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Abstract

Abstract

Solid state and solution measurements of the effective third order nonlinear absorption and
refraction, have been carried out on poly(2,5-dioctyloxy-paraphenylene-vinylene-co-2,5-
pyridinyl) (Pyridinyl PAV), poly(2,5-dioctyloxy-paraphenylene-vinylene-co-2,5-thienyl)
(Thienyl-PAV), poly(2 5-dioctyloxy-paraphenylene-ethynylene-co-2,5-pyridinyl) (Pyridinyl-
PAE) and poly(25-dioctyloxy-paraphenylene-ethynylene-co-2 5-thienyl) (Thienyl-PAE)
using the Z-Scan experimental technique. The experiments were carried out on two
different laser systems. Twenty three wavelengths ranging from 465nm through to 685nm
were obtained using a nitrogen pumped Dye laser with pulse lengths of ~500 picoseconds,
while the remaining two wavelengths are the 1064nm main line and the frequency doubled
532nm line from a Nd:YAG laser which had pulse lengths of ~40 picoseconds.

The effective third order nonlinear refraction coefficients (1,) obtained for solid state films
ranged from -2.00x10™ m’W for Pyridinyl-PAV at 1064nm, up to -2.43x10™ m*W for
Pyridinyl-PAV at 465nm, while the effective third order nonlinear absorption ()
coefficients obtained for the solid state films ranged from +3.27x107 m/W for Pyridinyl-
PAV to -1.4x10° m/W for Thienyl-PAE.

Semi-empirical computer modelling was also performed for each of the four polymers. The
calculated ground state electronic absorption trends, for all four polymers, agree with the
experimentally measured solution absorption trends. This agreement does not extend to the
solid state absorption trends, although the trends within each polymer family (for solution
and solid state) are in agreement. Any trends obtained from semi empirical computer
modelling of absorption must therefore be treated with caution when investigating solid
state polymers properties.

The all optical switching figures of merit for each polymer was calculated at each of the
measured wavelengths. All four polymers are suitable for all optical switching at various
wavelengths. The PAV polymers have more favourable figures of merit for all optical
switching over a greater wavelength range compared to the PAE polymers, even though the
Thienyl-PAE polymer has n, coefficients which are consistently larger than the Pyridinyl-
PAV.

The varying trends observed in nonlinear absorption measurements between solution and
solid state indicate that solid state measurements must be performed when materials are

being evaluated for solid state applications.

It is not possible to unambiguously state whether or not the four polymers satisfy all the
criteria for all optical switching. However, it is possible to unambiguously state that each
of the four polymers can not be ruled out as possible candidates for all optical switching at
various wavelengths over the range 465nm to 685nm, based on the results presented in this
thesis.

vi
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Chapter 1 General Introduction

1 General Introduction

Physics - the science dealing with the properties and interactions of matter and energy".

1.1 Introduction to Nonlinear Optics

Optical physics is the study of the physical phenomena that occur when light interacts with
matter. This light-matter interaction may be classified into two groups - linear optical
phenomena and nonlinear optical phenomena. Linear optical phenomena occur when the
electric field strength of the light is weak relative to the electric field strength of the atoms
or molecules of which the material is composed. Absorption, refraction and scattering are
regarded as linear optical phenomena, which are dependent on wavelength but independent
of the intensity of the light. Nonlinear optical phenomena occur when the electric field
strength of the light is comparable to the electric field strength of the atoms or molecules of
which the material is composed. At this field strength, the optical properties begin to
depend on the intensity and other characteristics of the light. The light waves may then
interact with one another as well as with the medium, giving rise to such nonlinear

phenomena as optical limiting, self phase modulation and harmonic generation.

Up until 1960, the usual sources of light available for optical investigations tended to be
weak, broadband and incoherent. It was the discovery of laser sources in 1960%° and the
experimental demonstration of the nonlinear optical phenomenon of second harmonic
generation shortly afterwards®, which heralded in the new era of nonlinear optics with
which we are familiar with today. Since then the realisation has been growing that by
gaining insight into the fundamental physical processes responsible for nonlinear optical
effects, it may be possible to tailor the development of new materials to enhance their

nonlinear optical properties.

The nonlinear optical properties of conjugated organic polymeric materials have been
studied extensively over the past two decades’. The primary motivation for this effort has
been the production of materials for all optical switching in the telecommunications
industry and sensor protection applications, which concern both nonlinear refraction and
nonlinear absorption. Suitable materials for these applications should have large, yet fast
nonlinearities. Optical transmission of data in the telecommunications industry is already
the method of choice owing to its wide bandwidth and freedom from electromagnetic

interference. Fibre-optic cables have such low absorption that they can transmit signals
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over many kilometres, but eventually the signals need to be switched. Presently, this is
achieved by converting the optical signal to an electronic one. The signal is next switched
electronically, and then re- converted into a strong optical signal again. At present, the
electronic components are the limiting factor where the fastest switches operate at
frequencies of ~10GHz". As the need for faster communications arises and the core elements
speed up, there needs to be technology that will suffice to speed up the bottlenecks. One
way to do this is to replace as many of the “slow” electronic components with faster
components in a cost-effective manner. It would obviously be more efficient if the light
beam could be switched directly by a laser in a suitable medium. By completely
eliminating the electronic components and using all-optical switching techniques several

orders of magnitude, more information may be transmitted over fibre optic cable.

All-optical processing in telecommunications is primarily concerned with optical
communications over long distances and takes place in the near-infra red wavelengths
primarily due to the near zero loss in silica fibres at 1500nm. There is however another
genre of optical communications called “fibre to the home” and this is concerned with high
bandwidth communications over short distances. Wavelengths that are typically considered
are 650nm (close to the red attenuation minimum of PMMA) and more recently 570nm and
520nm (even lower attenuation, and upcoming very powerful light sources)’. All the
technologies are already available. The only thing missing are suitable materials and if

there are no natural materials available to do the job one can always try to engineer some.

Previous measurements carried out on organic materials for optical telecommunications in
the 1500nm-wavelength region are mainly off resonant. These materials will most likely
have different values of nonlinearity at 650nm where they may be resonantly enhanced.
Resonance enhancement of nonlinearity may degrade the material’s figure of merit
(through excessive absorptive losses) for ultra-fast optical switching which is a measure of
the device’s overall viability. For ultra-fast all-optical switching, it is essential to minimise
the resonant contribution to the optical nonlinearities. If a material is being considered for
all-optical switching for “fibre to the home” applications, it is necessary to investigate the
materials nonlinear properties at the wavelength in question. One way to proceed is to
simulate the proposed new material before undertaking the time consuming route of
synthesising the material. Although computer simulations are getting faster and more
accurate (complex) with respect to structure/property relationship predictions, it is

currently the case that the calculated results typically disagree with the experimentally
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measured ones. The real world is currently much too complex on which to build firm
theories, which can predict the correct structure/property trends for materials that have not

yet been characterised. Direct measurement, remains the best way to determine new

material nonlinearities.

1.2 Objective of Thesis

The database for nonlinear optical properties of materials, particularly organic, is in many
cases inadequate for determining trends to guide synthesis efforts. Thus, there is a need to
expand the database. Consequently, the work presented in this thesis is based on dispersion
measurements of the third order optical nonlinearity on a range of molecularly engineered
polymers in the visible region of the electromagnetic spectrum. The polymers under
investigation were synthesised with these measurements in mind. The objective of the
measurements was to investigate the suitability of the polymers for all-optical switching
applications at close to 650nm. A secondary objective was to gain some insight (through
solution and solid state measurements) into the relationships between the different polymer
moieties and their relative contribution to the overall nonlinearity within their respective
polymers over the wavelength range of 465nm to 1064nm. This understanding may
eventually lead to the fabrication of low-cost, all-optical switches, which could be used for

future low cost fibre to the home applications.

1.3 Thesis Structure

This chapter introduced the concept of Nonlinear Optics, as well as all optical switching
within the telecommunications industry. The motivation behind the subject undertaken was

also discussed.

Chapter 2 deals mainly with the theory relating to nonlinear optics. This is developed
within the context of classical electromagnetic theory. It begins with a brief review of
linear optical behaviour. This is then followed by a more rigorous look at the different

nonlinear optical phenomena that are pertinent to this thesis.

Chapter 3 presents an in depth rigorous description of the Z-Scan experiment in its many

guises, which is the experiment of choice for this thesis.

Chapter 4 concentrates on the polymer samples used for this work. This starts by outlining

the reasoning leading up to the choice of the specific polymers used in this thesis. This is
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followed by an analysis of the four polymers, during which their chemical structure and
linear optical properties are presented. Computer modelling results for each of the
polymers are also presented and the trends obtained are compared with experimentally
measured properties. Finally any expected trends for nonlinear refraction and nonlinear

absorption based on the linear properties and the molecular modelling are discussed.

Chapter 5 begins with a brief outline of the two laser systems that were used to perform the
measurements in this thesis. This is followed by a review of the methods used to
characterise these systems. This includes establishing baselines, accuracy, and
reproducibility between successive measurements. The experimental procedures and the

method of analysis are presented which are subsequently utilised in chapter 6 for actual

sample measurements.

Chapter 6 is the results chapter where the nonlinear measurements for each of the four
polymers are presented. The dispersion of the third order nonlinear refraction coefficient n,
and the third order nonlinear absorption coefficient B over the wavelength range is plotted
and evaluated. The polymer’s suitability for nonlinear optical switching is then investigated
via calculation of the refractive and absorptive figure of merits for each polymer at each
wavelength. A general discussion of the results obtained follows, in which the observed
trends are correlated with the ground state electronic absorption spectra and computer

modelling from chapter 4.

Chapter 7 presents the general conclusions based on the results in chapter six. Further
experimental measurements that may be needed are discussed as well as some proposed

improvements to the current Z-Scan experimental set-up.
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2 Nonlinear Optics

This chapter will present a general review of the nonlinear optics relevant to this thesis,
covering theoretical aspects as well as some of the applications for nonlinear optics.
- Inorganic materials and second order optical nonlinear effects are outside the scope of this

thesis. The emphasis will be placed upon organic materials and third order nonlinear
optical effects.

2.1 Linear Optical Phenomena

Fundamental interactions between electromagnetic fields and matter are described
classically by Maxwell’s Equations. For the majority of situations considered in nonlinear
optics, and for all the materials within this thesis, it can be assumed that there is no
macroscopic magnetisation in the material (i.e. no microscopic magnetic dipoles). The
material is also electrically neutral and nonconducting, so that no free charge or current

density exists. Under these conditions Maxwell’s equations may be expressed as'

V-D=0 (2.1)

V-B=0 (2.2)
__98B

L amer (2.3)
el

T (2.4)

where E and H represent the electric and magnetic field strengths and B and D represent the

magnetic and electric displacement vectors. B and D are defined as

B =pH (2.5)

D=¢E+P (2.6)

where |, is the magnetic permeability of free space and ¢, is the permittivity of free space.
P is the polarisation or electric dipole moment per unit volume and is the only term in
Maxwell’s Equations relating directly to the medium. By performing some differential
operations and re-arranging the above equations it is possible to derive the following
equation

o' 0°P

5 eror " oor o
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Equation 2.7 is the inhomogeneous wave equation and is the fundamental equation for
classical electromagnetic field propagation and light-matter interactions. It can be seen that
the polarisation term on the right hand side acts as a source term. The polarisation induced
in a medium under the influence of an electromagnetic field is a property of the medium in
- which the electric field propagates. It is thus directly related to how a material will respond
to excitation by a light field and has enormous significance for nonlinear optics. For free
space the polarisation may be neglected and equation 2.7 becomes the homogenous wave

equation.

1 0°E
V2E = = 7 (2.8)
This can be shown to support only transverse wave solutions which propagate with a phase

velocity, ¢, of 3x10°m/s. One such solution is the plane wave of the following equation
Ery = éE,cos(nt-kr) (2.9)

where & represents the polarisation of the wave, o the radian frequency and k is the wave

vector of propagation which obeys a dispersion relation given by

RS
S (2.10)

The manner in which a material responds to an applied optical field may thus be quantified
by summing the induced dipole response of the material’s individual atoms or molecules to
the applied optical field. This gives a value for the induced macroscopic polarisation. In
conventional or linear optics, this macroscopic polarisation may be determined by
considering the fundamental microscopic unit as a classical electron bound to a fixed
nucleus by a spring®. The response of this electron to an applied field is then that of a

forced harmonic oscillator and the macroscopic polarisation, is in units of C/m?,

~

Pm(r,co) T €ox(1)(-(a>;0)) E (r,m) (2.1 1)

where g, is the vacuum permittivity, o the angular frequency, reww) is the linear
susceptibility which is related to the polarizability of the atoms or molecules constituting
the material, and is E (r0) the applied optical field in V/m. ¥V w:0) is a second rank tensor
and describes linear optical properties such as refractive index, birefringence, absorption
and emission. The resonance properties of X"cww) as a function of ® are then
approximated to the resonance properties of the forced harmonic oscillator, as a function of

the frequency of the driving force.

~J
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2.1.1 Refraction and Absorption

Under the above example electron displacement is a linear function of the applied optical
field only under the condition that the electric field strength of the applied optical field is
much smaller than the internal electric field that binds the electron to the nucleus. All

linear optical phenomena are dependent on wavelength but independent of the intensity of
the light.

The dielectric constant of a material be written as

€)= '@ = &) (1+Xen) (2.12)

where i is the complex refractive index of the material and Yewo) is the effective

susceptibility. In the linear case ¥y = %" and equation 2.12 can be written as
&) = N =&, (1+1" ) = (N @*HKw)’ (2.13)

where 1, is the linear refractive index, and k in this case is the absorptive index which is
related to the attenuation coefficient o by

Ol(w)

k(m S
| 47

(2.14)
The absorption coefficient o has units of m™ while n; has no units. If the refractive index
and absorption coefficients of a material are written as

N@) = M) (2.15)

Q@)= Oy (w) (216)

then the refractive index may be related to the real part of the linear susceptibility and the
absorption coefficient to the imaginary part by

N, = y1+ReX"w) (2.17)

(0]
Ty(@) c

IMX ") (2.18)

a-‘(w):

The refractive index, M), of a medium is a measure of the ratio of speed of light in a

. . . 3
vacuum, ¢, to its speed in the medium, v, where

Cc
o= 219)
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The refractive index depends on the strength of the interaction of the electromagnetic field
with the medium, and hence in a microscopic way, on the polarisability of the molecules or
atoms from which it is made. From a macroscopic view the refractive index depends on the
optical susceptibility of the material. As can be seen from equation 2.12 the effective
susceptibility Xem(@) and hence the complex refractive index n’w) and the dielectric
constant €w) are functions of o the angular frequency and hence the wavelength A. This
dispersion arises from the fact that the electric polarisability, and hence the refractive
index, of an atom or molecule varies with the frequency with which the distorting electric

field is oscillating (see figure 2.1).

™

V/\\

Visible Ultraviolet X-Ray

Frequency

Figure 2.1: A schematic dispersion curve showing how the refractive index of a medium
varies with the frequency of the incident radiation. The sharp oscillations occur when the
incident electric field frequency matches an absorption frequency of the medium. Note how the
refractive index increases with frequency in the visible region. At very high frequencies the
refractive index approaches unity because (in classical terms) even electrons are too massive to
follow the rapidly changing direction of the electric field of the radiation.

Within the forced harmonic oscillator model, the origin of the dispersion can be viewed as
the response of an electron with a natural frequency v, to an oscillating driving force (the
applied electric field). When the frequency of the driving force is considerably less than vo,
the motion of the electron oscillator is only slightly perturbed and the electric polarization
will be nearly in phase with the applied electric field. The dielectric constant and the
corresponding index of refraction will both be greater than unity. When the frequency of
the driving force is considerably greater than vj, the oscillator undergoes displacements
that are approximately 180 degrees out of phase with the driving force. The resulting
electric polarisation will therefore be similarly out of phase with the applied electric field.
The dielectric constant and therefore the index of refraction will both be mathematically
less than unity. At frequencies very much higher than vo, the electron oscillator barely
responds at all because the driving force changes direction very rapidly and its effect
averages to zero, thus leaving the dielectric constant equal to unity. The response is

greatest when the frequency of the driving force nearly matches the natural frequency of

9
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the electron oscillator. At optical frequencies, the increase in refractive index with
increasing frequency is attributed to the higher energy/frequency photon’s ability to excite
the electrons in a given medium to a greater extent, compared with the lower
energy/frequency photons. The spatial dispersion of the colours of white light using an

prism is a direct consequence of the above phenomenon.

The linear absorption coefficient o, just like the linear refractive index, is independent of
the intensity of the optical field and thus a linear material will show no change in
absorption with intensity. Within the forced harmonic oscillator model absorption can be
taken into account by introducing a dampening term. Therefore processes involving the
imaginary part of X)) imply damping of the optical wave in the medium resulting from

the exchange of energy between the optical field and the medium.

2.1.2 Photophysical Processes in Aromatic Structures
A photophysical process is one that results from the electronic excitation of a molecule or
system of molecules by non-ionising electromagnetic radiation. The electronic states of

diatomic molecules may be described in terms of a Morse potential curve of the form
E =Ew (exp-2a(r-ro) —2exp-a(r-ro)) (2.20)

Where E;, is the binding energy, r the internuclear separation and a an arbitrary constant. A
sample curve with three levels is shown in figure 2.2 below. Such curves represent good

approximations to the anharmonic oscillator model of diatomic molecules.

Energy (a.u.)

—— Singlet - So
—— Singlet - S+
s —— Triplet- T+

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0

Nuclear Separation (a.u.)

Figure 2.2: Configurational co-ordinate diagram showing the potential energy curves of
singlet and triplet states.
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The energy in figure 2.2 refers to the total energy, which includes both vibrational and
electronic components. A similar set of levels can be used for the qualitative discussion of
more complex polyatomic molecules, such as aromatic organic compounds, though the
nuclear separation parameter is replaced by a nuclear configuration co-ordinate. In the
above scheme the molecular electronic levels are divided into singlet (S,,) and triplet levels
(Tny), the lowest or ground state being singlet and the next highest state generally being
triplet in accordance with Hund’s Rule which states that terms with greatest multiplicity lie
lowest. The electronic levels are vibrationally broadened into bands, typically 50nm (0.2eV)
FWHM. The vibrational levels are separated by ~0.05eV (1000K), and are themselves
broadened by rotational sublevels (not shown in figure 2.2) of ~10°eV (100K) separation.
The various transitions that can take place between the electronic and vibrational levels can
be presented schematically in a Jablonski diagram such as figure 2.3, where the solid

vertical lines denote non-radiative transitions and the dashed lines radiative transitions.
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Figure 2.3: Jablonski diagram of photophysical processes. The solid vertical lines denote
non-radiative transitions and the dashed lines denote radiative transitions. The singlet (Sp,) and
triplet (Ty,) levels are denoted with the subscripts n and v, which correspond to electronic
energy levels and vibrational sublevels respectively.

For an ensemble of molecules in thermal equilibrium at room temperature, the Boltzmann
distribution shows that only one per cent do not reside in the lowest vibrational level of the
ground state, the so called zero point vibrational level. The vast majority of transitions
from the ground state then take place from the Sgo level. The most familiar form of a
radiative excitation is that of a ground state absorption where a molecule is excited from its
lowest ground state into a vibrational level in the first excited state. Since excitation occurs

from only one level in the ground state to any or all of the vibrational levels in the excited
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state (depending on excitation wavelength), an absorption spectrum hence yields
information on the vibrational energy distribution in the excited state. Absorption
processes occur on a timescale of ~10™"® s, which is much too rapid a time to allow nuclear
motion, and hence there is no change in the nuclear co-ordinate for an electronic transition.
This corresponds to the case of maximum overlap between the ground state vibrational
wavefunction and that of the excited state. This is a statement of the Frank-Condon
Principle. On a Morse potential energy curve such a transition is represented as a vertical
line. The envelope of the vibronic bands within an absorption band is referred to as the
Frank-Condon envelope and its maximum corresponds to the Frank-Condon maximum.
This approximates to the position of the most intense vibronic absorption band. Absorption
is also possible out of an excited state, and this form of radiative absorption is known as
excited state absorption. The incidence of such excitations is rare, except under conditions
of high radiant fluxes which appreciably deplete the ground state population and where the

incident light has a spectral component which may couple to a higher energy level.

Following a molecules excitation into a vibronic level of an excited state, its energy is
composed of three components; its electronic energy, its zero point vibrational energy and
its vibrational energy. In a condensed medium, such as liquid or solid, the molecule will
rapidly cascade down the vibrational manifold, losing its vibrational energy to establish
thermal equilibrium with its surroundings. This process, which is one of simple thermal

relaxation, occurs on a timescale of ~10™"°s and may be represented as Syy —S1o.

A molecule that has been radiatively excited, and subsequently undergone a vibrational
relaxation to the lowest vibronic level of its excited state, may then relax radiatively into
the ground state vibrational manifold. If both excited and ground states have the same
multiplicity, this process is known as fluorescence. It is a spin-allowed process and occurs
over a timescale of 1-100ns. Since emission proceeds from the lowest vibrational level in
the first excited state to the vibrational levels in the ground state, a fluorescence spectrum
yields information concerning the vibrational energy level distribution in the ground state.
The vibrational relaxation (thermalisation) which ensues after initial excitation causes the
molecule to lose energy. This loss of energy is manifested as a red shift in the emission
spectrum compared to that of the absorption and is termed the Stokes Shift. Both spectra,
due to the complementary nature of the transitions, should share an approximate mirror
symmetry, though in condensed media such as solvents, the two states may be solvated
differently and the symmetry may not be so obvious. Such a mirror symmetry is also taken

to denote a similar nuclear configuration in the ground and excited states. In situations

) 2
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where the molecule is excited into a higher state such as S, and has subsequently
undergone vibrational relaxation to the Sy, it may transfer to a high vibronic level of Siy

through an isoenergetic transition known as internal conversion. When in an excited state a

molecule may also undergo an isoenergetic transition into a triplet state, a process which is

spin forbidden and is termed intersystem crossing. It may occur from the zero point
vibrational level of S, or a thermally populated vibrational level. The transition may be into
an excited vibrational level of T, or more probably into a higher excited triplet state such as
T,, which is closer in energy to S;, e.g. S;y - Ty . In the lowest vibronic level of the triplet
state a molecule may radiatively relax to the ground state through a process known as
phosphorescence. This transition, since it involves a change of multiplicity unlike
fluorescence, is forbidden and regularly occurs on a millisecond timescale. The emission is
weak due to there being ample time for more rapid competing processes to quench the

phosphorescence.

2.1.3 Scattering Effects

When an optical wave interacts with a medium, the atoms or molecules constituting the
medium can react to the oscillating electric field in two different ways, depending on the
incident frequency®. If the photon energy matches that of one of the excited states, resonant
scattering occurs. The atom or molecule will “absorb” the photon, making a quantum jump
to that energy level. In most cases the excitation energy will rapidly be transferred, via
collisions, to random atomic motion (thermal energy) before a photon can be emitted. This
is referred to as dissipative absorption. If however, the photons energy is lower than the
resonance frequencies, non-resonant scattering occurs. The electric field of the light can be
supposed to drive the atoms or molecule’s electron or electron cloud, into oscillation at the
frequency of the incident electric field. Once the electron cloud starts to vibrate with
respect to the positive nucleus, the system constitutes an oscillating dipole. This oscillating
dipole or oscillating polarisation acts as the source term on the right hand side in equation
2.7. The system will immediately begin to radiate at that same frequency, and the resulting
scattered light consists of a photon that moves off in some direction carrying the same
amount of energy as did the incident photon. This is referred to as elastic scattering and in
fact the processes of transmission, reflection and refraction are manifestations of scattering
oceurring on a sub-microscopic level. The intensity radiated from an single oscillating
dipole is given by

Pot  sin’0
Bir'c’s, . I

lo) = (2.21)



Chapter 2 Nonlinear Optics

where po = qd. The initial maximum separation between the centres of the two charges g, is
d and r is the distance from the oscillating dipole to the point of observation. Note that 1)
is a function of 6, the angle between the symmetry axis of the dipole and the Poynting
vector. The dependency of 1) on * implies that the higher the frequency, the stronger the

radiation. This feature is important for scattering processes which are reviewed next.

i) Coherent Forward Scattering

Transmission of light through a medium is an ongoing repetitive process of scattering and
rescattering. Each scattering event can be thought of as an oscillating dipole emitting a
secondary wavelet. These wavelets travel outwards from the oscillating dipoles at speed c.
The electron or dipole oscillators will be able to vibrate almost completely in-phase with
the incident electric field only at relatively low frequencies. As the frequency of the
electric field increases, the oscillators will fall behind, lagging in phase by a
proportionately larger amount. The secondary wavelets will thus have a phase shift
compared to the incident electric field. In a homogeneous medium the secondary wavelets
interfere with each other in a way which results in total constructive interference in the
forward direction only. Thus a completely homogeneous material can scatter light only in
the forward direction. This is known as coherent forward scattering, and is the origin of the
index of refraction. Other types of scattering reduce the intensity of the optical field by
scattering light both elastically and inelastically in a direction other than the forward
direction. So the overall dampening in the oscillator model has two contributions; one in
the form of dissipative absorption as discussed above, the other contribution coming from
the various forms of dissipative lateral scattering. Dissipative light scattering occurs as a

consequence of fluctuations in the optical properties of the medium.

ii) Rayleigh Scattering

A collection of atoms or molecules at a sufficiently low concentration so that they are too
far apart to interact appreciably with one another will scatter light in such a way that the
waves in all but the forward direction will be incoherent. The resultant lateral scattering
will therefore be the sum of the intensities of the scattering from individual particles. This
type of elastic scattering involves particles smaller than a wavelength (i.e. particles less
than 2/15). Atoms and ordinary molecules fit the bill since they are a few tenths of a
nanometer in diameter compared to light with wavelength 500nm. The scattered intensity
depends on 1/A* due to the ®* dependency in equation 2.21 above. One of the features of
Rayleigh scattering is its symmetry in the forward and backward direction. Transparent

amorphous solids, such as glass and polymers will scatter light laterally, but very weakly.
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Scattering from inhomogeneities in density is of interest whenever light travels great
distances in @ medium, such as a glass fibre of a communications link. A dense uniform
substance will not appreciably scatter laterally. As a rule the denser the substance through
which light advances, the less the lateral scattering.

ili)  Mie Scattering

As the size of the scattering centres increase from a fraction of a wavelength, the amount
of scattering of the longer wavelengths increases proportionately. Mie scattering depends
only weakly on wavelength and becomes independent of it (white light in, white light out)
when the particle size exceeds A. With increasing particle size there is an increase in

forward scattering.

iv)  Raman and Brillouin Scattering

The scattering processes reviewed so far are all examples of elastic scattering, where the
frequency of the scattered radiation is equal to that of the incident oscillating electric field.
If the oscillating electric field which induces the oscillating dipole exchanges energy with
the atom or molecule, then the scattered radiation may have a higher or lower frequency
than the incident electric field. Since the relevant energy levels of atoms or molecules are
quantised, this means that for a incident electric field with frequency o, the scattered
radiation may have discrete frequencies above or below ®. Such scattering is inelastic and
was first observed by Raman in 1928. If instead, the oscillating electric field which induces
the oscillating dipole exchanges energy with the lattice vibrations of a solid medium,
which may be thought of as plane acoustic wave propagating through the medium another

form of inelastic scattering called Brillouin is observed.

2.2 Nonlinear Optical Phenomena

Typically, the internal binding field is ~3 x 10° V/m.? Should the electric field strength of the
applied optical field approach this value, the electron displacement will no longer be a
linear function of the applied optical field within the forced harmonic oscillator model and
the oscillator response becomes anharmonic. High power pulsed lasers provide the electric
field strengths necessary to create this response and nonlinear optics is the study of the
resulting light-matter interactions. The anharmonic oscillator model then results in the
inclusion of additional higher order perturbation terms (H.O.T) in the expression for the

induced polarisation >’

ﬁ(r,m) = ﬁ“Zr,m) 9 ﬁ(ZZr,oh) = ﬁ(a)(r,(x)4) -+ HOT (222)
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The quadratic polarisation P, in equation 2.22 above represents the polarisation of the

frequency component at m; and can be written as
P%ay) = £ KPAP o, :0,.0,) Ecr,0)Er,0,) (2.23)
where E(r.a,) is the electric field at angular frequency o,. K? is a constant defined by
e o...0)=2"""p (2.24)

where p is the number of distinct permutations of ®i,....., ®, , n is the order of the
nonlinearity, in this case n = 2, m is the number of frequencies in the set o,....., ®, that are
DC fields (zero frequency) and | = 1 if @,# O otherwise | = 0, and X?(-0,:0,,0,) is the

second order susceptibility and is a third rank tensor.

Studies in the field of nonlinear optics have demonstrated that each term in the expansion
may be identified with observable physical phenomena. In the case of one applied optical
field the quadratic polarisation results in optical rectification ® (0:0.-0) and second

harmonic generation %® (200.0). If a D.C. electric field is added the result is the linear

(2)

electro-optic effect ' (0:0,0). In the case of two applied optical fields sum and difference

frequency mixing, parametric amplification and oscillation can occur x? (-@s;®1, % ®;) .
Parametric amplification and oscillation is a similar process to second harmonic generation
but permits the generation of a wide band of continually variable frequencies through the
interaction of two beams in a suitable nonlinear material. In equation 2.23 above, ¥? is a
third rank tensors. In general, %™ are (n+1) rank tensors®. In crystals or molecules that
possess inversion symmetry, the symmetry requirement that the polarisation induced by a
positive or negative field be equal, implies that even order susceptibilities may only be
observed in non-centrosymmetric materials. In isotropic materials therefore, ¥ and all
other even order terms are zero and only the odd terms contribute to the induced
polarisation. In such materials the third order susceptibility is the first nonlinear term and is
always non-zero. Conjugated polymers are intrinsically centrosymmetric and all odd rank

tensors are vanishing.

The cubic polarisation P®lr«, in equation 2.22 above represents the polarisation of the

frequency component at ®4 and can be written as

5(3)(r,(g4) = EOK(3)X(3)(_°)4;‘°"0)2’0)3) E(r,(o1) E(r,mz) E(r,m3) (225)
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and is always non-zero. The cubic polarisation is a fourth rank tensor with 81 tensor
components. Depending on the crystal symmetry the number of non-zero and independent

components varies. For an isotropic material there are 21 non-zero tensor components of
which only three are independent. They are®

YYZZ = zzyy = zzxx = XXzz = XXyy = YyXX

YZZy = Zyyz = ZXXZ = XZZX = XyyX = yXXy

YZYZ = Zyzy = zXzX = XZXZ = XyXy = YXyX (2.26)
and

XXXX = YYYYy = ZZzZ = xxyy + XyXy + Xyyx
In the case of an isotropic material, and where there is a single input beam or where all
four (three input and one resultant) beams have the same polarisation (i.e. third harmonic

generation, self phase modulation, degenerate four wave mixing) there is only one

independent tensor component xxxx.

The cubic polarisation is responsible for the processes of intensity dependent refractive
index % (w0.0.0), two-photon absorption % (wi-wzes0n’s D.C. Kerr effect % (0:00.0),
D.C. induced second harmonic generation ¥ 2w:0.0.0), third harmonic generation
30.0,0,0), four wave mixing % (ogor0z0:, sum and difference frequency mixing % (os; +
o02,02), coherent anti-Stokes Raman scattering % (-owsi0p0p-09) and the optical Kerr effect

3
x( ! (-0s;p,-®p,0s)«

2.2.1 Nonlinear Refractive Index

The propagation of a high intensity optical field through a cubic nonlinear material
modifies the material’s refractive index and absorption coefficient. The change in the
refractive index is dependent on the intensity of the optical field and the magnitude of the
real part of the cubic susceptibility. This modification of the refractive index has the effect
of introducing an additional contribution to the total susceptibility which is dependent on
the intensity of the incident field. The effective susceptibility Xen(o) is changed to

2

Ec,0) (2.27)

3.
X(1) i _x( )(0))
4
The dielectric constant of such a material can then be written as

3 i 2
E(0) = (o) =& (1+Xw) =&, (1 + X Vw) + ZX“)(M ‘E(r, m)’ j (2.28)
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A

where 1i (@) is the complex refractive index of the material. The factor of % is the K value
for the degenerate nonlinearity (equation 2.24) and the frequency arguments for the
susceptibilities have been dropped for clarity. With these high intensity optical fields, the

refractive index of a material can be written as
N, = N1(e) + T]z((x))l (229)

where 1 is the linear refractive index, 1 is the cycle averaged optical intensity in W/m? and
is defined as

I=1§son1(m)c‘é(r,mr (2.30)

N2 is the nonlinear refractive coefficient in m%W, which relates to % by’

N2A(®) = Re X(3)xxxx(-w;w,-m,m) (2.31)

3
4.0y

where Re denotes the real part of the complex %® in m?V/? . The subscripts of % represent
the polarisation of the light, and here linear polarised light is assumed, and the arguments
represent the frequency of the optical light. ¢ is the speed of light in m/s and 7 is the linear
refractive index. Nonlinear refraction is responsible for important phenomena such as self-
focusing and self-defocusing, where the light intensity is sufficiently high to cause a well
collimated beam to focus or defocus (through self-phase modulation, which is discussed
next) as it traverses a suitable nonlinear medium. Detuning of resonant optical cavities is
sometimes an unwanted consequence of the self-focusing/defocusing phenomenon. To see
how the nonlinear refractive index may be implemented in an all-optical switch (section
2.4.3) it is instructive to first consider the phase of the propagating field. The phase shift
experienced by an optical field propagating in any dielectric medium is defined as"

o= —Z%m i (2.32)

where L is the propagation distance in m, A is the wavelength of light in m. In the presence
of a nonlinear refractive index further contributions to the phase shift occur. Substitution of
the intensity dependent refractive index (equation 2.29) into equation 2.32 results in a total
phase shift given by

rotal = O + OnL (2.33)

where

One= 27“ Na2@) I L (2.34)
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This self induced nonlinear phase shift is called self phase modulation (SPM) and is the
mechanism behind many nonlinear phenomena such as the optical Kerr effect, self
focusing of laser light, spectral broadening of short pulses and temporal solitons in optical
fibre. The induced phase shift experienced by an optical field at one frequency due to a
colinearly propagating optical field at a second frequency is called cross phase modulation

(XPM). In this case the total phase shift experienced by the second field is given by"
2n
Ot = == (2Hy) L (2.35)

Due to the tensorial nature of the third order susceptibility, cross phase modulation is twice
as efficient as self phase modulation at generating phase shifts for the same optical
intensity. For all-optical modulation experiments the important parameter is the amount of

nonlinear phase shift that can be accumulated over the sample interaction length.

2.2.2 Nonlinear Absorption
The propagation of a high intensity optical field through a cubic nonlinear material can
also modify the materials absorption coefficient. In this case, the change in the absorption
coefficient is dependent on the intensity of the optical field and the magnitude of the
imaginary part of the cubic susceptibility. Under these circumstances, the absorption
coefficient of a material can be written in a form similar to that of the refractive index
(equation 2.29), namely

o) = (o) + Bl (2.36)
where o(0) is the linear absorption coefficient, | is the optical intensity in Wim?, and B) is
the nonlinear absorption coefficient which relates to the imaginary part of x© by

3m
4g.,C%14?

IM %P eo0-0:0,0,) (2.37)

B(m) i

© imply damping of the optical wave in the

Processes involving the imaginary part of y
medium resulting from the exchange of energy between the optical field and the nonlinear
medium. However, as we shall see in section 2.4.3, a large imaginary ¥ is detrimental to
all optical switching. Under conditions of low light intensity materials typically respond
with a Beer’s Law like dependence characterised by the following differential equation

dgzl_ &in) (2.38)

whose solution is the following
T =exp(-a,z) = exp(—oNz) (2.39)
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where a4 is the linear absorption coefficient, z the path length and T the transmission is
independent of intensity. In the second part of the equation o refers to the absorption cross
section and N is the number density of absorbing centres. An examination of a generalised
diagram such as figure 2.2 assists in explaining why: At low light levels the ground state is
never significantly depopulated and, correspondingly, the excited state never succeeds in
accruing a significant level of population. Under these conditions the linear absorption
coefficient remains essentially constant. As the light intensity increases to levels where the
photon flux is comparable to the population density, this situation may change. The
transmission may increase or decrease depending on the respective absorption cross-

sections of the ground and excited states'?.

i) Saturable Absorption

This refers to the case where the transmission increases with intensity and indicates that the
ground state absorption has bleached. Saturable absorbers are materials whose ground state
absorption cross-section exceeds that of the excited state. These materials show a decrease
in absorption with increasing intensity, and so the process is effectively a resonant
nonlinear process by which a material becomes more transmitting under the influence of
high intensity light. The development of passively modelocked lasers of high intensity
required materials which behave as saturable absorbers. Hercher' conducted a general
analysis of saturable absorbers using a three level scheme. Under steady state
approximation, where the populations remain constant, he derived a general expression for

the absorption coefficient in terms of a parameter called the saturation intensity, I

B 2l and |, = ho (2.40A+B)
R o1

1

and o and 7 refer to the absorption cross-section and lifetime of the bleaching transition, I
is the intensity at which the absorption coefficient drops to half it’s normal steady state
value. He also investigated the effect of excited state absorption on the transmission of a
saturable absorber and noted that it precluded the possibility of the absorption bleaching

totally to give a transmission of 100%.

ii) Multi-Photon Absorption
This is another mechanism which exists and causes light to be absorbed in a nonlinear
manner. This involves a simultaneous absorption of multiple (n) photons of frequency o by

a single electron and its subsequent promotion from the ground state into an otherwise
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unavailable excited state at energy nw. An example of this kind of process is two-photon
absorption which was one of the first nonlinear optical effects to be discovered'*'. This
process occurs when the material has an electronically accessible level at twice the
frequency ® of the input beam. Such a process is forbidden under dipole selection rules
and the excited state is therefore of the same parity as the ground state. Two photon
absorption is thus a useful tool in identifying states which would not otherwise be seen in a
linear absorption spectrum'. The role of two-photon absorption is an important factor in
the performance of third-order nonlinear materials as it can reduce the materials all-optical
switching absorptive figure of merit through depletion of the incident light'". In the case of
two photon absorption, the absorption coefficient increases linearly with increasing
intensity, resulting in the expression for the intensity dependent absorption coefficient of
equation 2.36 above. Insertion of the expression for the intensity dependent absorption
coefficient into equation 2.38 results in an extension of the Lambert-Beer Law:

%:—(mwl)l (2.41)

Separation of the variables and subsequent integration of both sides over the pathlength

yields an expression for the transmission of

= (1+pLurl) 242)

—|=

where T, is the initial transmission and Les the effective length (1-exp(-al))/a. The
transmission varies inversely with increasing light intensity. Where there is negligible low

intensity attenuation, the expression for the transmission reduces to

1

T=39pI

(2.43)

Since it depends on the simultaneous absorption of two photons, the process is extremely
rapid and requires high intensities to proceed with any efficiency. These intensities are
typically a few hundred MW/cm? and require picosecond pulsewidths or nanosecond pulses

of considerable energy density.

iii) Reverse Saturable Absorption
This is the opposite case of saturable absorption, where the transmission decreases with
increasing intensity. This occurs when the excited state absorption state cross section is

greater than that of the ground state. These type of materials show an increase in
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absorption with increasing intensity. One potential application for this type of effect is
sensor protection where the amount of light that can be passed through the protecting
medium is limited. This limiting effect only gets stronger, the more intense the light
becomes, and can be used to protect sensitive optics from becoming exposed to light of
sufficient intensity which would otherwise cause permanent damage. To discuss the
importance of the various parameters which influence reverse saturable absorption the
example of Li e al."" will be used. An arbitary five level system such as figure 2.4 is used
to help simulate the changes which accompany excitation of the system by a laser pulse.
The vibrational levels of the electronic states are ignored and for the sake of simplicity, the
laser pulse width is assumed to be longer than any of the lifetimes associated with the
levels. To further simplify matters it is assumed that relaxation out of states S, and T, is

very rapid so that the population of these two levels may be neglected.

S

T2

St Y . & :
! Ti
Go T10
: Tph
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Figure 2.4: Generalised five level system. The solid vertical lines denote non-radiative
transitions and the dashed lines denote radiative transitions.

After initial excitation, the first excited singlet state is populated. From here the electrons
may be subsequently excited into state S, within the pulsewidth of the laser. Once in S, the
electrons rapidly relax to S, again. From S, the population may undergo an intersystem
crossing to the first excited triplet T, with a lifetime 7. and thereafter be excited into state
T,. Once in state T, the electrons rapidly relax again into state T,, where the population is
cyclically exchanged between these two triplet states, due to the lifetime of state T (Tpn)
being much longer than the intersystem crossing time (Tis). Furthermore, stimulated
emission from state S, is excluded by assuming a small fluorescence quantum yield. The

system now reduces to the following set of three differential rate equations,

- TARIRNL B (2.44)

(3n2___ _(ﬂm N2 Nns (2.45)

oo LR LT (2.46)
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where ns, Nz, and ns refer to the populations of So, S and T,. Attenuation of the laser beam
is now governed by a propagation equation where the absorption coefficient now includes

the excited state absorption from S, and T;:

gl
0z

Under the steady state approximation, which is valid when the pulsewidth is much longer

~ol=—(coM +0osN2 +o1Ns )| (2.473

- than any relaxation times, all the time derivatives may be set equal to zero. The total
population, N, is introduced, and n, is expressed in terms of it, i.e.
Mm=N-nz-ns (2.48)

Substituting n, into equation 2.45 and using equation 2.46 to obtain an expression for ns, the

following expression for n, is obtained:

Nz = °—°V'(N-nz e ]Tasc (2.49)

where the following approximation has been used:

1 1 1
Tisc Tisc T10 ( 0)
Rearranging equation 2.49, noting that Ti.<< 1,, and using the substitution
¥ hv
Is = o (2.51)
an expression for n, in terms of the total population N is found to be:
e 1N (2.52)
Iph Is 1+ __I__
Is
Substituting equation 2.51 into equation 2.46, n; is found in terms of N to be:
N (2.53)
'S 1 L l
Is
Combining equations 2.53 and 2.52, n, is found in terms of N to be:
e _N_I (2.54)
14
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Substituting the above expressions for the populations of each level into equation 2.47, the

expression for the absorption coefficient is:
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- GON ES_ ﬁ_c_'ﬁ I G_T I
o \1+l 1+( X T Is]+(% i (2.55)
Is

Making use of the abbreviations I'=I/l,, ag=0N, K=0+1/Go, assuming that the absorption cross-
sections for the singlet and triplet excited states are similar (or~cs) and knowing that

Tise<< Tpn the expression for the absorption coefficient under steady state conditions

becomes:

1+KI'
=y [1“'] (2.56)

The changes in the normalised absoption coefficient with intensity are displayed for

different values of K in figure 2.5 below.
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Figure 2.5: Plot of a/a0 versus Io/Is for different values of K, where K =sT/s0. The plot helps
to illustrate how the ratio of ground state absorption cross-section to excited state absorption
cross-section can effect the nonlinear absorption.

From figure 2.5 it is apparent that whenever the excited state absorption cross-section is
greater than that of the ground state (K>0), reverse saturable absorption is observed as the
magnitude of the absorption coefficient increases. The energy difference between the S;
and S, electronic states (ground state electronic absorption) in conjugated polymers is
typically smaller than the energy difference between the S, and S, electronic states excited
state electronic absorption). The laser pulse has a narrow spectral linewidth, therefore in
or(ier for reverse saturable absorption to occur an electron in the excited state must be able

to &bsorb a photon of the same energy as it absorbed in being promoted to the excited state
i
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und state). Typically, only the lower energy wavelengths of the ground state
overlap in energy with the highest energy excited state electronic absorption
Figure 2.6 below shows a typical ground state electronic absorption spectrum
_conjugated polymer. Reverse saturable absorption (if present) is therefore expected to
urfor wavelengths in region Il of figure 2.6.
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Figure 2.6: Typical ground state electronic absorption spectrum for a conjugated polymer.
Region | is where reverse saturable absorption is expected to dominate the nonlinear absorption
where as region |l is where reverse saturable absorption is likely to be found (if present).

: Conversely, from figure 2.5 it is apparent that whenever the excited state absorption cross-
: mctlon is less than that of the ground state (K<0), saturable absorption is observed as the
‘V,tude of the absorption coefficient decreases. This is the effect which is most
c@mmonly seen when high intensity laser pulses are used at wavelengths where there is
Im'ge absorption (on or near resonance conditions). Saturable absorption (if present) is
-t@@refore expected to occur for wavelengths in region | of figure 2.6. In certain
ciicumstances, between the regions | and I, no change of absorption may be observed at
high intensities, even though substantial dynamic changes in level populations is occurring
(KH). This can occur when for a given intensity saturable absorption balances out reverse
saturable absorption, resulting in no net nonlinear absorption. This crossover can have
lmportant consequences (nonlinear absorption can be eliminated) for all optical switching
: a&mll be discussed in chapters four and six.

3 Frequency Mixing

equency mixing, laser radiation at one frequency is converted into coherent radiation

new frequency by, for example, second or third harmonic generation, sum-frequency

o
W
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and difference-frequency generation®. Because the converted frequency may be at a
frequency that is not directly available from a laser source, these frequency conversion
techniques provide an important means of extending the spectral range covered by

coherent sources?'.

The cubic processes mentioned here in this section about nonlinear optical phenomena
have been widely implemented experimentally for the measurement of the magnitude of
the nonlinear optical susceptibilities and the investigation of the underlying physical

mechanisms that contribute to them.

2.3 Origin of Nonlinear Optical Response

When an electromagnetic wave falls upon a given material, the associated oscillating
electric field Er.« excites the electrons of the external layers of the molecules atoms. It
follows that the distribution of the electrical charges within each molecule is modified. The
separation of positive charges and negative charges on a molecular scale is quantified by a

parameter called microscopic polarisation p. This parameter depends nonlinearly upon

E«r.» and can be expanded as a power series' giving
P=p,ta é(r,o)) +B =) é(r,m) +y é(r,m) é(r,u)) é(‘r,m) Fo b (20r)

where po is a constant and corresponds to the intrinsic polarisation, and a, B and y are
referred to as the polarizability, first hyperpolarizability and second hyperpolarizability,
respectively (note that pin the above equation is not the same B as defined earlier in
equation 2.37). Similarly, the macroscopic polarisation induced in the bulk media can be

expressed in a power series in the external field such that
'3 = p0+ X“) E(r.co) - X(z) é(r,m) E(r.(u) + X(S) E(r,(o) é(r,(o) E(r,w) ey (258)

where 3, ¥ and ¢ are the first, second and third-order nonlinear optical susceptib-
ilities and have similar meanings to their microscopic counterparts o, B and y. The bulk

nonlinear susceptibility y® is linked to the molecular hyperpolarizability y according to
yO=fNy (2.59)

where N is the number of molecules per unit volume, f is the Lorentz correction factor for

the local field given by

f=m2+2)/3 (2.60)
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where 1y is the index of refraction of the material. The molecular hyperpolarizability y is
averaged over all molécular directions i,j,k, . The first two terms of the series in equation
2.58 describe all phenomena regarded as linear optical properties of materials, dependent
on wavelength but independent of the light intensity as discussed in section 2.1. In this
linear case the third and higher terms are completely negligible compared with the second
term at “ordinary” optical field strengths (i.e. sunlight for which E is of the order of
hundreds of volts per meter, and radiation from most non-laser light sources). The third
and higher order terms in equations 2.57 and 2.58 above become non-negligible at high
intensities and describe nonlinear effects. For many materials of importance in the field of
nonlinear optics, the third and higher-order terms begin to be of importance for values of E
of the order 10°vm™". Such values required for the observation, and therefore study, of such
phenomena became available to scientists with the demonstration of the first operating
laser in 1960 by Maiman'. Since then, the field of nonlinear optics has gone through a

dramatic growth.

In terms of the classical electric dipole oscillator model, the higher order terms in
equations 2.57 or 2.58 may be considered the result of anharmonic motion of the bound
electrons of the atom or molecule under the influence of an applied electric field. The
higher order terms represent perturbations to the harmonic case and as such, decrease in
magnitude with increasing order. There are several contributions to the nonlinear
polarization. These different contributions are discussed in the next section. Each
contribution has its own typical magnitude and response time. In some cases the measured
nonlinearity has several processes contributing to the nonlinear polarization and this must

be taken into account when choosing a material for a specific requirement.

2.3.1 Nonresonant Contributions

Electronic hyperpolarizabilities arise from virtual transitions and give a coherent nonlinear
response with a well-defined phase relationship with optical excitations''. In other words,
they originate from the anharmonic terms in the electron potential categories. Typical
values for the third order electronic hyperpolarizabilities is of the order 10% m*V?, and
response times are of the order 10 seconds. These are the fastest response times possible
for all the different contributions and are sought after for ultrafast nonlinear optical
switching. In the nonresonant limit x(3) is not proportional to the optical pulse width and

therefore 1, is not proportional to the optical pulse width.
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2.3.2 Resonant Contributions
Incoherent nonlinearities occur in the presence of energy absorption through one- or
multiple-photon processes. Then, the dissipative phenomena, which are particularly
. important in polymers because of strong electron-phonon coupling, lead to a loss of
coherence within a few picoseconds between the absorbed energy and the exciting fields.
' These processes are accompanied by such nonlinear optical phenomena as refractive index
 variations of the medium. This is due to secondary phenomena associated with energy
‘absorption, such as conformational changes, thermal dilatations and compressions due to
electrostriction. Each of these processes can be, at least formally, described by a nonlinear
susceptibility of third or higher order. Typical values for the third order absorption
hyperpolarizabilities is of the order 10" m*V? and response times are of the order 10°®
seconds. As can be seen the values of the nonlinearity are high compared to those for third
order electronic hyperpolarizabilities, but this comes at the cost of response time. In
contrast to the above case, y® is proportional to the pulse width in the resonant limit.
Therefore n, is also proportional to the pulse width. This is due to causality and is

described by the Kramers-Kronig relationship *.

2.4 Nonlinear Optical Materials and Applications

Much of the early work on nonlinear optical processes involved the study of atomic
resonances in gases and alkali metal vapours™. Due to the narrow line widths of the optical
transitions, this provided an ideal environment for testing the then developing theories of
nonlinear optics. Although this work continues, the emphasis has more recently been
placed on the search for new artificial solid state environmentally stable and processable
dielectric materials with large and rapid nonlinear optical coefficients; in particular those
that will allow nonlinear-optical devices to operate efficiently at relatively low power
levels. Such applications for new materials include compact optical-frequency doublers
and parametric-amplifiers from the aspect of x®. However, materials with large third-order
nonlinearities are perhaps of greater interest currently, since their nonlinear refractive
index can be exploited for a wider range of phenomena such as all-optical switching,

optical bistability, phase conjugation and other types of signal processing °.

2.4.1 Inorganic Dielectrics for Nonlinear Optics
Siiica glass (as used in optical fibre) has an absorption in the ultra-violet wavelength range.

The nonlinear refractive index measured in the near infra-red is due to excitation to virtual
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energy levels. Therefore, the nonlinearity is purely non-resonant and ultrafast. Optical fibre
communications and nonlinear fibre optics were revolutionised by the fabrication of low
loss glass optical fibre in 1979 when fibre with losses as low as 0.2 dB/km were obtained in
the 1550nm window of silica optical fibre*. The invention of Erbium Doped Fibre
~ Amplifiers (EDFAs)® allows average powers of 100mW at 1550nm to be generated in an
.optical fibre. For a 40GHz pulse train of 5ps pulses this corresponds to a peak power value
of 0.5W. The typical effective area of an optical fibre is 50um? and the nonlinear refractive
index coefficient 1 is typically 2x10°m?W? . Based on these figures the effective length
of fibre required to obtain a phase shift of 7 is found to be 2.6 kilometers from equation

2.34. This does not bode well for small scale device integration.

The observation of optical bistability in GaAs provided the realisation that nonlinear
effects in semiconductors were possibly large enough to be useful in optical device
applications on an integrated optical scale”’. Measurement of the coefficients of nonlinear
refraction in GaAs multiple quantum wells at room temperature®® provided verification of
this and at 1550nm similar measurements in InGaAsP multiple quantum wells yielded n;
values over 10 orders of magnitude larger than those of glass® (table 2.1). In each case the
resonant enhancement of the nonlinear refractive index close to the absorption edge was
exploited. This exploitation was not without cost. The excitation of carriers from the
ground state valence band to exciton or conduction band states results in a population
redistribution which is responsible for the modification of the material refractive index
which may be quantified through the Kramers-Kronig relationships®. However, because
the carriers take a time interval between 1 and 30ns to recombine, there is a limit on the
amount of information that may be processed without distortion due to this relatively long
lived excitation. Virtual excitation and the associated ultrafast recovery is a fundamental
requirement for ultrafast all-optical switching in optical time division multiplexed systems.
Essentially, for a 1 nanosecond carrier recombination time in a semi-conductor, the fastest
switching rate possible is 1 Gbit/s. Although devices based on these nonlinear effects have
been utilised in low bit rate signal processing devices for local area networks® an

alternative must be found for high bit rate all optical switching.

Table 2.1 below summarises the findings of experiments on the materials discussed in this
section in the context of how they meet the requirements outlined in the next section for
high bit rate all optical signal processing. In each case the recovery time, 7, quoted in

column 5, refers to decay time of the induced refractive index change.
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Experiment t

Resonant Absorption  21ps 28
Saturation
Resonant DFwM  21ns 32
Ré;onant DFWM 20ns 29
 36x10™  Electronic-2PA Resonant SPM fs 34
ax10” Non-résonant SPM fs 1
i L 2x 10 Non-resonant SPM fs 33

Table 2.1: Parameters measured for candidate materials for all-optical switching. DFWN is

degenerate four wave mixing, SPM is self phase modulation and 2PA is two photon absorption.

An investigation of the nonlinear refractive index in AlGaAs bulk and multiple quantum
well waveguides at 1550nm showed that an ultrafast nonlinear refractive effect existed far
from resonance™. Values of n, between two and three orders of magnitude larger than
glass were found in the 1550 to 1600nm region of the spectrum. The magnitude of this
effect was found to depend strongly on the proximity of the operating wavelength to the
two-photon resonance and switching was demonstrated in directional couplers with
negligible two-photon absorption®. Self phase modulation experiments showed that
nonlinear phase shifts of up to 4.57 could be achieved with high power pulses from a
colour centre laser™. The device structures were fabricated using molecular beam epitaxy
and measurements were performed with high peak power pulses from mode-locked colour
centre lasers. This material (AlGaAs) is perhaps the ideal material for the demonstration of
integrated optic nonlinear optical processes at 1550nm, but the dependence of the nonlinear
refractive index on nonlinear absorption (Kramers-Kronig), allows little scope for

improvement in the magnitude of the nonlinear refractive index coefficient *.

Although the material can be somewhat bandgap tuned through changes in the Al/Ga
proportions, and the use of quantum wells allow further adjustment of the bandgap and
optical linear properties, the (relatively) limited change in band gap energy (and hence
absorption maximum) which may be achieved does not permit this material to be
Ojéiimised for applications at other arbitrarily defined (visible) wavelengths. Organic

materials on the other hand can be engineered with these different wavelengths in mind.
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ar Optics

a possible alternative to semiconductors
tical switching®. The bright prospects of
ers is due to the fact that they display a
> thresholds, ultra fast optical responses,

n®"®. As stated earlier x(M are (n+1) rank
. tensor like 'x‘z

s equal to zero in a medium with inversion
centrosymmetric medium, while even rank tensors like x® does
strictions. Conjugated polymers are intrinsically centrosymmetric
vanishing. Therefore, any nonlinear process in such materials

e third order nonlinear optical susceptibility .

“.l"on of a polymer is what is commonly known as 'plastics'. At a
> materials are long linear organic molecules with simple units
‘ usands of times along a chain. A molecule is said to be conjugated
single and multiple carbon-carbon bonds. In contrast, a molecule
S is said to be saturated. Conjugated structures exhibit two types of
bonds. A representative structure is the symmetric polyene shown in

H Ill H H

R/ \T/ \T/ \I/
g

| £ AR LS 4

: Linear polyene structure with N double bonds.

bor bondlng, a maximum of four bonds can be formed. The carbon orbitals of
- sp” hybridised. These hybrid orbitals and the hydrogen 1s orbital provide
symmetrical molecular orbitals, called ¢ bonds, for the hydrogen 1s and three
;2‘3;2p;électrons. The remaining electrons (one electron per carbon atom) are
e or are delocalised in what is called the 7 orbital. The 7 and o electrons have
 optical properties. Unlike o electrons, m electrons are delocalised over an
ation length. This high delocalization of the m electrons is the source of the

optical parameters of the conjugated polymers. Because these are not
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nd to the individual positive nuclear sites, their paths, and orbitals extend over
ces, often spanning an entire molecule**". The large nonlinear response can be

by considering that the origin of the cubic susceptibility, and therefore the

" nonlinear refractive index, is in the anharmonic response of these electrons to the incident

ptical field. In long chain conjugated polymers there are a large number of delocalised 7

 electrons that can contribute to this anharmonic response. By attaching appropriate side

- groups to the conjugated polymer chains they can be effectively isolated from each other in

the solid state. In this way it is, at least theoretically, possible to create ideal one

- dimensional confinement and maximise the nonlinear response. The first recognition of the

contribution of 7 electrons to nonlinear processes was a theoretical proposal, based on the

free electron model, that ¥® was dependent on conjugation length*’. The model showed

that x(a), and therefore ,, could be increased by increasing the degree of delocalization of

the = electrons.

" Experimental results showed that the second hyperpolarizability, y, or ¥ per molecule

 (see equation 2.59), increased as the fifth power of the number of double bonds until this

dependence saturated when the number of double bonds was greater than ten and no
further increase in y could be found. For saturated molecules no such dependence was

found and y increased linearly with the number of carbon atoms®.

The nonlinear optical parameters of a molecule are strongly dependent on the geometry

~ and structure of the polymer backbone®. Designing polymers with enhanced nonlinearities

is the aim of Molecular Engineering. As an example, it is possible to enhance the nonlinear
optical properties of an organic molecule by finding an appropriate length of the
molecule*, and/or by the addition of donor and acceptor groups to the polymer

backbone*, whose effects are to enhance the charge separation under light excitation.

Theoretical calculations within the Hiickel or Hartree-Fock formalism have been used
primarily to get a better evaluation of y in conjugated polymers*. They allowed
explanation of the observed strong increase of y with increasing conjugation length L (yec

L5). Self-consistent finite field methods, which take electron-electron correlations into

~ account, have been used by André et al.*®, though with limited accuracy. More promising

are the complete (or incomplete) neglect of differential overlap methods®. They allow

determination of the dipolar transition moments between fundamental and excited states as

well as the energy of excited levels. Coupled with time-dependent perturbation calculations

of'y, they give the magnitude of y as a function of frequency and the position of one-, two-,
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s field is still under heavy investigation and
L way to determine y. For more in-depth

el ve review of nonlinear properties of organic
hed by P. N. Prasad et al. ¥'.

Switching
can be achieved by cross phase modulation, and in these optical
ts the important parameter is the amount of nonlinear phase shift that
ver the sample interaction length as discussed in section 2.2.1. Other
f the nonlinear refraction coefficient, there are several factors that
in order to minimise the power required to induce the necessary phase
will now be considered.

irement for all-optical switching
f the nonlinear phase shift required to observe all-optical switching
ific device geometry “®

Non-linear element

- Figure 2.8: The integrated Optical Mach-Zehnder interferometer

re shown in figure 2.8 above, is a schematic of an integrated optical
 Zehnder interferometer*® which will serve as an example of an all optical
If one, low intensity pulse train at frequency ® is launched into the
it propagates in the channel waveguide to point X where it is equally
‘ para!lel channel waveguides by an optical power divider or Y-coupler.
v pulse trains then travel to point Y where they recombine
emerge unmodified (but with a 50% power loss) at point B. The
second, modulated, pulse train of frequency . at point C induces a
shift on the low intensity pulse train through cross phase modulation in the
1 of the structure. If the intensity of the pulse train at o, is sufficient to
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shift of 7
section

‘pulse train at o, then when the pulse train
s with the pulse train travelling in the linear

the pulses resulting in the absence of a
interference occurs if the pulses at o, travelling in the nonlinear
enced the phase shift (where pulses at o, are absent) resulting in
at B. The outpui at point B at frequency o, is therefore a data
modulated signal at frequency ®,. This switching function is an all-
OR) logic gate*. In summary, all-optical switching through induced
requires phase shifts of order of 7 in magnitude. This, however, is
minimum phase shift that can be detected in an interferometric
is possible to apply interferometric techniques to the measurement of

¢ index coefficient.

~was assumed that the optical intensity | remains constant during
‘e entire length L of the nonlinear sample. In reality | varies over the
to losses and due to diffraction. To account for the variation in I over the
T l;tiVe interaction length is introduced. This is always less than the
L, and accounts for variations in the intensity. For all-optical switching
mdximise the effective length, Les. The effective interaction length of a
beam on a bulk sample is given by

me,kF% (2.61)
Bea{m‘radius and A the wavelength (both measured in meters). Increased
increased intensity at focus but to greater divergence which ultimately
interaction length. To overcome this problem and to reduce the power
for the observation of nonlinear effects, dielectric optical confinement or
iding of the incident radiation is necessary. Such structures allow the
ropagation of the incident radiation with the only limit on propagation
e losses due to absorption and scattering. This loss is quantified through

coefficient (o), which may be incorporated into the length to define the

1-exp(-al) (2.62)

L
- off (Waveguide) = Jexp(—aL) = =
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y of the non eraction may then be calculated by evaluating
(bulk) LS A 263
) TR oL G

in commercially :amlable optical fibre in the low loss 1550nm
‘0=8x10“*cm™ and the,_irhp‘rovement in efficiency is 6.2x10°. This
in power of 10° to see the same nonlinear phase shift in an optical
ple with a focused gaussian beam. From this calculation it is clear
i:n the choice of material for optical switching functions, should be
cessable into a low loss optical waveguide geometry.

2.34 any shortfall in the magnitude of m, required to generate a
be compensated for by an increase in intensity. This may not be
ssesses a large nonlinear absorption coefficient, equation 2.63.
nt absorption results in depletion of the actual propagating intensity and
f‘le phase shift. A requirement for devices based on nonlinear phase
of merit defined by *

(2.64)

linant loss mechanism. There is another figure of merit which is

ar index of refraction and is defined by *

(2.65)

irallie should be above unity for favourable materials. It is the combination

and 2.65, that govern a materials prospect as a suitable material for all-

seen that the spectral position, frequency dispersion and magnitude of the
Mo and P in candidate materials for all-optical devices are of

portance.
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t optical pulses from mode-locked lasers each
ed represent one bit of a binary data stream™. Optical Time
OTDM) aims to exploit the bandwidth available in optical fibre lines
- rates in short time intervals at a single wavelength. To do this the
G v:ly interleaved to form a high bit rate data stream at the transmitter
L of the optical fibre link it is then necessary to actively demultiplex
modulation of light at the transmitter has been demonstrated up to
optic® and electro-absorption modulators™. At the receiver end
Ty at 40GHz has been demonstrated®, both in a laboratory. These
fundamental bandwidth of electronic components®.

vides a means to overcome the limitations imposed by electronics.
taneous phase shifts available in optical fibre through all optical
demonstrated in demultiplexing at the receiver end of OTDM
recovery™, and optical modulation of laser sources®. Because the
s it is then possible to increase the bit rate as required without
to the transmitter or receiver ends of the fibre link.

of optical fibre or any other all optical switching material is to be
 that candidate materials for all optical switching must satisfy the
- nonlinear effect in the material act instantaneously.

1 ts of nonlinear refraction have used a variety of techniques including

try®*®', degenerate four-wave mixing®, nearly degenerate three-wave
mﬁﬁon“ and beam distortion measurements®. Nonlinear interferometry
bare potentially sensitive techniques but require relatively complex

. Beam distortion measurements, on the other hand, are relatively

thesis is based on the principles of spatial beam distortion, but offers

‘experimental simplicity as well as very high sensitivity (better than A/300
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Z-Scan

chapter. After a brief introduction an
presented. The relevant equations and
for the case of an ideal Gaussian beam.

respect to the Z-scan techmque and the

wﬁh non-ideal beam ﬁoﬁles, are subsequently reviewed. Next,
| Z-scan technique are discussed including any advantages or
standard Z-scan technique. The chapter concludes by looking at the
ed, and relevant information to be taken into account, during the

> is one of the numerous tools available to the experimental physicist
d-order nonlinear coefficients of a material. It measures both nonlinear
nonlinear refraction in solids, liquids and liquid solutions. The technique
2d in 1989 by Sheik-Bahae ef al . ' and has gained immediate acceptance
tuoptics community as a standard technique for separately determining the
in both refractive index and absorption. In experiments the index change
ption change (Aa) can be accurately determined directly from the data
rily resorting to computer fitting. The basis of the Z-scan technique is to
t sample through the focus of a laser beam. It follows that in one scan, the

ject to a large range of intensities and the induced nonlinear effects are

der a Gaussian beam in a tight focus geometry as depicted in Figure 3.1. This is
“closed aperture” Z-scan apparatus for determining nonlinear refraction. The
s of a nonlinear medium is recorded through the finite aperture in the far field,
of the sample position z, measured with respect to the linear optics focal
us assume that the material sample has a negative nonlinear refractive index,

ive nonlinearities and has a thickness smaller than the diffraction length of
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itions above ensure that the sample can

Aperture

D1

by the photo diode D1 is recorded as

vay from the focus (negative z), the beam
igible nonlinear re BEOmOCCUrs. The transmitiance A

e sample is broughtclosa to the focus, the beam irradiance
~lensing (self focusing) in the sample. A negative self-lensing prior
limate the beam (Figure 3.2a), causing the beam to narrow at the
m an increase in the measured transmittance. As the scan in Z
e passes the focal plane to the right (positive z), the same self
 beam divergence, leading to beam broadening at the aperture, and
ansmittance (Figure 3.2b). This suggests that there is a null as the
al plane. This is analogous to placing a thin lens at or near the focus,
1l change of the far-field pattern of the beam. The Z-scan is completed
d away from focus (positive z) such that the transmittance becomes
irradiance is low.

D1 D1

Figure 3.2b: Negative self-lensing
after focus

nittance maximum (peak) followed by a post-focal transmittance
) is therefore the Z-scan signature of a negative refractive nonlinearity as
3. Following the same analogy, positive nonlinear refraction gives rise

transmittance minimum (valley) followed by a post focal transmittance
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Z-Scan

dex is immediately obvious from the

(Figure 3.2a) followed by post-focal beam broadening (Figure 3.20).

.3) describing the Z-scan, one must bear in mind that a purely
is considered and assumes that no absorptive nonlinearities are
n or saturation of absorption). Qualitatively, multiphoton absorption
ippresses the peak and enhances the valley. Alternatively, saturation
osite effect’. The sensitivity to nonlinear refraction is entirely due to
" "oval of the aperture completely removes the effect. Nonlinear
can be extracted from such “open aperture” Z-scans.

range in an experiment depends on the beam parameters and the sample
cal parameter is the diffraction length or Rayleigh range, Z,, of the
is defined as the distance from the beam waist to where the beam is V2
it is at the beam waist. For a Gaussian beam this is defined as

.u_"xl (3.1a)
-
a (3.1b)

t size (half width at the 1/6> maximum in the irradiance), f is the focal
lens and r is the beam radius at the focusing lens. For “thin” samples (i.e.
is the linear index), although all the information is theoretically contained

range of + 2o, it is preferable to scan the sample by at least +5Z,. This

nplifies data interpretation when the sample’s surface roughness or optical
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” into the measurement system. In many
uations may occur during the scan, a
ise the transmittance (Figure 3.4). To
fluctuations, this reference arm can be
tical to those in the nonlinear arm >.

ng as its distance from the focus,

is insensitive to any nonlinear beam distortion due to
a scheme, referred to as an “open aperture” Z-scan, is suitable

absorption (Ac) in the sample.

NG e L Signal

signal to reference. “Open aperture” Z-scans are obtained by removing the apertures
nt of the signal and reference detectors and carefully collecting all of the

iews the theoretical basis of Z-scan experimentation. A lot of work has

‘ with respect to investigating the propagation of intense laser beams inside

.

rial and the ensuing self-refractio*®. The following method for analysing

is based on modifications of existing theorie®. A number of cases are
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Gaussian beam and a “thin” sample, and
of nonlinear refraction to be extracted
s are ignored in this first case. The next
ts of nonlinear absorption as well as
analysed, the modifications necessary
sian and/or the sample is not “thin” are
can be considered. However, once a

tra fast x® response), a Z-scan can be

(3.2)

is the third order nonlinear index of refraction coefficient which can be
negative, and | denotes the irradiance (W/m?) of the laser beam within the
refractive index n can be expressed in terms of the coefficient of the

ndent refractive index n, through :
Mo =" +nel (3.3)

> linear index of refraction. However, while . is used here for any third order
it may not necessarily be the best description of cumulative nonlinearities.
for example, in reverse saturable absorbing (RSA) dyes’. In such dyes, linear
s followed by excited state absorption (ESA) where the excited state cross-
ger than the ground state cross-section. As the resulting changes in absorption
bed by a cross-section and not by a two-photon absorption coefficient, the
e (due to population redistribution), is better described by refractive cross-
by an n.. Such an “n,” (or B) would change with the laser pulse-width®®. Also

assumption of cubic nonlinearities the intensity dependent absorption change is
A= I (3.4)

(m/W) denotes the third order nonlinear absorption coefficient, which for ultrafast
,.'a'bsorption is equal to the multi-photon absorption coefficient (section 2.2.2).
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sed in terms of the intensity dependent
(3.5)

| “Thin Sample”
, both temporally and spatially. A
is no nonlinear absorption present in

‘addition, the sample is “thin” as defined

by assuming a TEMo Gaussian beam, of beam waist radius wo
ion and entering the nonlinear sample (as in Figure 3.1 above),
field E as:

“:'Eo(l) Wo/ Wey exp [ - PWPa - ikr?/2Re - iy | (3.6)

22[202) is the beam radius and wo is the beam waist at the focus.
3 is ‘ the radius of curvature of the wavefront at z, z, = kwy”/2 is the
, Qf the beam, k = 27/, and A is the laser wavelength, all in free space. Eoy
diation electric field at the focus and contains the temporal envelope of the
¢ ihtensity I (W/m?) of the beam is equal to :

8 Veacn | Eeol 3.7)

| @y = low €Xp [-2 {r/w(z)}z] exp [-(t/‘t)z] (3.8)

the temporal half width at exp[-1] of the maximum intensity. The peak intensity
-along the z-axis is determined to be :
2E

) = 3.9
o P B (3.9)

the energy in a laser pulse (Joules). Once the amplitude and the phase of the
g the sample is known, the field distribution at the far field aperture can be
ing diffraction theory (Huygen’s principle) in the case of radially symmetric
<ing a number of valid assumptions and approximations leads to relatively
alytical expressions, making data analysis easier yet accurate. A major

on results if we assume that the nonlinear sample is "thin", so that neither
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ange of beam profile within the nonlinear
referred to as “external self-action” and
e induced lens in the sample, should be
ies that for linear diffraction the sample
 sample thickness L << Zy/Ado, where Ado
In most experiments using the Z-scan

tomatically met since Ay is small. For the
garded as “thin”, the irst
be, and the condition L % noZo is sufficien®. As we are only concerned

criterion for linear diffraction is more

radial field variations A¢w of the beam profile, the slowly varying
_ ion (SVEA) applies, and all other phase changes that are uniform in r
: ¢ is the radial distance from the centre of the beam. The external self-
phfies the problem considerably, and the amplitude I and nonlinearly
Mo of the electric field E are now governed by the following pair of

dAd¢/dz” = Ana (2r/A) (3.10)

di/dz” = -aq | j (3.11)

the propagation depth in the sample and o in general includes linear and
orption terms. Note that z should not be confused with sample position z. The
of the beam at the exit surface, I, and A¢, of a sample exhibiting a third order
: :ﬁ'active index are obtained by simultaneously solving equations 3.10 and 3.11

ADop = AN (270/1) Ler (3.12)

» is the (maximum) on-axis nonlinearly induced phase shift at the focus, Les = (1-
,1 with | tﬁe sample length and a1 the linear absorption coefficient. Here, An = nalo
being the on axis irradiance at focus (i.e. z = 0). Note that equation 3.8 describes the
1 there is no nonlinear absorption and hence equation 3.5 reduces to au = as. Note
,Fi'esnel‘reﬂection losses are ignored and therefore lo is the irradiance within the

To convert ADo into Ay we must first convert it to Aoy thus:

Aoy = ADow / (1 +7%/2,°) (3.13)
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near phase shift amplitude. The last
the nonlinear phase shift A¢w simply
ce, at a given position of the sample z

ollowing expression for the nonlinearly

(3.14)

ar phase distortion:

0 = By €772 @0 (3.15)

aﬁove Ecry is the incident electric field; the first exponent represents the
on owing to the sample absorption; while the second exponent is the term
ar phase distortion whose distribution follows a Gaussian profile. Note,
- equation above (3.15) is valid for cubic refractive nonlinearity only (i.e. there

er nonlinear absorption present).

Huygen’s principle, one can obtain the far-field pattern of the beam at the
ne through a zeroth-order Hankel transformation of E. ''. In this case a more
treatment applicable to Gaussian beams is followed, which is referred to as the
Decomposition” method given by Weaire et al 2. The complex electric field at
ane of the sample is decomposed into a summation of Gaussian beams with
parameters through a Taylor series expansion of the nonlinear phase term

uation 3.15. That is:

'eiM(z,r,t) S i [ iA¢(Z,t) ]m e—2mr’/w’(z) (3. 16)
m=0 m!

ﬁssian beam can be propagated to the aperture plane where they will be re-summed
uct the beam. When including the initial beam curvature for the focused beam,
> the resultant electric field pattern at the aperture as:

9]

[iA0@ D] W, ikt
= E@ =0y €L/ mo S TR L YT (3.17)
E,rt) = E@z =0y mz=o Bl ex W2 2R,
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: gt‘ven by equation 3.17 is a general case of that derived by Weaire et al '

considered a collimated beam (R=w) for which g=1. This Gaussian
method is useful for the small phase distortions detected with the Z-scan
nly a few terms of the sum in equation 3.16 are needed. The method can in
v extended to account for higher order nonlinearitie®. The transmitted power

aperture is obtained by spatially integrating Eary up to the aperture radius ra,

Priaogt)= C&om, J E-. nrrdr (3.23)

is the permittivity of vacuum. Including the pulse temporal variation, the

d closed aperture Z-Scan transmittance Te) can be calculated as:

_,[meom)dt (3.24)
S _'[R(t)dt

Tcl(z) =

= nwolow/2 is the instantaneous input power (within the sample) and S=1-exp(-
is the aperture linear transmittance, with w, denoting the beam radius at the
in the linear regime. For a cubic nonlinearity and a small phase change ( |A®o| <<1)
s electric field at the aperture plane can be obtained by letting r=0 in equation
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walley separation can be wntten as:

AZ, =17 z, (3.27)
ion can be used to determine a value for wo via equation 3.1a (assuming a
1 profile). Inserting the x,, values from equation 3.26 into equation 3.25
alley transmittance change of:

ATipv = AD, =0.406 AD, (3.28)

0, +9)0¢,+1)
calculations show that the above relation is accurate to within 0.5 percent for
quation 3.28 is only valid for the on axis change in transrhission (i.e. for a
small aperture size S). Numerical calculations show that the following

p can be used (within a 2% accuracy) when using a finite aperture:

AT = 0.406(1-S)y> (3.29)

above S=1-exp(-2r’/w’,) is the aperture linear transmittance, with w, denoting the
ius at the aperture in the linear regime. Equation 3.29 is valid for |A®,| <
ore equation 3.29 can be used to readily estimate the nonlinear refractive index (n2)
ood accuracy without necessarily resorting to a computer fitting of equation 3.25
‘a Z-Scan is performed. Once A®, is known 1, may be calculated from equation 3.12.
;wlsed radiation, transient effects are included by using the time-averaged refractive
change < Ani > which is related to < Adqy > through equation 3.12. With a
earity having ultrafast response and decay times relative to the pulse-width of the

, one obtains a temporally Gaussian pulse:

A M. loe=o
(An,m)——\/% J% ) (3.30)
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¢ change at the focus. With a cumulatwe
the pulse width (e.g. thermal), the time-

‘ Fur very large apertures or no aperture (S=1), the peak-valley effect
@ =1 for all z and A®,. An open Z-Scan is when the Z-Scan is performed

aussian Beam, An # 0, Ao # 0 and “Thin Sample”
d ideal case, the beam profile is again Gaussian, both temporally and spatially.
. nonlinear absorption and nonlinear refraction are present in the sample.

nonlinearity is assumed as well as a “thin” sample.

Z—scan corresponds to the measurement of the total transmittance through the
with no aperture in front of the signal detector (S=1). It only sees the nonlinear
component of the material i.e. nonlinear absorption. Such Z-scan traces are
to be symmetrical with respect to the focus (z=0) where they have a minimum
ttance (e.g. multi-photon absorption) or maximum transmittance (e.g. saturation of
lion) as illustrated in Figure 3.5.

1.20
1.15 1
1.10
1.05 1
100 4
0.95
0.90 |
0.85

Relative Transmmahce

=

S 3 40506 Faag a9 10l 11012 13 14 15

Position (mm)

‘ Flgure 3.5: The blue curve shows a typical normalised open aperture Z-scan signature for an
imaginary nonlinearity due to multi-photon absorption resulting in a minimum transmittance at
the focus (z=0). The red curve shows a typical normalised signature due to saturation of
~ absorption resulting in a maximum transmittance at the focus (z=0).
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ted by following the same prwess used
n, which is described by equation 3.5,
ion of position z, Toww is calculated and

(3.32)
nsmittance at Iow and is equal to exp[-a, L], and:
Blo-oLer (3.33)

8.z
', with | the sample lengih and ou the linear absorption coefficient.
on 3.32 is only true for small nonlinear losses, i.e. where:

Qiz=00 | <1 (3.34)
‘can be fitted to a set of open aperture Z-scan data in order to obtain a value
tion mimics the on-axis intensity distribution with z for a focused Gaussian
in Figure 3.5 above.

Z-scan is performed at a wavelength where the sample shows a strong
saturation is likely to occur due to the high on-axis intensities experienced by

as it gets near and passes through the focus. As photons from the incident light

ons into the upper energy level in a two-level system, the ground state becomes

The increased population of the upper state also leads to the spontaneous and
emission of photons. The net result is that the system cannot absorb as large a
the incident light as it can under low-intensity conditions. When the optical
on is much shorter than the ground state population relaxation time, steady-

3

ditions can be assumed and the absorption coefficient can be written as:

Q. (3.35)

Gl

1
(%)
Is is the saturation intensity'® which is defined as the value of the incident intensity

s a reduction of the peak absorption coefficient by a factor of 2. Providing that I/ls

then equation (3.35) can be rewritten as:
o ~ a1(1 —/I) (3.36)
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possible to derive the transmittance as a

the previous case. It is also given by

(3.37)

~in a material arising ither direct multi-photon absorption,

single photon or dynamxc e-carri absorption, has strong effects on the
f nonlinear refraction using tha Z—scan technique. When both nonlinear
refraction occur, the absorptive and refractive contributions to the
proﬁle, and hence to the Z-scan transmittance in the case of the closed
are coupled. The closed Z-scan signature of Figure 3.3 looses its
these conditions. In the case of two-photon absorption, the valley is
‘ in the case of saturable absorption, the peak is enhanced. This renders
ﬁpertme Z-scan curves more difficult to analyse. However, it has been shown
the closed aperture Z-scan by the open aperture Z-scan will give a new Z-scan
ch agrees to within +10% of that obtained with a purely refractive index Z-scan®.

od is valid provided that equation 3.34 is true and that

B -4 (3.38)

terature, the ratio (Tew / Topw)/ To, rather than Tee / Topw is usually plotted versus z,

s referred as the normalised transmittance.

Z-Scan in Non-ldeal Conditions

“‘e“Gaussian beams are extremely convenient (a Gaussian beam remains Gaussian
ghout a linear optical system in the absence of aberrations), the output of many lasers
t possess a Gaussian profile either temporally or spatially. This is due to
ections within the laser and relates to typical experimental conditions within the
atory. The following sub-sections will outline cases where the beam profile is not
an, either temporally or spatially. As we will see later, even slight deviations from a
ect Gaussian beam can (theoretically) greatly influence the magnitude of the Z-scan

imental results. Conditions where the “thin” sample approximation are violated will

X be discussed.

W
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nd “Thin Sample”

orming a Z-scan using a focused “top-
1S is approximately a step function in
of nonlinear refraction only (i.e. no
" beam profile can be produced by
ers with arbitrary profiles, and using
> focusing lens. The lens focuses this
s. If the aperture A1 in front of the
length of the lens is f, then the Airy

14

PD

To Computer

.6: Schematic of top-hat Z-scan set-up. A1 is the expanded beam circular aperture
A2 is the closed aperture. L is the focusing lens with focal length f. The signal measured
photo diode PD is recorded as a function of sample position z.

f the focused top-hat beam is defined to be
Wo = Af (3.39)

iffraction length or Rayleigh range is again given by equation 3.1a. The nonlinear
s were numerically derived by decomposing the top-hat function in terms of
functions. The empirical expression relating ATa pv to Ad, and aperture
nce S is given by':

ATp ) (3.40)

S Ttanh || ——
0 ( 2_8(1_8)114

Ad, is the peak nonlinear phase shift at the centre of the Airy disk at the focal plane.
0 and small Ad,, equation 3.40 gives:
ATov=1.036 AD, (3.41)
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ty (compare to equation 3.29) than for a
is due to the steeper beam curvature
2 positions, near the focal plane. It also

ence, which is the measure of the

Z-scan analysis using top-hat beams.

‘ straightforward determination of the

is shown (Figure 3?} and illustrates the case for nonlinear

Ay /m

o
// :
A ]
/ ]

/ 1>

il 1
e 1
. i

0.75 0.50 0.25 0.00

Chart for top-hat beam Z-scan which shows the relation between the imaginary
and the open aperture transmittance peak-valley difference ATop p-v for the case

r absorption (3>0).

contains curves corresponding to saturable absorption (B<0) as well as
Z-scan corresponding to a range of S values. The curve corresponding to
ption shows the relation between the imaginary phase shift A'¥/r and the
> transmittance peak valley difference ATop p-v. The curve corresponding to the
s Z-scan shows the relation between the imaginary phase shift A%¥/x and the
phase shift Ady/n for different values of closed aperture transmittance peak-
1ce AT pv. When a value for the real nonlinear phase shift Ad; is obtained
' ént chart, 0, can be calculated from equation 3.12. Similarly, when a value for

phase shift AW is needed, the following equation may be used to calculate B:

E Ay BhLer (3.42)
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¢ Z-scan has to be divided by the open
purely refractive index Z-scan. This is

The charts mentioned above cover a

-3

(3.43)

the relative ease of producing top-hat

| method. However, much of the pulse

d sensitivity of the
away in forming a wp«lwt ‘beam, so care must be taken to ensure
mains so that measurable nonlinear effects can be observed.

: n Beam, An # 0, Aa # 0 and “Thick Sample”

. sample of known nonlinearity as a reference to calibrate a system
ry profile. Bridges ef al. *® describe a method to address this case.
ts the use of lasers that do not have ideal Gaussian beams and can be
~well as thin samples. The technique does not require detailed

emporal profile of the laser pulse.

relations derived so far, that one method to obtain larger Z-scan signals
e AD, through either stronger focusing (shorter zo) or thicker samples
th cases the validity of all the equations becomes questionable once the
feﬁon (i.e. L < n1Z), is violated. The relative method also allows violation
approximation as long as the reference sample has the same thickness as
o measured, and, the intensity is adjusted so that the AT pvs in both
are nearly equal. Z-scans using reference sample calibrations are useful,
the order of magnitude of each nonlinearity is the same (e.g. both are 3

nditions and parameters of both experiments are maintained as close as

measurement procedure is as follows':

srence and test samples of equal thickness L for which |Lms - Linu] << z0 where

eigh range in free space, n« and nr are the linear indices of refraction of the

d the reference sample, respectively.

scan measurement of one of the samples. The exact size and shape of the
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power P until the normalised peak-to-

‘the formula:

(3.44)

indices of refraction of the test sample

ds to the reference sample input power

e test sample input poy
ot necessary to match the lengths as indicated in step 1, since the
appreciably (in either size or shape) in traversing the sample.
phase shift is much less than unity, step 3 may also be

 in a new equation:
(3.45)

« correspond to normalised peak-to-valley transmittance for test and

pectively. Likewise Lt and Lr correspond to test and reference sample

es it possible to measure nonlinearities using lasers that previously
‘unsuitable for Z-scan measurements because of either inadequate beam
power. Another advantage of the technique is that it does not require
> of the temporal characteristics of the laser pulse. However, this method

. values only and cannot be used when there is linear or nonlinear

round Subtraction

. it is often beneficial to perform experiments at high and low intensity
ough that the nonlinear response is negligible) and then subtract the two sets
s greatly reduces background signals due, for example, to sample in
s or sample wedge. A necessary condition for this background subtraction
e effective is that the sample position be reproducible for both high and low
(i.e. laterally, vertically and along z). It is also important that the datasets be
ore subtraction such that T(z| >> zo) are made equal for high and low
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1 when the signal is indistinguishable in a
" a usable signal'.

technique, a number of variations have

‘the main variations are outlined briefly

ncement of sensitivity in the EZ-scan, is at the expense of signal
as a reduction in the accuracy and absolute calibration capability. This
. originates from the deviations of the laser beams from a Gaussian
d the fact that we need to know S very accurately. This technique is only
when the additional sensitivity is required and when a known reference

le to calibrate the system.

-Probe Z-Scan

techniques in nonlinear optics have been commonly employed in the past to
mation that is not accessible with a single beam geometry. The most
lication of such techniques concerns the ultra-fast dynamics of the nonlinear
omena. There has been a number of investigations that have used Z-scan in an
s scheme™. Due to collinear propagation of the excitation and probe beams,
Mted only if they differ in wavelength or polarisation. The former scheme,
2-color Z-scan, has been used to measure the non-degenerate m. and B in

tors. The time-resolved studies can be performed in two ways. In one scheme,
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een excitation and probe pulses. In the

meters such as the excite-probe beam

ition due to chromatic aberration of the

of Z-Scan Results

es of the Z-scan technique is that it is sensitive to all nonlinear
t give rise to a change of the refractive index and/or absorption
case with most nonlinear optical measurement techniques, the
- the time average nonlinearity induced <An> and/or <Aa>, where < >
age over the time corresponding to the temporal resolution of the
ecause the different nonlinear mechanisms respond at different
aged experiments often measure several competing nonlinear
ti-photon absorption competing with saturable absorption, or ultrafast
- refraction competing with slower thermally induced nonlinear

the nonlinear optical results can depend strongly on the temporal profile

observed nonlinear optical effects give index changes proportional to the
, higher order effects can be encountered where An « I°, with p >1. For
er nonlinear refraction ( a % type nonlinearity where p=2) becomes the

anism in semiconductors, when An is induced by two-photon generated
Where x® and x® processes are simultaneously involved, the data analysis
: complicated. A procedure is documented in the literature for separating the

S usmg a number of Z-scans at different intensities'®. To unambiguously

> underlying physical processes responsible for the nonlinear property of a
nple, a variety of additional experiments are sometimes needed such as a

s at varying pulse-widths, frequencies and focal geometries.
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Polymer Samples

hind the selection of the polymers which
of the four polymers, during which their
presented. Computer modelling results
the trends obtained are compared with

trends for nonlinear refraction and

tion and low dispersion) for high speed optical communications
pﬁcal fibres'. Research has also been undertaken to find polymers
for all optical switching applications at wavelengths between 500-

minimum of PMMA) and more recently 570nm and 520nm (even lower

oming very powerful light sources)*.

‘polymers were synthesised and experiments were carried out to evaluate
h polymer as an all optical switching material, specifically at the
e home wavelengths. Computer modelling of the polymers was also

mier to compare the theoretically predicted trends with experimentally

als Studied

were synthesised in all. Two of the polymers are members of the
ylene) (PAE) family. The other two polymers are poly(arylenevinylene)
tts of the first two. In the sections to follow it will be seen that the all four
a well defined structural relationship to each other. It was hoped that the
tween the polymers would have some sort of correlation to the
measured values for linear optical absorption, as well as the nonlinear

absorption. This may help the design and optimisation of new polymers with
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Polymer Samples

lions at visible or near infra red “fibre to
thesis were synthesised by Dr. Andy
nt, Trinity College.

and good processability, the family of

n

: Stmcture of poly(2,5-dioctyloxy-paraphenylene-ethynylene-co-2,5-thienyl)
(Thienyl-PAE). The Rg refer to the Octyl side-groups.

Rt :

ORg
—In

:al Structure of poly(2,5-dioctyloxy-paraphenylene-ethynylene-co-2,5-pyridinyl)
(Pyridinyl-PAE). The Rs refer to the Octyl side-groups.

shown that the obtained polymers have high molecular weights (M, ~10°
long polymer chains of several tens of repeat units) and a rigidly linear
1 solution)®. The rigid backbone structure is imparted by carbon-carbon
s. A rigid backbone with a large number of delocalized electrons makes
ners promising materials in the field of nonlinear optics. Both polymers

to be soluble in toluene and chloroform.

lenevinylene)s
g polymers belong to the poly(arylenevinylene) (PAV) family of

characterised by aromatic moieties connected by carbon-carbon double
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double bond analogues of the above
ners have a well defined structural

. ylene-vinylene-co-2,5-thienyl)
side-groups.

—n

Sm.lcture of poly(2,5-dioctyloxy-paraphenylene-vinylene-co-2,5-pyridinyl)
- (Pyridinyl-PAV). The Rg refer to the Octyl side-groups.

ORs ORs

:/N\ZZ/N\:
\.T'_ \m_—y N, = N
ORs B i sk

Chemical Structure of a Pyridinyl-PAE polymer showing several repeat units. Note
rity of the backbone. Also indicated are some of the permanent dipole (PD) moments
> polymer backbone due to the different electronegativities of oxygen and nitrogen.

% O \’E‘//N\ \’:: \’"“//\ \/f:

Chemical Structure of a Pyridinyl-PAV polymer showing several repeat units. Note
along the backbone in this case compared to the above PAE. Also indicated are some

permanent dipole (PD) moments along the polymer backbone due to the different
egativities of oxygen and nitrogen.

ORg
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backbone structure in contrast to the PAE
on double bond linkages which do not
ection can be viewed as an increase in
ty. The PAV polymers are therefore
. The two PAV polymers have been
well as their PAE counterparts. The
backbone (caused by the different
Il be different for any two polymer
, for this is the difference in charge distribution between the double
other reason for the difference in dipole moment is the different
the Pyridinyl-PAE dipole moment acts along an essentially one
d backbone, whereas this is clearly not so for its Pyridinyl-PAV
0 be seen, there are different distances separating the different charge
fference in dipole moment can have significant effects with respect to
mal nonlinearities. Different permanent dipole moments lead to different
charge transfer (CT) interactions in the m-conjugation system. This CT
been linked with third order nonlinear absorption and refraction
ithin other PAE polymers®.

d experimental studies of different polymers show that the different bond-
on present for each different type of polymer can make significant
the overall nonlinearity of a given polymer’®. A permanent dipole moment
e the bond length alternation (changing the structure from neutral polyene-
cyanine-like), which has the effect of increasing the delocalisation
1) length and thus the optical nonlinearity”.

r Optical Properties

ptical absorption spectrum can be an important characteristic in x(s)

trend

It is reported that for conjugated polymers the +® value increases as the extent
njugation increases™. The ground state electronic absorption spectra will now be
the four different polymers. All spectra were taken on a Shimadzu UV-1601
Computer modelling which predicts theoretical linear optical absorption

the polymers is presented in section 4.3. The theoretical and experimental results

mpared and discussed in section 4.4
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ption spectra for both the Pyridinyl-PAE
s. The solid state curves are for a 75nm
d 52nm thick solid state film of Thienyl-
borosilicate substrate identical to the ones

ly. In each case :
ed as substrates, was
i  were used for all subseq
mmns data curves for twadijﬁ"erent solution concentrations. The low

a reference. The spectra are taken from

quent solid state nonlinear measurements.

. is for a 0.250 g/l solution in a quartz cuvette which had a 1mm optical
he measurement used a toluene filled cell as a reference. The other remaining
ation curve is for a 0.875 g/l solution in a quartz cuvette which had a 10mm
length. The high concentration linear absorption spectra were taken so that
absorption coefficients (which are needed for subsequent nonlinear optical
ts) could be obtained.

420 === Solution (Low Conc)
| e Solution (High Conc)
Solid State

IIIIIIlIILIIlI|lIlIIIlIIIIIl’II

]Illlll'llll

ll'll!lllllllllll

Rl 400 450 500 550 | 600 650 700 750 800
Wavelength (nm)
.' Figure 4.7: Spectra of Pyridinyl-PAE Polymer showing the polymer Solid State spectrum as

well as solution measurements. The solvent is Toluene and the solution concentration is 0.250
g/l in the case of the “low concentration” spectrum and 0.875g/l in the case of the “high

~ concentration” spectrum.

of‘.the above absorption spectra for Pyridinyl-PAE in figure 4.7 are characterised by
aﬁsofption bands. The solution spectrum bands are centred at 335nm and 420nm, while
solid state absorption bands are both red shifted by 5nm to 340nm and 425nm
ytively. The dominant maximum linear absorption peaks (Amax) at 420nm and 425nm
'611 and solid state respectively) can be attributed to a highest occupied molecular
to lowest unoccupied molecular orbital (HOMO-LUMO) n-n* excitation. It is also

64




Po{j}inezﬁ Samples

to first excited state singlet) electronic
e-photon excited state ('B,) electronic
- absorption bands at 335nm in solution
ectronic transition'"'2, Both absorption
velength S;-absorption bands (Amex at
respectively) are compatible with a

files. The smo
‘the solution and solid
and structure’" or a strong  inhomogeneous broadening of a
transition''®'®, The mhﬂ!pogeneous broadening (different polymer

ations are involved) resulfs in a broad distribution of effective

12,14

s, which may mask any vibronic structure in either spectra

jon Amax (425nm) is shifted to longer wavelengths (red shifted) and
dened compared to the solution Amasx (420nm). These changes in absorption
that the electronic states are different in solid state and solution. This is
different polymer-polymer intermolecular (inter-chain) interactions in solid
tion effects) compared to polymer-solvent intermolecular interactions

n solution'"".

3 437

& I = Solution (Low Conc)
= — Solution (High Conc)
& Solid State

1335

=8

v 45‘6 495

- 345 |

=

IIIIIIIIIIII'IIII

S0 A00 @ 450 500 550 @600 650 700 750 800
Wavelength (nm)

ure 4.8: Spectra of Thienyl-PAE Polymer showing the polymer Solid State spectrum as
well as solution measurements. The solvent is Toluene and the solution concentration is 0.250
g/l in the case of the “low concentration” spectrum and 0.875g/l in the case of the “high

concentration” spectrum.

o absorption bands. The solution absorption spectrum bands are centred at 335nm
' and 437nm. The solid state shorter wavelength absorption band is red shifted by
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Po[yrh'er Samples

longer wavelength absorption band is red
solution and solid state absorption bands
inyl PAE ones in figure 4.7.

ation and solid ion maxima (437nm and 465nm) are

1 compared to theu‘ Pyridin; I-PAE counterparts (420nm and 425nm).
placement of the u—electmm .éleﬁcient pyridine unit by the n-electron
unit causes the red shift. It is suggested that the charge transfer
veen the arylenes and the ethynylenes is strengthened by the introduction of

rings, further stabilising the n-conjugation which leads to the red shift.

e solid state is again red shifted and spectrally broadened from the solution
is consistent with the Pyridinyl-PAE, but the solution to solid state red shift
;Thienyl-PAE (19nm) in comparison to Pyridinyl-PAE (5nm). This indicates
PAE undergoes a larger n-stabilising intermolecular interaction in the solid

to Pyridinyl-PAE.

o wavelength absorption shoulder is clearly resolved at 495nm for the solid state
AE. Similar features have been observed with other polymers in solid state and
ated with partial conformation structuring or aggregation (short-range polymer

gnment, partial micro-crystallisation) leading to increased n-stabilisation' '

‘nonresonant x(3) value is reported to increase as the extent of the n conjugation
'° it is tentatively predicted from the linear absorption spectra that the Thienyl-
polymer should have larger v values compared to Pyridinyl-PAE.

- Poly(arylenevinylene)s

éecﬁon contains the linear absorption spectra for the remaining two polymers, namely
inyl-PAV (figure 4.9) and Thienyl-PAV (figure 4.10). Again, solid state and solution
are presented in each case. The Solid state curves are for a 170nm thick solid state
' Pyridinyl-PAV polymer and a 230nm thick solid state film of Thienyl-PAV polymer
tively. Each plot also contains data curves for two different solution concentrations.
ow concentration curve is for a 0.250 g/l solution in a quartz cuvette which had a 1mm

al path length. The other remaining high concentration curve is for a 0.875 g/l solution

L quartz cuvette which had a 10mm optical path length.

66



G o vt 4

Poﬁiﬁer Samples

== Solution (Low Conc)
= Solution (High Conc)
== Solid State

(00" 750 800

4.3_! Spec‘tra of Pyridinyl-PAV Polymer showing the polymer Solid State spectrum as
olution measurements. The solvent is Toluene and the solution concentration is 0.250
case of the low concentration spectrum and 0.875g/l in the case of the high

B e
rption spectra for Pyridinyl-PAV in figure 4.9 are again characterised by
on bands. The shorter wavelength solution absorption spectrum band is centred
m similar to both Pyridinyl-PAE and Thienyl-PAE polymers. The longer
ébsorption band is composed of two closely spaced (24nm) peaks. The higher
 is centred about 406nm while the lower energy (longer wavelength) peak is
430nm. The solid state shorter wavelength absorption band is red shifted by
case to 340nm, while the dominant longer wavelength absorption band is red

v 12nm to 418nm.

dinyl-PAV solution and solid state absorption maxima (406nm and 418nm) are
ely blue-shifted compared to their Pyridinyl-PAE counterparts (420nm and 425nm).
: ‘cates that replacement of the localised m-electron triple bond by the more
‘ e and delocalised n-electron double bond causes the shift to shorter wavelengths.
suggested that the n-electron deficient pyridine unit partially localises the n-electron
the more polarisable double bond, thus de-stabilising the m-conjugation with respect
triple bond polymer. This n-conjugation reduction leads to the observed blue shift in
rption spectrum.

. for the solid state is again red shifted and spectrally broadened from the solution

m. The solution to solid state red shift is greater for Pyridinyl-PAV (12nm) in
arison to Pyridinyl-PAE (5nm). This indicates that Pyridinyl-PAV undergoes a larger
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> solid state compared to Pyridinyl-PAE, a
! bond substitution.

ridin 1}PAV. Although this shoulder is not quite
for Thienyl-PAEl,;it ié Iiowever, in marked contrast to the absence
dinyl-PAE solid state spectrum. This again can be related to the
oond substitution, implying that the Pyridinyl-PAE double bond
polymer-polymer intermolecular (inter-chain) interactions in solid
Pyridinyl-PAE itself. This is attributed to the increased m-electron
aouble bonds compared to triple bonds which in effect enables one
ymer chain to better “see” another Pyridinyl-PAV polymer chain, which

n-stabilisation through short range ordering as mentioned previously.

472

Solution (Low Conc)
Solution (High Conc)
Solid State
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Figure 4.10: Spectra of Thienyl-PAV Polymer showing the polymer Solid State spectrum as
well as solution measurements. The solvent is Toluene and the solution concentration is 0.250
g/l in the case of the low concentration spectrum and 0.875g/l in the case of the high

concentration spectrum.

1 of the absorption spectra for Thienyl-PAV in figure 4.10 are again characterised by
.'a"bsorption bands. The two spectra are in contrast to the spectra of the other three
mers where two peaks can be clearly identified for each spectrum (excluding the long
:.'ength shoulder in the solid state spectra, where present). The shorter wavelength
tion absorption spectrum band is barely resolved, but is centred about 355nm, while the
nd longer wavelength dominant absorption band is centred about 472nm. The solid

shorter (and now dominant) wavelength absorption band is red shifted by 15nm in this
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absorption band (barely noticeable) is blue

ion maximum at 472nm is significantly

V absorption maximum. This indicates

‘ uthe n-electron defi pyndme unit by the m-electron excessive
eanses the red shift which is consistent with the trends observed with the
Ttis '1Suggested in this case that the charge transfer interaction between the
vinylenes is strengthened (even more so than for the PAE counterparts)
ion of the thiophene rings, further stabilising the m-conjugation which leads
The combination of the more delocalised m-electrons associated with the
together with the m-electron excessive thiophene unit, red shifts the long
bsorption maximum by 66nm compared with the Pyridinyl-PAE to Thienyl-
red shift or the Thienyl-PAE to Thienyl-PAV 35nm red shift (or the Pyridinyl-
dinyl PAV 14nm blue shift). The introduction of electron donating arylenes to

ners is reported to be effective in decreasing the band gap due to the increase in

oth of the  conjugation?'.

yl-PAV absorption spectrum undergoes some significant changes in going from
n to solid state. Instead of the expected red shift occurring, there is a 47nm blue
ng of the long wavelength band. There are clearly large aggregation effects present in
stem. The effect of the polymer chain aggregation is to significantly alter the
ylecular interaction in the solid state which in turn adversely effects the electronic
. The aggregation in the case of Thienly-PAV, somehow de-stabilises the n-
tion (decreases the conjugation length) with respect to the polymer in solution. One
ble explanation is that any steric hindrance in the solid state (caused by the side
s/chains, which do not take part in the n bands; or possibly the way the polymer tries
orientate or pack itself) could induce considerable inter-ring twisting, giving rise to a
stantial reduction of the polymer conjugation length. The reduction in conjugation

gth will show as a blue shift in the absorption spectrum.

Computer Modelling
/ith the major advances that have been made in computer power of desktop workstations

s now possible to perform quantum mechanical calculations on segments of polymer

infinite polymer chains) long enough to approximate the actual polymer. There are two
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‘atoms present, ané;s&lw referred to as the self-consistent field
> procedure begins with a set of approximate orbitals for all the
systm under investigation. One electron is then selected and the potential
‘;isf calculated by freezing the distribution of all the other electrons and
avemged distribution as a centrosymmetric source of potential. The
equation for the electron is solved for this potential, which gives a new orbital
ure is then repeated for all the other electron in the system, using the
‘ ,t_he frozen orbitals as the source of the potential. At the end of one complete
s a new set of orbitals which differs from the original set. The cycle is then
the improved wavefunctions generated by the first cycle are used as the
. Another complete cycle generates yet another new set of further improved
The sequence is continued until passing a set of orbitals through the cycles
unchanged. The orbitals are then self-consistent. However, these type of
are complicated and extremely computationally intensive. When the labour of
sistent field molecular orbital calculation appears too great (or actually is),
mations are introduced and integrals are estimated from empirical data. Such
give rise to numerous semiempirical techniques of molecular orbital calculation.
pmgrams that are available typically require very little knowledge of quantum
s and are widely used as a resource in industry. Traditionally semiempirical
ods have been the only way to study molecules of more than about 30 atoms. The
pirical quantum mechanical calculations which are typically performed are still
Xximations and consequently the results are not always entirely accurate. However,
are cases where semi-empirical calculations can be quite accurate, especially for

redicting relative trends between similar molecular systems?.

1 Geometry Optimisation

four polymers were modelled using the commercially available Hyperchem©
essional version 6. Semi-empirical calculations were used to predict the optimised
und state geometry for each of the polymers. From these optimised structures the
nd state electronic absorption spectra (unbroadened and in vaccuo) along with the
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polymer various oligomers (monomers to

for PAV) with and without side-groups

¥
3
¥

f the electronic absorption trends between
oligomers without side-groups attached.
tly more computationally intensive than

eduction of atoms.

les under the influence of a potential energy function or force field and
data to determine individual force constants. Once the starting geometry has
ated, the program calculates the energy minimised geometry by use of the
odel 3 (PM3) semi-empirical parameterisation. For further details about MM+,
ZINDO/S (discussed in 4.3.2) semiempirical methods used, the reader is
the two Hyperchem manuals® which cover the topics and their respective
’ greater detail. Figures 4.11 through 4.17 below show the PM3 semiempirical
ulated energy minimised geometries for each of the four polymers.

Figure 4.12: PM3 semiempirical method calculated energy minimised geometry (2-
 dimensional x-y plane representation of the 3-dimensional structure) of the Pyridinyl-PAV

linear backbone pentamer without side groups attached.

ﬂle calculations show than the Polymers like to adopt a planar structure. This type of

ture maximises the n-7 electron overlap, which increases the conjugation length and

ol . (3)
serves to increase the nonresonant .
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semiempirical method calculated energy minimised geometry (2-
plane representation of the 3-dimensional structure) of the Thienyl-PAV linear
with side groups attached.

4.14 PM3 semiempirical method calculated energy minimised geometry (2-
x-z plane representation of the 3-dimensional structure) of the Thienyl-PAV linear
pentamer with side groups attached.

4.15: PM3 semiempirical method calculated energy minimised geometry (2-
%ensmnal x-y plane representation of the 3-dimensional structure) of the Thienyl-PAV
ed backbone pentamer with side groups attached.
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d energy minimised geometry (2-
structure) of Thienyl-PAV curved

PM3 semiempirical method calculated energy minimised geometry (2-
lane representation of the 3-dimensional structure) of the Thienyl-PAE linear
without side groups attached.

r Absorption and Polarizability

ned absorption spectrum was calculated from the PM3 optimised structure
of the Zener Intermediate Neglect of Differential Overlap for Spectroscopy
‘semiempirical parameterisation. The ZINDO/S method is a method specifically
ed to reproduce UV/visible spectroscopic transitions. This gives the oscillator

the main unbroadened absorption transitions in vaccuo.

polarisability tensor components were also calculated from the PM3 optimised
by the use of the single point PM3 semi-empirical parameterisation calculation.
ations on polyene chains indicate that trends (enhancement or attenuation)

r the mean polarisability <P> ({Pot+Py+P22}/3) will be similar to the mean second
ability <y> %°.
ns are usually limited to alpha due to the difficulty in obtaining accurate values
v'and also the prohibitive computation time involved. The trends on <P>, however,
taken with caution when inferring trends for <y>. The polarisability is expressed in
> units where 1au of polarisability = 1.6488x10°*'C*M*J".

41 through 4.4 contain the results of the various calculations for each of the
s (monomers to pentamer) with and without side groups attached. Calculations
g side groups are significantly more computationally intensive than without the

ups as there is a significant reduction of atoms.
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Ground state absorption and linear polarisability components for various Pyridinyl-
ers calculated using Hyperchem 6.0 ©. The asterisks correspond to oligomers without
 Abs. Amax= ground state HOMO-LUMO absorption maximum in nm; O.S. = oscillator
1ensionless); Pxx, Pyy, Pzz, <P> and their units are defined in section 4.3.1.

<P> (au)
1777
1155
1403
907
1032
660
663

416

183

4.2: Ground state absorption and linear polarisability components for various Pyridinyl-
oligomers calculated using Hyperchem 6.0 ©. The asterisks correspond to oligomers without

ps. AbS. Amax= ground state HOMO-LUMO absorption maximum in nm; O.S. = oscillator
th (dimensionless); Pxx, Py, Pz, <P> and their units are defined in section 4.3.1.
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4.3: Ground state absorption and linear polarisability components for various Thienyl-
oligomers calculated using Hyperchem 6.0 ©. The asterisks correspond to oligomers
side-groups. AbS. Amax= ground state HOMO-LUMO absorption maximum in nm; O.S.
ator strength (dimensionless); Px«, Pyy, Pz, <P> and units are defined in section 4.3.1.

’V— Molecular Modelling Results

0.s. Pxx (av) Pyy (av) Pz (av) <P> (av)
70 2086 1447 742 1824
7.4 2043 941 480 1155
57 2302 1351 681 1445
5.8 1589 752 378 907
44 1655 1015 507 1059
44 1146 554 281 661
3.0 1017 679 334 677
3.0 702 363 183 416
15 424 336 165 308
15 341 171 45 186

able 4.4: Ground state absorption and linear polarisability components for various Thienyl-
i’AV oligomers calculated using Hyperchem 6.0 ©. The asterisks correspond to oligomers
without side-groups. Abs. Amax = ground state HOMO-LUMO absorption maximum.in nm; O.S.
= oscillator strength (dimensionless); Px, Pyy, Pzz, <P> and units are defined in section 4.3.1.
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Figure 4.21: Evolution of ZINDO/S calculated

maxima for Thienyl PAE oligomers absorption maxima for Thienyl PAV oligomers

> four figures above it can be seen that unbroadened HOMO-LUMO absorption
for the oligomers with side groups attached, is consistently shifted to longer

! s compared to the oligomers with no side groups attached. This would appear to
only significant effect of the inclusion of the side groups in the computer modelling
* absorption spectra. This observation is consistent with measurements on other

polymers®®?. The figures above also show that the Abs. A increases in

L i 5 4
elength as the number of monomer repeat units increase. The largest increase is the

l"i’f'e from monomer to dimer. The Abs. Anax no longer increases by the time the pentamer

. This would indicate that the pentamer in each case is representative of the
¢ chain polymer. This is again consistent with other reported measurements™. Figures
and 4.23 below compare the unbroadened HOMO-LUMO absorption spectrum maximum

k . Amax) for each of the four pentamers .
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n of Z.INDOIS calculated Figure 4.23: Comparison of ZINDO/S calculated
ers with side groups absorption for pentamers with no side groups

4.22 and 4.23, the trend in Abs. Amex for each pentamer with and
s is identical, apart from the shift to longer wavelengths when the side
d. This would indicate that the side groups need not be included in
where linear absorption is being calculated. This can save valuable
1 time, as the number of atoms present in the oligomer without side groups is
less than with side groups. The computing time in general increases by N’

the number of atoms?®.

dinyl-PAE pentamer there are 370 atoms in the system when side groups are
compared with 130 atoms when no side groups are included. This represents a
'8 increase in computation times when the side groups are present. Figures 4.22
again indicate that the pentamer in each case is representative of the long chain
'The only exception to this may be the Thienyl-PAV where the Abs. Amax may not
illy stabilised yet. This is consistent with Thienyl-PAV in solution having the lowest
UMO energy separation, which in section 4.2 is attributed to the m-electron

ve thiophene unit in combination with the delocalised n-electrons from the double

having the largest conjugation length. It is expected that the HOMO-LUMO Abs. Amax

ave stabilised by the hexamer or pentamer.

# | PAE Amax  Pyridinyl PAV Amax  Thienyl PAE Amax  Thienyl PAV Amax

348 396 401 456
420 430 437 472
425 418 456 425

Table 4.5: Comparison between experimental and calculated absorption Amax for
pentamers. Sol. refers to solution measurements and S.S. refers to solid state measurements.

77

RNmR i e s



mentally measured solution and solid state
rmed for each pentamer in isolation. In a

ent interaction forces (such as solute dipole-

olyme chain interaction) which have different solute-solute dipole
- also inhomogeneous broadening present in the solutions and solid state
in section 4.2, as well as homogeneous broadening of the spectral
rmal motion. These intermolecular interactions and temperature effects are

account in the model and may explain the observed differences.

éhows that the calculated absorption trends agree with the experimentally
olution HOMO-LUMO absorption trends, whereas they do not agree with the
lly measured solid state HOMO-LUMO absorption trends. This can be seen
the table. However, the trends within each polymer family (for solution and
) as predicted. This indicates that the semiempirical calculations do not or cannot
account the aggregation effects (short-range polymer segment alignment, partial
allisation) which play a significant role in the four polymers solid state

'ww spectra. This is consistent with other computer modelling measurements on

hs 4.24 through 4.27 below, show how the linear polarisability tensor components

e on going from the monomer oligomer to the pentamer oligomer for each of the four

mers.
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r figures above, it can be seen that the polarisability increases linearly on
monomeric to the pentameric state. It also shows that the oligomers with
have consistently higher values of polarisability compared to the oligomers
"groups. The polarisability (P) measures the dipole moment of a molecule
an electric field. It is a tensor with components Pj. These measure the dipole in
‘ induced by a field in the j direction. The polarisability component along the x
also consistently higher than the mean polarisability. This indicates that the Px

is the dominant component and that if the trends for the second
bility are similar then the nonresonant third order nonlinearity of a solid state
be maximised by aligning the polymer chains along one axis and using
light. In solution and solid state film, the polymer chain orientation is random and
&e mean polarisability <P>, is a better measurement for comparing trends.

8 and 4.29 below, compare the calculated unbroadened absorption spectrum

n (Abs. Amax) for each of the four polymers pentamer oligomer.
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l:’xx linear polarisability ~ Figure 4.29: Comparison of Pm linear polarisability
without side groups for pentamers with and without side groups

d 4.29 it can be seen that the mean polarisability values are much
mpared to Px (they still have the same trends though). The Thienyl-
has the largest P« value is 23% higher than the Pyridinyl-PAV P

4P3 value which indicates aligning the chains within a sample will increase

by this percentage (neglecting any interchain interactions, which may

. ¢ this value in a solid state film).

larisability values in the two graphs above show no signs of saturating, the
| the values remains proportional up to the pentamers. This would indicate that
omers will have larger polarisability values, which may translate into larger
'ility values. Even if this relationship is true, the polymer environment (in a
> film for example) may disrupt the conjugation length (which is the length over
7 backbone planarity is maintained without interruption) and thus nullify the
hyperpolarisability increase. Experimental measurement would be the only way to
this. However, the trends obtained from computer modelling of the polarisability
that (if the second hyperpolarisability is proportional to the linear polarisability)
PAE should have the largest y° value followed by Thienyl-PAV, Pyridinyl-PAE
idinyl-PAV. This trend should be compared to the solution and solid state nonlinear
ents separately, due to the large blue-shift observed in the electronic absorption

v' of Thienyl-PAV, on going from solution to solid state.
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llts where relevant and/or possible. Predictions are then made with
i(a) trends based on these observed linear absorption trends. The
k at the different aspects which may contribute to a candidate
ﬂlrough its optical switching figure of merit from a linear absorption
tentative predictions are then made from a qualitative viewpoint
- enhancement effects and the optical switching figure of merit for the
investigation. These predictions will later be compared to the

1 ts obtained in chapter six.

Absorption Trends

-n* energy gap (HOMO-LUMO separation) E, (and therefore the electronic
an inverse dependence on the effective conjugation length (the length over
bone planarity is maintained without interruption)®. The %® value increases
of the  conjugation increasesm, therefore the longer the wavelength of the
electronic absorption, the larger the nonresonant 3 value is likely to be'°.
“dependencies are all primarily based on the assumption that the polymer
can be approximated to a one dimensional structure. From the earlier spectra and
it can be deduced that for the four polymers in solution, this one dimensional
approximation may be somewhat valid. The modelling showed that the oligomers
prefer to adopt a planar structure which maximises the n-n overlap. For dilute
this may also be possible, where the polymer backbone on average, does not
-any appreciable interaction with other polymer backbones. In very concentrated
ns and solid state, the polymer backbone may interact with other nearby backbones,
;‘aggregation effects. These interchain interactions can modify the electronic levels

w111 show up in the electronic spectra as long wavelength shoulders.

¥ energy gap can be expressed as the sum of different contributions: Eq = Eres +
e + Ecup* Eint + Eo Z. The first two terms (Eres + Epeienis) give the contributions of
matic resonance and the degree of bond length alternation respectively and are
ristic of the polymer conjugated backbone. Esyp is related to the inductive or

ic electronic effects of substituents grafted on the conjugated main chain. Eint is
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ain interactions. Aggregation ef cts if
ions, which will therefore increase the
energy gap. Eg accounts for the mean
: of each monomer with respect to the
0 and 4.31 bel ‘ ' re the electronic absorption Anex for each
solution and then m solid state.

m——— PY-PAV Solution
e PY-PAE Solution
437 === TH-PAE Solution

weee. TH-PAV Solution
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|
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" Absorption Spectra of all polymers in solution showing the relative differences
as well as absorption edges for each of the four polymers. The solvent is
'solution concentration is 0.250 g/l in each.
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 4.31: Absorption Spectra of all polymers in solid state showing the relative differences
stion maxima as well as absorption edges for each of the four polymers. Thickness of
are 52nm, 75nm, 230nm and 170nm for the Thienyl-PAE, Pyridinyl-PAE, Thienyl-

and Pyridinyl-PAV respectively.
 seen from the figures 4.30 and 4.31 both PAE and PAV polymers show similar
enyl-PAV solid state being the exception) in their absorption spectrum. The

the absorption maximum depends on the nature of the arylene co-unit.
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ers The red-shift of the absorption maximum
_ fer ﬁom a thiophene ring to the ethynylenes (or
ases the lenm (stability) of the n-conjugation. It has been
the position of the absorption maximum is related to the degree
{OMO and stabilisation of the LUMO*.

the arylene substitution from Pyridine to Thiophene has a much
-shift of the electronic absorption Ama for the PAV polymers
polymers. This can be expected as n-electron deficient pyridine (m-
thiophene) is more capable of decreasing (increasing) the effective n-
it’s electron withdrawing (donating) effect on the more delocalised

yuble bonds compared to the less delocalised and polarisable triple bonds.

uﬁ by the computer modelling results (figure 4.32), which show a shorter

ctronic absorption (much weaker) for each of the four polymers.
ki :fi‘\y‘:k»fr\ «WM (NI‘I) 740.82

igure 4.32: ZINDO/S calculated unbroadened electronic absorption for Thienyl PAV
showing the shorter wavelength singlet absorption.



W prediction relates to which assumption is made regarding the
length absorption shoulders (associated with partial conformation
s which are present for the Pyridinyl-PAV and Thienyl-PAE solid
The first solid state trend is based on the assumption that the longer
f present, has a significant or dominant effect on the %° value. Under
ienyl-PAE should have the largest %° value followed by Pyridinyl-
? and Thienyl-PAV. The second solid state trend is based on the
the longer wavelength shoulder, if present, has not a significant or
on the ° value. Under this assumption the Thienyl-PAE should have the
> followed by Pyridinyl-PAE, Pyridinyl-PAV and Thienyl-PAV. The author
S that none of the solid state predictions will agree with the experimentally

ds, due to the extreme simplicity of the models which are used to predict the

:
clearly three dimensional system.

s obtained from computer modelling of the polarisability indicate that (if the
.- olarisability is proportional to the linear polarisability) Thienyl-PAE should
largest y° value followed by Thienyl-PAV, Pyridinyl-PAE and Pyridinyl-PAV.
believes that these predictions will not agree with the solid state experimental

ments, but there may be some trend agreement with the solution measurements.

n of the above predictions with the experimentally measured results in chapter 6

; date some sort of structure-property correlation for the four polymers.

' Optical Switching Figure Of Merit
n objective of this thesis is to find out if any of the four polymers studied, are

candidates for all optical switching applications over any part of the wavelength
spanning 465nm through 685nm. The material with the highest nonlinearity at a
W&velength is not necessarily the most suitable material for all optical switching at

: ength. As mentioned in chapter 2, there are two figures of merit which indicate a
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1 linear absorption is the dominant imaginary process relative to

s value should be above unity for favourable materials.

4.2

nbination of equations 4.1 and 4.2, that govern a particular material’s
hy candidate for all-optical switching applications. This is because

s a wavelength range where linear absorption and nonlinear absorption

absorption (if present) plays a significant role in the determination of a
s .%uitability through the W figure of merit. At the one photon resonance, the
ion coefficient is typically so large as to degrade the W figure of merit to well

rption has no contribution to the T figure of merit (equation 4.1). Instead it
ear absorption (if present) which plays the significant role. Nonlinear
an intensity dependent effect and at high values, will impose a fundamental
 value of nonlinear refraction which will be needed to achieve a suitable figure
B is possible for a material to have one favourable figure of merit, say W, while

figure of merit T remains unfavourable, and visa versa.

. photon resonance wavelength (Ana) the nonlinear absorption coefficient B has a
alue (saturable absorption is dominant). At the two photon resonance wavelength
the nonlinear absorption coefficient p has a positive value (two-photon absorption
nt). The nonlinear absorption coefficient B also has a positive value, in regions

saturable absorption is present and is the dominant nonlinear process.
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ir?iptive nonlin nathematically cancel each other out at a
s the T ﬁgum of m’ent will be very favourable for nonlinear
there is ef’fécti\;ely m.rii‘nonlinear absorption due to a dynamic
saturable absorpﬁon' and the reverse saturable absorption. This
gre the lincar absorptiom @s well as the noniinear refractive index
: .: factors (through W) which determine a particular polymers
: switching for a given wavelength and intensity. Residual linear
. ) which is usually present in these cases can often be the factor
ar material by degrading the W figure of merit*. Therefore, from

a material with an electronic absorption maximum as close to the

;« <} a - e +1 - i
B pOssibic (maximise the conjugation len

orption spectra for each of the polymers in solid state.

= PY-PAV (SS)
s PY-PAE (SS)
e TH-PAE (SS)
. TH-PAV (SS)
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'4.33: Absorption Spectra of all four polymers in solid state showing the differences in
absorption. Thickness of the films are 52nm, 75nm, 230nm and 170nm for the Thienyl-

Pyridinyl-PAE, Thienyl-PAV and Pyridinyl-PAV respectively.

spectra qualitative predictions can be made about which regions of the spectrum

significant interest with respect to the various phenomena mentioned above.
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pared to the experimental diéf)ersion
results of these comparisons may help to
: ments which are necessary to fully
ity er?-‘all optical switching application over a

measurements carried out at 1064nm, most of the measurements
are carried out at wavelengths spanning the one photon absorption

- of the Ama/2 where the two photon absorption resonance should be

can be seen that Pyridinyl-PPV has the sharpest absorption band cut-off,
ined with the lowest residual absorption values from about 520nm
L Thienyl-PAV spectrum does not have a sharp cut-off, but does have
_absmption than both of the PAE polymers for wavelengths longer than
. AV and Pyridinyl PAV both have reasonably sharp absorption band cut-
residual absorption tails starting at 550nm and continuing beyond 700nm.

of merit perspective, each polymer will have large values at their one
rption maximum where f is large and negative (assuming no dominant excited
on). As the measurement wavelength moves to longer wavelengths, the value
‘decrease, increasing in magnitude again only if a dominant two photon resonance
Pyridinyl-PAV is expected to have the best T figures of merit for most, if not
measured wavelength range. Thienyl-PAV is expected to have poor T values until
00nm, after which they should approach the values of Pyridinyl-PAV; how close
.., on the respective values of 1. Pyridinyl-PAE and Thienyl-PAE are expected to
Mstenﬂy larger values compared to Pyridinyl-PAV throughout most of the
range due to their higher residual absorption which will have a saturable

on associated with it. The Z-Scan results can be used to verify if the absorption tail
""to absorption or scattering.

aw figure of merit perspective any region where P is large and negative, will also
éwnespondmg linear absorption which is much more detrimental to the W figure of
Pyridinyl-PAYV is expected to also have the best W figures of merit for most if not all
wavelength range measured, depending on the n, values of the other three polymers.
relatively large residual absorption for the other three polymers compared with
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Experimental Details

different measurements carried out on the
nt sections deal with in detail, the different
bsequently mentioned measurements. Initially, the solution and
ation details for each polymer are presented. This is followed with
n experimental set-up used. All the results obtained using the
presented in chapter 6.

ously, solution measurements are usually the only measurements
polymers which may be potential candidates for nonlinear optical
ly due to the low quantity of polymer which is normally initially
, most if not all potential device applications utilise the polymer in its
m. Film fabrication techniques are usually used to make the samples
"-’,qst&blishing a materials suitability for solid state nonlinear optical
ftechniques need a relatively large amount of polymer compared to the
sure ments. The solid state nonlinear optical properties, if required, are then
(estimated) from the solution measurements. One consequence of this
that devices subsequently constructed based on these extrapolated solid state
‘measurements often do not live up to the theoretical expectations. A detailed
lution versus solid state nonlinear measurements will help to investigate if

surements alone give all the information necessary to establish a polymers

for all optical switching at any given wavelength.

end, Z-Scan experiments are performed on four different polymers (Thienyl-PAE,
yI-PAE, Thienyl-PAV & Pyridinyl-PAV) to ascertain their nonlinear optical
is at a variety of different wavelengths. The experiments are performed on two
laser systems. The first system, a Nd:YAG Laser produces pulses with a duration
: and 35ps at wavelengths of 1064nm and 532nm respectively. Concentration
t solution measurements as well as thin film solid state measurements are
,,,.. at both wavelengths. The second system is a nitrogen pumped dye laser. Solid

solution dispersion measurements of the nonlinear refraction and absorption were

ts of these measurements are then presented and discussed in chapter 6.
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Experfméml_ Details

e 4, gram quantities of each polymers was synthesised. This single
barely) sufficient material in order to provide both solution and solid
nts. This section deals with the solution preparation. The solid state

n is presented in section 5.3

on Samples

things which needs to be assessed when preparing polymer solutions for Z-
ments is the polymer solubility limit (i.e. the amount of polymer which will
dissolve in a given solution without precipitation). If the polymer has a low
y limit this may hinder thin film formation as well as concentration dependent
n measurements where a large range of concentration is advantageous (1um solid

n will need a solution of approximately 50g/l concentration) .

is the solvent for all the solution experiments. The purity of the toluene was
or to 99.5% and was purchased from Riedel-de-Haén. The reasons for choosing

1€ as solvent are outlined below.

- Toluene is a common solvent for all four polymers. This simplified comparisons

~ when it comes to absorption measurements and nonlinear optical measurements.

Toluene is used as the reference material with respect to the Z-Scan apparatus
baseline calibration. Toluene has no measurable nonlinear absorption over the

wavelength range measured in this thesis.

Toluene, when used as the solvent produced the best optical quality solid state films

when using the spin coating technique for thin film generation.

mount of polymer to the solvent in order to make a solution of a particular concentration.
> solution was then sonicated for half an hour to ensure complete dissolution of the
T'Alymer. The solution is then centrifuged for 15 minutes and checked for polymer
cipitation. If precipitate is present then that solution concentration is above the solubility
it. Precipitation test was also preformed 24 hours later. This is an important step for
ncentrations approaching the solubility limit. The polymers were recovered for solutions

ver the solubility limit by solvent evaporation.



: Different solution concentrations of Thienyl PAE polymer in Toluene solvent. The
0 contains the error for each concentration.

AE Solutions

Table 5.2: Different solution concentrations of Thienyl PAE polymer in Toluene solvent. The
 table also contains the error for each concentration.

yl PAV Solutions
: solubility limit of Thienyl PAV was found to be approximately 9g/l in Toluene. The

e in solubility (as predicted in chapter 4) is attributed to the less rigid backbone
louble bonds which impart an alternating non-linear polymer backbone structure. This
ting backbone structure can be seen as an increase in disorder, which is a
"buting factor in polymer solubility. Another way to increase the disorder of this
m (and therefore increase the solubility) is to add longer side groups. Eight different

ions of varying concentrations were made up in 5cm® batches.



rent solution concentrations of Thienyl PAV polymer in Toluene solvent. The
the error for each concentration.

2 3 4 5

001  0250+0003 050040005 075040008 10000010
7 8 9 10

0025  5000:005  7.500+0075  10.000- 20,000 £ 0.200

l:‘Table 5.4: Different solution concentrations of Pyridinyl PAV polymer in Toluene solvent.
The table also contains the error for each concentration.

e Thienyl and Pyridinyl PAE polymers have solubility limits in Toluene which are
iderably lower than the their PAV counterparts. In both cases this is attributed to the
mers rigid, linear backbone structure which is imparted by the carbon-carbon triple
s. The octyl side groups which are there to enhance the polymers solubility do not
to be of sufficient length for both of the PAE polymers. Increasing the length of
side groups should help to increase the solubility of both the PAE polymers.
:,ubility experiments were previously carried out on Thienyl PAE polymer which had
. decyl side groups attached instead of octyl sidegroups. In those measurements
ability limits in excess of 6g/l were reported, when using Toluene as the solvent at room
nperature. The low solubility of the PAE polymers has consequences when it comes to

1 film formation as will be discussed in the next section.
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Experimental Details

State Samples

films used for the measurements in this thesis were all fabricated on 50mm
cate disks using the spin coating technique'. In order to ensure clean,
s all spin coating was performed in a laminar flow cabinet. The spin coater
s a Convac Model 1001. The substrate is held in place on the chuck by a rotary
while a uniform film of solution is pipetted onto the whole of the substrate
This is followed by the rapid centripetal acceleration of the substrate to angular
s between 100 and 10,000rpm depending on the required film thickness (higher
velocities producing thinner films). This results in the uniform distribution of the
solution over the substrate. The excess solution is ejected. The solvent boils off
during the coating process leaving a uniform polymer layer on the substrate with a
ess which is dependent on the spinning speed. Films produced at high angular
ncies tend to be much smoother and homogenous. This is dependent on high
atration solutions being available to work with. A polymer solution concentration of

g/l typically results in film thickness of ~2um using a spinning speed of 1000rpm.

polymer film thickness were not chosen arbitrarily. It was decided to fabricate thin
s of sufficient thickness (where possible) to give a response in the Z-Scan experiment
mparable to the Toluene reference sample. This process facilitated the most accurate
parison between the solution and solid state nonlinear optical measurements as no
ges, other than changing of samples had to be made to the optical components within
the system. This was accomplished initially through trial and error process. Films of
fferent thickness were produced for each polymer in turn and a Z-Scan measurement was
en (532nm and 1064nm). Results (if measurable) were compared to a Toluene reference
sample in a 1mm cuvette, and these dictated whether the film thickness should be increased
or decreased. This in turn lead to a spinning formula which could be adhered to, to produce

a film which would give a measurable response at the same power levels as the Toluene

reference sample in the 1mm cuvette.

Thienyl PAE Solid State
‘A 2.5 g/l Thienyl PAE polymer solution was used to fabricate a series of films with spin

Speeds varying between 1000 and 200rpm. None of these single layer films gave any
measurable response in the Z-Scan experiment. At this stage a drop cast technique was
- used to make a thick film (~50um). The film had poor optical quality but still gave a very

arge response compared to the toluene reference sample. After some investigation it was
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4 ter 5 Experimental Details

ind a multiple layer technique would have to be used to achieve a film with a thickness
oe enough to allow direct comparative measurements. Films produced with spin speeds
200rpm and lower were of unacceptably poor optical quality. The lowest spin speed with
acceptable optical film quality was found to be 300rpm. A spinning speed of 400rpm was
then chosen as this had significantly better optical quality over most of the diameter of the
substrate, especially after multiple layer depositions. After each layer is spun the film was
baked at 60°C for two hours to ensure complete solvent removal. This was an important
.~ step for multiple layers as otherwise the solution tended to dissolve the film already on the
substrate, leading to poor quality optical films. After every few layers the sample was again
tested in the Z-Scan apparatus. The Thienyl PAE solid state film which was used for all the
* solid state measurements in this thesis consisted of 6 layers of 2.5g/l polymer in Toluene

solution spun at 400rpm.

The film thickness was found to be 52 + 3nm which corresponds to an error of 5.8%. The
film thickness was measured directly using a commercial Zygo optical profilometer. In this
method a scratch was made on the film and two monochromatic light beams are reflected,
one off the substrate at the scratch and one off the film surface. The interference of these
beams was used to calculate the film thickness. Three different measurements were carried
out on each polymer film. This could only be done after all the measurements were

completed, as the method above destroys the sample.

1568

Figure 5.1: Thickness measurement of Thienyl PAE solid state film. The film thickness was
measured at 52 + 3nm using a Zygo optical profilometer. The above diagram corresponds to
one of three separate thickness measurements.

Pyridinyl PAE Solid State
A 2.5 g/l Pyridinyl PAE polymer solution was also used to fabricate a series of films with

spin speeds varying between 500 and 200rpm. None of these single layer films gave any

measurable response in the Z-Scan experiment. To produce films of good optical quality



e Experimental Details

thick enough to give a measurable signal in direct comparative measurements a
tiple layer technique had to be used. The fabrication process followed the same
pcedure mentioned above for Thienyl PAE polymer. The Pyridinyl PAE solid state film
which was used for all the solid state measurements in this thesis consisted of 7 layers of
5g/l polymer in Toluene solution spun at 400rpm. The film thickness as measured using
the Zygo optical profilometer was found to be 75 + 4nm which corresponds to an error of

.3%. Again the thickness measurements were performed after all the nonlinear optical

periments were finished.

Figure 5.2: Thickness measurement of Pyridinyl PAE solid state film. The film thickness was
measured at 75+4nm using a Zygo optical profilometer. The diagram above corresponds to one
of three separate thickness measurements.

Thienyl PAV Solid State

A 7.5 g/l Thienyl PAV polymer solution was also used to fabricate a series of films with
spin speeds varying between 800 and 200rpm. None of these single layer films gave any
measurable response in the Z-Scan experiment. To produce films of good optical quality
and thick enough to give a measurable signal in direct comparative measurements a
multiple layer technique had to be used, as with the previous two polymers. The fabrication

process followed the same procedure described above for Thienyl PAE polymer.

The Thienyl PAV solid state film which was used for all the solid state measurements in
this thesis consisted of 6 layers of 7.5g/l polymer in Toluene solution spun at 500rpm. The
increase in spin speed was used as it gave a better quality film than the films produced at
400rpm. The film thickness as measured using the Zygo optical profilometer was found to

be 230 + 10nm which corresponds to an error of 4.4%.
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Figure 5.3: Thickness measurement of Thienyl PAV solid state film. The film thickness was
measured at 230 + 10nm using a Zygo optical profilometer. The diagram above corresponds to
one of three separate thickness measurements.

Pyridinyl PAV Solid State

A 20.0g/l Pyridinyl PAV polymer solution was also used to fabricate a series of films with
spin speeds varying between 1000 and 200rpm. One of the single layer films gave a
measurable response in the Z-Scan experiment. Unfortunately this happened to be the film
spun at 200rpm which had poor optical quality. While the signal was measurable, direct
comparison with the Toluene reference was not possible due the considerably higher beam
intensity which had to be used on the film. Once again to produce films of good optical
quality and thick enough to give a measurable signal in direct comparative measurements, a
multiple layer technique had to be used. The fabrication process followed the same
procedure outlined above for Thienyl PAE polymer. The Pyridinyl PAV solid state film
which was used for all the solid state measurements in this thesis consisted of 3 layers of
20.0g/l polymer in Toluene solution spun at 500rpm. The film thickness as measured using

the Zygo optical profilometer was found to be 170+9nm corresponding to an error of 5.3%.

Zygo

+ 12000 . & ]

Figure 5.4: Thickness measurement of Pyridinyl PAV solid state film. The film thickness was
measured at 170 + 9nm using a Zygo optical profilometer. The above diagram corresponds to
one of three separate thickness measurements.
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A laken on two dlﬁ‘erent Iaser systems. A Nd:YAG laser and a Nitrogen
. The YAG laser data analysxs calculations were based on the Gaussian
le Z-Scan technique and the Dye laser calculations done were based on

beam profile Z-Scan technique, both of which are described in chapter 3.

i’i_mental Overview

representation of the generic Z-Scan Apparatus is shown in figure 5.5. The
er was a active and passively mode-locked Continuum PY60 Series Nd:YAG. It
single pulses at 10Hz, with a full width half maximum (FWHM) pulse-width of 40ps
,i.e. an e pulse-width of 24ps?. Pulses of energy ~35mJ are producible at 1.06um
~15mJ at the second harmonic wavelength, 532nm. The typical beam profile at the
of the laser was not that of a perfect Gaussian °. For absolute values to be extracted
the Z-scan data, the beam profile must be well characterised by either a Gaussian
r a Top-Hat profile, as discussed in chapter 3.

d:YAG contained a conventional resonator, whose fundamental mode (TEMgo) is that
; Gaussian wave. The laser profile departs from this theoretical function due to
ections in the laser optics. Spatial filtering is one method which can be used to
move random fluctuations from the intensity profile of a laser beam*. An ideal coherent,
‘ imated laser beam behaves as if generated by a distant point source. Spatial filtering
olves focusing the beam, producing an image of the “source” with all the imperfections
. ocused in an annulus about the axis. A circular pinhole centered on the axis can block
e unwanted noise annulus while passing most of the lasers energy. The diameter of the
f;ole is approximately Af/or, where f is the focal length of the lens, A is the laser
velength, and o is the laser beam radius. It was decided, instead, to smooth the laser
n with a 1.00mm aperture, which is the same technique used in reference 3 for Z-Scan
lution measurements. The beam goes through aperture 1 (figure 5.5) where it is
ffracted. In the far field, the beam profile of a normally incident plane-wave field on a
circular aperture is given by a somb? function®. A Gaussian profile has a very similar (<0.2%
or) intensity profile compared with the central portion of the somb? function °. The idea

was to select the central part of the diffraction pattern to get a smooth profile approaching a

aussian, by using a second (aperture 2) to “clip” the wings in the far-field.
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Figure 5.5: Schematic representation of the Z-Scan set-up used for all experiments.
The Nd:YAG Laser set-up uses all three apertures.
The Dye Laser set-up only uses apertures 2 and 3.




Distance

Figure 5.6: Transverse beam profile of somb? function.
r Fraunhofer condition is given by ®
2
i D> -dr 8.1

the distance between both apertures, d is the diameter of the first aperture and A
‘wavelength. The values of d%/1 were found to be 188cm and 94cm, for 532nm and
i'1"63’1)@6':tively. The experimental value of D was measured to be 420cm. The far-field

on was not exactly met, but it lead to the formation of a substantially smoother beam
‘which, to a good approximation, could be characterised as having a Gaussian
distribution. The beam profile was clipped using a second aperture, which had a
r of 9mm for the 532nm measurements and 13mm for the 1064nm measurements.
, length of the lens at both was 150mm. The beam waist measured according to
: ’, 3.1b was found to be 14.5+1.9um at 532nm and 19.3+1.3um at 1064nm, which
spond to Rayleigh ranges of 1.2+0.4mm and 1.1+0.2mm respectively. The solutions
in 1mm thick quarts cells, and therefore according to reference 6 the thin medium
on is satisfied, i.e. L <Z. The distance between the sample and aperture 3 is
ximately 790mm. Compared to the larger Rayleigh range of 1.2+0.4mm the far-field

dition is also satisfied.

> dye laser was a tuneable PRA LN1000 high pressure nitrogen pumped PRA LN107 dye
The nitrogen laser operated at 337.1nm and produced pulses of approximately 1mJ, of

ation ~800ps, and at a repetition rate of up to 20Hz . The output of the nitrogen laser
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operation from 350nm to 950nm, although
at longer wavelengths. The nitrogen pump pulse has a width of
holding effects in the dyes the LN107 has a rated output pulse length

dye laser, which :

°ments were carried out over 23 discrete wavelengths, from 465nm
n %i_Onm steps. This enabled dispersion measurements to be carried out.
Wurement of absolute values from the experiment a circular aperture was
: é’xpanded beam from the dye laser in order to produce a top-hat spatial
the beam was expanded up there was spatial variations which were visible
scent background. This can be seen in the Z-Scans between the YAG laser

laser, where the dye laser Z-Scans show more noise in the closed aperture traces

er was used to take all measurements relating to the Z-Scan experiment. Data was
ed from three photodiodes, one recorded the reference energy, one the open aperture
and the third recorded the closed aperture energy. The photodiode signals were
ed by a Strawberry Tree Flash 12, 1 MHz A/D card stored on a computer. Software,
n in C, controlled this card and collected the experimental data, analysed it and then
yed it graphically. The translation stage was computer controlled and operated using

same software described below.

- complete source code listing for the control software used for the Z-Scan
ements is listed in Appendix 1. A parameter input file was used to control the
ous parameters which had to be taken into consideration when performing a Z-Scan

iment. The file takes the form:

AN\USER\KIERAN\ 20 0.25 100 800 0.5 0

first parameter is the directory where the data was saved to. The filename was a default
called Z-Scan.dat, which needed to be renamed after each Z-Scan to make sure that it
d not get overwritten by the subsequent measurements. This helped to ensure that the

icular results just measured were looked at straight away and a decision made whether

 keep the results or to discard them.

"The first number was the total distance the translation stage moved, in millimeters. Valid

ambers were 1, 2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
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Experiiﬁ?iit il Details

n depending on the focal length of the Z-Scan

| i s were 0.1, 0.2, 0.25, 0.5, 1.0, 2.0 and 2.5. Smaller distances between
mcmased the number of data points that were recorded for the Z-Scan

ever this came at the cost of longer measurement times.

umber WWas the number of data points to which the pu vere digitised. Valid
e 50, 75, 100, 125, 150, 175 and 200. This number depended on the pulse width
m the photodiodes. Choosing a larger number increased the accuracy of the
e detection. However on the Nd:YAG laser, which operates at a repetition rate of
larger number means that not every successive laser shot would be measured, due

xtra processing time. This led to increased measurement times.

rth number was the resolution of the stepper motor i.e. the number of steps in took
we the stepper motor 1mm. The Nd:YAG stepper motor had a resolution of 800 steps
nillimeter, while the dye laser stepper motor had a resolution of 80 steps per
eter. The same model stepper motor control box was used on both experiments, but

were different stepper motors for each system.

fifth number was the trigger voltage. Valid numbers were any number between 0 and
volts. This needed to be chosen carefully before each experiment. This was due to the
that the intensity of the laser pulses changed between different samples and the
yonse of the silicon detectors was wavelength dependent. The trigger voltage was
n before each Z-Scan run to ensure that it was high enough so that no stray or
kground light may accidentally trigger a measurement. It also needed to be set low

nough so that it could successfully be triggered by whatever voltage was produced by the

nce photodiode.

sixth number was the number of points to be sampled before the trigger. This number
to be less than the number of data points that the pulses were digitised to. This was

essary to ensure that the baseline voltage was digitised for each pulse measured.

Z-Scan Measurements
his section presents the experimental measurements techniques which are used for each of
Z-Scan set-ups. Some of the experimental Z-Scan traces are presented which outline
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inear effects which are encountered for each of the polymers, in
state. %

er Measurements
gpe{jdcnt solution meaSHEEmICAtS as well as thin film solid state
performed at 532nm and 1064nm. The toluene solvent was purchased
-Hagn, and it’s purity was superior to 99.8%. The same cell was used for all
experiments and it was fixed, which means that there was no alteration of the
| due to surface imperfections or wedge in the cell between different samples. A
 used to fill and empty the cell. A baseline measurement with Toluene was the
ment taken and all subsequent concentration measurements were taken using
dilute concentration first. This process minimised the effects of cross
ination of concentrations. After each series of measurements the cells were cleaned

oroughly as possibl

id state samples were made thick enough so that no change to the experiment had to
de for solid state measurements except to change the relevant sample. This is valid
ost wavelengths except when the Z-Scan wavelength was at or near the absorption
gap of the polymer. Here resonant enhancements took place and extra neutral density
had to be put in place to reduce the intensity of the beam to facilitate measurements.
 solid state samples were always inserted so that the film side of the substrate was
i’ g the Z-Scan beam. During the run the sample moves from the focusing lens towards

getector, so -z is the pr

 typical z-step is 0.5mm for the YAG laser over a total scan length of 20mm. Data for
h z-position were averaged over, typically 30 shots. From chapter 2, it is recommended
the sample be scanned by at least + Zo. This condition is therefore satisfied at each
velength. The closed aperture had a diameter of 7.00+0.06mm, and the aperture linear
mittance (S) was measured to be 0.10 at 532nm and 0.05 at 1064nm. For each
urement Z-Scans were repeatedly taken until no change between the consecutive runs
noted apart from the slight change in normalization signal. This ensured that no
age was caused to the sample during the first run. The first run was then chosen for
‘analysis. This procedure typically involved only 2 consecutive Z-Scans as the results were

stly repeatable. Figures 5.7 through 5.13 show typical Z-Scan traces obtained from the
YAG laser apparatus.
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Z-Position (mm)

e Open 2
e Closed

Closed Fit
1-——— Open Fit

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
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~ Figure 5.9 : Z-Scan trace taken for Thienyl-PAE 2.5¢g/l solution at 532nm.
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Expe

atic. Correct aligning was attz

‘was achieved with the Toluene

is not aligned rec ly with respect to the closed aperture. As can
tting, for small amounts of misalignment the magnitude of ATpv
open aperture Z-Scan shows a reduction of the transmission at the
) ted to two photon absorption. The open fit uses equation 3.32 to
- the nonlinear absorption .

e Open
~ e Closed
— Closed Fit
——— Open Fit

S8 20 40 60 80 100 120 140 160 180 200

Z-Position (mm)
Figure 5.10 : Z-Scan trace taken for Pyridinyl-PAE solid state at 532nm.

] © Open
., Closed
4 Closed Fit
1100 3 open Fit

1.000

0.900

0.800 -

Normalised Transmission

0.0 2.0 4.0 6.0 8.0 10.0 f208 140 160
Z-Position (mm)

Figure 5.11 : Z-Scan trace taken for Thienyl-PAE solid state at 532nm.

above two Z-Scans open show a increase of the transmission at the focus which is
ibuted to saturable absorption. Saturable absorption was dominant where ever there was
h level of linear absorption. Note that 1, and P are regarded as the effective third order

nearities as they may contain some higher order components.
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Z-Position (mm)

Z-Scan trace taken for Thienyl-PAV 0.1g/l solution at 532nm.

60 . 80 100 120 14.0 16,0 180 200

Z-Position (mm)
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e Closed

] Closed Fit
——— Open Fit

o

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Z-Position (mm)

Figure 5.14 : Z-Scan trace taken for Toluene solvent at 1064nm.
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3:0- 4.'0 5.0 6:0 7:0
Z-Position (mm)
15 : Z-Scan trace taken for Thienyl-PAV solid state at 1064nm.

Z-Scan for toluene at 1064nm, while figure 5.15 shows the Z-scan for
V solution. A clear reduction of the transmission has occurred due to the
’ open aperture signal for toluene might be due to scattering by the
photon absorption. Stimulated Brillouin scattering has been observed in
h intensities®. The poor quality of the closed aperture traces obtained for all

rements at 1064nm makes it very difficult to rely on the experimental

1.400

8 * Open
I} Closed
g 1.200
oo R RO SRR RCRCICEL U B lg1.000-o.-----'00'-'.:,.-t-t-‘::tllz
T 0800 gy
§ .-
Z 0800
20 40 6.0 8.0 10.0 120 140 0.0 20 40 6.0 8.0 10.0 12.0 140
Z-Position (mm) Z-Position (mm)

.16 : Thienyl-PAV solid state at 1064nm.  Figure 5.17 : Thienyl-PAV solid state at 1064nm.

lo=7.1x10"W/m? lo=10.8x10"*W/m?
5 1,600
° . K * Open
. m . 2 1400{ o Closed it
e g i e
pc-tiii:::.....:...-....-.:::= r-1.ooo.-nlS::::......:,...........:_
-...- go.m ..__.-
. s e
e g 0600 L
: Z 0400
0.0 20 40 6.0 8.0 10.0 120 14.0 0.0 20 4.0 6.0 8.0 10.0 12.0 14.0

Z-Position (mm) Z-Position (mm)

5.18 : Thienyl-PAV solid state at 1064nm. Figure 5.19 : Thienyl-PAYV solid state at 1064nm.
lo=11.2x10"*W/m’ lo=11.8x10"*W/m?

above Z-Scans show the Thienyl-PAV solid state sample after several scans where the
ity is increased. The sample seemed to undergo irreversible sample damage. Figure

shows a Z-Scan for lo = 7.1x10"*W/m?. The result was reversible, in that reducing the
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Expe

e Z-Scan trace below the dete
ensity is inc magnitude of AT, increases

i

nd higher intensity scan is shown in figure

can curve. Increasing the intensity higher still
crease the magnitude of AT+ by only a little, leaving the Z-Scan
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Figure 5.21 : Thienyl-PAV 3f,(\)llid state at 1064nm.
2 lo=11.5x10"W/m?
: Thienyl-PAV solid state at 1064nm.
-~ lo=11.0x10"W/m’
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5.22 : Thienyl-PAV solid state at 1064nm. Figure 5.23 : Thienyl-PAV solid state at 1064nm.
lo = 6.8x10"*W/m’ lo=7.1x10"*W/m?

e 5.20 the intensity remains high, while the step-size is halved. This introduces extra
into the Z-Scan, which are consistently lower in magnitude compared to the original
s. A second scan at the same high intensity produced essentially the same Z-Scan
Figure 5.22 contains a Z-Scan at a lower power than figure 5.16, which is shown
; n as figure 5.23 in order to get a better comparison between the two. As can be seen the
| has increased by a factor of about 50, compared to the original reversible low intensity
an. This increase is attributed to structural damage. This kind of sample damage can be
ed, however, by changing the step size as shown in the above figures. All solid state

Z-Scans at 532nm were subsequently re-checked. The test was also included as part of

',;Dye laser measurements.
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ut in a similar manner to the YAC v
wavelengths, from 465nm througli _
rements were carried out on the 25gfl E"
At s, the Toluene sample was the first and last
wavelength. Measurements were taken on the pure Toluene solution
 results could be consistently reproduced within experimental error.

all the measurements were still valid for comparison. Each

is shorter than on Nd:YAG Laser. This is due to the fact that the beam
r this laser. At ~500ps it is approximately 20 times longer than the YAG
In order to increase the peak power per pulse a lens with a short focal
diameter beam, is needed to attain the required peak power needed to
optical response. The interval is reduced from 0.5mm to 0.25mm in
enough resolution over the scan length. Figures 5.24 and 5.25 show some

traces obtained using the Dye laser Z-Scan apparatus.
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Figure 5.24 : Z-Scan trace taken for Toluene solvent at 565nm
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Figure 5.25 : Z-Scan trace taken for Thienyl-PAV solid state at 475nm
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Results ar

of the Z-Scan experimental procedures on all four polymers are
are grouped together by polymer type in order to present the results
as possible. The chapter can be essentially described as being
arate sections. Each of the first four sections is dedicated exclusively
- polymers and contains a complete set of results pertaining to that
ﬁfth section contains a general discussion, where comparisons are made
ul different polymers, and related where possible to the predictions based on

absorption measurements and computer modelling in chapter 4.

r dispersion measurements performed from 465nm through 685nm in 10nm
the Dye Laser set-up are presented first. The value of the third order nonlinear
n coefficient m,, and the third order nonlinear absorption coefficient B for the
‘in solution as well as the solid state are given first in a tabulated format. These
are then plotted graphically to better illustrate any trends which may exist. The
ments performed at 1064nm and 532nm using the Nd:YAG Laser set-up are the
results to be presented, initially in table form, and then again in graphical form. The
ers suitability for nonlinear optical switching is then investigated through the T and

es of merit which were discussed in chapters 2 and 4.

6.1 Pyridinyl PAV Results

ion 6.1 contains all the nonlinear optical results obtained from Z-Scan measurements of
third order nonlinear refraction 1, and the third order nonlinear absorption B for the
dinyl PAV polymer. Solid state and solution dispersion measurements from 465nm
0 ugh 685nm in 10nm steps were carried out on using the Dye Laser Z-Scan configuration
ibed in chapter 5. Solid state and concentration dependent solution measurements

also carried out at 532nm and 1064nm using the Nd:YAG Z-Scan configuration

ibed in chapter 5.

1 Solution and Solid State Measurements



 -5.850+2.925

-3.980 + 0.318

-1.030+0.093 21,500 + 1.692
0,103 +0.021 22,000 + 2290 2
-1.010+0.101 19.800 + 2178
14700+ 1.764

-0.619 £ 0.074

ﬁ&

B Solid State

-8.900 +2.136

2.035+0.977

(x10® m/w) (102 mW)

B Solution

11.100 + 1.332

0430£0006  2.110+1.055 1210+0.169

-1.390 + 0.695 -0.200 + 0.003 1,690 + 0.845 1.160 + 0.174
-0.564 +0.083 0.460 + 0.230 2.910 + 0.466

-0.270 4 0.004 0.500 + 0.250 1610 £ 0.274

-0.460 + 0.008 0.440 + 0.220 1180 +0.212

-0.300 + 0.005 1.070 £ 0.535 0.180 + 0.030

-0.490 + 0.009 0.850+0430 0280+ 0.060

-0.490 +0.010 0.750 + 0.370 0.130 + 0.030

-0.400 £ 0.008 1020£0510 059040130

10.140 £ 0.003 1,040 + 0.520 1.770 + 0.407

-0.170 + 0.004 NoSaan . 2.390:0574

No Scan No Scan No Scan

017040004 031040180 0620+0.160

-0.090 + 0.040 -0.290 + 0.008 0.390 +0.190 0.930 + 0.260
60+ 0.080 0317£0086 017&10080 0.963 £ 0.270

able 6.1.1: The real component 1 and imaginary component B of x* for the Pyridinyl-PAV polymer.
Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene
Ivent. All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.

igures 6.1.1 through 6.1.4 below show the above data in graphical format. Each graph also
ws the linear absorption spectrum for Pyridinyl-PAV to help facilitate trend correlation.
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~ Linear Absorption

B (10" m/W) PY-PAV
~ Zero Reference
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Wavelength (nm)

dispersion of the imaginary component B of x® for 2.5 g/l Pyridinyl-PAV polymer

ngth range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.1.1.
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~ Linear Absorption
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Wavelength (nm)

5 6.1.2: The dispersion of the real component 1, of X for 2.5 g/l Pyridinyl-PAV polymer Solution.
avelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.1.1. The linear
ion trend for Pyridinyl-PAV in solution is also included for comparison.
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~ Linear Absorption

B (10° m/W) PY-PAV
-~ Zero Reference
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480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

dispersion of the imaginary component B of ¥® for a 170nm thick Pyridinyl-PAV Solid
. The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in
absorption trend for the same Solid State Film is also included for comparison.

- Linear Absorption
n, (10" m’W) PY-PAV
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6.1.4: The dispersion of the real component 1z of x© for a 170nm thick Pyridinyl-PAV Solid State
Film. The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table
The linear absorption trend for the same Solid State Film is also included for comparison.
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2.330 + 0.536

u e

1.230 + 0.283

0.496 + 0.064

g figures of merit T and W. All the above measurements were performed using the YAG

B (10" m/W) PY-PAV Sol (532nm)
——— Straight Line Fit
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Polymer Concentration (g/l)

> 6.1.5: The imaginary component B of ¥ for Pyridinyl-PAV polymer Solution as a function of
2 concentration at 532nm. The solution concentration ranges from 0.10g/l up to 7.50g/l and uses the
in Table 6.1.2. Also included is a best straight line fit to all data points.
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Results ;

n, (10" m’;W) PY-PAV Sol (532nm)
| —— straight Line it
T S R, R DB, 7 T T G L e, e N Tt e e 1 N B
2 3 4 5 6 74 8

Polymer Concentration (g/l)

real component 0z of  for Pyridinyl-PAV polymer Solution as a function of solution
532nm. The solution concentration ranges from 0.10g/l up to 7.50g/l and uses the values in
so included is a best straight line fit to all data points.

12 Solution
(x10"® m3w)

B Solution
(x10™" m/w)

0.362 + 0.098

0.299 + 0.082

0.401+0.108

0.315 + 0.085

0.363 + 0.099 0.661 + 0.337
0.298 + 0.080 0.372 +0.190
0.319 4 0.086 0.210 +0.107
0319 40,086 0.183 +0.093
W (Solid State)
0,050 + 0.028 4 WA N + 0 075 0.212 +0.159

2 6.1.3: The real component 1z and imaginary component 8 of %® for the Pyridinyl-PAV polymer at
_The Solution measurements were all performed in Toluene Solvent. Also included are the nonlinear
cal switching figures of merit T and W. All the above measurements were performed using the YAG
set-up.
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B (10" mM) PY-PAV Sol (1064nm)
Straight Line Fit

Polymer Concentration (g/l)

ngary component B of ¥ for Pyridinyl-PAV polymer Solution as a function of
at 1064nm. The solution concentration ranges from 0.10g/l up to 7.50g/l and uses the
Also included is a best straight line fit to all data points.

n, (10" m’W) PY-PAV Sol (1064nm)
—— Straight Line Fit

Polymer Concentration (g/l)

6 1.3: The real component 1z of ¥ for Pyridinyl-PAV polymer Solution as a function of solution
at 1064nm. The solution concentration ranges from 0.10g/l up to 7.50g/l and uses the values in
. Also included is a best straight line fit to all data points.
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0.179 +0.134
5+ 0.229

0.197 £0.148

4.796 + 1.103

0.762 + 0206

1.580 + 0.458

1.458 + 0.423

1.740 +£ 0.574

0.744 + 0.260

0.175 + 0.065

0.174 +0.068

0.193 + 0.079

025240108

4.170 £ 1.877

467042195

No Scan

305041555

1.070 + 0.589

10410551

120

16.490 + 12.435

18.670 + 14.003

50.080 + 44.310
15.500 + 11.625
13.400 + 10.050
26.800 + 20.100

1.022 + 0.767

42.200 + 31.650

13.800 + 10.350

14.910 £ 11.183

No Scan

0.717 £ 0.538

0.180 + 0.027

0.199 + 0.034

0.561+0095
0.824 0,157
0.820 + 0.172
0.874 + 0219
0.387 + 0.007
0213+ 0,058
0.960 + 0.298

0.227 + 0.070

. 0656+0216

0.583 + 0.204

069740258

0.592 + 0.231

069340284

0.261 +0.112

0.299 + 0.135

No Scan

0.464 + 0.227

0.876 + 0.464

0.600 + 0.330

able 6.1.4: The nonlinear optical switching figures of merit T and W for the Pyridinyl-PAV polymer. The
lution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.
the above measurements were performed using the Nitrogen pumped DYE Laser set-up.
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Mon of the T Figure of Merit for 2.5 g/l Pyridinyl-PAV polymer Solution. The
from 465nm to 685nm in 10nm steps and uses the values in Table 6.1.4. The graph is
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6.1.10: The dispersion of the W Figure of Merit for 2.5 g/l Pyridinyl-PAV polymer Solution. The
range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.1.4. The graph is

coded - green where W is favourable and red where W is unfavourable for all optical switching.
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Wavelength (nm)

dispersion of the T Figure of Merit for a 170nm thick Pyridinyl-PAV Solid State Film.
e is from 465nm to 685nm and uses the values in Table 6.1.4. The graph is colour coded
favourable and red where T is unfavourable for all optical switching.
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re 6.1.12: The dispersion of the W Figure of Merit for a 170nm thick Pyridinyl-PAV Solid State
. The wavelength range is from 465nm to 685nm and uses the values in Table 6.1.4. The graph is colour
- green where W is favourable and red where W is unfavourable for all optical switching.



ults obtained from Z-Scan mes
rd order nonlinear absorption B
dispersion measurements from
the Dye Laser Z-Scan conﬁgurafion;
dependent solution measurements

532nm and 1064nm usmg the Nd:YAG Z-Scan configuration

d Solid State Measurements
 contains the measured third order nonlinear refraction 1, and third
rption values component B for the Thienyl-PAV polymer as measured

Scan apparatus.

ments from 465nm through to 565nm could not be obtained due to the

r absorption which was present at these wavelengths.
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No Scan
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No Scan
No Scan
-3.406 + 0.852 No Scan
NoScan  -1.910£0516 No Scan
No Scan -2.190 + 0.635 No Scan
No Scan -1.490 + 0.492 No Scan
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-6.710 + 0.537 0.470 +0.190 3.040 + 0.274
-2.570 + 0.206 0.800 + 0.390 7.100 + 0.639
-1.460 +0.146 162040810 3.930+0432
-0.860 + 0.090 0.950 + 0.480 2.690 +0.323
-0.880 +0.110 2.020 + 1.010 2620+ 0.314
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).040 + 0.020
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Results

B Solution
(x10™2 m/W)

No Scan

le 6.2.1: The real component ) and imaginary component B of x® for the Thienyl-PAV polymer. The
fion measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.
1 the above measurements were performed using the Nitrogen pumped DYE Laser set-up.

gures 6.2.1 through 6.2.4 below show the above data in graphical format. Each graph also
shows the linear absorption spectrum for Thienyl-PAV to help facilitate trend correlation.



~ Linear Absorption
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length range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.2.1.
n trend for Thienyl-PAV in solution is also included for comparison.

B e S

Linear Absorption
1, (10" m’W) TH-PAV
- Zero Reference
m s EARLELBLS L R L TSR AL EL I e e e L ane s sk S UL B
420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)

6.2 . The dispersion of the real component nz of % for 2.5 g/l Thienyl-PAV polymer Solution.
"- range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.2.1. The linear
ion trend for Thienyl-PAYV in solution is also included for comparison.
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- Linear Absorption
B (10° m/W) TH-PAV
-~ Zero Reference

N R AR R A T B T R 2 T o i R TR R L T A AL B O e S

480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in
r absorption trend for the same Solid State Film is also included for comparison.

;:: I"":II:I';--.-’-“-,_,V
I
~ Linear Absorption
n, (10" M) TH-PAV
Zero Reference
-zw ".".l""""l'"”I""'l'rr"""l"T'l""l""I""l"lrl""l'lrv
420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)
2 6.2.4: The dispersion of the real component 12 of x® for a 230nm thick Thienyl-PAV Solid State

- Film. The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table
‘I‘hehnw absorption trend for the same Solid State Film is also included for comparison.
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T (Solution)

2.672 +0.401

P

1.497 £ 0.225

51 + 0.058 -2.570+-0.617 2.730 + 1.283 0.633 + 0.247

component 1, and imaginary component B of ¥ for the Thienyl-PAV polymer at
easurements were all performed in Toluene Solvent. Also included are the nonlinear
of merit T and W. All the above measurements were performed using the YAG

B (10" m/MW) TH-PAV Sol (532nm)
—— Straight Line Fit

02 0.4 0.6 0.8 i
Polymer Concentration (g/l)

8.2.5' The imaginary component B of ¥ for Thienyl-PAV polymer Solution as a function of
concentration at 532nm. The solution concentration ranges from 0.10g/l up to 0.75g/l and uses the

127



Chapter 6 Results and Discussion

0_
-8 2
n, (10 m /W) TH-PAV Sol (532nm)
e —— Straight Line Fit
5
=
E -
e -10 -
L
~N
=
-15 -
B
0.0 0.2 0.4 0.6 0.8 1.0

Polymer Concentration (g/l)

Figure 6.2.6: The real component 1, of x* for Thienyl-PAV polymer Solution as a function of solution
concentration at 532nm. The solution concentration ranges from 0.10g/l up to 0.75g/l and uses the values in
Table 6.2.2. Also included is a best straight line fit to all data points.

Thienyl-PAV (YAG Laser 1064nm)

12 Solution

B Solution

Concentration (x10°" m2IW) (102 m/W) T (Solution) W (Solution)
0.10 gl -0.009 + 0.002 0.557 + 0.106 32,925 + 12.182 0.513 +0.180
0.25 gl -0.021 + 0.003 0.424 + 0.081 10.741 + 3.974 0.402 + 0.141
0.50 gl -0.025 + 0.005 0.549 + 0.105 11,683+ 4.323 0.291 +0.102
0.75 g/ -0.039 + 0.006 0.717 +0.136 11.219 + 4.151 0.256 + 0.090
1.00 g/ -0.043 + 0.007 0.890 + 0.169 11.011 £ 4.074 0.344 +0.120
250 gl -0.071+0.013 1.300 + 0.247 13.600 + 5.032 0.116 + 0.041
5.00 g/ -0.139+ 0.025 1.990 + 0.378 7.616+2.818 0.158 + 0.055
7.50 gl -0.199 + 0.036 2,560 + 0.486 6.844 + 2532 0.150 + 0.053
10.00 g/t -0.337 + 0.061 4.090+0.777 6.460 + 2.390 0.192 + 0.067

Description s %‘?ﬂ"ms;m‘)’ B(;‘:)'Ld rf,tfvt)e T(Solid State) W (Solid State)
Solld State -0.064 + 0.032 0.190 + 0.095 1570+ 1.178 1.420 + 1.065

Table 6.2.3: The real component 1 and imaginary component B of x® for the Thienyl-PAV polymer at
1064nm. The Solution measurements were all performed in Toluene Solvent. Also included are the nonlinear
optical switching figures of merit T and W. All the above measurements were performed using the YAG

Laser set-up.
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4 2 3 4 5 6 7 8 9 10
Polymer Concentration (g/l)
‘imaginary component B of x® for Thienyl-PAV polymer Solution as a function of

at 1064nm. The solution concentration ranges from 0.10g/l up to 10.00g/l and uses the
Also included is a best straight line fit to all data points.

i n, (10" m’W) TH-PAV Sol (1064nm)
-0.35 i —— Straight Line Fit

e A A S T L A R AL LA BRSPS ) S L |

0 1 2 3 4 5 6 7 8 9 10
Polymer Concentration (g/l)

3.2.8 ’Ihe real component 1z of x for Thienyl-PAV polymer Solution as a function of solution
i 1064nm The solution concentranon ranges ﬁ'om 0.10g/l up to 10.00g/l and uses the values in
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Wavelength

o1

575nm

585nm

595nm

605nm

615nm

625nm

635nm

645nm

655nm

665nm

675nm

685nm

Table 6.2.4: The non-linear optical switching figures of merit T and W for the Thienyl-PAV polymer. The
Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.

o

T (Solid State)

jl)‘.‘ifl"\i +0.124
0.484 + 0.189
0.431+0.168
0.467 + 0.192
No Scan
0.234 + 0.102
0.375+0.170

0.329 + 0.162

10.236+0.125

0.309 +0.176
0.121 £ 0.079
0.087 £+ 0.064
0.048 + 0.036
0.108 + 0.081
0.326 + 0.245
0.437 +£0.328
0.315 + 0.236
0.337 £0.253
0.369 + 0.277
0.401 + 0.301
0.980 + 0.735
2.140 + 1.605

8.410 £ 6.308

T (Solution)
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan

0.542 + 0.081
0.132 + 0.022
0.823 +0.140
0.814+0.171
0.965 + 0.222

0.934 + 0.224

1.590 + 0.429

1.530 + 0.444

1.540 + 0.477

0.982 + 0.324

1.230 + 0.431

1.230 + 0.455

6.2.2 Nonlinear Optical Switching Figure of Merit
Table 6.2.4 contains the optical switching figures of merit T & W for Thienyl-PAV.

W (Solid State)
1.280 + 0.230
1.240 + 0.384
1.250 + 0.388
1.430 + 0.458

No Scan
7.270 £ 2.545
2.110+0.781
3.927 + 1.610
1.980 + 0.891
2.300 £ 1.127
7.440 + 4.241
6.450 + 4.193
6.305 + 4.729
7.810 + 5.858
4290 + 3.218
2.740 + 2.055

12.100 £ 9.075
7.270 + 5.453
8.330 £ 6.248
7.520 + 5.640
2.700 + 2.025
0.945 + 0.709

0.402 + 0.302

Results and Discussion

enyl-PAV (DYE Laser 465-685nm)

W (Solution)
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan
No Scan

0.430 + 0.056

0.470 + 0.070

0.619 + 0.093

0.387 + 0.074

0.364 + 0.076

0.524 + 0.115

0.429 + 0.107

0.531 +0.143

0.482 + 0.140

0.424 +0.131

0.777 £ 0.256

0.474 + 0.166

All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.
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460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)
dispersion of the T Figure of Merit for 2.5 g/l Thienyl-PAV polymer Solution. The

from 465nm to 685nm in 10nm steps and uses the values in Table 6.2.4. The graph is
where T is favourable and red where T is unfavourable for all optical switching.

< i R L G5, 14, L 0 WL LR

420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

6.2.10: The dispersion of the W Figure of Merit for 2.5 g/l Thienyl-PAV polymer Solution. The
ngth range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.2.4. The graph is
r coded - green where W is favourable and red where W is unfavourable for all optical switching.

131



460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

d?spersion of the T Figure of Merit for a 230nm thick Thienyl-PAV Solid State Film.
is from 465nm to 685nm and uses the values in Table 6.2.4. The graph is colour coded

- W (TH-PAV SS)
~— Unity Reference

-
o

W (unit-less)
S

©

L AL BRSO LR R

420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

re 6.2.12: The dispersion of the W Figure of Merit for a 230nm thick Thienyl-PAV Solid State Film.
wavelength range is from 465nm to 685nm and uses the values in Table 6.2.4. The graph is colour coded
1 where W is favourable and red where W is unfavourable for all optical switching.
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at 532nm and 1064% using the Nd:YAG Z-Scan configuration

Solid State Measurements

€) contains the measured third order nonlinear refraction 1, and third
rption values component P for the Pyridinyl-PAE polymer as measured
v‘Z;Scan apparatus.
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12 Solid State
.’ &(1044 mzlw)

-7.030 + 2.039 3120£0218  -12110+3633  44.600 + 3.770
_ 1017 278040222 -4.326 + 1.384 28.500+2.410
-3.820+1.222 -2.080+ 0.166 -3.182 4 1.050 26.100 + 2.210
-1490£0.119  -4.090 + 1.391 9.860 + 0.887
-4.930 + 1676 -1.100+ 0.088 -3.130+ 1.096 9.170 +0.825
15 80£1.043  -1240£0.112 4240+ 1.526 17.300 + 1.730
-1.640 + 0.590 -1.180+ 0.106 -4.340 + 1.606 14.500 + 1.450
-1.040 + 0.095 -1.880+0.714 8.220 + 0.822
-1.000 0.100 -2.490+ 0.996 5.780 + 0.636
-0.891+0.089 -2.990 £ 1.196 3.100 + 0.341
2730+ 1.119 -0.673+0.065 -3.680 + 1.546 2,690 + 0323
-0.778 + 0.086 3950£1699 3.020:0362
635nm -3.640 + 1.565 -0.954+0.114 -4.010+1.764 5.450 + 0.654
_ ' 278041223 -0.830 +0.100 446042007  6040+0785
655nm -1.130 +0.508 -0.780 + 0.090 -3.700 +1.702 5.360 + 0.607
2540+ 1.168 -0.730 4 0.100 3800+1780  6.430+0.900
675nm -0.940 + 0.460 -0.780 +0.100 -1.890 + 0.945 6.220 + 0.871
| 0740:0370 -0.690 £ 0.100 390+0. 8.380 + 1.257

(x10® m?w)

12 Solution

B Solid State
(x10°® m/w)

-34.700 + 7.634

B Solution

4400 £10.416

Results and Discussion

(x10"2 m/W)

43.300 + 3.660

55.360 + 4.680

54.430£4600

Table 6.3.1: The real component n2 and imaginary component 3 of *® for the Pyridinyl-PAE polymer.
The Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene
Solvent. All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.

Figures 6.3.1 through 6.3.4 below show the above data in graphical format. Each Figure
also shows the linear absorption spectrum for Pyridinyl-PAE to help facilitate trend

correlation.
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~ Linear Absorption

B (10" m/W) PY-PAE
----- ~ Zero Reference

U e TR SR NN B S LA T L (A R 7 3 L 7 L L R A S U G S PR S M A R

460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

- dispersion of the imaginary component B of x for 2.5 g/l Pyridinyl-PAE polymer
oth range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.3.1.
trend for Pyridinyl-PAE in solution is also included for comparison.

~— Linear Absorption
n, (10" m’/W) PY-PAE
~—— Zero Reference
-4w s U SR BRI B L R AR R AR DR T L e e UL UL
420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)

The dispersion of the real component 2 of @ for 2.5 g/l Pyridinyl-PAE polymer Solution.
avelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.3.1. The linear
lion md for Pyridinyl-PAE in solution is also included for comparison.
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- Linear Absorption

B (10° m/W) PY-PAE
~ Zero Reference

r-|'-rxr||---|-|v.|--.rrr-tv]r---|-|.-]-vvr|-|-.|.|--|--;-|||--

460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

dispersion of the imaginary component B of  for a 75nm thick Pyridinyl-PAE Solid
The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in
absorption trend for the same Solid State Film is also included for comparison.

T SRR R R e
S poriL R
~ Linear Absorption
n, (10" m'W) PY-PAE
/ - Zero Reference
.2m';""Ill"'l""l""l""|""l'"'I'"'ITIII["rI[lnlu,"'|||||||ll|l

420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
' Wavelength (nm)

6.3.4: The dispersion of the real component 1 of x” for a 75nm thick Pyridinyl-PAE Solid State
Film. The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table



T (Solution)

-1.210 + 0.387 2.070 + 1.180

real component 1, and imaginary component B of ¥ for the Pyridinyl-PAE polymer at
ion measurements were all performed in Toluene Solvent. Also included are the nonlinear
s of merit T and W. All the above measurements were performed using the YAG

B (10" m/W) PY-PAE Sol (532nm)
I —— Straight Line Fit
o e R LN ENELSIR A LSRR s T e S
0.5 1.0 1.5 2.0 2.5

Polymer Concentration (g/l)

6.3.5: The imaginary component B of ¥ for Pyridinyl-PAE polymer Solution as a function of
lution concentration at 532nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the
in Table 6.3.2. Also included is a best straight line fit to all data points.
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Results

-18 2
M, (10 m'/W) PY-PAE Sol (532nm)
| —— Straight Line Fit

1.0 1.5 20 2.5

Polymer Concentration (g/l)

632nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the values in
6.32 m included is a best straight line fit to all data points.

(;'12 33';"7&, (51%3'2":7&) T (Solution) W (Solution)

0511:&0102

-0.071 £ 0.014 0.554 £ 0.111 4.151 £ 1.660 0.806 + 0.306

0.019

-0.154 + 0.030 0.444 + 0.089 1.534 +0.614 0.583 +0.222

143 + 0.028

-0.382 £ 0.076 0.536 + 0.107 0.747 £ 0.209 0.433 +0.165
W (Solid State)

. id State -0.039 + 0.020 0.114 + 0.057 1.544 + 1.158 0.057 + 0.043

ible 6.3.3: The real component 1z and imaginary component B of x® for the Pyridinyl-PAE polymer at
am. The Solution measurements were all performed in Toluene Solvent. Also included are the nonlinear
switching figures of merit T and W. All the above measurements were performed using the YAG

“ T set-up.

138



B (10" m/W) PY-PAE Sol (1064nm)
—— Straight Line Fit

Polymer Concentration (g/l)

imag component B of ® for Pyridinyl-PAE polymer Solution as a function of
at 1064nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the
Also included is a best straight line fit to all data points.

n, (10" m’W) PY-PAE Sol (1064nm)
—— Straight Line Fit

1.0 1.5
Polymer Concentration (g[l)
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gl T (Solid State)

i

0711+ 0.306

0.176 + 0.121
0.402 + 0.285
575nm 0.760 + 0.555
/ 0,495 + 0.371

0.188 + 0.141

0.495 £ 0.371
0.414 +0.310

0.404 + 0.303

0.350 + 0.262

- 0.518+0.389

655nm 1.072 + 0.804

 0.510+0.383

675nm 0.683 £ 0.512

0.179 £ 0.134

Table 6.3.4: The nonlinear optical switching figures of merit T and W for the Pyridinyl-PAE polymer. The
Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.

2.098 +0.314

4.152 + 0.622

3.681 + 0.552

2.691 + 0.404

3.356 + 0.503

1.890 + 0.321

2.320+ 0.394

3.930 £ 0.707

3.610 £ 0.686

2.312+0.439

1.720 £ 0.361

1.053 + 0.221

1.229+0.184

1.212+£0.279

1.814 £ 0.417

2.350 £ 0.564

2.240 + 0.538

2913+ 0.787

2.690+0.726

4.140 + 1.201

Non!‘inear Optical Switching Figure of Merit
> 6.3.4 contains the optical switching figures of merit T & W for Pyridinyl-PAE.

W (Solid State)

: 0.399 + 0.076

0.972 +0.340
1.550 + 0.635

1.950 + 0.878

 3.800+1.862

4.690 + 2.392
1.970 + 1.083
2.120 +£1.208
1.820+ 1.074
2.640+1.610
2.420 + 1.525
0.616 + 0.400
0.663 + 0.444
3.190 £ 2.265
0.908 + 0.645

1.630 + 1.223

2150+ 1612

2610 + 1.957
1810+1.358
0.661 + 0.496
1290+ 0.968

0.951£0.713

494 £ 0.371

Results and Discussion

W (Solution)

0.264 + 0.034
0.254 + 0.033
0.187 + 0.024
0.213+0.028
0.323 +£ 0.042
0.310 + 0.047
0.433 + 0.065
0.203 £ 0‘.030
0.196 + 0.029
0.392 + 0.QG7

0.193 + 0.033

10.308 + 0.053

0.446 + 0.085
0.271 +0.049

0.031 + 0.004

~ 0.401 + 0.084

0.536 + 0.114

0.461 + 0.101

0.412 £ 0.091

0.340 + 0.085

0.750 + 0.188

0.435+0.117

All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.
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460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

dispersion of the T Figure of Merit for 2.5 g/l Pyridinyl-PAE polymer Solution. The
from 465nm to 685nm in 10nm steps and uses the values in Table 6.3.4. The graph is

T .

420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

6.3.10: The dispersion of the W Figure of Merit for 2.5 g/l Pyridinyl-PAE polymer Solution. The
ength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.3.4. The graph is
coded - green where W is favourable and red where W is unfavourable for all optical switching.
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460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

‘ dispersion of the T Figure of Merit for a 75nm thick Pyridinyl-PAE Solid State Film.
is from 465nm to 685nm and uses the values in Table 6.3.4. The graph is colour coded
favourable and red where T is unfavourable for all optical switching.

W (PY-PAE SS)
—— Unity Reference

| 0 LA L8 2 TR LR R L B A

420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

Jre 6.3.12: The dispersion of the W Figure of Merit for a 75nm thick Pyridinyl-PAE Solid State Film.
wavelength range is from 465nm to 685nm and uses the values in Table 6.3.4. The graph is colour coded
en where W is favourable and red where W is unfavourable for all optical switching.
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Chapter 6 Results and Discussion

6.4 Thienyl PAE Results

E This section contains all the nonlinear optical results obtained from Z-Scan measurements
of the third order nonlinear refraction 1,, and the third order nonlinear absorption B for the
" Thienyl PAE polymer. Solid state and solution dispersion measurements from 465nm
through 685nm in 10nm steps were carried out on using the Dye Laser Z-Scan configuration
described in chapter 5. Solid state and concentration dependent solution measurements

were also carried out at 532nm and 1064nm using the Nd:YAG Z-Scan configuration

described in chapter 5.

6.4.1 Solution and Solid State Measurements
Table 6.4.1 (next page) contains the measured third order nonlinear refraction 1, and third

order nonlinear absorption values component B for the Thienyl-PAE polymer as measured

using the Dye Laser Z-Scan apparatus.



Chapter 6 Results and Discussion

’Trhie‘nyl_PAE (DYE Laser 465-685nm)

n2 Solid State

i TN
f»}i' . 465nm -14540£1.890  .283.900+19.810  -143.000+20.020  -432.500 + 36.600
475nm -8.950 + 1.790 111.740+7.819  -82.000+17.220  -185.500 + 14.800
485nm -7.670 + 1.534 -54.740 + 3.829 -76.200 + 16.002 -71.200 + 5.690
495nm -7.170 + 1.434 -17.780 + 1.265 -56.800 + 11.928 6.900 + 0.552
505nm -8.280 + 1.739 -5.807 + 0.406 -32.000 + 7.040 38.000 + 3.040
515nm -12.900 + 3.096 -3.590 + 0.287 -30.550 + 7.630 39.200 + 3.528
 525nm -2.950 + 0.826 -2.470+0.198 -7.070 + 2.050 36.500 + 3.285
535nm -4.990 + 1.259 -2.190 £ 0.175 -7.293 +2.260 17.800 + 1.602
545nm -5.050 + 1.616 -1.350 £ 0.122 -5.460 + 1.802 7.800 + 0.780
555nm -3.770 + 1.282 -0.814 £ 0.073 6.120 + 2.142 7.350 + 0.735
565nm -3.580 + 1.289 -0.900 + 0.090 -5.160 + 1.909 16.300 + 1.793
575nm -10.300 + 3.811 -0.760 + 0.080 -10.500 + 3.990 6.400 + 0.768
585nm -1.470 + 0.573 -0.681 +0.082 -2.290 + 0.916 4.210 + 0.547
595nm -3.040 + 1.216 -0.560 + 0.070 -6.190 + 2.538 2.790 + 0.391
605nm -4.070 + 1.709 -0.620 + 0.090 -5.770 + 2.481 2.240 + 0.336
615nm -1.890 + 0.813 -0.136 + 0.018 -3.770 + 1.659 1.290 + 0.194
625nm -1.980 + 0.891 -0.702 +0.078 -4.530 + 2.084 1.160 + 0.197
635nm -1.210 + 0.545 -0.605 + 0.102 -2.270 + 1.044 2.390 + 0.430
645nm -2.720 + 1.251 -0.520 +0.100 -3.830 + 1.800 3.030 + 0.606
655nm -1.440 + 0.706 -0.490 + 0.100 -4.670 +2.335 2.270 + 0.477
665nm -1.442 +0.675 -0.479 + 0.101 -4.610 +2.305 1.800 + 0.396
675nm -1.190 + 0.619 -0.390 + 0.090 -2.210 £ 1.171 2.370 + 0.569
685nm -3.010+ 1.625 -0.480 £ 0.110 -1.200 + 0.660 3.770 + 0.905

Table 6.4.1: The real component 1, and imaginary component B of ¥ for the Thienyl-PAE polymer. The
Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.
All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.

Figures 6.4.1 through 6.4.4 below show the above data in graphical format. Each Figure
also shows the linear absorption spectrum for Thienyl-PAE to help facilitate trend

correlation.
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-200 1

-250 ]
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Figure 6.4.1: The dispersion of the imaginary component B of x® for 2.5 g/l Thienyl-PAE polymer
Solution. The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.4.1.
The linear absorption trend for Thienyl-PAE in solution is also included for comparison.
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Figure 6.4.2: The dispersion of the real component 0 of ¥ for 2.5 g/l Thienyl-PAE polymer Solution.
The wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.4.1. The linear
absorption trend for Thienyl-PAE in solution is also included for comparison.
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Figure 6.4.5: The dispersion of the real component n, of ' for a 52nm thick Thienyl-PAE Solid State
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6.4.1. The linear absorption trend for the same Solid State Film is also included for comparison.
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¢ ,_6.4.2' The real component 1, and imaginary component B of ¥® for the Thienyl-PAE polymer at
. The Solution measurements were all performed in Toluene Solvent. Also included are the nonlinear

swnchmg figures of merit T and W. All the above measurements were performed using the YAG
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Figure 6.4.6: The imaginary component B of x® for Thienyl-PAE polymer Solution as a function of
solution concentration at 532nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the
values in Table 6.4.2. Also included is a best straight line fit to all data points.
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Figure 6.4.7: The real component 0, of x* for Thienyl-PAE polymer Solution as a function of solution
concentration at 532nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the values in
Table 6.4.2. Also included is a best straight line fit to all data points.

Thienyil-PAE (YAG Laser 1064nm)

Concentration ™ gﬂ";:i;’v'\‘,) (5123'2“::,",’\‘" T (Solution) W (Solution)
0.10 g/ -0.023 +0.005 0.512 + 0.102 11.843 + 4.737 1610 + 0.612
0.25 g/ -0.081+0.016 0.604 + 0.121 3.967 + 1.587 1.221 + 0.444
0.50 gl 01130023 0.476 + 0.095 2.241+0.896 1,548 + 0.588
0.75 gl -0.148 +0.030 0.614 +0.123 2.207 +0.883 1.351+ 0513
1.00 g/ -0.152 +0.030 0.544 + 0.108 1.904 + 0.762 1.041 + 0.396
2.50 gf 10.240 + 0.048 0.599 + 0.120 2,370 + 0.948 0.659 + 0.250

Description . ﬁ,‘.’ﬂdmszm‘; B()i‘ﬂl":me T (Solid State) W (Solid State)
Solid State 10,028+ 0.014 0.016 + 0.008 3.113+2.335 0.031 + 0.023

Table 6.4.3: The real component 12 and imaginary component B of %® for the Thienyl-PAE polymer at
1064nm. The Solution measurements were all performed in Toluene Solvent. Also included are the nonlinear
optical switching figures of merit T and W. All the above measurements were performed using the YAG
Laser set-up.
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Figure 6.4.8: The imaginary component B of x® for Thienyl-PAE polymer Solution as a function of
solution concentration at 1064nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the
values in Table 6.4.3. Also included is a best straight line fit to all data points.
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Figure 6.4.9: The real component 1z of X for Thienyl-PAE polymer Solution as a function of solution
concentration at 1064nm. The solution concentration ranges from 0.10g/l up to 2.50g/l and uses the values in
Table 6.4.3. Also included is a best straight line fit to all data points.
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6.4.2 Nonlinear Optical Switching Figure of Merit

Results and Discussion

Table 6.4.4 contains the optical switching figures of merit T & W for Thienyl-PAE.

Wavelength
465nm
475nm
485nm
495nm
505nm
515nm
525nm
535nm
545nm
555nm
565nm
575nm
585nm
595nm
605nm
615nm
625nm
635nm
645nm
655nm
665nm
675nm

685nm

Table 6.4.4: The nonlinear optical switching figures of merit T and W for the Thienyl-PAE polymer. The
Solution measurements were all performed on a concentration of 2.5 g/l of the polymer in Toluene Solvent.

T (Solid State)
2.290 + 0.618
2.180 + 0.894
1.910+0.783
1.960 + 0.804
0.978 + 0.421
0.611 +£0.300
0.629 + 0.359
0.359 + 0.223
0.295 + 0.192
0.450 + 0.311
0.407 + 0.297
0.292 £ 0.219
0.456 + 0.342
0.607 + 0.455
0.429 + 0.322
0.612 + 0.459
0.715 + 0.536
0.596 + 0.447
0.453 + 0.340
1.063 £ 0.797
1.063 + 0.797
0.627 + 0.470

0.137 £ 0.103

T (Solution)
0.354 + 0.053
0.394 + 0.059
0.315 + 0.047
0.096 + 0.014
1.652 + 0.247
2.810+0.478
3.880 + 0.660
2.170+ 0.369
1.570 + 0.298
2.500 £ 0.475
4.160 + 0.874
2.420 £ 0.557
1.810+ 0.453
1.490 £ 0.402
1.090 + 0.316
2.917 £ 0.963
0.516+ 0.170
2.330+£0.816
1.890+ 0.737
1.510+£ 0.619
0.923 1 0:397
2.040 £ 0.959

2.700 + 1.269

W (Solid State)

0.270 + 0.051

0.281 £ 0.093

0.340 £ 0.112

0.343+0.113

0.834 + 0.292

2.890 £ 1.185

0.904 + 0.443

4592 +2.433

1.590 + 0.906

1.390 +£ 0.848

2.050 + 1.332

2.750 + 1.843

0.631 £ 0.448

1.770 £ 1.292

1.540 + 1.155

0.849 + 0.637

1.050 + 0.788

0.635 + 0.476

1.300 + 0.975

0.651 + 0.488

0.545 + 0.409

0.913 £ 0.685

1.520 + 1.140

Thienyl-PAE (DYE Laser 465-685nm)

W (Solution)

0.119+0.016

0.117 £ 0.015

0.182 £ 0.023

0.373 £ 0.048

0.445 + 0.057
0.539 + 0.081

0.459 + 0.069
0.841 +0.126
0.360 + 0.061
0.295 + 0.050
0.740 + 0.141
0.279 + 0.059
0.451 +0.104
0.561 + 0.140
0.451 +0.122
0.128 + 0.042
0.839 + 0.260
0.428 + 0.141
0.681 + 0.252
0.613 + 0.239
0.723 + 0.296
0.922 + 0.415

0.734 + 0.330

All the above measurements were performed using the Nitrogen pumped DYE Laser set-up.
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Figure 6.4.10: The dispersion of the T Figure of Merit for 2.5 g/l Thienyl-PAE polymer Solution. The
wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.4.4. The graph is
colour coded - green where T is favourable and red where T is unfavourable for all optical switching.
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Figure 6.4.11: The dispersion of the W Figure of Merit for 2.5 g/l Thienyl-PAE polymer Solution. The
wavelength range is from 465nm to 685nm in 10nm steps and uses the values in Table 6.4.4. The graph is
colour coded - green where W is favourable and red where W is unfavourable for all optical switching.
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Figure 6.4.12: The dispersion of the T Figure of Merit for a 52nm thick Thienyl-PAE Solid State Film.
The wavelength range is from 465nm to 685nm and uses the values in Table 6.4.4. The graph is colour coded
- green where T is favourable and red where T is unfavourable for all optical switching.
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Figure 6.4.13: The dispersion of the W Figure of Merit for a 230nm thick Thienyl-PAE Solid State Film.
The wavelength range is from 465nm to 685nm and uses the values in Table 6.4.4. The graph is colour coded
- green where W is favourable and red where W is unfavourable for all optical switching.
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6.5 Discussion of Results

All the polymers have negative nonlinear refraction (1) coefficients at all wavelengths,

both in solution and solid state. The nonlinear absorption (B) coefficients of the polymers

are found to change sign over the wavelength range measured.

6.5.1 Dispersion of Third Order Nonlinearity

From table 6.1.1 and graph 6.1.1 it can be seen that Pyridinyl PAV solution measurements
all have positive effective third order nonlinear absorption (B) coefficients, with the
exception of 465nm, which has a negative nonlinear absorption (B) coefficient. The positive
B values are consistent with excited state absorption or multi-photon absorption, both of
which have positive signs. At 465nm the sign of B is negative which is consistent with
saturable absorption. Saturable absorption is the expected dominant third order nonlinear
imaginary process for wavelengths where significant linear absorption is present, indicating
that the ground state absorption cross section is larger than the excited state absorption

cross section (c.f. chapter 2).

Analysis of the Z-scans experimental traces are useful when trying to elucidate which of
the nonlinear absorption processes (discussed in chapter 2), to which the sign of the
nonlinear absorption is attributable. Figures 6.5.1 through 6.5.4 show open aperture Z-Scans

for Pyridinyl-PAV at various wavelengths.
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Figure 6.5.1: Open Z-Scan signature of Pyridinyl-
PAV solution at 645nm (10=2.41x10"® W/m?)
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1.100 RS o

1.050
1.000

0.950

i o

0.900 {
0.850
0.800

Normalised Transmission

0.750 s TR S S
0.0 04 08 12 16 20 24 28 32 36 40

Z-Position (mm)

Figure 6.5.4: Open Z-Scan signature of Pyridinyl-
PAV solution at 465nm (Io=0.91x10"° W/m?)
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Figure 6.5.1 shows that for Pyridinyl-PAV solution at 645nm, as the on-axis intensity
increases from a low value (linear regime) at a z-position of 0.0mm, to an on-axis maximum
intensity (1;=2.41x10'® W/m’) at a z-position of 2.0mm, the transmission through the sample
decreases. Pyridinyl-PAV solution has a very low linear absorption at this wavelength,
therefore the decrease in transmission with increasing intensity is attributed to multi-photon

absorption, namely two photon absorption.

Figure 6.5.2 shows that at 505nm there is a considerable decrease (~25%) in the amount of
light passing through the same Pyridinyl-PAV sample as the intensity passes through it’s
maximum on-axis value of 3.52x10" W/m?. This wavelength is located at the long
wavelength side of the main absorption band for Pyridinyl-PAV, where an appreciable
amount of ground state absorption exists. If the incident intensity is well above the
saturation intensity, the excited state can become significantly populated. Electrons in the
excited state may undergo absorption which promotes them to higher-lying states (whose
energy separation is usually smaller than the ground state separation). When the absorption
cross-section of the excited state is larger than that of the ground state, the transmission
through the sample decreases with increasing intensity. This type of excited-state

absorption is called reverse saturable absorption and is discussed in chapter 2.

Figure 6.5.3 shows that at 475nm, however, the initial increase in intensity leads to an
increase in sample transmission, which is consistent with the onset of saturable absorption
(absorption cross-section of the excited state is smaller than that of the ground state). As
the intensity continues to increase, the sample transmission decreases again as in figure
6.5.2. At the maximum on-axis intensity of 1.48x10"™ W/m? reverse saturable absorption
once again dominates 3. The open Z-Scan signature in figure 6.5.4 has the same shape at
465nm as that at 475nm, except that saturation of the absorption still dominates [ as the
intensity passes through it’s maximum on-axis value of 0.91x10" W/m?. The change from
saturable absorption to reverse saturable absorption as the intensity increases signifies that
although there is relatively little change (overall decrease) in transmission through the

sample at maximum intensity, a substantial change in level population is occurring.

It is postulated that for wavelengths between 475nm and 605nm (large linear absorption), 3
is dominated by excited state (reverse saturable) absorption, while for wavelengths longer
than 605nm (where there is relatively little residual absorption), B is dominated by two

photon absorption.
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The reverse saturable absorption behaviour seen for all polymer solutions appears in only
one (Pyridinyl PAV) of the solid state dispersion measurements of B. This is consistent
with the absorption spectra in chapter 4, which show that the Pyridinyl-PAV absorption

spectrum undergoes the least amount of change on going from solution to solid state.

Figure 6.1.1 also shows what appears to be two peaks (505nm and 565nm) over the range of
wavelengths where 3 is dominated by reverse saturable absorption. These peaks are also
present (to a greater or lesser extent) for the other three polymers Figures 6.2.1, 6.3.1 and
6.4.1). Figures 6.5.5 through 6.5.8 help to explain the proposed origin of the two peaks and
their relative magnitudes for each of the four polymers.
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Graph 6.5.5: Fluorescence spectrum of Pyridinyl- Graph 6.5.6: Fluorescence spectrum of Thienyl-
PAV polymer solution (0.25 g/I in Toluene) PAV polymer solution (0.25 g/l in Toluene)
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Figure 6.5.7: Fluorescence spectrum of Pyridinyl-  Figure 6.5.8: Fluorescence spectrum of Thienyl-
PAE polymer solution (0.25 g/l in Toluene) PAE polymer solution (0.25 g/l in Toluene)

The four figures above show low intensity, steady state fluorescence spectra for each of the
polymers in toluene solution. The spectrum obtained in each case has two peaks located
close together at the emission maximum. In electronic absorption which occurs on a
timescale of ~10°"® seconds, the vast majority of transitions from the ground state take place

from the lowest vibrational level (Sgo level). The molecule is excited from its lowest
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ground state to any or all of the vibrational levels in the first excited state. The excited
molecule then rapidly cascades down the vibrational manifold, losing its vibrational energy
to establish thermal equilibrium with its surroundings. This process, which is one of simple
thermal relaxation, occurs on a timescale of ~10"° s and may be represented as S1y —>S10. A
molecule that has been radiatively excited and subsequently undergone a vibrational
relaxation to the lowest vibronic level of its excited state, may then relax radiatively into
the ground state vibrational manifold over a timescale of 1-100ns. A fluorescence spectrum
yields information concerning the vibrational energy level distribution in the ground state,

whereas an absorption spectrum yields information on the vibrational energy distribution in

the excited state.

The fluorescence spectra do not mirror the absorption spectra symmetrically, as would
generally be expected for conjugated polymers. The absorption spectra for each of the
polymers show one smooth inhomogeneously broadened HOMO-LUMO absorption
transition (with the possible exception of Pyridinyl-PAV). The fluorescence spectra in
figures 6.5.5 through 6.5.8 above are all characterised by two peaks for the LUMO-HOMO
fluorescence transition. These features are most probably explained by the presence of two
sets of vibronic modes in the ground state'. Excitation spectra support this explanation.
Excitation spectra of both peaks are identical, indicating they originate from the same
transition®. This duality probably originates from the alternance of the different polymer co-
units in the backbone structure. Two sets of vibronic modes in the ground state would
likely signify the presence of two set of vibronic modes in the first (and higher) excited
state of the polymer. The solution absorption spectrum (figure 4.9) of Pyridinyl-PAV,
which shows that the main HOMO-LUMO electronic absorption is composed of not one, but
two closely spaced peaks, would tend to support this agreement. The findings above would
indicate that for the four polymers, excited state absorption, where present, originates from

two different vibrational coupled energy levels.

The absorption cross-section for each excited state (each polymer) will be different, and
their respective ratio to the ground state absorption cross-sections will govern whether
saturable absorption or reverse saturable dominate the nonlinear absorption spectra. Under
this assumption, the ratio of separation in wavelength between the two fluorescence peaks
for each of the four polymers, should correlate to the ratio of separation in wavelength

between the two reverse saturation of absorption peaks. In figure 6.5.9 this correlation is
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shown, indicating that the reverse saturable absorption double peaks do in fact originate

from excited state absorption from two different vibrationally coupled states.
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Figure 6.5.9: Plot of fluorescence double peak A Figure 6.5.10: Plot of maximum measured RSA
separation vs. measured double peak maximum RSA B A values vs. maximum fluorescence intensity for all
separation for all four polymer solutions. four polymer solutions.

Figure 6.5.10 indicates that there is also a correlation between the reverse saturable
absorption maximum value and the maximum fluorescence intensity for each polymer. The
trend is less clear for the long wavelength maxima and may be associated with resolution
of the low values observed in the Z-Scan traces. Electronic contributions to nonlinear
refractive index m, arise from virtual transitions and response times are typically of the
order 10™° seconds. Usually the 1, value of n-electron conjugated polymers depends on the
conjugation length. The n, value has been reported to be proportional to the minus 6"
power of the optical bandgap energy’. Increasing the m conjugation length sequence
reduces the optical bandgap energy. Resonant enhancement of 1, may occur whenever
there is linear or nonlinear absorption. The excitation of electrons from the electronic
ground state to an excited state (or valence band) results in a electronic population
redistribution which is responsible for the modification of the materials refractive index
(which may be quantified through the Kramers-Kronig relationships). Response times in
the resonantly enhanced case are of the order 10° seconds because the electrons may take a
time interval of typically 0.1ns to 30ns to relax back to their ground state configuration®.
Large values for o and B are detrimental to the all optical switching figure of merits. From
graph 6.1.2, it can be seen that 1, is noticeably resonantly enhanced for wavelengths of
485nm and shorter. This is expected and corresponds with the onset of the linear optical
absorption. Figures 6.5.11 through 6.5.14 show how the solid state and solution m, and 8
values vary for all polymers over the wavelength range of 465nm through 685nm.
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Figure 6.5.11: The dispersion of the imaginary component B of % for all four polymer Solutions. The
wavelength range is from 465nm through 685nm in 10nm steps and uses the values in Tables 6.1.1, 6.2.1,
6.3.1 and 6.4.1. The dotted curves are present to serve as a guide to the eye only.
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Figure 6.5.12: The dispersion of the real component Mz of ¥® for all four polymer Solutions. The
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6.3.1 and 6.4.1. The dotted curves are present to serve as a guide to the eye only.
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Graph 6.5.14: The dispersion of the real component 1z of x** for all four polymer Solid State Films. The
wavelength range is from 465nm through 685nm in 10nm steps and uses the values in Tables 6.1.1, 6.2.1,
6.3.1 and 6.4.1. The dotted curves are not include as they further complicate the graph.
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From the four graphs above it can be seen that in general, the solution measurements show
clearer trends compared to the solid state measurements. This is attributable to the higher
error encountered for solid state measurements; the linear absorption coefficient (o) as well
as film thickness variations. It can also be seen that the results are more accurate for the
nonlinear absorptions coefficients compared with the nonlinear refraction coefficients. This
is attributed to the spatial noise which is present in the Z-Scan beam, which had significant

effects on the quality of the closed Z-Scan traces obtained.

The other three polymers generally show similar trends to those described for Pyridinyl-
PAV in their 1, and B solution dispersion measurements. The positions of the different
dominating nonlinear processes for each polymer are governed by their respective linear
absorption. However, the solid state measurements show some significant differences
between the nonlinear absorption trends. The two PAV polymers have positive values of
(assigned to 2PA) at longer wavelengths, which is consistent with solution measurements,
whereas both of the PAE polymers have negative values of B through out all the measured
wavelength range. This is illustrated in figures 6.5.15 and 6.5.16. The negative values of
are attributed to the residual absorption still present in the ground state electronic spectra

(c.f. chapter 4).
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Figure 6.5.15: Open Z-Scan signal of Thienyl-PAY  Figure 6.5.16: Open Z-Scan signal of Pyridiny}-
solid state at 665nm (lo=1.74x1 o™ Wlmz) PAE solid state at 665nm (lo=1.74x10"" W/m"®)

It can be seen from figure 6.5.11 that Pyridinyl PAE has consistently larger solution 8
coefficients over the wavelength range shown. At the longer off resonance wavelengths
(>595nm) it can be seen that Pyridinyl-PAE has the highest B coefficients, approximately
three times larger than Pyridinyl PAV, which has the lowest B coefficients. The two PAV
polymers generally have p coefficients which are in-between Pyridinyl-PAE and Pyridinyl-
PAV. It can be seen from figure 6.5.12 that over the same wavelength range the solution n,
coefficients have the same trend, with Pyridinyl-PAE having the largest values, followed
by Thienyl PAV, Thienyl-PAE and Pyridinyl-PAV. It is therefore suggested that the

solution m, coefficients, are two photon enhanced. The start of the two photon absorption
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band can be seen for Pyridinyl-PAE at 685nm. This corresponds with the shorter

wavelength one photon ground state electronic absorption peak at 335nm for Pyridinyl PAE
in solution.

The dispersion trends for the solid state film measurements are more difficult to identify.
The difference in sign between the solid state B coefficients can clearly bee seen in figure
6.5.11. Pyridinyl-PAV still has the lowest P coefficients at longer (off one-photon
resonance) wavelengths, close to the values of Thienyl PAV. This is consistent with the
solution measurements. Pyridinyl-PAE and Thienyl-PAE solid state B coefficients have
opposite signs (attributed to saturable absorption) compared with solution measurements
(two photon absorption). Both of the PAE polymers have B coefficients which are
approximately four times larger (although different sign) than their PAV counterparts. This
should have significant impact for the figure of merit calculations, since it can be seen from
figure 6.5.12 that the two PAE polymers do not generally have n, coefficients which are
consistently four times larger than the two PAV polymers. This would indicate that the
PAV polymers should have better T and W values compared with their PAE counterparts.
Although the trends are not clear cut in figure 6.5.12, it can be seen that more often than
not, the PAE polymers have higher 1, coefficients compared to the PAV polymers. The
Pyridinyl-PAE polymer generally has higher n, coefficients, while Pyridinyl PAV has the
lowest values. At longer wavelengths Pyridinyl-PAE has the largest solid state m,
coefficients, followed closely by Thienyl-PAE and Thienyl-PAV, with Pyridinyl-PAV
having the lowest values. It is suggested that the solid state m, coefficients (at the longer
wavelengths) for Pyridinyl-PAV and Thienyl-PAV are two photon enhanced, while the n;
coefficients for Pyridinyl-PAE and Thienyl-PAE are one photon enhanced.

The above dispersion trends for B and n, coefficients do not agree with the prediction in
chapter 4, which are based on the linear absorption spectra. Pyridinyl-PAE clearly has the
largest solution 7, coefficient, which is at odds with the predicted trends. If the solution
trends are compared with intra-(polymer) family trend predictions, then the linear
absorption spectra predictions for the PAV polymers do agree with the observed trends.
The same cannot be said about the PAE trends which are still at odds with the predictions.
None of the solid state predictions (all together or intra-family) in chapter 4, agree with the
observed experimental results. For the PAV polymers it is predicted that Pyridinyl-PAV

should have larger n, coefficients compared to Thienyl-PAV, which is again in contrast
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with the experimental measurements. The experimental measurements show that the one
dimensional backbone approximation which most of the predictive models in chapter 4 are
based on, are too simplistic to adequately predict the nonlinear absorption or refraction
trends for the four polymers in this thesis. The author would have great reservations if the
predictions had indeed worked out as it is his firm belief that the solid state samples in
particular must be modelled in three dimensions. Approximating a complex three-
dimensional aggregated system as a pseudo one-dimensional system is a gross over-
simplification. These findings would seem to limit the usefulness of experimental ground
state electronic absorption as a predictive tool for the nonlinear optical absorption or

refraction trends of newly synthesised polymers, particularly ones belonging to the PAE
family of polymers.

One of the questions that this thesis also aims to address is to assess if solution
measurements may be used to check for a polymers suitability for all optical switching at a
given wavelength. This would be of great significance due to the nature of polymer
synthesis, where it is much more economical, both financially and time wise to produce
small milligram quantities of a new polymer, compared to the gram quantities necessary to

fully facilitate proper solid state film formation and subsequent nonlinear measurements.

6.5.2 Nonlinear Optical Switching Figure Of Merit

One of the main requirements for all-optical switching materials is that they have suitable
nonlinear optical figures of merit. The material should have a large nonlinear optical
refractivity, which allows for switching of low light intensities as well as small device
dimensions. As outlined in chapters 2 and 4, there are two figures of merit which indicate a
particular material’s suitability for optical switching. The first figure of merit T, is a
measure of the materials suitability when nonlinear absorption the dominant imaginary
process relative to linear absorption, and should be below unity for favourable materials. It
is a measure of the materials ability to achieve the required nonlinear phase shift given an
arbitrary interaction length. This will happen as long as the refractive nonlinearity is
proportionately better than the absorptive nonlinearity at any given wavelength.

T= b 6.1
21,

The second figure of merit W, is a measure of the materials suitability when linear
absorption is the dominant imaginary process relative to nonlinear absorption. This value
should be above unity for favourable materials. It’s the combination of the above two
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equations that govern a particular materials suitability as a worthy candidate for all-optical
switching applications.

N2l
W =20
A 6.2

Ideally both equations should be favourable for a given wavelength. This is particularly so
for the solid state PAE polymers, which have significant residual absorption at longer
wavelengths. The solution and solid state T and W figure of merits were calculated for each
polymer at all wavelength using the p and m, coefficients obtained from Z-Scan
experiments. Tables 6.x.1 (x=1,2,34) contain the results of the calculations, which are
subsequently plotted in figures 6.x.10 through 6.x.13 (x=1,2,3,4). The resulting figures have
shaded areas; green wherever the relevant figure of merit is favourable for all optical
switching and red where unfavourable. Solution measurements were included in order to

compare the solid state and solution trends.

As can be seen from the graphs, all four polymer have favourable solid state figures of
merit over some part of the wavelength range. The Pyridinyl-PAV has the most favourable
figures of merit (Wma=59144), followed closely by Thienyl-PAV (Wmea=12+9). Pyridinyl-
PAE(Wna=4.7+2.4) and Thienyl-PAE (Wma=4.5+2.4) have figures of merit which are
consistently less favourable than their PAV counterparts, despite the fact that Pyridinyl-
PAE has n, coefficients which are consistently larger than Pyridinyl-PAV. This is
attributed to the significantly higher long wavelength solid state residual absorption (and
subsequent nonlinear saturable absorption) which both of PAE polymers show in their
linear absorption spectra. Pyridinyl-PAV and Thienyl-PAV both have solid state f
coefficients which change sign (passing through zero) from negative (SA) to positive
(2PA) as the measurements move from shorter to longer wavelengths. A zero value for f3
will give very a favourable (low) T figure of merit. The W figure of merit will then be the
main determining factor in determining a materials suitability. Pyridinyl-PAV solid state 8
coefficients change sign between 505nm and 515nm, while Thienyl-PAV solid state
coefficients change sign between 575nm and 585nm. Both W figures of merit are still

favourable at these wavelengths as can be seen in figures 6.1.11 and 6.2.11.

The solid state films generally have their best figure of merit values at different wavelength
regions of the spectrum compared to solution measurements. The higher residual
absorption in the solid state compared to the solutions, affects the figure of merits

significantly. Consequently, if solution measurements are only carried out, wavelength

163



Chapter 6 Results and Discussions

regions which would be favourable for optical switching where the switch has a predefined
operational wavelength range, may no longer be favourable for the solid state counterpart.
Solution measurements alone cannot therefore be used to characterise a polymers
suitability for solid state all optical switching applications. Solution measurements can be
used to determine if a particular polymer has a larger nonlinear refractive index compared
to a known sample. This can be useful in cases where only very small samples of polymer
are available. However, if the aim of the experiment is to see if a polymer is a suitable
candidate for all optical switching at any particular wavelength, then all relevant

measurements must be carried out on the polymer in solid state form.

6.5.3 Resonant versus Non-Resonant Nonlinearity

Another requirement for all-optical switching materials is that they have fast response and
decay times, thus enabling high bandwidth operation. If the switch is operated under off
resonance conditions, the response time of the switch is typically ~10"° seconds. If the
nonlinearity is resonantly enhanced then the response time may increase to ~10° seconds.
Figures 6.x.5 through 6.x.8 (x=1,234) can be used to see the effects of resonant
enhancement of 1, through two photon absorption and saturable absorption, compared
with three photon absorption enhancement of 1,. At 532nm Thienyl-PAV solutions have
negative 3 coefficients due to saturation of absorption. The other three polymers have
positive B coefficients due to two photon absorption or reverse saturable absorption. At
1064nm Thienyl-PAV solution has a third-order two-photon enhanced 1, coefficient, due to
the linear absorption at 532nm, whereas Pyridinyl-PAE at the same wavelength has a three

photon enhanced n; coefficient (no absorption at 532nm).

Solid State — YAG Laser 532nm

Polymer : fgﬂ'ﬁﬁﬁ;’ ﬁi‘:id:,t‘:,t)e T (Solid State) W (Solid State)
Thienyl -PAE ~ -1.730+0.519 -2.600 + -0.806 0.399 + 0.243 1.700 + 0.901
Pyridinyl - PAE  -1.210+0.387 -1.780 + -0.570 0.393 + 0.252 2,070+ 1.180
Thienyl -PAV  -0.251+0.058 2570 +-0.617 2.730 + 1.283 0.633 + 0.247
Pyridinyl - PAV  -0.658 +0.329 1,520 + 0.760 0.614 + 0.461 11.400 + 8.550

Table 6.5.1: The real component 1, and imaginary component B of x® for all four polymers
at 532nm. Also included are the nonlinear optical switching figures of merit T and W. All the
above measurements were performed using the YAG Laser set-up.

164



Chapter 6

Solid State — °

l._aser 1064nm

Results and Discussions

Polymer '(': :)O::dmszhmt‘;" B( Z‘g_i,d:x:)e T (Solid State) W (State)

. mw mﬁ 002840014 0.01 008 3.113+2.335 0.031 + 0.023
Pyridinyl - PAE  -0.039 + 0,020 0.114+0.057 1544 +1.158 0.057 + 0..043
Thienyl-PAV 006410032 019040095  1570%1.178 1420 + 1.065
Pyridinyl -PAV  -0.020+ 0.010 0.050 + 0.025 1.304 +0.978 0.212 + 0.159

Table 6.5.2: The real component 12 and imaginary component 3 of x? for all four polymers
at 1064nm. Also included are the nonlinear optical switching figures of merit T and W. All the
above measurements were performed using the YAG Laser set-up.

Tables 6.5.1 and 6.5.2 combine the solid state results for all four polymers. The resonance
enhancement at 532nm due to SA and 2PA can be clearly seen. While Pyridinyl-PAE has a
N coefficient nearly twice that of Pyridinyl-PAV, the W figure of merit is much more
favourable for Pyridinyl-PAE due to it’s lower residual linear absorption.

6.5.4 Possible Thermal Contributions

As mentioned in chapter 3, the Z-scan method is sensitive to all nonlinear optical
mechanisms that give rise to a change of the refractive index and/or absorption coefficient,
so that determining the underlying physical processes present from a Z-scan is not in
general possible. A series of Z-scans at varying pulse-widths, frequencies, focal geometries
etc., along with a variety of other experiments are often needed to unambiguously
determine the relevant mechanisms. Thermal nonlinearity always leads to a negative 1,
value. To avoid thermal contributions the optical pulse length tewum should be less than
100ps ° or even tens of nanoseconds’. The build-up time Ty, of a thermal nonlinearity is

given by’
6.3

where oy is the beam waist at focus and vy is the velocity of sound. For the 532nm laser

measurements, the bean waist at focus was 14.5+1.9um and the velocity of sound was taken
as 1170m/s. This corresponds to a thermal nonlinearity build-up time of 12.4+1.6ns, which
is 24 times longer than the Dye laser pulse lengths of 500ps. The thermal relaxation time T,
corresponding to the diffusion of whatever heating is generated per pulse is given by®

W,

st 6.4
4D

r =
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where o is the beam waist at focus and D is the diffusive coefficient. Taking the beam
waist as 14.5+1.9um once again and a diffusive coefficient of 1x10° cm?s™, gives a
relaxation time of 0.5+0.1ms, compared with the 100ms separating each laser shot. It would
appear that not only does the thermal nonlinearity not have time to build up, but it is also
gone when the next laser shot arrives on the sample. If the thermal nonlinearity was of any
consequence, the value of n, would be building up as the experiment is continued. This
effect would be characterised by an asymmetric Z-Scan signature, with the peak or valley
enhanced, depending on which one is scanned last and the sign of the intrinsic nonlinearity
to which the thermal component is added. The experimental Z-Scan signatures did not
display such a feature. This arguments above would indicate that the origin of the third

order 1, nonlinearity is not thermal.

6.5.5 Related Publications

It has become apparent to the author while reviewing the literature, that there are no
publications which are directly relevant to the work presented in this thesis. In fact, this is
the only study known to the author where four structurally related conjugated polymers
have been studied over the 465nm to 685nm wavelength range, which encompasses the
“fibre to the home” wavelengths, discussed in chapter 4. However, the most relevant and

closely related publications, though sparse in number, are now reviewed.

The effective third order nonlinear refraction coefficients (1,) obtained for solid state films
measured in this thesis range from a low of -2.00x10"® m*W for Pyridinyl-PAV at 1064nm,
up to a maximum of -2.43x10™ m?W for Pyridinyl-PAV at 465nm. The increase of over
three orders of magnitude at 465nm is attributed to resonance enhancement, through
saturation of the linear absorption at this wavelength. Similar trends are present for the
other three polymers. The effective third order nonlinear absorption (B) coefficients
obtained for the solid state films ranged from +3.27x107 m/W (attributed to reverse
saturable absorption) for Pyridinyl-PAV at 525nm to -1.4x10°° m/W (attributed to saturable
absorption) for Thienyl-PAE at 465nm.

Yang et al.’ reports about the self-defocusing and nonlinear absorption in polythiophene
thin films using the Z-Scan technique. Measurements are carried out at 532nm using 30ps
pulses. The third order nonlinear refraction coefficient (n,) reported is -9.0x10"* m?W, and
is attributed to resonance enhancement, through saturation of the strong linear absorption
(o = 4x10* cm™) at the wavelength measured. This is consistent with the results seen for all
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four of the polymers in this thesis, in that saturable absorption is seen for all Z-Scan
measurements which were carried out at one photon resonance wavelengths. The
magnitude and sign of 1, for polythiophene is between the range reported for the polymers

in this thesis. The negative sign of the nonlinearity is deemed consistent with other reported

measurements relating to conjugated polymers.

Thakur et al." reports about the measurement of the sign and magnitude of the off-resonant
nonlinearities of polydiacetylene paratoluene-sulfonate (PTS) using Z-Scan. PTS has been
looked at as a candidate material for all optical switching applications at infrared
wavelengths. Measurements are carried out at 1064nm using 10ps pulse trains where the
repetition rate and average power are controlled with a Pockels cell. They report a negative
value of the intensity-dependent refractive index M, = (-1.5£0.5)x10™"® m?W and a positive
value of the intensity-dependent absorption coefficient B = (6.5+1.2)x10° m/W which is
attributed to two-photon absorption. This result is somewhat consistent with the results
seen for the polymers in this thesis. Thienyl-PAV and Pyridinyl-PAV both have positive B
values at the longer off resonance wavelengths, which is also attributed to two-photon
absorption. Thienyl-PAE and Pyridinyl-PAE in contrast, have negative B values at the
same longer wavelengths. These negative values are attributed to saturation of the residual
linear absorption, which is present in both of the PAE polymers at these longer
wavelengths. The author believes that two-photon absorption is also occurring at these
longer wavelengths, but is not the dominant nonlinear absorptive process. The negative 8
values at the longer wavelengths can also be attributed to scattering by the solid state films,
which may have a polycrystalline nature, owing to the rigid rod-like structure of the PAE
polymers. The magnitude and sign of n, for PTS is again between the range reported for

the polymers in this thesis.

A study by Lawrence et al."" also reports about the measurement of the sign and magnitude
of the off-resonant nonlinearities of single crystal polydiacetylene paratoluene-sulfonate
(PTS). Measurements are carried out this time at 1600nm. They report a large purely
refractive nonlinear index, M, = -2.2x10™ m?W. There is no measurable two-photon
absorption and the linear absorption o is approximately 1cm™ making this material useful
for all-optical switching applications at this wavelength. A plot of the effective n, versus
intensity shows a straight line with a negative slope indicating that there is a fifth order

nonlinearity reducing the total index change at higher intensity levels. The lower value for
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M2 in this report compared with Thakur et al. is attributed to the fact that the 1, value for
PTS at 1064nm is two photon enhanced, where as the value at 1600nm is the true off—

resonance (electronic contribution only) value.

Another study by Underhill et al." uses degenerate four wave mixing and Z-Scan to study
nonlinear absorption and nonlinear refraction in PMMA films doped with Ni-dithiolene
oligomers at 1064nm to determine their suitability for all-optical switching applications.

They report favourable figures of merit for some of the compounds, but no linear

coefficients are given.

In reviewing the above, the author feels that there is a need for more research to be carried

out on new and existing materials within the wavelength range covered within this thesis.
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T Conclusions

This chapter presents the conclusions that were determined, based on the results presented
in chapters 4, 5 and 6. Additional experimental measurements that may be required are
discussed, as well as some proposed improvements to the current Z-Scan experimental set-

up.

7.1 Nonlinear Refraction and Absorption

Solid state and solution measurements of effective third order nonlinear absorption and
refraction, have been carried out on Pyridinyl PAV, Thienyl-PAV, Pyridinyl-PAE and
Thienyl-PAE using the Z-Scan experimental technique. The 1, coefficients obtained for
solid state films ranged from -2.00x107"® m*¥W for Pyridinyl-PAV at 1064nm, up to -2.43x10°
" m*W for Pyridinyl-PAV at 465nm, while the B coefficients obtained for the solid state
films ranged from +3.27x107 m/W for Pyridinyl-PAV to -1.4x10° m/W for Thienyl-PAE.

There are differences between the semi-empirical calculated values for the HOMO-LUMO
absorption maxima and the experimentally measured solution and solid state values.
However, the calculated absorption trends agree with the experimentally measured solution
HOMO-LUMO absorption trends. This agreement does not extend to the experimentally
measured solid state HOMO-LUMO absorption trends, although the trends within each
polymer family (for solution and solid state) are correct. The semi-empirical calculations
which are performed in vaccuo, do not take into account the aggregation effects which are
seen to play a significant role in the four polymers solid state absorption spectra. The
results indicate that semi-empirical calculations may, in closely related polymers families,
be used to investigate the solution HOMO-LUMO absorption trends. Any trends obtained
from semi empirical computer modelling of absorption must therefore be treated with

caution when comparing polymers from different structural families in their solid state.

The results demonstrate that it is difficult to relate the nonlinear optical trends observed for
the four measured polymers, to the variation in maximum ground state electronic
absorption for each of the polymers, with any degree of certainty. This is true for solid state
as well as for solution measurements. The experimental measurements show that the one
dimensional backbone approximation on which most of the predictive models are based are

too simplistic; approximating a complex three-dimensional aggregated system as a pseudo
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one-dimensional system is a gross over-simplification. The findings would seem to limit
the usefulness of using experimental ground state electronic absorption as a predictive tool
for the nonlinear optical absorption or refraction trends of newly synthesised polymers,

particularly those belonging to the PAE family of polymers.

The varying trends observed in nonlinear absorption measurements between solution and
solid state (on-set of one photon resonance and dominant nonlinear absorption loss
mechanism) indicate that solid state measurements must be performed if materials are
being evaluated for solid state applications. Estimating the solid state nonlinear optical
coefficients based on extrapolation of solution dispersion measurements (which are easier

to apply) will lead to incorrect wavelength dependence.

7.2 Nonlinear Optical Switching Figures of Merit

All four polymers are suitable for all optical switching at various wavelengths. The PAV
polymers have more favourable figures of merit for all optical switching over a greater
wavelength range compared to the PAE polymers, eventhough the Thienyl-PAE polymer
has n, coefficients which are consistently larger than the Pyridinyl-PAV. This is attributed
to the larger solid state residual ground state electronic absorption of the PAE polymers at
longer wavelengths compared with their PAV counterparts. This lower first order linear
absorption gives the PAV polymers better figures of merit for all optical switching at a
given wavelength, outweighing the fact that the PAE polymers have consistently higher
third order m, coefficients compared with their PAV counterparts. The linear absorption
spectra can therefore be used as a predictive tool in determining the possible trends for all-

optical switching figures of merit.

7.3 Proposed Future Work

Polymer Engineering

All four polymers have suitable nonlinear optical switching figures of merit over some of
the wavelength range (465nm - 685nm). The next logical step would be to measure the
nonlinear optical parameters in a channel waveguide structure, which would be much more
complicated and time consuming. The polymer with the best figures of merit (Pyridinyl-
PAE) has the sharpest band edge with the lowest longer wavelength residual absorption.
This is however not the most nonlinear of the polymers in solid state. The computer
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modelling of the ground state electronic spectra show that the pentamer oligomers have
acquired long chain polymer absorption characteristics. It is suggested that Pyridinyl-PAE
pentamers or hexamers with large side groups, may reduce the residual absorption seen in
the Pyridinyl-PAE solid state spectra, thus improving the figures of merit. The subsequent
solid state films should have a sharp absorption band (relative to the long chain polymer)
due to the smaller amount of conjugation fluctuations expected for the rigid pentamers or
hexamers. The large side groups should help to isolate the polymer chains, thus minimising
polymer chain interaction effects. This should bring solution and solid measurement trends
closer. The large side groups should also increase the solubility along with helping to make
good quality films which is a requirement for all-optical switching materials. This is
essential, if the material is going to be used in a waveguide structure, on which most

current all-optical switch designs are based.

Experiment Enhancements

The author believes that the measurement technique may be significantly improved by
replacing the reference and open aperture photodiodes with two CCD arrays. A cross
sectional snap shot of the beam is thus taken for each pulse. Geometrical calculations may
then be performed on the resulting images which simulate different closed aperture as well
as open aperture Z-Scans. The main benefits of this method can be summarised as follows.
1 Less Optics

There are less optics present in the system. This will reduce the spatial noise acquired by
the beam when being reflected off, or transmitted through the (less than perfect) optical

components.

2 Spatial Noise

Spatial noise can be measured and the particular pulse ignored, if above a user defined
threshold. Spatial beam noise is considered to be the main source of noise in the
experimental set-ups used for all measurements within the thesis. This spatial beam noise
increases the detectability limit of the experiment. Reducing or eliminating the effects of

the spatial noise, will increase the accuracy of the measurements.

However, substantial time and money would have to be invested in both acquiring the CCD

arrays, controllers and digitisation equipment as well as the appropriate software.
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Concluding Remarks

It is not possible to unambiguously state whether or not the four polymers satisfy the all the
requirements for all optical switching. In order to remove the ambiguity and definitively
establish the potential of these materials, it will necessary to fully investigate their linear
and nonlinear optical properties in a channel waveguide geometry. However, it is possible
to unambiguously state that each of the four polymers which were assessed in this thesis,
can not be ruled out as possible candidates for all optical switching at various wavelengths

over the range 465nm to 685nm, based on the presented results.



Appendix 1 Z-Scan.c

Appendix 1

This appendix contains the source code listing for the controll software used for the Z-Scan
measurements. The source language is a mixture of Ansi C and C++. The first listing is
ZSCAN.C which is the code used to take the measurements as well as move the computer
controlled translation stage. This is then followed by ZSCAN.BAT code listing which is
the batch file containing parameters which define how the measurements are to be

performed. This batch file is used to initialise the Z-Scan experiment.

Z-Scan.C

#include <stdio.h>
#include <graphics.h>
#include <conio.h>
#include <stdlib.h>
#include <alloc.h>
#include <math.h>
#include <dos.h>
#include <string.h>
#include <dir.h>

#define INT_NO2 0XO0b /* Used in SETPORT */
#define INT_EN2 0x2f9 /* Used in SETPORT */
#define MOD_CON?2 Ox2fc /* Used in SETPORT */

#define BUFFERLIMIT 600L /* Maximum SIZE (3*200) for Data Array (L standsfor Long Int) */
#define MaxTraces 100L /* Max Number of Traces (L standsfor Long Int) */

unsigned int SAMPLES_REQUESTED; /* Number of Samples to be taken */

unsigned int DISTANCE; /* Total distance the Z-Stage moves */

unsigned int NUMBER_OF_MOVES; /* Number of Moves Z-Stage makes during one Z-Scan */
unsigned int NUMBER_OF_STEPS_PER_MOVE; /* Stepsize * RESOLUTION of Stepper Motor */
unsigned int STABILITY_AVERAGING; /* Number of Averaging for Laser Stability */

unsigned int ZSCAN_AVERAGING; /* Number of Averaging for ZSCAN */

unsigned int RESOLUTION; /* RESOLUTION of Stepper Motor (80 Steps per mm) */
unsigned int DELAY_MOTOR=2; /* DELAY between Each step the stepper motor makes (mS) */
unsigned int COM,;

unsigned int OUT_BYTE;

unsigned int DIRECTION,;

unsigned int X;

unsigned int RETURN=0;

unsigned int OMASK; /* Used in SETPORT */

unsigned int NMASK; /* Used in SETPORT */

unsigned int MOTOR=4, /* Used in SETPORT */

unsigned int INTR_NO=0; /* Used in SETPORT */

unsigned int ADC_VAR_A[BUFFERLIMIT]; /* Used to send Parameters (CCALL) to ADC Card */
unsigned int ADC_VAR_B[BUFFERLIMIT]; /* Used to send Parameters (CCALL) to ADC Card */
unsigned int NUMCHANNELS=3; /* Number of Channels to be used */

unsigned int DELAY=1.0; /* Delay (in mS) to be used for all Channels */

unsigned int TRIGGERED=1; /* Trigger Enabled */

unsigned int TRIGGERMODE=1; /* Normal Trigger, Analog Trigger, Positive Slope */

unsigned int TRIGGERLEVEL,; /* Trigger level 0-10V in 128 values */
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unsigned int PRETRIGGER,; /* Number of Points Before Trigger */

unsigned int USE_EXTENDED_BUFFER=1; /* Uses 64K On-Board Memory for Fast Readings */
unsigned int RESET; /* Used to put the ADC Board in & out of Extended Buffer Mode */
unsigned int RETRIGGER; /* Used in Conjunction with the Extended Buffer */

unsigned int ZSCAN; /* This is used to determine which plot to use in the graph function */
unsigned int COUNTER1; /* General Workhorse Integer used for Loops & Things */

unsigned int COUNTER?2; /* General Workhorse Integer used for Loops & Things */

unsigned int COUNTERS; /* General Workhorse Integer used for Loops & Things */

unsigned int XVALUE; /* Used in Graph Function for Co-ordinates and Introduction */

unsigned int YVALUE; /* Used in Graph Function for Co-ordinates and Introduction */

unsigned int TEMP; /* Used as a general variable */

unsigned int NORMALISED; /* Switches between NORMALISED or UN-NORMALISED MAXY */

float REFERENCE[200]; /* Initialised array for Sampled data from ADC Card Channel 1 */

float OPEN_SCANI[200]; /* Initialised array for Sampled data from ADC Card Channel 2 */

float CLOSED_SCANI[200]; /* Initialised array for Sampled data from ADC Card Channel 3 */

float RESULTS_REFERENCE[1000]; /* Array to store MEAN of REFERENCE for Z position */
float RESULTS_OPEN_SCAN[1000]; /* Array to store MEAN of OPEN_SCAN for Z position */
float RESULTS_CLOSED_SCAN[1000]; /* Array to store MEAN of CLOSED_SCAN for Z position*/
float VOLTAGE; /* Used to Read in Trigger Voltage as a Float */

float ANALOGBUF[BUFFERLIMIT]; /* This Array Holds the Analog Values Sampled by Card */
float MAXY_REFERENCE; /* This is used to store the maximum value of Y for SAMPLE1 Array */
float MAXY_OPEN_SCAN; /* This is used to store the maximum value of Y for SAMPLE2 Array */
float MAXY_CLOSED_SCAN; /* This is used to store maximum value of Y for SAMPLE3 Array */
float MEAN_MAXY_REFERENCE_ARRAY[1000]; /* Mean max values of Y for SAMPLE1 Array */
float MEAN_MAXY_REFERENCE; /* Mean max values of Y for SAMPLE1 Array */

float MEAN_MAXY_OPEN_SCAN_ARRAY[1000]; /* Mean max values of Y for SAMPLE2 Array */
float MEAN_MAXY_OPEN_SCAN; /* Mean max value of Y for SAMPLE2 Array */

float MEAN_MAXY_CLOSED_SCAN_ARRAY[1000]; /*Mean max values of Y for SAMPLE3 Array*/
float MEAN_MAXY_CLOSED_SCAN; /* Mean max value of Y for SAMPLE3 Array */

float LASER_STABILITY; /* Used to Store the Value of the Reference for the Laser Stability */
float LASER_STABILITY_ARRAY[1000]; /* Values of the Reference for the Laser Stability */

float PERCENTAGE_VARIATION; /* Amount of Variation permitted during the Z-Scan */

float LOWER_LIMIT; /* Used for Percentage variation */

float UPPER_LIMIT; /* Used for Percentage variation */

float STEPSIZE; /* DISTANCE between steps */

float CURRENT_POSITION=0; /* Current position of Z-Stage (equals zero starting off) */

float REFERENCE_NORMAL; /* Holds normalisation constant to normalise to 1 */

float OPEN_NORMAL; /* Holds normalisation constant to normalise to 1 */

float CLOSED_NORMAL; /* Holds normalisation constant to normalise to 1 */

char INPUT; /* Used for General Input */

char INPUT2[2]; /* Used for General Input */

char TEXT[64]; /* Used for Getting Variables to the Screen in Text Mode & in the Introduction */
char *PATH; /* Used for storing the path name where the data files are to be saved */

FILE *fp2; /* fp2 is the file pointer for saving the data file at the end */

void CONVERT_STEP(void);

void MOVE_STAGE(void),

void SET_ZERO_POSITION(void);
void interrupt SIO_HANDLER(void);

int SET_UP_STEPPER_MOTOR(void); /* Declaration */

void GET MAX_VALUE_OF_Y(void); /* Declaration of GET_MAX_VALUE_OF_Y */

void SET_UP_ADC_CARD(void); /* Used to initialise the Card with The Proper Settings */
void SET_UP:GRAPHICS(void); I* Declaration of Start up of the Graphics mode */

void ACQUIRE SAMPLES(void); /* Used to get ONE set of Readings */

void TEXT1(voiH); /* Function to print some text to the Graphics screen */

void TEXT2(void); /* Function to print some text to the Graphics screen */

void TEXT3(void); /* Function to print some text to the Graphics screen */
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void TEXT4(void); /* Function to print some text to the Graphics screen */

void GRAPH (void); /* Declaration of function graph */

void CCALL(const char *, float *, unsigned int * ); /* Declaration for CCALL Function */
void INTRODUCTION_SCREEN(void); /* Introduction Screen */

main (int arge, char *argvl]) {
PATH=argv[1];
DISTANCE=atoi(argv[2]);
STEPSIZE=atof(argv[3]);
SAMPLES_REQUESTED=atoi(argv[4]);
RESOLUTION=atoi(argv[5]);
VOLTAGE=atof(argv[6]);
PRETRIGGER=atoi(argv[7]);
NUMBER_OF_MOVES=(DISTANCE/STEPSIZE); /* DISTANCE between steps */
NUMBER_OF_STEPS_PER_MOVE=(RESOLUTION*STEPSIZE);
SET_UP_GRAPHICS();
if (argc!=8)
{outtextxy(120,220,"DOO0O0ooohhhhHHHHH Wrong number of arguements - should be 6!");
[*This prints text to the graphics screen */
delay(3000); /* Delays the computer by 1000 milliseconds */
cleardevice(); /* Clears the entire screen */
closegr}aph(); /* Ends Graphics Mode & resets to standard DOS Screen */
exit(0);
ZSCAN=0; /* The SAMPLES will be plotted by GRAPHY() if ZSCAN=1 */
NORMALISED=0; /* MAXY_OPEN_SCAN Normalised or not */
INTRODUCTION_SCREEN)();
SET_UP_ADC_CARD();
SET_UP_GRAPHICS();

LOOP1:

while(!kbhit()) { ACQUIRE_SAMPLES():
GET_MAX_VALUE_OF_Y();
GRAPH();
TEXT2();
TEXT4(); }

INPUT=getch();
if(INPUT=="x') goto CONTINUE_HERE;
goto LOOP1;

CONTINUE_HERE:
LASER_STABILITY_QUESTION:
cleardevice(); /* Clears the entire screen */
setcolor(13); /* Set Color to light Magenta */
settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
outtextxy(10,110,"Now the Laser Stability will be Tested"); /* Prints text to the graphics screen */
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
outtextxy(165,225,"Enter the Number of shots (<999) to Average :"); /* Prints text to the screen */
setcolor(2); /* Set Color to Green */
COUNTER1=0;
COUNTER2=0;
do {INPUT=getch();
TEXT[COUNTER1]=INPUT;
if(INPUT == 'q') {closegraph(),exit(0);}
if(INPUT!=13) {outtextxy((431+COUNTER2),225,&INPUT);} /* This prints text to the screen */
COUNTER2=COUNTER2+7,
COUNTER1++;} while (INPUT!=13);
STABILITY_AVERAGING = atoi(TEXT),
if(STABILITY_AVERAGING>999) {goto LASER_STABILITY_QUESTION;}
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LASER_STABILITY=0;
SET_UP_GRAPHICS();

ACQUIRE_SAMPLES();

GET_MAX_VALUE_OF_Y();

LASER_STABILITY_ARRAY[0]=MAXY REFERENCE;
LASER_STABILITY=LASER_STABILITY_ARRAY[0]; /* Working out Mean Laser Stability */
GRAPH():

TEXT3():

COUNTER2=0;

settextstyle(2,0,0); /* Text Style Font, Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

setcolor(1); /* Blue */

outtextxy(475,45,"Sample Number ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%3i", COUNTER2+1)
outtexixy(567,45, TEXT);

for (COUNTER2=1,COUNTER2<STABILITY_AVERAGING;COUNTER2++)
{ACQUIRE_SAMPLES();
GET_MAX_VALUE_OF_Y();
LASER_STABILITY_ARRAY[COUNTER2]=MAXY_REFERENCE;
LASER_STABILITY=0; /* Have to do this to get loop to work! */
for(COUNTER1=0;COUNTER1<=COUNTER2;COUNTER1++)
{LASER_STABILITY=LASER_STABILITY+LASER_STABILITY_ARRAY[COUNTER1];}
LASER_STABILITY=LASER_STABILITY/((float(COUNTER2+1)); /* Work Mean Laser Stability */
GRAPH();
TEXT3(); /* Laser Stability */

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

setcolor(1); /* Blue */

outtextxy(475,45,"Sample Number ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%3i",COUNTER2+1);

outtextxy(569,45, TEXT);}

setcolor(13); /* Set Color to light Magenta */

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
outtextxy(270,320,"Press a Key"); /* This prints text to the graphics screen */
getch(); \

cleardevice(); /* Clears the entire screen */

setcolor(13); /* Set Color to light Magenta */

settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
outtextxy(55,70,"Now the Z-Scan will be Taken"),

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
setcolor(2); /* Set Color to light Magenta */

outtextxy(70,150,"Channel 1 Reference, Channel 2 Open Aperture , Channel 3 Closed Aperture");
outtextxy(240,190,"All channels are 0-10V");

outtextxy(180,230,"Total Number of Samples per Channel is");
sprintf(TEXT,"%i",SAMPLES_REQUESTED),
outtextxy(408,230, TEXT),

outtextxy(200,270,"Total Distance Z-Stage moves is mm");
sprintf(TEXT,"%i",DISTANCE);

outtextxy(387,270, TEXT),

outtextxy(210,310,"The Stepsize for this scanis ~ mm");
sprintf(TEXT,"%1.2f" STEPSIZE),

outtextxy(387,310, TEXT);

outtextxy(150,350,"Both the Open & Closed Aperture Z-Scan ARE Normalised to 1");
setcolor(13); /* Set Color to light Magenta */
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settextstyle(2,0,0); /* Text Style Font, Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

ou:tixb(y(270,430,"Press a Key"); /* This prints text to the graphics screen */
getch();

ZSCAN_AVERAGING_QUESTION:
cleardevice(); /* Clears the entire screen */
setcolor(13); /* Set Color to light Magenta */
settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
outtextxy(80,110,"At Each Z-Scan Position . . ."); /* This prints text to the graphics screen */
seftextstyle(2,0,0); /* Text Style Font, Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
outtextxy(165,225,"Enter the Number of shots (<999) to Average :"); /* Prints text to the screen */
setcolor(2); /* Set Color to Green */
COUNTER1=0;
COUNTER2=0;
do {INPUT=getch();
TEXT[COUNTER1]=INPUT:;
sprintf(INPUT2,"%1c",INPUT);
if(INPUT == 'q') {closegraph();exit(0):}
if(INPUT!=13) {outtextxy((429+COUNTER2),225,INPUT2);} /* Prints text to the screen */
COUNTER2=COUNTER2+7:
COUNTER1++;} while (INPUT!=13)
ZSCAN_AVERAGING = atoi(TEXT);
if(ZSCAN_AVERAGING>999) {goto ZSCAN_AVERAGING_QUESTION;}

PERCENTAGE_VARIATION_QUESTION:
cleardevice(); /* Clears the entire screen */
setcolor(13); /* Set Color to light Magenta */
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
outtextxy(165,145,"The Mean Reference for Laser Stability was =");
sprintf(TEXT,"%5.3f",LASER_STABILITY);
outtextxy(427,145, TEXT);
outtextxy(168,210,"Enter Percentage Variation Permitted :"); /* Prints text to the graphics screen */
setcolor(2); /* Set Color to light Green */
COUNTER1=0;
COUNTER2=0;
do {INPUT=getch();
TEXT[COUNTER1]=INPUT;
sprintf(INPUT2,"%1c",INPUT);
if(INPUT == 'q') {closegraph();exit(0);}
if(INPUT!=13) {outtextxy((392+COUNTERZ2),210,INPUT2);} /* Prints text to graphics screen */
COUNTER2=COUNTER2+7,
COUNTER1++;} while (INPUT!=13);
PERCENTAGE_VARIATION = atof(TEXT),
if(PERCENTAGE_VARIATION>100.0) {goto PERCENTAGE_VARIATION_QUESTION;}
PERCENTAGE_VARIATION=PERCENTAGE_VARIATION/100.0;
LOWER_LIMIT=LASER_STABILITY*(1.00000-PERCENTAGE_VARIATION);
UPPER_LIMIT=LASER_STABILITY*(1.00000+PERCENTAGE_VARIATION);

SET_UP_STEPPER_MOTOR(); /* Set up the COM port Stuff */
DIRECTION=8; /* Should be moving towards MOTOR */
OUT_BYTE=MOTOR+DIRECTION;
NORMALISED=1; /* MAXY_OPEN_SCAN Normalised if NORMALISED=1*/
for (COUNTER2=0;COUNTER2<=NUMBER_OF_MOVES;COUNTER2++) /* Every 10mm */
{for( ; ; ) {fACQUIRE_SAMPLES(); /* Infinite loop until within limits */
GET_MAX_VALUE_OF_Y();
cleardevice();
setcolor(4); /* Set Color to light RED */
settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert), Size(0) */
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setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
lf(M?XY_}REFERENCE<LOWER_L|M|T) {outtextxy(92,200,"Reference is Low ");
continue;
if(MAXY_REFERENCE>UPPER_LIMIT) {outtextxy(90,200,"Reference is High");
continue;}
break;}
MEAN_MAXY_REFERENCE_ARRAY[0]=MAXY_REFERENCE; /* 1st time around loop */
MEAN_MAXY_OPEN_SCAN_ARRAY[0]=MAXY_OPEN_SCAN;
MEAN_MAXY_CLOSED_SCAN_ARRAY[0]=MAXY_CLOSED_SCAN;
MEAN_MAXY_REFERENCE=MAXY_REFERENCE; /* 1st Graph turns out OK */
MEAN_MAXY_OPEN_SCAN=MAXY_OPEN_SCAN;
MEAN_MAXY_CLOSED_SCAN=MAXY_CLOSED_SCAN;
GRAPH();
COUNTERS3=0; /* For Getting Sample no. to 1 in TEXT1() */
TEXT1();
for (COUNTER3=1,COUNTER3<ZSCAN_AVERAGING;COUNTER3++)
{for(; ; ) {ACQUIRE_SAMPLES(); /* Infinite loop until within limits */
GET_MAX_VALUE_OF_Y();
cleardevice();
setcolor(4); /* Set Color to light RED */
settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
if(MAXY_REFERENCE<LOWER_LIMIT) {outtextxy(92,200,"Reference is Low ");
continue;}
if(MAXY_REFERENCE>UPPER_LIMIT) {outtextxy(90,200,"Reference is High");
continue;}
break;}
MEAN_MAXY_REFERENCE_ARRAY[COUNTER3]=MAXY_REFERENCE;
MEAN_MAXY_OPEN_SCAN_ARRAY[COUNTER3]=MAXY_OPEN_SCAN;
MEAN_MAXY_CLOSED_SCAN_ARRAY[COUNTER3]=MAXY_CLOSED_SCAN,;
MEAN_MAXY_REFERENCE=0; /* To get loop to work */
MEAN_MAXY_OPEN_SCAN=0;
MEAN_MAXY_CLOSED_SCAN=0;
for(COUNTER1=0;COUNTER1<ZSCAN_AVERAGING;COUNTER1++)
{MEAN_MAXY_REFERENCE=MEAN_MAXY_REFERENCE+MEAN_MAXY_REFERENCE_ARRA
Y[COUNTER1];
MEAN_MAXY_OPEN_SCAN=MEAN_MAXY_OPEN_SCAN+MEAN_MAXY_OPEN_SCAN_ARRAY
[COUNTERA1];
MEAN_MAXY_CLOSED_SCAN=MEAN_MAXY_CLOSED_SCAN+MEAN_MAXY_CLOSED_SCAN
_ARRAY[COUNTER1];} /* Adding them all up! */
MEAN_MAXY_REFERENCE=MEAN_MAXY_REFERENCE/((float)(COUNTER1)); /* MAXY Ref */
MEAN_MAXY_OPEN_SCAN=MEAN_MAXY_OPEN_SCAN/((float)(COUNTER1)); /* MAXY Opn */
MEAN_MAXY_CLOSED_SCAN=MEAN_MAXY_CLOSED_SCAN/((float)(COUNTER1)); /* Closd */
GRAPH();
TEXT1();}
CURRENT_POSITION=CURRENT_POSITION+STEPSIZE;
RESULTS_REFERENCE[COUNTER2]=MEAN_MAXY_REFERENCE; /* Array used to store the
MEAN value of REFERENCE for each Z-Stage position */
RESULTS_OPEN_SCAN[COUNTER2]=MEAN_MAXY_OPEN_SCAN; /* Array used to store the
MEAN value of OPEN_SCAN for each Z-Stage position */
RESULTS_CLOSED_SCAN[COUNTER2]=MEAN_MAXY_CLOSED_SCAN; /* Array used to store
the MEAN value of CLOSED_SCAN for each Z-Stage position */
MOVE_STAGE(); }

REFERENCE_NORMAL=(1.0/RESULTS_REFERENCEI[0]); /* Normalisation for Reference */
OPEN_NORMAL=(1.0/RESULTS_OPEN_SCANI[O0]); /* Normalisation constant for Open */
CLOSED_NORMAL=(1.0/RESULTS_CLOSED_SCAN[0]); /* Normalisation constant for Closed */

for (COUNTER2=0;COUNTER2<=NUMBER_OF_MOVES;COUNTER2++) {

RESULTS_REFERENCE[COUNTER2]=(RESULTS_REFERENCE[COUNTER2]"REFERENCE_N
ORMAL); /* To normalise to 1 */
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RESULTS_OPEN_SCAN[COUNTER2]=(RESULTS_OPEN_SCAN[COUNTER2]*OPEN_NORMAL)
; I* To normalise to 1 */

RESULTS_CLOSED_SCAN[COUNTER2]=(RESULTS_CLOSED_SCAN[COUNTER2]*CLOSED_N
ORMAL);} /* To normalise to 1 */

ZSCAN=1; /* The Results will be plotted by GRAPHY() if ZSCAN=1*/
GRAPHY();
getch();
SET_ZERO_POSITION();
cleardevice(); /* Clears the entire screen */
setcolor(13); /* Set Color to light Magenta */
settextstyle(2,0,0); /* Text Style Font, Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
outtextxy(165,225,"Please Enter a Name for the Data File"); /* Prints text to the graphics screen */
setcolor(2); /* Set Color to Green */
COUNTER1=0;
COUNTER2=0;
do {INPUT=getch();
TEXT[COUNTER1]=INPUT;
sprintf(INPUT2,"%1c",INPUT);
if(INPUT!=13) {outtextxy((389+COUNTER2),225,INPUT2);} /* Prints text to graphics screen */
COUNTER2=COUNTER2+7;
COUNTER1++;} while (INPUT!=13);
TEXT[COUNTER1-1]=32; /* Space into array so that the Carrage Return Does not remain */
strcat(PATH, TEXT);
if ((fp2=fopen(PATH,"w")) == NULL)
{closegraph();
printf("\n\n\n\n\n\n\n\n Cannot open file for writing.\n");
fp2=fopen("DEFAULT.DAT" "w");
fprintf(fp2,"Mean Reference = %1.3f +- %3.0f%%\nAveraged over %l
pulses\n",LASER_STABILITY,PERCENTAGE_VARIATION*100,ZSCAN_AVERAGING);
fprintf(fp2,"*\n"); /* need the asterix to signify to the zplot that the data starts here */
for(COUNTER1=0;COUNTER1<=NUMBER_OF_MOVES;COUNTER1++)
{fprintf(fp2,"%1.2f\t%1.3f\t%1.3\t%1.3f\t%1.3f\n", COUNTER1*STEPSIZE,RESULTS_REFERENCE
[COUNTER1],RESULTS_OPEN_SCAN[COUNTER1],RESULTS_CLOSED_SCAN[COUNTER1],(R
ESULTS_CLOSED_SCAN[COUNTER1J/RESULTS_OPEN_SCAN[COUNTER1]));}
fclose(fp2);
printf("\n A file named DEFAULT.DAT has the information from your last Z-Scan");
getch();
exit(0);}

fprintf(fp2,"Mean Reference = %1.3f +- %3.0f%%\nAveraged over %i
pulses\n",LASER_STABILITY,PERCENTAGE_VARIATION*100,ZSCAN_AVERAGING);
fprintf(fp2,"*\n"); /* need the asterix to signify to the zplot that the data starts here */
for(COUNTER1=0;COUNTER1<=NUMBER_OF_MOVES;COUNTER1++)

{fprintf(fp2,"%1.2f\t%1.3f\t%1.3f\t%1.3f\t%1.3\n", COUNTER1*STEPSIZE,RESULTS_REFERENCE
[COUNTER1],RESULTS_OPEN_SCAN[COUNTER1],RESULTS_CLOSED_SCAN[COUNTER1],(R
ESULTS_CLOSED_SCAN[COUNTER1)/RESULTS_OPEN_SCAN[COUNTER1]));}

fclose(fp2);

cleardevice(); /* Clears the entire screen */

setcolor(13); /* Set Color to light Magenta */

settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */

setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */

outtextxy(150,200,"Asta La Vista, Babe!"); /* This prints text to the graphics screen */

delay(1000);

closegraph(); /* Ends Graphics Mode & resets to standard DOS Screen */

return(0);}

/*****t***** Subroutine Used in CONVERT_STEP *************m\-/
void MOVE_STAGE() {
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for (COUNTER1=0;COUNTER1 <NUMBER_OF_STEPS_PER_MOVE;COUNTER1++) {
outportb(COM,OUT_BYTE); /* C function to send info to hardware port */
delay(DELAY_MOTOR);}}

JERk ke Subroutine Used in MOVE STAGE kxR dok |

void SET_ZERO_POSITION() { 3

DIRECTION=0; /* Moving away from MOTOR */

OUT_BYTE=MOTOR+DIRECTION:

for

(COUNTER1=0;COUNTER" <(NUMBER_OF_STEPS_PER_MOVE*(NUMBER_OF_MOVES+1));C
OUNTER1++) {

outportb(COM,OUT_BYTE), /* C function to send info to hardware port */
delay(DELAY_MOTOR):}}

/******************************************************/

void interrupt SIO_HANDLER(void) {
RETURN=inportb(COM);
R
outportb(0x20,0x20); }

/***********************************’k******************/

int SET_UP_STEPPER_MOTOR(void) { /* Port 2 is Used */
COM=0x2f8;
INTR_NO=11;
outportb(0x2fb,0x83);
outportb(0x2f8,0x06);
outportb(0x2f9,0);
outportb(0x2fb,0x03);
X=0;
OMASK=inportb(0x21);
NMASK=0OMASK & 0x0;
outportb(0x21,NMASK);
outportb(INT_EN2,1);
outportb(MOD_CON2,0x0b);
disable();
setvect(INT_NO2, SIO_HANDLER);
enable();
inportb(COM);
return 1;}

[ Eynction for Getting Maximum Value of Y **x#*kkskssy

void GET_MAX_VALUE_OF_Y() {

MAXY_REFERENCE=fabs(REFERENCE[0]); /* First Point in the Array */

MAXY_OPEN_SCAN=fabs(OPEN_SCANIO0]); /* First Point in the Array */

MAXY_CLOSED_SCAN=fabs(CLOSED_SCAN[O0]); /* First Point in the Array */

for (COUNTER1=0;COUNTER1<(SAMPLES_REQUESTED-1); COUNTER1++)
{if(MAXY_REFERENCE<(fabs(REFERENCE[COUNTER1+1])))

MAXY_REFERENCE=REFERENCE[COUNTER1+1];
if(MAXY_OPEN_SCAN<(fabs(OPEN_SCAN[COUNTER1+1])))

MAXY_OPEN_SCAN=OPEN_SCAN[COUNTER1+1];
if(MAXY_CLOSED_SCAN<(fabs(CLOSED_SCAN[COUNTER1+1])))

MAXY_CLOSED_SCAN=CLOSED_SCAN[COUNTER1+1];}

if(NORMALISED==1)

{MAXY_OPEN_SCAN=((MAXY_OPEN_SCAN/MAXY_REFERENCE)*LASER_STABILITY);

/* Normalise each pulse to the ref channel (LASER_STABILITY give values close to originals) */

MAXY_CLOSED_SCAN=((MAXY_CLOSED_SCAN/MAXY_REFERENCE)*LASER_STABILITY);}

/* Normalise each pulse to the ref channel (LASER_STABILITY give values close to originals) */

} /* End of Function */

/************ FunCtion for Acquiring ONE Set Of Samp|es ***********/

void ACQUIRE_SAMPLES() {
ADC_VAR_A[0] = SAMPLES_REQUESTED; /* Between 0 - 65535 (Fast Mem on board = 64K) */
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ADC_VAR_A[1] = 0; /* This means ZERO multiples of 65535 Samples */

CCALL("H", ANALOGBUF, ADC_VAR A); I* Synchronized Analog Read 'H' For Fast Mode (The
Sampled Array is Stored in the Array ANALOGBUF) */

for (COUNTER1=0;COUNTER1 <SAMPLES_REQUESTED;COUNTER1++) /* This for Loop
Assigns the ANALOGBUF values to their respective REFERENCE 2 3 Arrays */
{REFERENCE[COUNTER1 |=ANALOGBUFI((3*COUNTER1)+0)];

OPEN_SCAN[COUNTERH1 |=ANALOGBUFJ((3*COUNTER1)+1)];
CLOSED_SCAN[COUNTER1]=ANALOGBUF[((3*COUNTER1)+2)]:}}

/***************** Set UP the ADC Card W|th a" the NecesSary Shlt' ****************/

void SET_UP_ADC_CARD() {

ADC_VAR_A[0]JFNUMCHANNELS; /* ADC_VAR_A is used to program the ADC Card */
CCALL("N", ANALOGBUF, ADC_VAR_A); /* Tells ADC Card to sample 3 Analog Input channels */
ADC_VAR_A[0]=1; /* Sets the channel sequence 1 to reading channel 1, want 1,35 */
ADC_VAR_A[1]=3; /* Sets the channel sequence 2 to reading channel 3, want 1,3,5 */
ADC_VAR_AJ|2]=5; /* Sets the channel sequence 3 to reading channel 5, want 1,3,5 */
CCALL("p", ANALOGBUF, ADC_VAR_A); /* ADC Card reads Input channels in sequence 1, 3, 5 */
ADC_VAR_A[0]=12; /* Set Resolution of ALL Input channels to 12 Bit Resolution */

CCALL("a", ANALOGBUF, ADC_VAR_A); /* Sets 12 Bit Resolution on ALL Input Channels */
CCALL("c", ANALOGBUF, ADC_VAR_A); /* Calibrate ALL Input Channels */
ANALOGBUF[0]=DELAY; /* Delay for all Channel 1 is 1 millisecond */

ANALOGBUF[1]=DELAY; /* Delay for all Channel 2 is 1 millisecond */

ANALOGBUF[2]=DELAY; /* Delay for all Channel 3 is 1 millisecond */

CCALL("]", ANALOGBUF, ADC_VAR_A); /* Set Delay for all Channels to 1 millisecond */
ADC_VAR_A[0]J=0; /* Gain Range 0->+10V ¥/

ADC_VAR_A[1]=0; /* Gain Range 0->+10V ¥/

ADC_VAR_A[2]=0; /* Gain Range 0->+10V */

CCALL("r", ANALOGBUF, ADC_VAR_A); /* Set Gain Ranges for all channels to 0->+10V */
VOLTAGE=VOLTAGE/0.078125; /* Convert to a value from 0-128 */
VOLTAGE=VOLTAGE+0.5; /* Add 0.5 So Can Easily Round up to the Nearest Integer */
TRIGGERLEVEL=VOLTAGE; /* Convert from float to Integer */
TRIGGERLEVEL=128+TRIGGERLEVEL; /* Add 128 to make TrigLvl 0-10V */

ADC_VAR_A[0] = 0; /* Used to Shift the Board in & out of Extended Buffering Mode */
ADC_VAR_B[0] = USE_EXTENDED_BUFFER; /* Setting up the Parameter set */
ADC_VAR_BI[1] = RESET; /* Setting up the Parameter set */

ADC_VAR_B|2] = RETRIGGER; /* Setting up the Parameter set */

ADC_VAR_B[3] = TRIGGERED; /* Setting up the Parameter set */

CCALL("P", ADC_VAR_B, ADC_VAR_A); /* Put the Parameter Set Settings in Place */
ADC_VAR_AJ[0] = 1; /* Used to set the Extended Buffering Parameters */

ADC_VAR_BI0] = SAMPLES_REQUESTED; /* Set High Speed Extended Buffering Parameters
(This number has to be between 0 and 65535 (Max Fast Memory on board = 64K)) */
ADC_VAR_BI1] = 0; /* High Speed Extended Buffering Parameters (Multiples of 65535 Points)*/
CCALL("P", ADC_VAR_B, ADC_VAR_A), /* High Speed Extended Buffering Parameters */
ADC_VAR_AI0] = 2; /" Used to set the High Speed Trigger Parameters */

ADC_VAR_B[0] = TRIGGERMODE;

ADC_VAR_BI[1] = TRIGGERLEVEL,

ADC_VAR_B|2] = 65535; /* Timeout for Auto Mode (Auto Mode is not Enabled Here!) */
ADC_VAR_B[3] = 100; /* This is if it has a huge (>65535) Timeout */

ADC_VAR_B[4] = PRETRIGGER; /* Low Word (This number has to be between 0 and 65535 (Max
Fast Memory on board = 64K)) */

ADC_VAR_BI[5] = 0; /* High Word (This is for Multiples of 65535 pretrigger points) */
CCALL("P", ADC_VAR_B, ADC_VAR_A) ; } /* Set the High Speed Trigger Parameters */

[*r¥*xeeeeeix Enction for Initialising Graphics Mode **********x/

void SET_UP_GRAPHICS() { /* Start up the Graphics mode & shit */

int gdriver = VGA, gmode=VGAHI, errorcode; /* VGA Graphics Driver with 640*480*16 Mode */
initgraph(&gdriver, &gmode, "™); /* Initialize Graphics Mode (EGAVGA.BGI in Current directory */
setrgbpalette(60,20,20,20); /* Changed palette color 12 to very dark Grey - Used to change the
Colors of any of the 16 components of the palette to R,G,B values - Palette colors are 1-16
corrospond to 1,2,3,4,5,6,7,56,57,58,59,60,61,62,63 */

setrgbpalette(62,24,24,24), /* Changed palette color 14 to lighter Very Dark Grey */
setrgbpalette(1,36,36,63); /* Changed palette color 1 (Blue) to Light Blue */

182



Appendix | Z-Scan.c

setrgbpalette(4,63,28,28); /* Changed palette color 4 (Red) to Light Red */
setrgbpalette(2,0,63,0);} /* Changed palette color 2 (Green) to Light Green */

[rex=wassss Eunction for Graphing Samples & Z-scan Results ******+++xx
void GRAPH() {

cleardevice(); /* Clears the entire screen */

setlinestyle(0,0,3); /* Linestyle Solid Line,Solid Fill,3 Pixels thick */
setcolor(15); /* Hopefully White */

line(0,40,0,440);line(0,440,639,440); /* Drawing a Rectangular Border */
line(639,440,639,40);line(639,40,0,40); /* Drawing a Rectangular Border */
line(20,440,20,445);line(120,440,120,445);
line(220,440,220,445);line(320,440,320,445);
line(420,440,420,445);line(520,440,520,445);

line(620,440,620,445);

if(ZSCAN==0){ /* If it's NOT the Z-Scan plot then it draws in reference lines */
setlinestyle(1,0,1); /* Linestyle Dotted Line,Solid Fill,1 Pixels thick */

setcolor(12); /* Set pixel color to Very Dark Grey */
line(0,65,637,65);line(0,90,637,90);line(0,115,637,115); /* Draw some Gridlines */
line(0,165,637,165);line(0,190,637,190);line(0,215,637,215); /* Draw some Gridlines */
line(0,265,637,265);line(0,290,637,290);line(0,315,637,315); /* Draw some Gridlines */
line(0,365,637,365);line(0,390,637,390);line(0,415,637,415); /* Draw some Gridlines */
setcolor(14); /* Set pixel color to lighter Very Dark Grey */
line(0,140,637,140);line(0,240,637,240);line(0,340,637,340); /* Draw some Gridlines */
setcolor(13); /* Set Color to light Magenta */

settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(2,1,19,20); /* This is used to size the simplex fonts */
outtextxy(75,0,"Sampled Pulse"); /* This prints text to the graphics screen */
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
outtextxy(265,460,"Time (Microseconds)"); /*This prints text to the graphics screen */
setcolor(15); /* Set Color to White */

outtextxy(18,446,"0"); /* This prints text to the graphics screen */
outtextxy(112,446,"100"); /* This prints text to the graphics screen */
outtextxy(212,446,"200"); /* This prints text to the graphics screen */
outtextxy(312,446,"300"); /* This prints text to the graphics screen */
outtextxy(412,446,"400"); /* This prints text to the graphics screen */
outtextxy(512,446,"500"); /* This prints text to the graphics screen */
outtextxy(612,446,"600"); /* This prints text to the graphics screen */

for (COUNTER1=0;COUNTER1<SAMPLES_REQUESTED;COUNTER1++)
{XVALUE=((3*COUNTER1+0)+20);
YVALUE=440-((fabs(REFERENCE[COUNTER1]*200))+0.5); /* Add 0.5 to help round off */
setcolor(1); /* Blue */
circle(XVALUE,YVALUE,1);
XVALUE=((3*COUNTER1+1)+20);
YVALUE=440-(fabs(OPEN_SCAN[COUNTER1]*200));
setcolor(4); /* Red */
circle(XVALUE,YVALUE,1),
XVALUE=((3*COUNTER1+2)+20);
YVALUE=440-(fabs(CLOSED_SCAN[COUNTER1]*200));
setcolor(2); /* Green */
circle(XVALUE,YVALUE,1);}

} /* End of If loop for Z-Scan */

else {

setcolor(13); /* Set Color to light Magenta */

settextstyle(7,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(2,1,19,20); /* This is used to size the simplex fonts */
outtextxy(95,0,"Z-Scan Data"); /* This prints text to the graphics screen */
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
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setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */
outtextxy(260,460,"Distance (Millimeters)"); /*This prints text to the graphics screen */
setcolor(15); /* Set Color to White */

outtextxy(18,446,"0"); /* This prints text to the graphics screen */
outtextxy(118,446,"5"); /* This prints text to the graphics screen */
outtextxy(215,446,"10"); /* This prints text to the graphics screen */
outtextxy(315,446,"15"); /* This prints text to the graphics screen */
outtextxy(415,446,"20"); /* This prints text to the graphics screen */
outtextxy(515,446,"25"); /* This prints text to the graphics screen */
outtextxy(615,446,"30"); /* This prints text to the graphics screen */

for (COUNTER1=0;COUNTER1<=(NUMBER_OF_MOVES);COUNTER1++) /* Two Channels
(Open & Closed) */
{XVALUE=((20*COUNTER1+0)+20);
YVALUE=440-((fabs(RESULTS_REFERENCE[COUNTER1]*200))+0.5); /* Add 0.5 to round off */
setcolor(1); /* Blue */
circle(XVALUE,YVALUE,2):
XVALUE=((20*COUNTER1+1)+20);
YVALUE=440-(fabs(RESULTS_OPEN_SCAN[COUNTER1]*200));
setcolor(4); /* Red */
circle(XVALUE,YVALUE,2);
XVALUE=((20*COUNTER1+2)+20);
YVALUE=440-(fabs(RESULTS_CLOSED_SCAN[COUNTER1]*200));
setcolor(2); /* Green */
circle(XVALUE,YVALUE,2);}
} /* End of else loop */
} /* End of Graph */

void TEXT1() {

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

setcolor(1); /* Blue */

outtextxy(30,45,"Max Reference ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_REFERENCE);

outtextxy(125,45, TEXT);

outtextxy(30,65,"MEAN Reference ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MEAN_MAXY_REFERENCE);

outtextxy(130,65,TEXT);

setcolor(4); /* Red */

outtextxy(245,45,"Max Open Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_OPEN_SCAN);

outtextxy(340,45, TEXT);

outtextxy(245,65,"MEAN Open Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MEAN_MAXY_OPEN_SCAN);

outtextxy(345,65, TEXT);

setcolor(15); /* White */

outtextxy(135,85,"Current Position ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%4.2f", CURRENT_POSITION);

outtextxy(245,85, TEXT);

outtextxy(375,85,"Sample Number ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%3i", COUNTER3+1);

outtextxy(473,85, TEXT);

setcolor(2); /* Green */

outtextxy(475,45,"Max Closed Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_CLOSED_SCAN),

outtextxy(580,45, TEXT);

outtextxy(475,65,"MEAN Closed Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MEAN_MAXY_CLOSED_SCAN);

outtextxy(585,65, TEXT);}

void TEXT2() {
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
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setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

setcolor(1); /* Blue */

outtextxy(30,45,"Max Reference ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_REFERENCE);

outtextxy(125,45, TEXT);

setcolor(4); /* Red */

outtextxy(245,45,"Max Open Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_OPEN_SCAN);

outtextxy(340,45, TEXT);

setcolor(2); /* Green */

outtextxy(475,45,"Max Closed Scan ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_CLOSED_SCAN);

outtextxy(580,45, TEXT);}

void TEXT3() { /* Laser Stability */

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

setcolor(1); /* Blue */

outtextxy(30,45,"Max Reference ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", MAXY_REFERENCE);

outtextxy(125,45,TEXT);

outtextxy(245,45,"Mean Reference ="); /* This prints text to the graphics screen */
sprintf(TEXT,"%5.3f", LASER_STABILITY);

outtextxy(347,45,TEXT);}

void TEXT4() { /* Press a Key - X to Exit */

settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */
setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */
setcolor(13); /* LIGHT RED */

outtextxy(308,70,"X to Exit");} /* This prints text to the graphics screen */

void INTRODUCTION_SCREEN() { /* Introduction Screen */

setcolor(13); /* Set Color to light Magenta */

settextstyle(7,0,0); /* Text Style Font, Direction(horiz or vert),Size(0) */

setusercharsize(1,1,1,1); /* This is used to size the simplex fonts */

outtextxy(50,110,"Welcome to the World of Z-SCAN"); /* This prints text to the graphics screen */
settextstyle(2,0,0); /* Text Style Font,Direction(horiz or vert),Size(0) */

setusercharsize(1,1,2,1); /* This is used to size the simplex fonts */

outtextxy(200,225,"Program by Kieran Ryder : Copyright 1998"); /* Text to the graphics screen */
delay(1000);

cleardevice(); } /* Clears the entire screen */

Z-Scan.BAT

@ECHO OFF

CD\

CD\APPLICS\ZSCAN

ZSCAN \USER\KIERAN\ 1 0.25 100 800 0.5 0
CD\

CD USER\KIERAN\

The path is the directory that you want the data files saves in .

The first number is the total distance the z-stage moves inmm's (1234567891011 121314151617 18
1920 21 22 23 24 25 26 27 28 29 30)

The second number is the step size - the distance between succesive steps (0.1 0.2 0.25 0.5 1.0 2.0 2.5)

The third number is the number of data points that pulse's are digitised to 50 75 100 125 150 175 200

The fourth number is the resolution of the stepper motor i.e. the number of steps in takes to move the stepper
motor Imm : 800 for Yag Lab stepper : 80 for N2 Dye Laser stepper

REM The fifth number is the trigger voltage (0->10 volts)

REM The sixth number is the number of points to be samples before the trigger (has to be less than
the number of samples requested)
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