has obvious application in manufacturing optical devices.

In general the refractive index, N is defined as a complex quantity such that N = n-jk,
where n is the real refractive index and k is the absorption coefficient [11]. For non-

absorbing samples, k is zero.

4.6.1 Two phase system

In this case light is reflected at a boundary between the substrate and ambient phase of
known optical properties. The ambient must be light transmitting and should not
contaminate or disturb the optical properties of'the substrate [80].

It is shown in chapter 2, equation 2.13, that the measured quantities A and y are
related to the ratio, p, of the complex Fresnel reflection coefficients for p and s
polarisation states. Thus a one point measurement of A and |ii provides enough data to

calculate the complex refractive index of'a sample.

Fig. 4.9 Two-phase system.

64



Chapter 4 HiBi Fibre Polarisation modulated Ellipsometry

4.6.2 Experimental results

The experimental set up described in section 4.1 and depicted in figure 4.1 is used in
this experiment. Both non-absorbing and absorbing samples are studied with the
ellipsometric set up to measure A and w and determine the complex refractive index
ofthe sample.

4.6.2.1 Non absorbing sample: Air - glass interface

An industry standard BK7 glass (Commar Inst.) with known refractive index of 1.51
is used in this experiment. The glass is wedge shaped at 10° to separate the reflections
from the upper and lower boundaries and thus avoid unwanted interference that could
result in measurement inaccuracy. The glass was mounted on a calibrated micrometer
with rotation of 360° along a central axis. A and yp measurements were recorded at
various angles of incidence ranging from 10° to 70° with steps of 5°. The results of

this experiment are shown in figure 4.10 below.
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Fig. 4.10 y and cos(A) measurements for a Bk7 glass sample. Dotted line represents
measured data, smooth line is calculated data.

The shapes of the curves agree with theoretically simulated ones as shown by the
smooth line curve. For a glass of refractive index 1.5, the Brewster angle, €bis at
56.3°. For angles below <h A=180, while for angles less than $ A becomes zero. This
is verified in the results obtained in figure 4.10.

Notice also i)/ reaches minimum at (b as expected, since the p component of the
reflected light at <bis theoretically zero. The slight deviation of |f from zero is
explained by the fact that rp being minimum near 4b introduces a large error as Ip
becomes small and comparable to the degree of background noise, this is not
considered as a major weakness of this instrument as measurements near Brewster
angle could be avoided. It should also be remembered that there is some error
(<£0.5°) in the accuracy ofthe angle of incidence setting.

As shown in figure 4.10, at 70°, on average A and iy deviate from ideal values for

BK7 glass by <2 0 and <0.5° respectively. This gives a refractive index of 1.505-
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j0.071 in comparison to the manufacturer quoted value of 1.51. The small imaginary
component of calculated refractive index is partly the result of systematic errors on A
measurement partly due to sample surface contamination. Similar refractive index
values were calculated at other angles of incidence. The error figure mentioned above
is not a big concern for non absorbing or strongly absorbing samples. In the case of
weakly absorbing samples however, in which case 'k' is very small and may lie within
the measurement uncertainty, the accuracy of measuring cos(A) is important. One
suggestion [1] is to add a further 90 phase shift to the light reflected from the sample
with an additional QWP so that the measurement is carried out at the more sensitive
region of the cosine curve. This however comes with added cost and complication to
the system as the QWP should have a very low retardance error or at least well
quantified, otherwise it would introduce further systematic error.

4.6.2.2 Absorbing sample: Air-silver interface

Similarly an air silver interface was investigated for the determination of the complex
refractive index of the silver substrate. Silver substrate was prepared on a glass
surface by sputtering in a vacuum chamber. The silver layer was developed so that it
is thick enough to be considered as a bulk substrate. Soon after the substrate was
prepared, measurements were carried out to avoid contamination of the silver surface
by atmospheric gases. Again A and W/ measurements were taken at angles of incidence

10° to 80°. The results are shown in figure 4.11 and figure 4.12.
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Fig. 4.11 Measurement of vy for an air/silver interface at various
angles of incidence.

Fig. 4.12 Measurement of A for an air/silver interfaces at various angles
of incidence.

Notice that the value of'\/ does not equal to zero at any angle of incidence, but rather

it exhibits a minimum whose value depends on the extinction coefficient, k. The angle
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of incidence at which this happens is called pseudo-Brewster angle, $b[6]. Thus for
absorbing samples there is no restriction on the useful angle of incidence. A and |\
show deviations of~I° and 0.1° respectively around their mean values. The complex
index of refraction was measured at various angles of incidence, and the average
result obtained was 0.143-j3.032 in comparison to text book figure of 0.18-j3.67,

showing a strong absorption represented by the higher extinction coefficient, k.

4.7 Summary

The performance of FPME has been investigated thoroughly. In particular a simulated
as well as an experimental account of the effect of coherent detection of back
reflection light from the fibre ends on the measurement system has been given. Steps
have been taken to minimise the overall effect of the back reflections on the
measurement system. This resulted in a closer performance of the measurements
taken from both sides of the Doppler signal. Further measurement accuracy
improvement is achieved by averaging the measurement from either side of the
turning point. Averaged measurement values of both absorbing and non-absorbing
samples were presented with respectable accuracy. In the next chapter, measurements

carried out on the three-phase system are presented.
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Chapter 5

Ellipsometer for following
dynamic film growth and
sensor applications

Abstract

Optical sensor technologies for chemical and biological sensing applications have a
number of advantages as mentioned briefly in chapter one. In this chapter an attempt
is made to demonstrate the ability of the ellipsometer for film thickness measurements
and also monitoring surface interactions of a film with external perturbations. A study
of formation of oil films on water surface and variation of thickness is followed with
the HiBi ellipsometer. The purpose of this chapter is to present dynamic
measurements of a surface with the fibre ellipsometer for potential sensing

applications.

71



Chapter 5 Ellipsometiy and sensing applications

5.0 Introduction

Ellipsometry is a useful non-destructive technique for characterisation and
observation of time resolved events at an interface between two media [1], The most
important application of ellipsometry is in the study of thin films. The determination
of optical parameters of thin films such as its complex refractive index and film
thickness accurately is important in the design and fabrication of optical and
semiconductor devices [2][3]. Other important industrial applications include
monitoring oxidation and corrosion of metals, adsorption, electrochemistry etc. in
which time resolved measurements provide important information on the dynamic
process and the materials involved.

Ellipsometry has been applied for thin film measurements extensively, as such a
number of different configurations have been introduced by several authors [4-8], The
theoretical background behind thin film measurement is briefly described in chapter 2.
In this chapter, the PCMCSA ellipsometer is configured to monitor dynamic film
growth of oil films on water surface and also the response of sol-gel films developed
on silicon substrate to environmental perturbations such as humidity and temperature
variations is studied. The potential application here is in sol-gel based chemical sensor
applications. The aim of such experiments is to serve as a demonstration that the HiBi
fibre polarisation modulated ellipsometer can be used as a thin film or surface sensor.
In the first section of this chapter, thin sol-gel films developed on silicon substrates
(obtained from Dublin City University) with different thickness were measured for

their thickness as verification that the HiBi ellipsometer could measure differing
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thickness levels. The sol-gel films are then subjected to environmental perturbations
in which the variation in time ofthe properties of the films is followed by the FPME.
In the latter part of the chapter, results obtained from the spread of oil films on water

surface are presented.

5.1 Sol-gel based thin film measurement

It has been described in chapter 1 that optical sensor technology for chemical sensing
applications has several advantages over conventional methods. In particular, the
advantages of real time in situ detection has drawn a considerable interest in a new
class of chemical transducers which utilises specifically sensitised films on substrates
[9]. The use of sol-gel to produce such films has been found attractive [11-14] in that
the chemical or biological reagents can be entrapped in sol-gel derived materials
relatively easily, furthermore, sol-gel based sensors can be mass produced easily.

Although the sol-gel films provided were not specifically tailored for ellipsometrically
film thickness or refractive index changes sensing, such tailoring of sol-gel films for

film thickness or refractive index sensing are possible [9][10].

5.1.1 Experimental condition

The PCMCSA set-up described in chapter 4 is used here in the measurement. The

sample is a set of sol-gel films developed on a silicon substrate.

5.1.1.1 Film preparation

A mixture of SC2and TiC2 is used in the preparation of sol-gel processes. Production

of thin films involves dip coating by lowering the substrate into the solution and
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withdrawing it a defined speed [15]. The thickness of the films increases with
increasing speed and viscosity ofthe solution.

In this case, silicon substrates were dipped and withdrawn from the solution at
different speeds to obtain a range of film thickness. The refractive index of the films
depends on the SiCh: Ti02 mixture ratio, which was kept uniform throughout the

preparation ofthe films, provided for this experiment.

5.1.1.2 Y}y and A measurements

Unlike the bulk optic two phase system measurements of chapter 4, in the case of thin
film measurements, the parameters ¥ and A are not only a function of the refractive
index of the film and substrate, but also are affected by the thickness of the film
which subjects the incident light in to multiple reflections between the ambient-film
and film-substrate interfaces.

Three sets of sol-gel films of different values of thickness on silica substrate were
measured using a HiBi ellipsometer. The films and substrate were calibrated at the
Dublin City University. The refractive index of the sol-gel film was recorded as 1.58
and the complex refractive index of silicon is measured at 3.85 -jO.OI8 at 632.8nm
wavelength light. These figures are used to validate |V and A measurements of the
HiBi ellipsometer.

The samples were placed for measurement and the results are depicted on figures 5.1

and 5.2. Measurements were taken at angles of incidence from 5 0 through to 80° in

steps of 5°.
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Fig. 5.1 v» Measurements ofthree sol-gel films of different thickness on silica
substrate at various angles of incidence. Dotted curves are measured values.
Smooth lines represent calculated values.

Angle of incidence (degrees)

Fig. 5.2 A Measurements ofthree sol-gel films of different thickness on silica
substrate at various angles of incidence. Dotted curves are measured values.
Smooth lines represent calculated values.
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In Figures 5.1 and 5.2, the scatter curves show measurement results and the smooth
curves show calculated j/ and A values. These values were calculated assuming the
ambient refractive index of air is 1 and silicon substrate index of 3.858-j0.018. The
sol-gel samples were prepared with controlled Silica: Titania (SiCb: TiCh) ratio so as
to give similar refractive index of 1.58, while the values of the thickness were made
different with varying coating speeds.

The results shown on Figures 5.1 and 5.2 show a relatively small spread of measured
results from calculated values. On average, |li showed a smaller spread of <2° while A
differed by slightly higher value of <10° partly in agreement with the fact discussed in
chapter 4 that A values are less accurate in this particular measurement system.
Although the measurements were carried out in few days of receiving the samples
from Dublin City University, it is understood that the film characteristics may vary
due to environmental effects and ageing [16]. Thus temperature and humidity
variation as well as systematic errors such as optical component imperfection are
presumed to have contributed the small discrepancy between measured and calculated

W and A values.

5.2 Thin film based sensor system

So far the ellipsometric measurements carried out have been on the determination of
optical constants of samples. If however the properties of a particular sample are
known to vary by external effects such as the presence of a certain gas or a bio-
chemical reagent, humidity, heat etc. it is possible that the present system can be
utilised as a sensing device. As the measurements in section 5.1.2.2 show, various

thicknesses among the three different films resulted in different sets of measured |ii
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and A values. This opened up a potential for the fibre ellipsometer in sensing
applications where the polarisation of light is affected by variations of the properties
of'the sample, namely thickness or refractive index change.

In the last few years, there has been a growing interest in a new class of chemical
transducers which utilise a specifically sensitised films formed via sol-gel processing
techniques [9]. Sol-gel films enable suitable reagents to be entrapped with in the sol-
gel matrix [17]. In addition it is possible to control the film properties. Such sensors
operate by monitoring the changes in refractive index; fluorescence or absorption
spectrums [9][10] ofthe films as it interacts with the chemical species.

In this work, the potential use of a fibre ellipsometer in a sol-gel based sensor system
is demonstrated. In the experiment carried out a sol-gel films on silicon substrates
were measured as the samples were subjected to varying temperature and humidity. It
should be noted that the set of sol-gel films tested here were not specifically made for
humidity or temperature measurements, the objective of the test is to demonstrate the

potential use ofthe fibre ellipsometer as a sensing device.

5.2.1 Temperature effects

In optical sensing, sol-gel films are useful as representing a typical porous matrix into
which various sensing agents may be doped. The ellipsometer provides an excellent
means to interrogate such films, as is investigated here for such a purpose. One such
sensor application was tested to quantify the effects of temperature on sol-gel films, as
it varies from 22°C to 90°C; the results in figures 5.3 and 5.4 below show the time

response ofthe film in terms of'the two ellipsometric parameters.
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Fig. 5.3 Variation of, vg of the thin film on exposure to temperatures up to
90° over a period of 1 minute.
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Fig. 5.4 Variation of, A ofthe thin film on exposure to temperatures up to 90° over a
period of 1 minute.
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In the first few seconds, temperature is kept constant at laboratory temperature. It is
then followed by a rise in temperature up to about 90°, a ceramic resistor with an
adjustable current placed in contact with the silicon side of the sample is used a
source of heat. The data produced shows the sensitivity of the film to temperature, the
results also show that the change in the ellipsometric parameters, W and A were found
to be irreversible, thus the technique with these particular sol-gel films could not be
used as a temperature sensor. The results do however highlight need for careful

temperature compensation in other sensor applications using such films.

5.2.2 Humidity effects

Another application considered is the effect of humidity on the sol-gel sensing
application: this being done by evaporating small amount of water on the film for
several minutes as a measurement is taken. The results ofthis are shown in figures 5.5
and 5.6. The measurements show that, with the application of humidity, the porous
structure of the sol-gel matrix structure entraps this humidity which changes the film
properties that are reflected in changes to |li and A. The results with this particular sol-
gel sample also show that once the film is exposed to humidity, the interaction is not
reversible. The general observation is that the effect of humidity on the films tested
was not uniform for various films of different thickness. In fact some of the films
were found to respond slower than others and not all the films respond to the same
level of sensitivity. Such results would help in the design of sol-gel based sensor films

with desired levels of sensitivity to humidity.
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Fig. 5.5 Variation of vp, as the sol-gel film is exposed to humidity.

Fig. 5.6 Variation of cos(A), as the sol-gel film is exposed to
humidity.

Although this batch of sol-gel based films did not show any real prospect of

temperature or humidity measurement using ellipsometry, with the development of

sol-gel manufacturing techniques and availability of certain dopants sensitised to
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specific parameters, the potential for such a system cannot be ruled out. The
experiment does however highlight the need for careful consideration of temperature
and humidity variations in sol-gel based sensing systems. It should also be mentioned
that although fluorescence and adsorption have been major techniques on sol-gel
based chemical sensor [9][11] monitoring changes in refractive index of'the film as it
interacts with chemical species is a real prospect [10]. In that respect, inexpensive
FPME such as that discussed here offers the advantages of real time measurements in

chemical sensing applications.

5.3 Dynamic oil film thickness measurements

Dynamic measurement of films of rapidly varying thickness or film deposition is very
useful in a number of industrial applications. In this study it is shown that a simple
ellipsometer ofthis type can be easily configured for such measurements.

The motive behind this study has been to demonstrate the potential application of the
HiBi PME in rapid time resolved measurements. This will have applications in
surface monitoring, chemical reaction and film deposition on liquid or solid surfaces
etc. As mentioned before, based on the ratio of two reflectance coefficients,
ellipsometry is insensitive to ambient conditions and thus is ideally suited for real
time process monitoring in various environments. One interesting application is in the
formation of Lagmiur-Blodgett (LB) films. These are made by forming monolayers
on liquid substrates and transferring them to a solid support for deposition [18]. LB
films offer high potential for bio-chemical sensing applications [19] and ellipsometry

has been applied in the study of such films [20][21].
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In this study, ellipsometry is applied to monitor dynamic oil film formation on water

surface.

5.3.1 Experimental configuration

The PCMCSA arrangement described chapter 4 is reconfigured for an angle of
incidence of 75°. This angle being chosen for experimental convenience. Figure 5.7
below shows the experimental set up. The sample under measurement is oil film
spreading over water surface. Continuous ellipsometric readings are taken in to a

computer for analysis via a 12-bit ADC as the process of film formation progresses.

Fig. 5.7 Experimental set up of the Hi-Bi ellipsometer. P, polarising prism, Q,
quarter wave plate, L, Lens, M, fibre stretcher, HiBi, birefringent fibre, GS, glass,
Arand Aa analysers, S, sample, PD, photodetector.

82



Chapter 5 Ellipsometry and sensing applications

5.3.2 Results and discussion

A series of oil films ranging from light cooking oil, engine transmission oil, synthetic
engine oil, multipurpose MOBIL oil and ‘three in one’ lubricant oil etc were applied
to water surface. On application ofthe oil to the water surface, the oil sample spreads
and forms a thin film. As the oil spreads, the thickness of the film formed varies
which can be calculated from knowledge of the ellipsometric parameters \p and A
Measurements of i/ and A were taken continuously as the process of film formation
progresses. Figures 5.8 and 5.9 show the results of |l and A. readings for the spread of
MOBIL lubricant oil on water surface. In the first 20 seconds, measurements were
taken on water surface to produce a reference. A small drop of oil was then applied at
one end of the tray while continuous measurements were taken. Figure 5.8 depicts
results of yp versus time. On application of the oil sample |ii increases abruptly and
follows the wave of oil film formation. Measurements continued until the film
thickness variation was seen to stabilise. This is noted by the measurements taken at
the latter stage of the process after about 1 minute. At this point y varies slowly until
it was seen to stabilise at a uniform level. The parameter A was found to be less

sensitive to the thickness changes for this particular oil sample at 75° of incidence.
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Fig. 5.8 variation of'y with time as the oil spreads on water surface.
The oil sample here is MOBIL lubricant oil.
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Fig. 5.9 variation of cos(A) with time as the oil spreads on water surface.
The oil sample here is MOBIL lubricant oil.

Similar measurements showing a different set of terminal parameters are seen for the
other oil films. As a second example, the results obtained for transmission oil spread

on water surface to form a film are also presented here.
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Fig. 5.10 Variation of A with the spread of transmission oil film, as the oil
film thickness varies with time. Smooth curve is measured data Am Dotted
curve is calculated, Ac data.

Fig. 5.11 Variation of i/ with the spread of transmission oil film, as the
oil film thickness varies with time. Smooth curve is measured data \lim
Dotted curve is calculated, vycdata.

Figures 5.10 and 5.11 show the results obtained from the film formation process

during the spread of transmission oil on water surface. Again a small drop of oil was
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applied carefully without disturbing excessively the water surface. The thickness is
seen to vary with time as the oil spreads.

The discontinuities in the graph show abrupt film thickness changes. This is due to the
oil film breaking up on the surface. As a means of check on our measurements, a
forward computation is carried out to calculate ellipsometric values, Ac and, vjc from
the thickness measurements, the results are shown in figures 5.10 and 5.11. As it is
shown in the above figures, there is a slight difference between the measured, Armrand
i|/m and calculated Ac and \j/c ellipsometric parameters. This is caused by film
inhomogeneity, i.e. variation of refractive index through the thickness of the film and
non-continuous film formation. Further more as the oil spreads it reacts with water
consequently changing the refractive index of the oil film and also the substrate, in
this case water. This is shown by forward computation [5] of film refractive index
from measured thickness, Amand i//mvalues. The computation assumes that the film-
substrate model maintains stability and that the initial refractive index of the film and
substrate remain unchanged. In practice of course this was not the case due to the
cases listed above in the process of film formation. In an ideal situation it should be
ensured that the film and the substrate do not react so that the refractive index of both
the film and the substrate do not change as the oil spreads and that the film formation
assumes homogeneity.

Although the experiments carried out with various oil films were not repeatable; the
results however do show clearly the capacity of the ellipsometer to follow the film
thickness changes. Different sensitivity levels for the ellipsometric parameters, v/ and
A could also be noticed from the results among the range of oil films tested. A careful

selection of the angle of incidence could improve the sensitivity to either v/ or A or
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both, although due to practical limitations this was not an option in this particular
laboratory set up. Another point worth mentioning of course might be the fact that the
ellipsometer measurement was limited in time resolution which partly explains the
abrupt changes of the measured parameters during the oil formation. With the present
system a bandwidth of about 5-10Hz could be achieved. This however could be

improved with faster data acquisition and processing techniques.

5.4 Summary

A birefringent fibre based PME has been employed for measurement of solid and
liquid surfaces. The aim has been to demonstrate the ability of the system to follow
dynamic process changes with a sensor application in mind. Although numerical
inversion was not carried out on all the measurements, sol-gel films of different
thickness ranging from 100nm to 300nm have been measured in terms of A and \i
Tests carried out on the environmental as well as temperature and humidity effects on
sol-gel films clearly showed a potential sensor application for the FPME. It must be
stressed however, that the results obtained do not suggest the use of the ellipsometer
in temperature and humidity sensing. The reason here is that the films did not show
reversible or repeatable characteristics, which is necessary in sensing systems. For a
successful use of the FPME in a sol-gel based sensor system, careful tailoring of the
sol-gel film characteristics is required. This might entail reversible change of
refractive index or film thickness in response to measurands of interest. These could
be bio-chemical substances, gases etc. Oil film measurements also showed a promise
for use of the fibre PME in dynamic process monitoring. The FPME is particularly

suited for such application because polarisation modulation allows rapid time resolved
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measurements. The problem with the measurements carried out on a liquid surface
has been non-uniform film formation and film substrate mixing. Although this effect
did not allow accurate comparison of the measured results and those obtained by
numerical inversion, such results would be useful in characterising oil lubricants in
terms of film formation, film strength and film continuity, water rejection etc for
lubricant applications.

With careful film formation procedures such as those used in the manufacture of LB

films on liquid surfaces, the potential for such simple FPME is good.
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Chapter 6

Sources of errors in PME

Abstract

Measurement errors in the PCMCA arrangement result from the non-ideal behaviour
of'the optical components as well as the accuracy of azimuthal alignment among other
factors including detector noise and data acquisition errors. In this chapter component
imperfection and azimuthal errors are considered. The aim is to identify major factors
contributing to the overall measurement error. The result is useful for further

improving and simplifying the system.
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6.0 Introduction

Ellipsometry is a useful and accurate optical technique in the study of reflecting or
transmitting surfaces. Optical constants of surfaces and thin film parameters can be
measured accurately. However it makes use of bulky optical and mechanical
components that are always prone to systematic errors. An ellipsometer, whether it
involves angular measurements (Null ellipsometer) or irradiance measurements (RAE
or PME) rely on accurate azimuthal alignment of polarising components, angle of
incidence setting etc. relative to a predefined plane [1-3].

In the case of null ellipsometer, analysis of systematic errors has been thoroughly
dealt by several researchers [1]. The nature of null ellipsometry is such that the final
irradiance is set to be zero or minimum. This requirement leads to simple analytical
expressions that can be used to account for systematic errors.

Error analysis in the case of PME is more complex, and there has not been a
generalised analysis on the subject. The effect of systematic errors on the operation of
a PME has been made by O' Handley [4]. However no detailed study of the precision
of such instrument has been conducted. In this chapter an attempt is made to point out
the sources of systematic and other errors and the effect of such errors on the final
measurement will be analysed in reference to the PCMCSA ellipsometer described.
The quantities measured in ellipsometry, 1)) and A are functions of the azimuth angles
of the polarising components, quality of the polarising components, errors arising
from electronic noise of the detection circuitry, angle of incidence and also properties
of the surface under measurement. For accurate, reliable and repeatable

measurements, the above parameters must assume as near to ideal settings and
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characteristics as possible. In practice, all the components are susceptible to errors.

An investigative study in to the sources and magnitude of errors helps in system

calibration, define measurement resolution limits and point out possible

improvements.

The purpose of doing error analysis in this work is thus, to investigate possible

windows of improvement to the PME described so far. The study will therefore

concentrate mainly on errors introduced due to the presence of polarising optical
components.

Errors, which will be considered here, come under two classifications.

L. Errors arising from misalignment of azimuth angles of all polarising optical
components.

2. Errors due to components Imperfection, i.e. elliptic polarisers instead of perfect
linear polarisers or retardance tolerance in the case of QWP's. Other sources of
errors, such as incorrect angle of incidence setting, electronic noise on the
detectors are not discussed here in great detail.

Although it is understood that a parametric treatment of the Jones matrix [5][6] of all

the optical components would give a more practical view in to the propagation of the

combined errors introduced by each component to the final measurement result, the
volume of the mathematics involved soon gets cumbersome. Because of such
difficulty, the error analysis looks at the effect of one source of error per component at

a time, although a combination of more than one source of errors is also considered.

Owing to the complexity of the analysis, a computer program (MATLAB/ HPVEE) is

employed in modelling the optical components and the SOP of the light with Jones

matrix formulation [8][9].
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For simplification purposes, a straight through arrangement is used for calibration.
All ideal alignments and component specification in the PCMCSA configuration
shown in figure 6.1 will refer to the table below.

PD

HeNe
Laser

PD

AL

stretcher

Fig. 6.1 The PCMCSA arrangement. Where all the components are labelled as described

before.
Component Azimuth Retardance Extinction ratio
P 0° 0
QWP1 & QWP2 45° 90°
M _ i) )
Aa 45° « 0
Ar 0° . 0
S Isotropic

Table 6.1. Ideal component specification and alignment. Where P is the polariser, QWP1 and
QWP2 are quarter wave plates, M is the modulator. Aaand Ar are analysers and S is a sample. All
angles are measured relative to the pane of incidence.

6.1 Azimuth angle errors

As described before in the PCMCSA arrangement, all the polarising components are
fixed at a predefined angle and need not be changed between measurements. The

accuracy of the angular setting of the polarising optical components affects the
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measurement resolution. Thus it is important to characterise the level of errors that
can be introduced by any of the components making up the complete system. The
effect of such orientational misalignment are best calculated by assuming the
components are set at a certain fixed angle relative to a common reference plane. A
rotation matrix [5][7] is used to introduce angular misalignments for theoretical

analysis purposes.

6.1.1 Polariser Misalignment

Consider the polariser in the PCMCSA arrangement is set at 0° relative to the x-y
reference frame, the Jones matrix is given by:

1 0 6.1
P~0 0 '
The process of misalignment can be accomplished by multiplying the polariser Jones

matrix ofequation 6.1 by a rotation matrix, R+dgiven by :

co§(cr) + sin(cr) 62)
+ sin(cr)  cos(cr)

Where a is the rotation angle.
Thus a polariser misaligned by an angle, a, relative to a fixed reference frame is given
by P 'such that the matrix product is given by:

P,=[Ri- .. (63
At this stage, the effect of the angular misalignment on the polariser as indeed is the
case with the rest of the polarising components is to use a computer program

modelling the transfer function of the complete PCMCSA arrangement. The model is

based on Jones matrix for simplicity, although Muller matrix formulation could also
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be used. Figure 6.2 shows simulation data of the resulting iy and A errors when a
small azimuth error is present in the polarisation axis setting. For calculation purposes
an error angle in the range of -3° to 3° is assumed. In practice the angular setting on
the polarising components mount could be set accurate to about 0.5°. A maximum

error of 0.8° is predicted on i/, while A measurements are unaffected.

Azimuth error, 4 (degrees)

Fig. 6.2 Calculated W and A errors resulting from a small azimuthal error on the
polariser, P, at the input ofthe fibre.

6.1.2 Analyser Misalignment

Figures 6.3 and 6.4 show errors of i/ and A resulting from a small misalignment on
the analyser at the reference arm and detection arms. On both cases A is not affected
by azimuth errors. |i varied linearly and in the opposite sense with the azimuth error
on the detection arm analyser, while on the reference arm it showed a stair case

variation. Interestingly the errors within +1° azimuthal error on the analyser on the
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detection arm can be tolerated as it did not affect \j values showing that with the

system having 0.5° azimuthal error on all polarising components, the angular setting

on the reference arm analyser is not too critical.

Azimuth error,a (degrees)

Fig. 6.3 Calculated i/ and A errors resulting from a small azimuthal error on the
analyser, Aa at the detection arm.

Azimuth error, a (degrees)

Fig. 6.4 Calculated W and A errors resulting from a small azimuthal error on the
analyser, Ar, at the reference arm.
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6.2 Quarter wave plates: component Imperfection and
azimuthal misalignment

There are two QWP’s in the PCMCSA system. In addition to errors arising from
angular misalignment, QWP’s suffer what is called retardance tolerance. This

parameter is a measure of how well the phase delay introduced by a QWP matches to

a theoretical value ofrc/2.

6.2.1 Azimuthal errors

Orientational errors on the quarter wave plates introduce ellipticity angle on the RPP
beam, which results in to errors on, |) and A measurements. Figure 6.5 shows
ellipticity angle introduced by angular misalignment of the quarter wave plate at the
input of the fibre. An angular error of 0.5° results in to ellipticity of about 0.00025.
This value is 100 times smaller than the experimental measurement data in section

4.4.3.

Fig. 6.5 Calculated ellipticity resulting from a small azimuthal error on the QWP
at the input ofthe fibre.
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The resulting errors on \j/ and A for small azimuth errors shown in figure 6.6 indicate
that while y suffers a maximum error of +0.6°, A errors are found to be smaller. This

is verified to be so experimentally.

Fig. 6.6 Calculated | and A errors resulting from a small azimuthal error on the
QWP at the input ofthe fibre.

At the output of the fibre, another QWP turns the beam in to a RPP beam. In this case
with the presence of small angular misalignment, the output beam is no longer the
same as RPP beam predicted theoretically. In fact as shown in figure 6.7, it has
ellipticity varying with modulation angle. Ellipticity is maximum when the
modulation angle is t¢/2, i.e. when the SOP of the light at the output of the fibre is
linear and minimum for a circular state. It is interesting to note that the maximum
ellipticity introduced with 0.5° azimuth error is comparable to the ellipticity measured
experimentally. (See section 4.4.3). Measurement error introduced on W and A due to
such ellipticity is shown in figure 6.8. It is found that for azimuth errors, a in the

range +0.5°, the error on W and A is approximately +2a and -a respectively. The
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above simulation results show that there is more strict azimuth setting tolerance on the

QWP at the output ofthe fibre than the QWP at the input.

0.5 deg misalignment

1.0 deg misalignment

Fig. 6.7 Calculated ellipticity resulting from a small azimuthal error on the
QWP at the output ofthe fibre.

Azimuth error, a (degrees)

Fig. 6.8 Calculated W and A errors resulting from a small azimuthal error on
the QWP at the output of the fibre.
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6.2.2 Component imperfection

In practice the phase retardance of a QWP is not exactly equal to n/2. There is a small
error, 8 which is referred to as retardance tolerance. The Jones matrix of an imperfect
QWP with its optical axis at 0° to the horizontal in the x-y reference frame may be

written as

Where 5 is the retardance tolerance.

A good QWP will have a retardance tolerance of 7t/500. Usually 8 has values of n/25
or #/50 for a standard mica retardation plates and ti/250 or ti/500 for a quartz
retardation plates. In this work a quartz QWP of 8 of r¢/250 and a mica retardation
plate with 8 of #/50 were used.

The existence of a small retardance error on the QWP at the input of the fibre
produces ellipticity angle on the RPP beam. This is shown in figure 6.9. A similar
treatment of the QWP at the output of the fibre reveals that a modulation varying
ellipticity is generated. Figure 6.10 shows ellipticity levels for QWP’s of various
retardance tolerances. It should be noted that with a quality QWP with retardance
71/500, the amplitude of the ellipticity is reduced significantly. It also interesting to
note that from the results shown in figure 6.9 and figure 6.10, for the same level of
retardance error, the maximum ellilpticity introduced by QWP2 is equal to that
introduced by QWP1 and is also comparable to ellipticity of 0.018 measured
experimentally in section 4.4.3. The retardance error on QWP2 is found not to affect

|) and A measurements, while the same error on QWP1 as shown in figure 6.11
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introduces a bigger error in the measurement accuracy of v and A. This means that

the quality of the QWP at the input of the fibre is an important consideration in the

system design.

Fig. 6.9 Calculated ellipticity resulting from retardance error of an imperfect
QWP at the input ofthe fibre.

Fig. 6.10 Calculated ellipticity resulting from retardance error of an imperfect
QWP at the output of'the fibre.
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Fig. 6.11 Calculated A errors introduced by an imperfect QWP at the input ofthe
fibre with various retardance tolerance levels.

Figure 6.12 shows ellipticity variation of the RPP beam with modulation. In this case
an imperfect QWP with a small azimuth error is considered. Again the maximum
ellipticity introduced by combined azimuth and imperfection errors is comparable to
the value obtained experimentally. Note that in figure 6.12, the ellipticity curves are

out of phase with each other due to the different azimuth errors.
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Fig. 6.12 Calculated ellipticity due to an imperfect QWP with small azimuth
errors at the output of'the fibre.

6.3 Other sources of errors

Signal detection involves conversion of light into electrical signal. This process uses a
photodiode with intrinsic noise level. The photodiode is usually followed by an
amplifier stage to bring the signal to a level suitable for further analysis. In the
system, an amplifier with a bandwidth of 20KHz and a signal to noise ratio of—500:1
was designed and built. The detector noise, however small, compared to other
sources, also contributes to measurement errors. Signal processing technique involves
data acquisition via ADC and filtering techniques through curve fitting [10-12] of the
measurement data. This also introduces noise in the overall measurement system.

These error sources are not quantified in this work, as they are deemed to be of a
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secondary importance compared to the higher error levels introduced by component

imperfection and azimuthal errors.

6.4 Summary

This chapter has given an important insight into sources of errors from optical
component imperfection and azimuthal alignment errors. Such results are useful in
system specification design and further improvements. The simulation results found
that, errors introduced from misalignment of the linear polarisers and analysers were
relatively small compared to the errors measured experimentally, further more careful
alignment and precision mounting techniques could improve the measurement
accuracy. The simulation results showed that the effect of misalignment and
component imperfection on the quarter wave plates introduced errors comparable to
those obtained experimentally. The results of such analysis provide important
conclusion in that while the azimuthal alignment on the quarter waveplate at the input
of the fibre is not too critical, its retardance tolerance should be as small as possible
for better accuracy. In this work the QWP at the input of the fibre has a retardance
tolerance, 5 of 71/250.

On the other hand the QWP at the output of the fibre introduced higher errors,
comparable to those measured experimentally due to small azimuth errors than
component imperfection. This shows that while a higher quality QWP should be used
at the input of the fibre, azimuthal alignment is more critical for the QWP at the
output ofthe fibre.

Important conclusions have been drawn from this chapter in identifying major sources

of errors. At this stage it would seem appropriate to devise an alternative approach for
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the ellipsometric configuration. An obvious candidate for improvement is to
eliminate the major sources of error, i.e. the two QWP’s and thus make the system
more accurate and also cheaper with fewer number of optical components. This is

dealt in the next chapter where a new set up is introduced.
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Chapter 7

A high birefringence fibre
polarisation modulation
scheme:

A new configuration for Ellipsometric
measurement

Abstract

A birefringence modulated ellipsometry technique is described in which polarisation
modulation is achieved by stretching a 20cm section of a HiBi fibre held under
longitudinal tension. The system has two optical channels in which one is used as a
measuring probe and the other channel is used in stabilising temperature and other
external effects on modulation via a simple lock-in amplifier feedback system. Both
ellipsometric parameters, yp and A can be determined from one optical channel by
harmonic analysis of the detected signal with two lock-in amplifiers and a low pass

filter (LPF).
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7.0 Introduction

In the previous chapter, investigation of sources and analysis of systematic errors have

been described. In this chapter, an alternative and more compact ellipsometric

configuration with improved signal processing technique is described.

The ability to achieve control of the state of polarisation of a beam of light launched

in a HiBi fibre has been extensively studied. This control has been successfully

employed to characterise different materials via an ellipsometric system based on the

modulation of birefringence of the fibre. Several improvements have been made in

order to optimise the performance ofthe actual configuration. The sources and degree

of error in the measurement system have been estimated in the previous chapter. We

can characterise the sources of'this error as:

* Alignment and adjustment of every optical component

*  Precision and quality of optical components employed

* Detection noise and D/A converter resolution during the signal processing stage

» Extra modulations introduced which affect the characteristic of the output
polarisation.

It is worth noticing that the first two problems may be solved by simply reducing the

number of bulky optical components used in the configurations. This would also make

the system more attractive in terms of cost and miniaturisation possibility in the

prospect of an all-fibre arrangement.

The third point is a direct consequence of electronic noise and the signal processing

technique, which allows a time-domain analysis of the two signals coming from the
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reference and detection arms. The comparison between the two signals permits
extraction ofthe ellipsometric information.

The signal processing technique involves analogue-to-digital conversion and data
filtering by means of curve fitting. Each ofthese steps introduces errors as an intrinsic
consequence of the nature of the signal processing. It is shown previously that the
technique of modulation permits a measurement whose speed is related to the speed of
modulation, the quality of the measurement will be dependent on the speed and
performance of the data acquisition and storing system. Furthermore, although the
nature of measurement is real-time, the signal processing technique employed to
calculate the ellipsometric parameters requires a fast analogue to digital conversion
card for an on-line measurement where a fast process is to be monitored. This will add
to the overall cost of the system.

As is discussed further on this Chapter, a point of concern in the new configuration is
the presence of signal drift with temperature variation. In fact small, unwanted
modulation acting on the fibre such as temperature change affects the phase of the
modulated signal. This is due to the nature of the HiBi fibre where the modal phase
retardance of its eigen axis is dependent on the environmental parameters. The key to
solve this problem is achieving a control over these unknown parameters and
compensate for their effect.

At this stage it is appropriate to look at polarization maintaining behavior of single
mode HiBi fibres.

It has been discussed so far that polarization is an important phenomena in fibre

optics. Many fibre optic applications today are affected by the polarisation of'the light
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traveling through the fibre. These include fibre interferometers and sensors, fibre
lasers, and electro-optic modulators. The operation of such systems shows polarisation
dependence, which can affect system performance. Thus, analysing, controlling, and

manipulating the polarisation state of light in fibre has become increasingly vital.

Polarisation theory mainly deals with three different possible types of polarised light,
namely linear, circular and elliptical polarisation states as discussed in section 2.1. In
the simplest case, linearly polarised light, the electric field just vibrates up and down
in a specific direction. In most applications, it is this form of polarisation we are
interested in and wish to preserve.

While in theory one can produce perfectly linearly polarised light by passing light
through a linear polariser, in practice this is not the case. As shown in chapter 6,
quality of polarisers and angular alignment are among the determining factors. A
measure of the quality ofthe polarised beam is its extinction ratio (Er). This parameter
is measured by passing light beam through a rotatable polariser and onto a detector.
By rotateng the polariser about its polarization axis, the output signal will vary in
intensity. If the maximum and minimum intensities are measured, then the extinction
ratio of the output beam is given by 1v«ioe v marvem a). Where » i and » ».. are the
measured maximum and minimum signal intensities..

When a normal fibre is bent or twisted, stresses are induced in the fibre. These
stresses in turn will change the polarisation state of light traveling through the fibre. If
the fibre is subjected to any external perturbations, such as changes in the fibre's
position, stress or temperature, then the final output polarisation will vary with time.

This is true for even short lengths of fibre, and is undesirable in many applications
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that require a constant output polarisation from the fibre. To solve this problem,
several manufacturers have developed polarisation-maintaining fibres (PM fibres).
These fibres work by inducing a difference in the speed of light for two perpendicular
polarisations traveling through the fibre. This birefringence creates two principal
transmission axes within the fibre, known respectively as the fast and slow axes of the
fibre. Provided the input light into a PM fibre is linearly polarised and orientated
along one of these two axis, then the output light from the fibre will remain linearly
polarised and aligned with that axis, even when subjected to external stresses.
Naturally, how well a PM fibre maintains polarisation depends on the input launch
conditions into the fibre. Perhaps the most important factor is the alignment between
the polarisation axis of the light with the slow axis of'the fibre. A perfectly polarised
input beam into an ideal fibre, misaligned by an angle 9 with respect to the slow axis
ofthe fibre will suffer extinction ratio ofnot less than 10xlog(tan(9 )).

Generally, the input source is not ideally polarised, but instead is polarised with a
small extiction ratio, this also contributes to the final extinction ratio of the output
beam. The polarisation extinction ratio can also be degraded by any stresses or
microbends in the fibre or by external optical components that do not maintain
polarisation properly. In this regard, it is important that the polarisation maintaining
behavior of the fibre is controlled for accurate and drift free measurement system
application. Simple precautions must be exercised when working with HiBi fibres,
these may include among other things: special termination procedures, stress free
glues, and top quality lenses and optics must be used to minimize these stresses and

thus maintain the highest possible extinction ratios.
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Given the importance of the alignment of the PM axis relative to the input
polarization and other predefined planes, careful alignment procedure should be
followed although this step is increasingly becoming simpler task with the
introduction of PM connectors (NTT-FC style connector, OZ Optics) which have a
positioning key, to preserve the angular orientation ofthe fibre.

It should be noted that in the case where a linear polarized light beam is launched into
the fibre core at an angle to the fast-slow axis of the HiBi fibre so as to populate both
modes equally, as in the present ellipsometric configuration discussed in this chapter,
the polarisation of the light fluctuates in response to external perturbations the fibre
may be subjected to. This calls for polarisation control techniques.

In the remaining section of this chapter, the proposed solutions to the problems
outlined above will be discussed and the resulting new configuration will be analysed

and supported with experimental tests and measurement results.

7.1 Theoretical analysis

The reduction of the optical components in the high birefringence fibre polarisation
scheme described so far is seen as a first step to improving the system in terms of
accuracy, simplicity and cost effectiveness. A thorough investigation on the optical
configuration discussed in the previous chapter clearly showed that the performance
of'the system is critically dependent on the quality and alignment accuracy of quarter
wave plates employed in the configuration.

The previous system employed two-quarter wave plates, one at the entrance of the

fibre, QWPI1, and one at the output, QWP2. At the input side of the fibre, QWPI1 is
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aligned with its axis at 45° to the axis of polarisation of a linear polariser at the HeNe
laser output. Thus a circularly polarised beam is launched in to the fibre to populate
the two normal eigenmodes of the fibre equally, the second retarder, QWP2, changes
the polarisation state of the output in to a rotating plane polarised beam. The
advantage of having these two-quarter wave plates is that the alignment of the optical
axis of the fibre relative to the plane of incidence or to the optical components at the
output of the fibre is not important. With present fibre technology, fibre axis
alignment is not seen to be a major problem, as there are commercial FC/PC
terminated HiBi fibres which their eigen axes direction can be aligned relatively easily
and accurately. Thus it would seem a sensible step to remove QWP1 and QWP2 from
the system with a possible advantage of system simplicity and accuracy. The proposed
Polariser-Modulator-Sample-Analyser (PMSA) configuration is shown in figure 7.1

below.

HeNe Polarisation
modulation Photodetector

unit

P45 L L A 45

laser ~

Fig. 7.1 The PMSA experimental configuration with no QWPs. P45 Ays: polarisers at 45°
respect to the fibre eigen axis; L, lens.

A mathematical analysis of the system shows that removing the two quarter wave
plates from the system, as shown in the configuration of figure 7.1, we get an output
intensity which is varying with modulation phase and also dependent on the mutual

orientation of fibre optical axis and polarisers. If both the polarisers are orientated at
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45° relative to the optical fibre eigenmodes we can express the output electric field

Eoutput 3.S.
Eoutput — P45 M A s Ejnput (71)
Where einput is the electric vector of the input light from the HeNe laser, P45 and A45

respectively are the Jones matrices [1][2] for a polariser and analyser at 45° and M is

the HiBi fibre modulator such that,

E, T i r 91 o
F = 0 e Agp=Pp5= ; M=~
w43 1 b=Pb=y . ' o

-

Jmmm————

Where Eais the amplitude ofthe beam, alis the angular frequency and ¢ is the time;

The output vector is given by:

i ~e" O I r T Ep ei(w

EOU U
tput . O o | ) ) 4V2
eptl Eq i) (7-3)
eic+1 2V2
Where op=(p/- qf
(p- cp(t) is the difference between the phase retardances corresponding to the

fast {(pf) and the slow {(s) eigenmodes. The intensity detected after the analyser A 45
may be given by:
loutput (Eoutput)’ (Eoutput)

= To[ 1+ COS (cp(t) ] (7.4)

Where 10= and cp(t) represents the phase shift introduced by the modulation,

which can be written as:
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) = (ky-kx)(L + L(t) (7.5)

Where kx and ky are the propagation constants for each eigenmode defined as

kx =nx%0 , ky =nyzo [3] and L(t) is the fibre length extension due to the

modulation unit.

7.2 Experimental alignment Procedure

The experimental arrangement is shown in Figure 7.2 below.

M
v LPF
A ‘° 4 In
etc.. L.

1»

Fig. 7.2 Experimental configuration ofthe Ellipsometer. A helium neon laser, He-Ne, a linear
polariser, P, HiBi fibre, HB, fibre stretcher, M, phase compensator, PC, signal generator, OS,
lock-in detection, LD, glass reflector, GS, sample, S and linear analyser, A.

A HeNe laser is used as the light source here. In order to reach the optimum
alignment, the axis of the first polariser P45 is rotated relative to the eigen axis of the
fibre until a dc signal is detected at the output. At this point, despite changing the
orientation of the analyser A45, at the output, no modulation was present in the output

signal. This clearly shows that the polarisation azimuth of the input beam was parallel
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to one of the fibre eigenmodes. Rotating the polariser P45 by 45° allows the linear
polarised light beam to be launched in to the fibre with its polarisation axis at 45°
relative to the two normal eigenmodes of fibre. At the output, the fibre axis is aligned
at 45° relative to the plane of incidence this is easily done by aligning a glass at
Brewster angle (-56°) [4], the fibre is then rotated until the reflected light from the
glass is null. Alternatively, if a polariser oriented at 90° to the plane of incidence is
inserted between the fibre output and a photodetector. The fibre at the output end is
then rotated until the modulated signal is reduced to dc as detected by the
photodetector in which case the fibre axis is in the same plane as the plane of
incidence. The resulting signal form this experimental set-up agrees with the
theoretically expected signal represented by equation 7.4. This simple configuration
does not use any quarter wave plates, unlike the PCMCSA configuration, although it
does not produce the characteristic rotating plane polarised beam, the two fibre axes
are equally populated with a linearly polarised light beam. The output beam is a phase
modulated light which, is a linear polarised light with a fixed azimuth, (in the
direction of the polariser A45) and an amplitude changing with time periodically
according with the modulating phase shift.

The polarisation modulation scheme employed was produced by stretching the fibre
longitudinally, using a dynamic shaker which was driven sinusoidally to modulate the
birefringence and length ofthe fibre.

In the next section, the system is characterised theoretically in order to analyse the

phase-modulated beam.
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7.3 Theoretical analysis and calibration

An Electro-dynamic shaker is used to stretch the fibre and modulate its birefringence
thus introducing polarisation modulation [5]. The modulation unit is driven by a
function generator to introduce a sinusoidal phase change, which can be represented
as:

(0 = #1sinO0 (7.6)
Where (f4is the relative phase amplitude as a function of the peak to peak voltage of

the driver signal, $ (z) is proportional to the birefringence change phase modulation

and is the frequency of the driver signal. There is also a phase bias, $B associated

with the static fibre length [6]. Thus the overall phase relation, ¢(z) may be

represented as:
(1) = EB HAsin(6>0 (7.7)
A Jones matrix analysis ofthe PMSA arrangement shows that the detected signal is of
the form:
lit) =10[1+ cos("B+ 4sin(<yf))] (7.8)
Where I(?) is atime variant intensity.

The signal can be expanded in to a series of Bessel functions [6][7] such that,

7(0 = 70[1+ cos("B)Jo(#A) ]+

2/, cos("B)J 2nitA) cosilcomt) + (7.9)
1

_nE

21q 2 sin(”™ )J 2nH(0A4) sin(2w +1 )cot

m=0
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Where Jmi{fA) is Bessel function of'the first kind with order, m, and argument, #A.

The above expression shows that the output beam consists of three parts: a dc term,
the summation of the even frequency terms, all ofthem multiplied by cos(s a), and the
summation of the odd frequency terms multiplied by sin(cpA); thus the information
from the phase modulated beam can be extracted from the resultant intensity in
several different frequency channels simultaneously.

As shown below, the above complex harmonic expression can be simplified by
controlling the parameters @Aand 9b which are functions ofthe amplitude and the dc
offset level ofthe modulating signal respectively.

The phase bias, (B, can be varied between zero and n;2 by applying a controlled
strain to the fibre so that equation 7.9 would be simplified to contain either odd or
even frequency components along with a dc level [6]. Further necessary simplification
is also achieved by setting the amplitude of the modulating signal so that JO5A) = 0.
At this point the amplitude of the modulating signal corresponds to a Bessel angle of
2.4048cand Jx{fid) and J2{A) are within 12% oftheir peak values [8][9]. Accuracy
figure less than 0.1% is easily achievable in this calibration. The calibration procedure

followed to set JOF) =0 is such that when the odd or the even harmonic frequency

components are selected through varying phase, ¢8, between zero and nf/, the
amplitude of the shaker signal is set so that the dc level in either case must be the

same. This means that the dc contribution by JO0{fA) in the signal is cancelled. An

alternative procedure involves rotating the analyser at the output of the fibre until the

modulation fringes disappear and the signal is reduced to dc, ie. I(t) = Iq. If the
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analyser is then set to 45° and adjust the amplitude of the shaker signal until the same
dc level as above is achieved, J 0@)A) is then set to zero. At this point rotating the
analyser should not change the dc level in the signal.
Once J0((f)4) = 0 condition is satisfied and setting, #B, to either n/2 or zero, equation
5 can be simplified to:

J@)=hil+2  a)sin(tyf) +...] (7.10)
Or

1(t) = 10[1+ 2J 2((H4) cos(2cot) +...] (7.11)
From these simplified expressions, Jx)A) and Jx(#B) can be calibrated from the

appropriate frequency component by controlling the phase bias, #B, such that:

R 2J,(i A (7.12)

Local = 10 2J2y A) (7.13)

~Nde

Where Im/2n and I& are the intensities of the first two dominant frequencies and a

dc intensity respectively.

7.4 Lock-In phase bias control and feedback
compensation

If the calibrated signal is to be used for measurement, it is a requirement that the
signal is stable at a certain frequency and amplitude [10-12]. The behaviour of the

HiBi fibre is such that the phase bias, )B, responds to environmental perturbations

[13], mainly temperature as is found in this work, which tend to vary the birefringence
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randomly. This phenomenon is apparent in the case when the polarisation axes of the
fibre are both populated with normal polarisation light components, as is the case in
the HiBi polarisation modulation fibre ellipsometry described here. The result is that
the phase variation becomes random and thus the amplitude of the odd and even
frequency components as well as the dc level fluctuate randomly.

The basis of the ellipsometric scheme described so far is that the modulation unit
permits some level of control of the state of polarisation of the output beam. In fact
the fibre length extension, L(t), due to the modulation unit is reflected in the phase
shift introduced between the light travelling on the fast and the slow axes as shown in
equation 7.9. This is due to the intrinsic properties of the highly birefringent fibre
specially manufactured to have a high degree of linear birefringence. These two axes
can be represented in terms of pseudo-Jones matrix as in equation 7.2.

The modal phase retardances of the two linear states are dependent on the
environmental parameters such as temperature (7), pressure (P), and strain (4L/L). We
can express this relation as:

@ =27mL/A, i=f

d(pj In dL dn,
Pl - n —=+1L
~d [~ T 'dj dj

j =P, T, AL, (7.14)

Where <fand (» are the phase retardances corresponding to the fast and slow
eigenmodes respectively in the fibre length L with a source wavelength 4, and 7i is the
effective refractive index of the appropriate eigenmodes. Thus the phase difference of

the two guided beams may be modulated by the application of physical stimuli to the

fibre:
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dp 2izf A dL rdlAnV
g X\ d d )

(7.15)

Where An =nf-ns\ <p= (5-(ps-

In this configuration, it is realistically assumed that the phase modulating effect
induced by the shaker is predominant with respect to the other uncontrolled
environmental parameters that can be neglected. Nevertheless, as it is found
experimentally, these unwanted factors influence the quality of the modulation of
polarisation and as such the overall performance of the system. It is observed that that
the major extra modulation introduced in the system is due to temperature variation
and air movement around the fibre, and in fact this effect was found to decrease by
shielding the fibre in small enclosed environment. Typically the temperature response
is 100 rad/°C for a HiBi fibre such as used in this work (YORK 600HB) [5]. The
effect of temperature and other environmental effects on the output signal spectrum
can be explained mathematically as shown below.

With temperature and other external effects taken in to consideration, the effective
phase modulation signal of equation 7.7 can be represented as:

(0 = (T, t) + 4B + fAsin(ctf) (7.16)
Where the total modulated phase shift cp(t), which affects the output intensity, is now a
function of 9a, 9b and a third term 9* which is temperature, T, dependent and
changing with time, t. These variations affect the amplitude and shape ofthe harmonic
content of the spectrum, but they are more evident in the first few harmonic

frequencies of the spectrum, Idc, l« bco, due to the nature of the slow varying

temperature and other environmental effects. If we consider the Fourier expansion of
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the output intensity signal previously used to calibrate the system, taking the time
varying phase, cp*(T.t), in to account, expansion of equation 7.8 becomes:

10 =h T+cos(® +f(T, t))Jo=)] w

2L >W<F1 QUS*B +0'(T, t))J 2mitA) cosQamt) + (7.17)

219 X sin("B+f(T, t))J2H )sin(2m +1)cot

m-0
Clearly the above expression compared to equation 7.9 above shows that the
calibration procedure followed thus far to simplify the spectrum equations of 7.10 and
7.11 is not reliable. In particular, the method followed to select either the odd or the
even frequency components by simply adjusting the dc offset level so that cosn)=o
or sin((pB)=0, varies with time. It is proposed that the apparent problem of signal
stability can be overcome by somehow adding an extra controlled strain to the fibre in
order to compensate the unwanted effect of cp*(T,t) by means of a feedback network.
The extra phase shift introduced is such that the time varying phase shift is cancelled.
This is achieved with a variable dc offset voltage to stretch the fibre appropriately; so
that the general form ofthe modulating signal is now:

£(/) = BT ,1) + 4B + fAsin(at) (7.18)
Where (ps(T,t) is a control signal proportional to the time dependent phase fluctuation
, (pais the original phase bias due to the initial fibre tension and , qAis amplitude of
the sinusoidal shaker signal. It is worth noticing that this feedback method assumes
that the spectrum contents of the fluctuation Acp*(T,t) is at very low frequency

compared to the frequency of modulation co
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In other words we hope that the unwanted fluctuations act very slowly. This condition
has been checked experimentally and found true for every modulation frequency
greater than 10Hz.

So far it is analysed that the stability of detected signal is critically dependent on the
intensity fluctuation due to phase bias variation; we can eliminate, or at least minimise
fluctuations of phase shift, with a feedback compensation that permits to stabilise the
measurement signal.

A feedback control is thus employed to set the phase bias, $B, at zero so that only

even frequencies and dc components are selected. A correction signal is generated by
locking [14][15] the free running interferometric signal to the driver signal. This
phase sensitive signal is then feedback in to an Electro-dynamic shaker attached to the
fibre section under tension to cancel the effect of the unwanted external modulation
effects on the fibre. As a figure of merit, a reduction of more than 60dB is achieved in
attenuating the odd frequency component which is found to be better than an
acceptable level for the ellipsometric measurements carried out in this work.

Figure 7.3 and figure 7.4 show the detected signal before and after the lock-in
feedback system is switched on. When the feedback is on, the error signal is reduced
to zero level, as shown in figure 7.4 and the signal becomes stable at the required, 2co,

frequency component.
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Fig.7.3 A free running interferometric signal and a dc error signal.

Fig.7.4 A stabilised interferometric signal with a OV dc error signal.
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7.5 Measurement technique

Now we can see how this new arrangement may be used for an ellipsometric
measurement of the parameters, v/ and A.

A sample under measurement with its plane of incidence aligned to the fibre eigen
axis is placed between the fibre and an analyser, which is oriented at 45° to the same
plane. After the calibration procedure outlined above, the feedback control is switched
on to produce a dc and even frequency harmonics. This signal is then reflected from a
sample and analysed by a linear analyser.

In the configuration shown in figure 7.5 the polariser, P45, and the analyser, Ad5 are
oriented with the respective axes at 45° to the eigen axis of the fibre. The main
difference compared with the previous configuration is that in this case we must
control the orientation of the fibre eigen axis at the output of the fibre with relative to

the plane ofincidence as explained before.

HeNe

S

Fig. 7.5 Experimental configuration of a HiBi fibre based
Ellipsometer with no quarter wave plate. P45, A4S are polarisers at
45° to the fibre eigen axes, M is a fibre modulator, S is a sample
and PD is a photodiode.
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In order to calculate the detected signal output we can use the same formulation used

for the previous orientation. In this case we have:

"t = P45 S M A 45 Einpuet (7.19)

Where S is the Jones matrix of the sample where the light is reflected from; it may be

expressed as:

with = Irple'p and rs= |rs| S (7.20)
rs
1 li °© |V” o'i f i(cis+Cs)
11l e of o 1 1 14Ve
rne,ptr. .
i ) (7.21)

repri aJ:

The total intensity can be calculated as:

Id ~ (M-output)‘(“-output)

= lo{r + r2+ 2 rprscos[cp(t)+A]}

= [0r2{1 + tan2\/ +2 tarn)/ cos[cp(t)+A]} (7.22)

Where I0= ~ and A and wp are the usual ellipsometric parameter defined as A =

8P 5 Sand tanvp = rp/rs.

In the next section, extracting A and \|/ from equation. 7.22 is described.

7.6 Signal processing

We can extract the ellipsometric information from the two different channels at the

frequencies, which are already used to calculate Ji(9b) and J2(<b) In fact if we

develop the spectrum of the detected signal, supposing qA and ¢ps previously set to
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make JO= 0 and cos((pA) =1 as described before, it is evident that the intensity still

posses all harmonics of g including a dc term:

Expanding equation 7.22 and taking the first two dominant frequency components, it can be

expressed as:
/() = 10r 2[1+ tan2(if)) - 4JxFA) tan(”™) cos(cot) sin(A) +
4J 2A) tan(y) cos(A) sin(2tyr)] (7.23)
Variations in the source intensity and in the power loss in the optical system can be
rendered inconsequential by normalising the component intensities with respect to the

dc intensity.

The normalised intensity for the two lowest frequencies is thus

= 1J\Wa)sin(2") sin(A) (7.24)
1de
R20})= y L =2J2A4) sin(2") cos(A) (7.25)

The Bessel functions, which characterise the modulation and the detected intensity,
can be removed by normalising these ratios with respect to the calibration ratios R’cai

and RXox of equations 7.12 and 7.13.

Thus the signals obtained in the two frequency channels are proportional to

= sin(2yf) sin(A) (7.26)

R(ocal

- 2 =sin(2")cos(A) (7.27)

R-lcocal
The information in the two frequency channels provides two independent quantities,

in terms of which ellipsometer parameters can be evaluated.
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This new signal processing technique does not require the reference arm to make a
comparison between the signal before the reflection and after, but by means of a
simple initial calibration, A and v/ are extracted as a ratio of intensities detected at
different frequencies in the same reflected beam.

If these levels of intensities are taken simultaneously, the value of their ratio will vary
only in proportion to the sample optical changes independently on light source
fluctuations.

The simplicity of this signal processing technique is an advantage in real time fast
process monitoring applications where faster time resolved measurements are
important. Furthermore, it does not require expensive signal processing hardware or
software for its implementation. In the present system the number of bulky optical
components used in the configuration is reduced which should be an advantage in
terms of system cost, instrument size and in minimising component imperfection

introduced systematic errors.

7.7 System performance and calibration

The performance ofthe two-arm PME is investigated thoroughly with the ellipsometer
set in the straight through configuration and both the input polariser and output
analyser are set at 45° relative to the fibre axis which is aligned to the plane of
incidence at the output. In this case the ellipsometric parameters, |t and A, have
numerical values of 45°and 0° respectively. The technique described relies on few
critical calibration procedures, these procedures however do not have to be performed

often. The azimuthal angle of the input polariser and output analysers relative to the
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fibre eigen axes, once aligned is found to be stable for longer than initially anticipated.
This can be easily improved with better optical aligning systems. The relative
azimuthal angles ofthe sample, the fibre axes and analyser with the plane of incidence
is also kept fairly uniform from sample to sample to with in 0.5° limited by the
mechanical aligning system. The calibration of the drive voltage required for setting
JQOA) to zero is done in an open loop system with a straight through arrangement
and analyser set at 45° to the fibre axes. If the modulator is turned off, i.e. the
modulating signal amplitude, A=0, consequently JO@A)=\. At this point only a dc
signal is detected. A, is then increased until the dc level of both the odd and even
harmonic frequency components measured at each instant is set to the same value,
here the value of JO({fA) becomes zero. The accuracy with which JO<#A) can be set
to zero is repeatable to with in 0.8% accuracy of the drive signal level and does not

change significantly with time, in fact a weeks measurement showed a drift of only

1.7%.

RPN D

Fig. 7.6 Repeatability of A and \|/ measurements taken over a
period of20 days.
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The above graph in figure 7.6 shows the stability of modulation and repeatability of
calibration. The readings of R™ai and R 2@ai are taken over a period of twenty days.

From the results in figure 7.6, it is seen that the calibration parameters, R"ai and R”cai
spread around their respective mean values with a standard deviation, a, of 0.006 and
0.008 respectively. This corresponds to an average error better than 0.5° on \i and A

measurements.

7.8 Measurement results

In this section the results obtained with PMSA system on two and three phase systems

are presented and discussed.

7.8.1 , and » measurements on a two phase system

In this section Ellipsometric measurements were carried out on glass and silicon
substrates as means of checking the accuracy of the system. The results from the glass
of refractive index 1.51 show that more accurate readings are taken at higher angles of
incidence, this is in agreement with the fact that the system accuracy is much better
for higher reflective samples. In particular, wp is more sensitive at higher incidence
angles due to the higher sensitivity ofsin(2\p) curve away from higher |ii values, y and
A measurements for silicon sample of refractive index 3.8550.018 at a range of
incidence angles is shown below. The smooth line curves are theoretical values and

the scatter curves are experimental measurements.
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Fig. 7.7 Ellipsometric angles, \i and A as fimctions of incidence angles for
reflection at an air/glass interface. Dotted curves represent measured data.
Smooth lines are calculated data.
~~
(%]
)
(]
<
oD
(]
©
<

Fig.7.8 Ellipsometric angles, |) and A as fimctions of incidence angles for reflection at an
air/silicon interface. Dotted curves represent measured data. Smooth lines are calculated

data.
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7.8.2 y and A measurements on a three phase system

In this section thin film measurements on sol-gel films which were carried out in
section 5.1.2.2 in chapter 5 are repeated with the new ellipsometric configuration.
Three thin sol-gel films ofthickness of around 100nm, 200nm and 400nm provided by
Dublin City University with the batch tested earlier on chapter 5 are used in this
experiment. Similarly \j/ and A were measured for each sample and these measured
values were compared to values obtained by computation of the inversion process
[16]. Numerical inversion is carried out based on the assumption that the ambient
refractive index of air is 1 and silicon substrate index of 3.858-j0O.0I8 and the sol-gel
samples has a refractive index of 1.58. The scatter curves in figure 7.9 and 7.10 show
measurement results and the smooth curve show calculated wp and A values. The
results show that yp could be measured with an error of 1° to 2° while A has an error
margin of 5° for the films ofthickness 100nm and 400nm. It is interesting to note that
the sample ofthickness 200nm showed higher error margin as shown in figure 7.9 and
7.10. This is due to the fact that, the particular sample had been exposed to laboratory
environment for weeks while the other two were kept in a closed environment. It is to
be recalled that the same sample of 200nm thickness has been used for measurement
with the PCMCSA ellipsometer earlier, the results of which are given in chapter 5. It
is therefore note worthy that the error margins given in this measurement are not the
true instrument errors as environmental effects could change the quoted optical
characteristics of the sol-gel films on which the measurement comparison is based in

this case.
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y (degrees)

Fig. 7.9 y Measurements ofthree sol-gel films on silica substrate with various
thickness at various angles of incidence. Dotted curves represent measured data.
Smooth lines are calculated data.

A (degrees)

Angle of incidence (degrees)

Fig. 7.10 A Measurements of three sol-gel films on silica substrate with various
thickness at various angles of incidence. Dotted curves represent measured data.
Smooth lines are calculated data.
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7.9 Summary

A stabilised polarisation modulation ellipsometer has been described. Polarisation
modulation is achieved by stretching a HiBi fibre longitudinally. The fibre has both its
eigen axes populated equally with a linearly polarised light beam. Environmental and
ambient temperature fluctuation effects on the modulated signal have been
compensated with a lock-in feedback system. A simple calibration procedure with
accuracy of around 0.1% and a feedback compensation with up to 60dB unwanted
signal rejection is achieved. Detection and signal processing is done by using a simple
electronic circuitry comprising a LPF for the dc signal detection and two individual
lock-in amplifiers for the fundamental and second harmonic signal detection. The
simplicity of this detection circuitry can be useful for faster real time measurement
applications. | and A measurements of absorbing and non-absorbing samples as well
as thin films have been carried out. The results in general showed improvement over
the previous PCMCSA arrangement and the overall system simplicity and ease of
signal processing is considered superior to the original configuration. In the next

chapter a summarised conclusion ofthe work is given.
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Chapter 8

Conclusions and future work

8.0 Summary of achievements

The main purpose of the work has been to review the present state of ellipsometry and to
develop new configurations and measurement techniques for fibre-based ellipsometry in
measurement and sensing applications. To this end, fibre based polarisation modulated
ellipsometry (FPME) has been thoroughly investigated both theoretically and
experimentally. The key benefits of such a system have been outlined and can be
summarised as follows [1].

* Small and compact system with a potential for further miniaturisation by replacing

polarising optical components with their fibre equivalents.

» All the advantages associated with using optical fibres. These include, light weight,

non-contact, non-evasive, immune to electromagnetic interference, low cost etc.
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No mechanically moving parts, which allow faster measurements and greater

mechanical stability.

The progress of the work and the specific achievements can be summarised as follows:

The performance of the FPME has been analysed thoroughly and important steps
have been taken to minimise errors introduced in the measurement system through
coherent detection of back reflection interference with the main signal.

The FPME system has been calibrated and applied for ellipsometric measurements.
Both bulk optic substrates (absorbing and non-absorbing) as well as thin film
measurements have been carried out. The accuracy in measuring the common
ellipsometric parameters, A and y varied slightly on absorbing and anon-absorbing
samples. On average accuracy better than 0.5° has been achieved.

Potential application of the FPME in monitoring dynamic processes on interfaces
such as film growth on liquid surfaces or change of the characteristics of the film due
to an external perturbation has been demonstrated. The results obtained were
encouraging for using the ellipsometer in chemical or biochemical sensing
applications, where specifically sensitised films (e.g. sol-gel based films) are used as
sensor heads. Although the sol-gel films tested for humidity and heat effects did not
suggest any direct use in sensor application, the possibility is there with specifically
designed sensor films. It is concluded from these tests that for an effective and
economical sensor use of ellipsometer, the sensor heads have to be specifically
tailored so as to respond reversibly as refractive index or film thickness changes to

external measurands (e.g. chemical sensing).
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The FPME has also been applied to the observation of variation of wy and A of
dynamic thin films on water surface. The results clearly showed real time sensing
applications based on thin films. Continuous measurements were taken as the film
thickness changes. In the case of oil spreading on water surface, it was impossible to
measure the thickness accurately. This is due to the oil film breaking up forming a
non-uniform layer, furthermore the refractive index of the oil film and the water
substrate changes due to mixing of the two layers. The results are nevertheless useful
in environmental applications such as water pollution or oil spillage monitoring. For
accurate thickness monitoring such as in the manufacture of LB films, film substrate

interaction cannot be tolerated.

Having characterised the performance of the FPME and applied for various measurement

applications, a thorough study of the sources and magnitudes of systematic errors has

been carried out. The motive of such work is to identify the major sources of errors and

device an approach to eliminate or minimise the effect of such errors on the measuring

system. To such end, a mathematical model of the system was developed and the main

conclusion of'the simulations is that;

The quarter wave plates (QWP) were found to be the major sources of errors both
from component imperfection (retardance tolerance) and also azimuthal alignment
errors. Thus eliminating the QWP’s would improve the accuracy, reduce the cost of
the system and leads to a more compact (less number of optical components) system

and would be more convenient for further miniaturisation in an all fibre system.
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Based on the above results and conclusions, an alternative configuration is proposed. The
new configuration does not employ any QWP’s. It consists of linear polariser, analyser
and HiBi fibre, PMSA configuration. The main advantages ofthe PMSA system are:
Unlike the previous PCMCSA system, it does not require any use of QWP’s and thus
accuracy is improved.

It has less number of optical components, providing cheaper and more compact system
with potential for an all fibre system. Signal processing of the new PMSA system as
described in Chapter 7, uses a simple ratio of intensities obtained from harmonic analysis
of the detected signal. The simplicity of such technique is useful for faster data
processing offering cheaper and simpler signal processing hardware/software and also
high bandwidth measurements.

Ellipsometric measurements have been conducted on bulk samples (absorbing and non-
absorbing) with the new Fibre based PMSA system. The familiar ellipsometric
parameters, i and A can be measured with an accuracy of less than 1° Thin film
measurements were also made.

One disadvantage of the PMSA system is the need to calibrate the system for the Bessel
coefficients, Jo(@=), Ji@=) and J2(4=) (see Chapter 7) and signal fluctuation due to
temperature and other unwanted externally modulation effects acting on the fibre. A
feedback stabilisation technique has been applied effectively reducing random signal drift
problem.

Although the accuracy of measurement on A and \}/ is less than that of commercial

ellipsometers of round 0.01°, it should be remembered that the present system is a
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laboratory prototype which did not necessarily use quality components. Further more, the
high data rate achieved in this system with such simple signal processing technique
allows reduction of statistical errors by averaging the data. The advantage of such a
system is to provide a cheaper, more compact (all fibre system) alternative to the
traditionally bulky and expensive ellipsometers with a potential for high bandwidth
measurements. The time resolution is at less than 0.1s, which is better than 10 times that
of most commercial ellipsometers. The accuracy levels reported here, and further
improvement ofthe present system could be achieved with the steps suggested in the next

section.

8.1 Future work

» It is concluded that the advantages of the alternative scheme, PMSA described in
Chapter 7, outweigh the problem of signal fluctuation due to temperature changes.
Although an electronic feedback system has been effectively applied in laboratory
configuration for temperature control, alternative temperature control is more
practical choice in use for developing the system as an instrument. Careful
temperature fluctuation conscious design steps could also be employed, such as
making the fibre shorter and placing it in a thermally stable jacket. Further
miniaturisation by replacing the polarising prisms and bulk collimating lenses
with fibre equivalents would also help in temperature control. A more sound
solution would be to use temperature independent birefringent fibres proposed by

Wong et al. [2] to reduce thermal drifts.
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Differential configuration method of compensation [3][4] has been demonstrated
in the past to simultaneously reduce phase noise and undesired sensitivity to
ambient temperature and pressure changes. This was achieved by splicing equal
lengths of biréfringent fibre after rotating the eigen modes of one half relative to
the other by 90° about its axis, thus the fast axis of one section of the fibre is
aligned to the slow axis and vice versa. The result is that the polarised light at the
output of the fibre has identical propagation times for common mode
perturbations such as ambient temperature changes, pressure and light source
phase noise, thus not affecting the output polarisation.

This method of compensation can be used for ellipsometric applications. In this
configuration, one half of the fibre would be used as a reference section, and the
other half would be used for longitudinal modulation. Using this simple
differential technique, the electronic feedback technique employed in this work
for thermal phase drift compensation could be avoided improving the system
accuracy and free of elaborate feedback electronics in an all fibre system.

The present modulation technique employs low frequency dynamic shaker
stretching the fibre longitudinally, for high frequency applications, such as in
dynamic film growth monitoring, a high frequency fibre stretcher is required.
Thus the dynamic shaker could be replaced by a PZT longitudinal translator,
which could provide frequencies in the KHz range.

A dedicated DSP (digital signal processing) board improves the data acquisition

and processing rate ofthe instrument allowing high bandwidth measurement with

143



Chapter 8 Conclusion and future work

either software on onboard fringe counting possibility for unambiguous phase

measurement.
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Appendix

Type of device

Ideal Linear
Polariser at
an angle o

Quarter wave
plate with fast
axis at angle o

Linear
Retarder,
retardation
5.

Isotropic
optical
material

Ci = cos(0)
51 = sin(0)
C2= co0s(20)
52 = sin(0)

Where rpand rsare the Fresnel reflection coefficients such that the ratio of which gives a

APPENDIX A

Muller and Jones matrix

Muller and Jones Matrix

Muller matrix
1 C- So»

c2 c\ C252
Se c282 s2

o c\ Cc282

o C252 sj

0 s2 -c 2

o o CcS

0 0 -Ss

- 0 r 1 [

C§ = cos(0)
Sg = sin(S)
S2v = sin(2y)
Sa = sin(A)

relation for ypand A in the form of:

P = tany/ ®'A

-s 2
c2

Jones matrix

"C2 C.8.1
Ccls\  SX _

~Cf-iSf CjSjo+0"

c,8;(i+o =-ic2+s2_

Cv = cos(v|/)
CXy= cos(2\j/)
CA= cos(A)

(A.1)
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APPENDIX B

Experimental Configuration, Two Channel HiBi fibre Ellipsometry

Figure B1: Laboratory Set-up, HiBi Fibre Ellipsometry

Figure B2: Laboratory Set-up, Polarised Light into the fibre
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Figure B3: Laboratory Set-up, Longitudinal fibre stretching

Muller and Jones matrix
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