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Abstract

This thesis was motivated by the potential of organic nonlinear optical (NLO) zwit-
terionic chromophores to be used as active components in THz emitters and detec-
tors. This study presents the results from measurements of the electro-optic (EO)

coeflicient, photostability and the THz properties of organic NLO chromophores.

An EO coefficient of over 700 pm/V was measured for some EO polymers using
the Teng-Man modulation ellipsometry technique at low frequencies. A roll off
in the value of the EO coefficient was observed for frequencies over 10 kHz and
converging to the theoretically estimated value of ~ 2 pm/V. The large over estimate
of the EO coefficient at low frequencies using the Teng-Man method is attributed

to contributions from the cavity resonance and interference effects.

The EO coefficient was also measured using a new method based on the electric
field induced modulation of diffraction gratings. The measured EO coefficient using
this technique is an order of magnitude lower than that measured using the Teng-
Man method but it is an order of magnitude higher that the theoretically expected
value. By investigating DC and AC measurements it was possible to deduce that
the large apparent EO coefficient is due to the inverse piezoelectric effect and thin
film interference. The large EO coefficient at low frequencies may also have a contri-
bution from dipole clusters. The small EO coefficient at high frequency shows that
the chromophores may not be particularly useful for THz applications. However,
they have potential in low frequency applications such as modulators, and dense

wavelength division multiplexing.

The current photodegradation models are shown to be inadequate and the pho-
todegradation can be modeled by considering a distribution in the photodegradation
quantum efficiencies. The addition of a singlet oxygen quencher has been found to
enhance the photostability of some chromophores by up to 6 times. Structural mod-

ifications also affect the photostability. A correlation between the photostability
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and bond length alternation (BLA) was found where there is a trade-off between
the chromophores molecular NLO effect and photostability.

Calculations based on the THz dielectric properties showed that the EO polymers
have a reasonable coherence length for THz generation using optical rectification.
Low wavenumber Raman spectroscopy measurements made on recrystallised com-
pounds exposed some theoretically predicted modes that were not been reported
found experimentally. Low temperature and low energy Raman spectroscopy mea-
surements made on some selected organic compounds showed a strong temperature
dependence of the low energy vibrational modes. The temperature dependent red-
shift and line broadening have been primarily attributed to thermal expansion and

a distribution in the distance between monomers.
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Chapter 1

Introduction

There has been a rapid development in the research of organic electro-optic poly-
mer materials because of their potential applications in a range of areas such as
broad band THz generation and detection, and ultrafast electro-optic modulators.
Reported electro-optic coefficients for a number of nonlinear optical chromophores
in polymer matrices greatly exceed those found in conventional single crystals (e.g.
LiNbO;). Organic electro-optic polymers are expected to lead to significant im-
provements in the performance of photonic devices for optical communications, com-
puter interconnects, and THz generation and detection. Despite the promise of high
electro-optic response of organic electro-optic polymer materials, there are some
issues that need to be addressed before devices containing organic chromophores
can become widely available. These include ensuring the long term stability of the
aligned dipole moments in electro-optic polymers, along with the long term pho-
tochemical and thermal stability. It is also important to accurately determine if
the reported large electro-optic coefficients are purely of electronic origin, so that
they can be used in high frequency applications. Materials synthesized in our group
are believed to have potential for THz generation and detection and hence it is im-
portant to determine their electro-optic, photostability, and THz properties. THz
spectroscopy is useful because it can distinguish polymorphic compounds, which is
not easy using other methods. Some materials also have low absorption in the THz
region and this can have useful applications, for example, imaging through pack-
aging in addition to other potential security and pharmaceutical applications. The

contents of this thesis is arranged as follows.

Chapter 2: In this chapter a theoretical background to the electro-optic effect and
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methods and materials related to this phenomenon are explained. An introduction
to the electro-optic effect and electro-optic materials followed by a brief description
of the polymer electro-optic materials, and nonlinear optical chromophores is given.
An overview of the theory required to investigate the properties of electro-optic
materials is given in this chapter. An overview of the interaction of light with
materials that have applications in material characterisation is also discussed.

Chapter 3: This chapter gives an overview of some of the general instruments
and techniques used to perform experiments to investigate properties of organic
nonlinear optical chromophores and to characterise some useful organic compounds
that have potential in pharmaceutical and industrial applications.

Chapter 4: This chapter discusses preparatory works and general quantitative
analysis to prepare samples for the research. These include cleaning substrates
for film deposition, preparation of the solution, spin processing and casting for film
fabrication, drying to evaporate residual solvents, measurement of the film thickness
and refractive indices and an estimation of the chromophore concentration in films.
Details of electric field poling of thin films to induce the electro-optic effect and
methods employed to optimize poling conditions are discussed.

Chapter 5: The chapter reports the investigation of the magnitude and temporal
stability of the poling induced electro-optic effect in a variety of chromophores mea-
sured using the Teng-Man modulation ellipsometry method. Ways to enhance the
efficiency of the host-guest electro-optic materials are also discussed. Experimen-
tal results from the measurement of the electro-optic coefficient are analyzed and
compared to the theoretically calculated values. A mismatch observed between the
experimental results and the theoretical estimation and the roll off-of the electro-
optic coefficient with modulation frequency are discussed.

Chapter 6: This chapter introduces a new technique to estimate the electro-
optic coefficient of organic NLO polymer films using the electric field dependent
diffraction efficiency of diffraction gratings made on thin films. This technique does
not require a modulating AC field and thus provides an estimate of the static electro-
optic coefficient. This is a particularly useful method to filter out the possible
overestimation of the electro-optic coefficient due to non-electronic contributions
such as the cavity resonance and multiple reflection effects. The theory is derived and
tested using AC and DC modulating fields and the limitations of this technique are
discussed. The contribution of inverse piezoelectric effect and multiple interference

effect to the diffraction efficiency are also discussed.



Chapter 7: Investigations towards better understanding of the photodegrada-
tion mechanism of organic NLO chromophores in polymer matrices and methods to
enhance optical stability are discussed in this chapter. A photodegradation model
based on a distribution in the photodegradation quantum efficiencies is presented.
Effects of environmental parameters such as light intensity, oxygen concentration etc
on the photostability of the chromophores are investigated. A systematic approach
is followed to investigate how the chromophore structure, chromophore concentra-
tion in the films, aggregation, and the quantum chemical mixing of the ground state
and the charge separated state as defined by bond length alternation are related to
photostability.

Chapter 8: This chapter is divided mainly into two major sections. The first sec-
tion deals with the evaluation of polymer electro-optic materials used in this research
in the THz frequency range. The theoretical efficiency of the electro-optic polymers
synthesized by the IRL photonics team for THz generation is reported. Infrared and
Raman spectroscopy were performed in the THz frequency range on organic com-
pounds to investigate the material properties in the THz region. Low temperature,
low energy Raman experiments were performed on some organic crystals and are
discussed in this chapter.

The findings are summarised and the future prospects of this research work are

discussed in chapter 9.
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Chapter 2

Basic Concepts

The branch of optics exploring nonlinear behaviour of light and the materials causing
this effect is classified as nonlinear optics. Electro-optics is a sub class of nonlinear
optics in which light can interact with an external electric field in certain materials.
This chapter forms a theoretical background to the electro-optic (EO) effect, and
materials and methods related to this phenomenon. An introduction to the EO effect
and EO materials followed by a brief description of the polymeric EO materials,
and nonlinear optical (NLO) chromophores is given. An overview of the theoretical
aspects of methods required to investigate the properties of EO materials is given
in this chapter. An overview of the importance of EO polymers in terahertz (THz)
technology is given. Finally, an introduction to the interaction of photons with
materials is discussed to form a background to infrared (in particular, THz) and

Raman spectroscopy.

2.1 Nonlinear optics

Light propagation through a dielectric medium can be characterised by the polari-
sation that the light induces on the medium. The polarisation equation as a power
series expansion of macroscopic polarisation Pin presence of an applied field E is

given by,
1 2 3
Pr= oY x B+ Y X Bt Y XGUE BB ) (20)
J Jk gkl

where (" is the n'" order electric susceptibility tensor, E; is the i*" component

of the applied electric field and ¢ is the dielectric constant of air. In a linear medium,
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the relation between electric field and polarisation can be represented as P= eoxﬁ
where polarisation (P) shows a linear relationship with the applied electric field (E)
in a medium having an electric susceptibility x. However, this linear relationship
is an approximation to the generalized polarisation equation for low electric field
and/or negligibly small higher order electric susceptibilities.

Eq. 2.1 shows that if a material has a non zero X(2) the polarisation shows a
quadratic relationship if the applied field is sufficiently large. A schematic of the
linear and nonlinear polarisation is shown in Fig.2.1. A material in which the
polarisation has a nonlinear relationship with the electric field is known as nonlinear
medium and the branch of optics related to this property is known as nonlinear
optics. The usual linear susceptibility y!) is much greater than the coefficients of
the nonlinear terms x(® | y® and so on and hence the latter contribute noticeably

only at higher amplitudes of the incident radiation.

P A Nonlinear medium

\

\

Linear medium
>

0 E

Figure 2.1 — Polarisation as a function of electric field in a linear and a nonlinear
medium.

2.2 Electro-optic effect

The EO effect is a nonlinear wave mixing process where the optical field mixes with
a DC electric field. Optical nonlinearities occur when an internal or external electric
field is applied to a dielectric medium to alter the phase, amplitude or frequency
of an electromagnetic wave in the medium. The induced nonlinear polarisation

obtained by this wave mixing process can be represented using the quadratic and
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cubic terms of Eq. 2.1 by [1],

PP = egy () (w : 0,w) Bj(0) Ex(w) (2.2)
P20 = eox\ ) (w : 0,0,0) E;(0) B (0) Ey(w) (2.3)

where Eq. 2.2 represents the linear EO effect and Eq. 2.3 represents the quadratic
EO effect. EO effects can be treated as a second order NLO property that perturb
the refractive index of a material under the influence of an applied electric field. One
can write the power series expansion of the refractive index of a material, subject

to a light field passing through it, under the influence of an external field E as[2],

1 1

The coefficient corresponds to the linear relationship with E in the Eq.2.4 is
known as the linear EO coefficient (r) or Pockels coefficient and the quadratic term
is known as the quadratic EO coefficient or Kerr coefficient (s). Since the higher
order terms are several magnitude lower than n, the first two terms in F of the power
series have been predominantly investigated as the linear EO effect and quadratic
EO effect. In the linear EO effect the field induced change in refractive index of
the medium has a linear relationship with the applied field. In the second type,
the induced change in refractive index has a quadratic relationship with the applied
field, which is known as quadratic EO effect or Kerr effect [3]. The change in the
refractive index of a material due to an applied electric field in a linear EO and a
quadratic EO media are shown in Fig. 2.2. A schematic of the change in polarisation
of a wave due to an applied electric field in linear EO medium (Pockels cell) is shown
in Fig.2.3. This thesis focus on materials with linear EO properties. The quadratic

EO effect is beyond the scope of this thesis.

The EO effect of a material allows control of the speed of light passing through
certain materials. To exhibit nonlinearity, the material should not have an inversion
symmetry [2]. Also, the field applied across the medium must be of sufficient strength
to overcome any internal electrostatic interactions. In contrast to pure electronics
or optics where the information carriers are electrons and photons respectively, in
electro-optics the information is carried by both electrons and photons. Electrons

and photons interact with each other in an EO material [2] as discussed in the
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(@) (b)

0 E 0 E

Figure 2.2 — Refractive index as a function of applied electric field in (a) a linear EO
medium and (b) a quadratic EO medium.

following sections.

I Electrode

Polarised
input wave

Output wave

Electrode I

Figure 2.3 — An example scheme of a Pockels cell showing the change in polarisation
of a wave through an EO material in the presence of an external electric field. Arrows
indicate the polarisation direction.

2.2.1 Linear electro-optic coefficient

The EO coefficient (Pockels coefficient) is a measure of the efficiency of a material
to change its refractive index under an external electric field. The linear EO coeffi-
cient is closely related to the second order nonlinear susceptibility. The linear EO
coefficient r;; can be derived from the second order NLO susceptibility as follows:
The induced change in refractive index of an EO material in the presence of an

electric field can be explained using the Pockels equation,

577,2‘ == pi]’E]‘ (25)

Where the Pockels tensor components p;; are related to the NLO coefficient
through the relation
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(2)
Xijk
n;

pij = (26)

The equation relating the EO coefficient, r;; with the second order susceptibility
(2)

Xijk Can be written as,

Tij = 4 (27)

Since poled polymers of amorphous materials possess an comm symmetry, the
non zero components of 7;; in poled polymers are, 713, r31, and rz3. From the
symmetry conditions of a poled polymer, r13 = r3;. Considering the symmetry of a

poled polymer system a reasonable approximation for r13 and rs3 is given as [4],

r33 & 3r13 (2.8)

The unit of the linear EO coefficients is the reciprocal of that of electric field
(m/V) since the refractive index is dimensionless. As the value of EO coefficient
is very low when compared to the applied field, for convenience, the unit of EO
coefficient is quoted in 10712 m/V or simply pm/V. As an example, the EO coefficient
of a widely used EO crystal, lithium niobate (LiNbOs;), is 30.8 pm/V [5, 6, 7].

2.2.2 Optical rectification and frequency mixing

Frequency mixing is an NLO process where two different waves interact with each
other resulting in new waves. Considering two optical fields having oscillating electric
field components of E1 = Ejcos (wit) and Ey = Ejcos (wat) then the polarisation

equation given in Eq. 2.2 can be expressed as,

PPFE/SEG — 60X§?11E0 cos (wit) . Epcos (wat) (2.9)
(2) 2
€0X;jk b
= #’CO (cos [(w1 — wa)t] + cos [(w1 + w2)t])

The polarisation equation above consists of two terms corresponding to the dif-
ference of two frequencies and a term proportional to the sum of two frequencies.
Optical rectification is the development of DC or low-frequency polarisation when

laser beams of sufficient intensity propagates through a nonlinear optical material.
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Optical rectification is a special case of Eq.2.9 where F1 = Ey = E = Ejcos (wt).
In this case, the polarisation consists of a DC polarisation as well and a frequency

dependent polarisation as,

(2) 2
€oX;inE
POt = GOX%?; (Eq cos wt)? = #ko (1 + cos 2wt) (2.10)

(2
tj
cident optical electric field by the second order nonlinear optical susceptibility of

where the DC polarisation, €px )Eg /2 results from the rectification of the in-
of the material. The second term of the Eq.2.10 describes the second harmonic

generation or frequency doubling.

2.3 Electro-optic materials

As already discussed, EO materials are capable of changing their refractive index
under the influence of an electric field. EO crystals has been widely used for EO
modulators and EO deflectors. Naturally occurring EO effects are observed in non-
centrosymmetric crystals (crystals lacking an inversion symmetry) such as gallium
arsenide (GaAs, r=1.6 pm/V [4]), lithium niobate (LiNbO;, r=30.8 pm/V [7, 6]), and
zinc telluride (ZnTe, r=3.9pm/V [8]) are some of the EO materials being used as

active materials in existing devices based EO effect [9)].

Despite the promise of EO effect in applications such as wideband THz emitters
and detectors, ultra-fast EO switches and modulators, wavelength shifters, optical
interrogators, spectroscopy and sensors the full potential of this effect has not been
exploited with the existing inorganic EO crystals. This is primarily because of
the problems associated with inorganic EO materials such as relatively low EO
coeflicients, slower response time, poor phase-matching for wave mixing and higher
harmonic generation, and presence of low energy phonon modes. Other challenges
in the development of devices based on EO effect using EO crystals are the difficulty

to grow optical quality crystals on preferred substrates [1].

There has always been a need for new materials having higher efficiency to
contribute to the growing requirement in communication, imaging and sensing ap-
plications. Development of polymer based EO materials has overcome most of the
issues related to the inorganic materials. An overview of EO polymers is given in

following section. There is a substantial interest in developing EO polymers based
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on organic nonlinear optical chromophores for EO switching devices and THz appli-
cations. The following sections and chapters are mostly focused on the developing

new EO polymers having very large EO coefficients and optical stability.

2.3.1 Electro-optic polymers

EO polymers have attracted intense research interest in the past two decades be-
cause of their merits over their inorganic counterparts that include large EO coeffi-
cient, ease of fabrication, lower refractive indices, broad-band phase matching and
absence of crystalline phonons[1, 10]. EO polymers have high potential in photo-
nic devices with a wide range of applications that include EO modulators, optical
storage, optical image amplification, real-time interferometry, optical phase conju-
gation, holography and THz generation and detection [1, 11].

EO polymers owe their large macroscopic EO effect to the molecular nonli-
near optical effect of the constituent molecules containing highly delocalised 7-
electrons connected to electron donor and electron acceptor groups on either end
of the molecule [1]. These molecules that are generally called NLO chromophores
are highly active and can easily be polarised in presence of an external electric field.
The combination of a low refractive index amorphous polymer and an organic NLO
chromophore having large molecular NLO activity and sub-picosecond response time
together form materials having large EO response [4].

For an organic nonlinear optical material, the criteria to achieve a high macrosco-
pic nonlinearity is that the system possesses a non-zero total dipole moment. This
means that the chromophores in the polymer system have to be at least partially
aligned in a polar order, otherwise the system would not show an EO effect. Polar
ordering of the chromophores in the polymer is generally achieved by electric field

poling of the sample.

2.3.2 Electro-optic polymer systems

The following is an overview of methods being widely used to incorporate nonlinear
optical chromophores with the polymers. The EO effect in polymers is due to the
constituent chromophores that are incorporated in a transparent and inert polymeric
host material. Chromophores can be incorporated in the polymer matrix in a number
of different ways, for example, as shown in Fig.2.4. An overview of some of the

major EO polymer systems those are widely being investigated to develop organic
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EO polymer systems is given below.

w(a)
Figure 2.4 — Electro-optic polymer systems: (a) Host-guest, (b) Side-chain, (c) Main-
chain and (d) Cross-linked polymer systems.

Host-guest system

In host-guest systems the chromophores are dispersed in the host polymer without
any chemical attachment between the chromophore and the polymer. Host guest
systems were the earliest poled polymer systems to be investigated. This is a rela-
tively simple and efficient method to investigate the properties of chromophores in
host polymers as well as to estimate the efficiency of chromophores in contributing
to the macroscopic EO effect. Despite the simplicity of the system the usefulness
of the system at application level is limited unless the system has sufficiently large
thermal stability of polar order[1, 12]. Mobility of the chromophores within the
host polymer host causes fast relaxation of the system. This is related to the free
volume inside the polymer, the size of the chromophores and the glass transition
temperature (Tg) of the host polymer. Crystallization and phase separation due
to inhomogeneous distribution of chromophores at higher concentrations limits the
system from reaching dense concentrations and thereby large EO coefficients. This
has motivated investigations into more advanced systems such as side-chain, main

chain and cross-linked polymer systems [4, 2].
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Side-chain system

In a side-chain polymer system the chromophores are chemically attached to the
polymer backbone as a side-chain pendant group. One of the advantages of this
system is it permits higher chromophore loading without crystallization, phase se-
paration or the formation of concentration gradients [4] Furthermore, the relaxation
of chromophores from the poled order is expected to be relatively slow because the
mobility of the chromophores is hindered due to the chromophores being attached
to the polymer backbone. This leads to an enhancement in the magnitude and
stability of the macroscopic EO activity of the system [2, 4]. Generally the glass
transition temperature of the side-chain polymers is substantially higher than that
of host-guest polymers. This is because the guest chromophores tend to plasticize
the system, while in the side chain system the chromophores are attached to the

polymer backbone [2].

Main-chain system

A main-chain system is similar to the side-chain system but the chromophores are
not just linked but are a part of the polymer backbone itself. The movement of chro-
mophores in main-chain system is further reduced which is expected to substantially
reduce the relaxation of the polar order. Poling is more difficult in main-chain sys-
tem compared to side-chain because of the reduced mobility of the chromophores [4].
Improved thermal stability of polar order and improved tensile strength are the key

improvements in main-chain system over side-chain system [4, 2].

Cross-linked system

In a cross-linked polymer system both ends of the chromophores are linked to the
polymer backbone leading to partial immobilization of the chromophores after po-
ling. The efficiency of this technique relies on the percentage, nature and sites of
cross-linking [4]. The system needs to be poled to destroy the symmetry of the sys-
tem for a net effective dipole moment. Cross-linking is generally activated during or
after completing the poling process. This is particularly challenging because if the
cross linking occurs before sufficient poling, further movement of the chromophores
is severely impeded during subsequent poling. Cross-linking process is done through

various techniques such as thermal techniques and photochemical methods [2].
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2.3.3 Glass transition temperature

The glass transition is the reversible transition in amorphous materials from a hard
and relatively brittle state into a molten or rubber-like state. The temperature at
which this transition takes place is known as glass transition temperature (Tg). This
is an important quantity of a polymer especially because the poling process to induce
EO effect in the polymer system is done at the Tg of the host polymer. Above Tg
the molecules in the polymers are very flexible. When the material is cooled below
Tg the polymer chain will no longer wiggle around making the system harder and
sensitive to strain and pressure. Tg is intrinsic to the polymers and varies between
polymers. The melting temperature of the polymer (Tm) is different from Ty. At
Tm a polymer transforms to a liquid form. In most polymers both characteristic
temperatures exist because of the presence of crystalline and amorphous domains in

the system.

2.4 Organic nonlinear optical chromophores

Organic compounds with a high nonlinear optical response typically contain donor
and acceptor groups that are separated by a conjugated polyene spacer (i.e., donor-
m-acceptor) to create an asymmetric polarisability in the molecule. The high NLO
response of the chromophores is due to the presence of the delocalised m-electrons.
Molecules having extended overlapped w-bonds contain delocalised m-electrons that
are shared by the entire system and these type of molecules are called conjugated
molecules. Because of the characteristics of the electron donor and acceptor, and
the ability of the conjugated bond to facilitate electron transfer within the system,
a chromophore is also called a push-pull molecule [1, 2]. Nonlinearity of organic
chromophores depends mainly on the change in polarisability of the electron in the
m-orbitals as a result of an optimal combination of donor-acceptor strengths.

The macroscopic EO response of a polymeric material is strongly related to the
properties of the organic chromophores, in particular, their hyperpolarisability and
dipole moment. An ideal nonlinear optical chromophore can be expected to have
an extended conjugated system, a low energy transition, and large dipole moment
between the ground state and the first excited state of the electronic configuration [2].
An asymmetric charge distribution is introduced by including different functional

groups to the molecule. Functional groups are classified as two groups based on
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<

=

Figure 2.5 — (left) Schematic of a push-pull molecule (chromophore) with an electron
donor (D) and an electron acceptor (A) connected by a conjugated m-bridge. (right)
An example structure of an NLO chromophore.

their ability to donate or accept electron into the localised 7 electron system. A
schematic of a nonlinear optical chromophore is shown in Fig. 2.5.

The key advantage of organic nonlinear optical materials is the possibility of al-
tering the structure to optimize their nonlinear optical properties. The conjugation
length, and the donor and acceptor group need to be tuned to achieve large mo-
lecular nonlinearity, while maintaining low scattering, low absorption at operating
wavelengths and longer stability. The effects of altering chromophore structure to
achieve large molecular and macroscopic nonlinearity is discussed in Chapter 5 and
Chapter 7.

2.4.1 Microscopic NLO effect

The induced polarisation p in a nonlinear optical chromophore in presence of an

electric field is given by|[2],

pZ(E') = Ui + Z oz,-jEj + Z ﬁijkEjEk + Z'YijklEjEkEl + - (2.11)

J ik Jkl
where, p; is the ground state dipole moment, o;; is the first order polarisability
tensor and is related to the first derivative of the induced dipole moment, 3;;;, is the
second order polarisability tensor or the first hyperpolarisability, ~;;x is the third

order polarisability tensor or the second hyperpolarisability tensor. The indices i,
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j, k, and [ are associated with the orientation of the applied field E with respect to
the molecular coordinate system.

The large nonlinearity of a A-m-D chromophore is due to strong charge transfer
interaction between constituent donor and acceptor groups [13]. There is an optimal
combination of the donor and acceptor strengths that will maximise 5. The charge
transfer contribution to the hyperpolarisability 5 can be optimized based on a quan-
tum two-level model derived from the static perturbation theory[l]. The dominant
contribution to the nonlinearity arises from the ground state dipole moment of the
chromophore and the transition dipole moment from the ground state to the lowest
excited state.[14, 15, 16]

SudAp Wi (3w + wiws — w3)

B(—ws;wi,we) = A 2 2\(, .2 2\/(, .2 2

(W2 — w?)(wl — wd)(w? — w?) (2.12)

Where, wq represent the resonance frequency for the transition from the ground
state to the first excited state and w;, wy and w3 are the frequencies of three in-
teracting waves [2]. The observed shift in the resonant frequency wg of the system
in dielectric medium is due to the local field effects [13]. o is the transition dipole
moment between ground state and the first excited state and Ay is the difference
between electric dipole moments of ground state and the first excited state.

First hyperpolarisability for linear EO effect can be derived from Eq.2.12 by

setting w1, w3 = w and wo = 0. Then Eq.2.12 becomes,

pgAp (3wg — w?)
h (wg — w?)?

Beo(—w;w,0) = (2.13)

First hyperpolarisability for second harmonic generation comes from Eq. 2.12 by

setting w1, ws = w and w3y = —2w. Then Eq. 2.12 changes to,

SugAp 3wi

h (o~ ) (h — 4) 214

/BSHG(_QW;WWJ) =

Eqgs.2.12 and 2.14 show that there is a static hyperpolarisability term inde-

pendent of the operating frequency, which is given as,

_ 3 ugAp

Bo = Tl (2.15)

The key properties of chromophores leading to large macroscopic EO coefficients

in macroscopic level are large first hyperpolarisability and dipole moment, which
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together are known as the figure of merit of a chromophore (Figure of Merit = u/3).
The first hyperpolarisability 3 is related to the EO coefficient in a poled polymer
system through the relation [1],

r33(—w;w,0) = N (cos® 0) fof28(—w;w,0) (2.16)

where N is the number density of chromophores, f are local field factors at the
specified frequencies, and <(3os3 0> is the thermal average for ordered chromophores
for the angle between the poling field and the molecular dipole moment. A detailed
discussion on translating the molecular first hyperpolarisability to the macroscopic

EO effect is discussed in Chapter 5.

2.4.2 Bond length alternation

Optimising the first hyperpolarisability (5) of the organic NLO chromophores with
a given conjugated m-bridge requires a specific donor acceptor strength that leads
to a balance of electronic symmetry and polarisability that maximises §[17, 18].
This can be achieved with an optimal degree of mixing of two canonical resonance
structures, one is neutral and other with a high degree of charge separation. Thus
the structure and consequently the hyperpolarisability is determined by the relative
energetics of these two forms[19]. The degree of mixing is strongly correlated to
the structure of the molecule that is reflected in the difference between the average
lengths of carbon-carbon single and double bonds. This difference (Ar) is called
bond length alternation (BLA). BLA is a useful parameter to examine to establish a
generalized structure-property relationship for the first hyperpolarisability of organic
nonlinear optical chromophores.

The degree of BLA arises from the linear combination of the two charge trans-
fer resonance forms of the molecule[22]. For unsubstituted conjugated m-bridges
(polyenes), or chromophores with weak donor-acceptor pairs the neutral canonical
form dominates in the ground state resulting, by convention, a large positive BLA.
On increasing the donor-acceptor strength the charge separated form contributes
more to the ground state reducing the BLA value. Upon achieving equal contri-
bution from each the BLA reaches zero, resulting in the same average lengths for
double and single bonds. Further, an increase in the donor acceptor strengths result
in domination of the charge separated canonical form leading to, by convention, a

negative BLA.
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Figure 2.6 — Definition of regions of BLA correspond to the degree of mixing the neutral
(N) and charge-separated (CS) resonance structures to the ground state. The nature
of the conjugated m-bridge changes from neutral polyene-like (1) to polar cyanine-like
(3) to very polar charge separated polyene-like (5) [20, 21].

The relationship between the hyperpolarisability and the BLA can be explained
using the two-level model [15], where the first hyperpolarisability, 5 is given by [23,
21, 17],

2
Hge

2
wge

/B X (,U*ee - Mgg) (217)

where wye is the charge transfer excitation energy, pg4e is the transition dipole
moment for charge transfer excitation, and p.. and p4y are the excited and ground
state dipole moments. The rationalization of first hyperpolarisability by two-level
model thus involves three terms, they are (a) the difference between ground and
excited state dipole moments Ay = fiee — figg, (b) the transition dipole moment,
and (c) the energy of the corresponding excitation. Out of these three components,
the last two terms contribute to an inverse quadratic variation peaking at near zero
value for BLA parameter. The first term Ay is the strongest component and shows
a sinusoidal variation with BLA parameter giving a sinusoidal relationship of the
£ and BLA. A schematic of 8 as a function of BLA and corresponding mixing of
different energy states is shown in Fig. 2.6. By convention, the chromophores on the

left hand side of the BLA diagram are classified as LHS (or neutral) chromophores
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and the chromophores on the right hand side are classified as RHS (or, zwitterionic)
chromophores. Studies on effects of BLA on the EO effect is discussed in Chapter 5
and the effects of the relationship of BLA with the optical stability of chromophores
is discussed in Chapter 7.

2.5 Absorption

Absorption is the attenuation of electromagnetic radiation passing through a ma-
terial due to the interaction of photons with medium. Two types of absorption
processes that are relevant in the context of NLO materials are, the linear absorp-

tion absorption and the nonlinear absorption (two-photon absorption).

2.5.1 Linear absorption

The resonant (or linear) absorption is a single photon process. Absorption in NLO
chromophores is due to their charge transfer energy gap. An energy level diagram ex-
plaining the linear absorption by the chromophore molecules is shown in Fig. 2.7(b).
The linear absorption process in NLO chromophores can be explained as follows.
When the chromophores are exposed to radiation of energy above their charge trans-
fer gap, the molecules in the ground state (Sg) are excited to a singlet ( S1) excited
state. S; states generally have a very short life time of the order of nanoseconds [24].
Molecules in the S; state emit most of the energy via fluorescence and return to the
So state. A small fraction of the molecules in the S; state decays to the spin forbid-
den triplet excited state (T7). The T state has a relatively long life time compared
to the Sy state, and so Ty returns to Sy state via a non radiative transition. Reso-
nant absorption is a linear optical process and is related to the energy (wavelength)
of the radiation but does not depend on the intensity. The interaction of the exci-
ted energy states of the chromophore with triplet oxygen leading to the creation of
highly reactive singlet oxygen that eventually lead to the photo induced degradation
of chromophores [25, 24]. A schematic of the absorption process in chromophores is

shown in Fig.2.7.

2.5.2 Two-photon absorption

Two-photon absorption is the process of simultaneous absorption of two photons to

excite a molecule from the ground state to an excited state. It differs from linear
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Figure 2.7 — Energy level diagram showing excitation of chromophores; ISC represents
inter system crossing.

absorption in that the strength of absorption depends on the square of the light
intensity, thus it is a nonlinear optical process. The energy difference between the
lower and upper states of the molecule is equal to the sum of two photon energies.
It is not necessary that both photons have same frequency [2].

Two-photon absorption is a third-order process. The imaginary part of the third-
order nonlinear susceptibility, x(*) is related to the extent of two-photon absorption
in a given molecule. The selection rules for two-photon absorption are therefore

different than for linear absorption that is dependent on the first-order susceptibility.

2.5.3 Kramers-Kronig relation

Kramers—Kronig relations have constituted one of the principal tools in optical spec-
troscopy for the assessment of the optical properties of media from measured spectra.
The basic idea is that the change in the refractive index caused by some excitation
of a medium is related to the change in the absorption. As the change in the ab-
sorption is normally significant only in a limited range of optical frequencies, it is
relatively easily measured. The real and imaginary parts of the complex refractive
index are related through the Kramers—Kronig relations. For example, one can de-
termine a material’s full complex refractive index as a function of wavelength from
an absorption spectrum of the material.

Kramers—Kronig relations are often used to calculate the real part from the
imaginary part (or vice versa) of response functions in physical systems based on the
principle the causality implies the analyticity condition is satisfied, and conversely,

analyticity implies causality of the corresponding physical system. If y(w) = x1(w)+
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ix2(w) is a complex function of complex variables w and the functions xi(w) and
X2(w) are real and analytic in the upper half plane of w, and vanishes faster than

1/|w] as |w| — oo, then the Kramers-Kronig relations are given as,

1 o0 Xz(wl)
x1(w) = ;P /OO o wdw/ (2.18)
and
1 o0 Xl(w/) ,
_ 1 1
Xo() WP/OO X g (2.19)

where P denotes the Cauchy principal value. A simplified Kramers-Kronig re-
lation connecting the two components of complex refractive index of a dielectric

material is given by,

An(w) = ;/% (2.20)

where An(w) is the change in real part of refractive index as a function of

frequency and Aca(w) is the corresponding absorption coefficient of the material.

2.6 Aggregation

The asymmetric distribution of electrons in a compound typically leads to inter-
molecular electrostatic interactions between neighbouring molecules in solution and
films is known as aggregation or self-association [26]. Aggregation is present in non-
linear optical chromophores because of the donor-acceptor groups and the ground
state dipole moment of the chromophores especially at higher concentrations when
the molecules are close enough to interact. Aggregation of chromophores induces
deviations in the expected absorption spectra from the energy state of the system
resulting in extra bands (or shoulders). The energy of these extra bands depend
on the type of the aggregation present, either H (hypsochromic) or J (bathochro-
mic) aggregations [27, 26]. Schematics of the two forms of aggregations are shown in
Fig. 2.8. H-aggregation results in shoulders appearing on the high energy side of the
main absorption band, whereas J-aggregation leads to shoulders on the low energy
side. Organic chromophores with highly polar (i.e. zwitterionic) ground states of-
ten exhibit poor solubilities and tend to readily form aggregates. In solution, the

degree of aggregation is related to the dielectric constant of the solvent and the
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concentration.

H-aggregates

Figure 2.8 — Schematics of H- and J- aggregated chromophores.

Aggregation is a major challenge in developing EO polymers containing nonli-
near optical chromophores. Aggregation limits the effective number density that
can be achieved in an NLO polymer system. This leads to a reduced efficiency for
translating the molecular NLO effect to macroscopic level. Higher loading reduces
the average distance between chromophores leading to aggregation and thereby can-
celling the effective dipole moments of the aggregated chromophores. Furthermore
the presence of significant aggregation will also lower the overall poling efficiency
of the final NLO material as well as increase the propensity for relaxation of the
aligned dipoles post-poling. This will result in a gradual decline of the observed

macroscopic response over time [1].

2.7 Solvatochromism

Effects of solvent polarity on the chromophores has a significant control on the beha-
viour of the chromophore in different solvents. Solvatochromism is the phenomenon
of variations in the wavelength, intensity, and shape of the absorption spectra of
chromophores in solution. The solvatochromism effect leads to a strong dependence
of absorption and emission spectra with the solvent polarity. There exist two types
of solvatochromism; Negative (hypsochromic) causing blue shift and positive (batho-
chromic) leading to red shift [28]. The extent of the solvatochromism depends on the
difference in dipole moment between the ground and excited states of the chromo-
phores. Solvatochromism is due to the differential solvation of the ground and first

excited states of the chromophores [29]. If the solute dipole moment increases during
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the electronic transition (pg < p) a positive solvatochromism normally results. In
the case of a decrease in the solute dipole moment upon excitation (ug > ), a
negative solvatochromism is usually observed. Difference in polarity of the ground
and excited state of a chromophore lead to differential stabilization of the ground
and excited states resulting in a change in the energy gap. Since the solvatochro-
mism is related to the degree of mixing of two canonical forms of the ground state
of the chromophores and thus can be used as a tool to measure the interactions bet-
ween the solute and solvents that gives a hint to classify chromophores as neutral
or zwitterionic [28]. Solvatochromism has a major role in determining the degree of
aggregation of chromophores in different solvents [28]. In this study, in particular,
solvatochromism has been used as a tool to classify the chromophores, in particular
left hand side (neutral, LHS) and right hand side (zwitterionic, RHS). Solvatochro-
mic tests gives supplementary and complementary data to the BLA parameter of

the chromophores.

The Er(30) scale of solvent polarity

A paradoxical relationship observed in the shift of absorption peak of the dyes with
solvent polarity have motivated researchers the introduction of a new parameter [29].
E7(30) value of solvents is based on a negatively solvatochromic ‘pyridinium N-
phenolate betaine’ dye as probe molecule, and they are defined as the molar elec-
tronic transition energies (E7) of the dissolved molecules measured in kcal mol™* at
room temperature and normal pressure [29]. Solvents are classified based on their
interaction with this dye. This is a useful solvent property to consider when dis-
cussing solvatochromism. The solvatochromic shifts of the solute have been found
consistent with the E7(30) of the solvents [29]. It is beyond the scope of this thesis
to go indepth into the chemistry of this property.

2.8 THz radiation

THz waves typically refer to the frequencies from 100 GHz (the high-frequency edge
of the microwave band) to 10 THz (the low-frequency edge of far-infrared light).
The THz radiation, which lies in the frequency gap between infrared and microwave
region is at the interface between electronics and photonics. THz waves travelling
through a material are affected by its complex dielectric constant. By analysing the

amplitude and phase of the transmitted THz electric field gives detailed information
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about the unique characteristics of a particular material, such as absorption and the
refractive index of the material under study. This is the basic idea driving THz time
domain spectroscopy. The key advantage of THz systems is that they allow non-
destructive testing with safe, non-ionising radiation [30, 31]. Today THz technology
is finding scope in a wide variety of applications such as communication, biological
research, medical sciences, security screening and environmental monitoring [30, 32].

The THz Time Domain Spectroscopy (THz - TDS) is a Fourier transform infrared
(FTIR) spectroscopic technique in which the properties of a material are probed with
short pulses of THz radiation. The generation and detection scheme is capable of
recording the effects caused by the sample on both the amplitude and the phase
of the THz radiation. In this respect, the technique can provide more information
than conventional FTIR spectroscopy, which is related to the amplitude only.

THz radiation has several distinct advantages over other forms of spectroscopy.
Unlike X-rays THz radiation is safer for biological tissues because of it’s non-ionising
nature. Many materials have unique spectral fingerprints in the THz frequency
range, which means that THz radiation can be used to identify them [9]. In this
thesis THz spectroscopy has been used to characterise organic NLO polymer films
to estimate their transparency in THz region as well as to study the THz spectra of

some organic compounds.

2.8.1 EO effect in THz technology

The EO method for detection of THz radiation is based on the basic Pockels effect
where the change in the phase of a laser beam in the presence of the THz electric
field, as shown in Fig. 2.3, is employed for the detection of THz radiation. Optical
rectification and difference frequency generation are the two key physical properties
of EO materials being employed in THz generation. THz generation from optical
rectification of a femtosecond (fs) laser pulse is based on the difference frequency
mixing of all frequencies within the bandwidth Aw of a near infrared fs laser pulse.
In general, optical rectification refers to the development of very low frequency
polarisation when intense laser beams propagates through a material [33, 34]. The
bandwidth of the THz pulse is determined by difference frequency generation by
all frequencies within the bandwidth of the fs laser pulse. The amplitude of THz

radiation is proportional to the EO coeflicient of the material.

Efficient generation and detection of THz radiation by optical rectification (or
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difference frequency generation) and Pockels effect require EO materials with large
EO coefficients. In addition to a large EO coefficient, the material should be trans-
parent to the THz and the optical radiation, and the refractive index for THz and
optical frequencies need to be comparable providing sufficient coherence length.
The intensity of THz radiation depends on the magnitude of EO effect while the
bandwidth of THz radiation is determined by the coherence length. The material
should have sufficiently large coherence length because THz emission strength as
well as THz sensitivity of the material are proportional to the thickness of the ma-
terial. Furthermore, the presence of infrared active phonons in the materials lead
to strong absorption and dispersion of the refractive index at the THz frequencies
resulting in phonon absorption bands. This limits the use of many materials for

THz applications [9, 33].

2.9 Interaction of photons with phonons

This section describes infrared (IR) and Raman spectroscopy. Both IR and Raman
spectroscopy measure the vibrational energies of molecules but they follow different
selection rules. For a vibrational motion to be IR active, the dipole moment of the
molecule must change. Therefore, for example, the symmetric stretch in CO, is
Raman active but not IR active because there is no change in the dipole moment.
The asymmetric stretch in CO, is IR active due to a change in dipole moment.
For a transition to be Raman active there must be a change in polarisability of the
molecule. An energy level diagram showing the transitions involved in IR absorption

and Raman scattering is shown in Fig. 2.9.

2.9.1 Infrared absorption

Infrared absorption is due to the oscillations in the average dipole moment of a
material caused by atomic vibrations. Absorption of infrared radiation is specific
to the compounds with small energy differences in the possible vibrational and
rotational states. A net change in the dipole moment is required to cause a change
in inter or intra-molecular vibrational or rotational modes. The electrical field of
the radiation interacts with variation in the dipole moment of the molecule. If
the frequency of the radiation matches the vibrational frequency of the molecule
then radiation will be absorbed, causing a change in the amplitude of molecular

vibration. Infrared absorption occurs via oscillations in the volume average dipole
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Figure 2.9 — Energy level diagram showing the transitions involved in IR absorption
and Raman scattering.

moment caused by the atomic vibrations. In crystalline solids the crystal symmetry

lead to the following conservation laws

hw = hwg (2.21)

hk = hkp + hG (2.22)

where w is the incident photon energy, k is the photon wave vector, wg is the
phonon frequency and kg is the phonon wave vector and G is the reciprocal lat-
tice wave vector. The IR region of the electromagnetic spectrum, by convention, is
usually divided into three regions, namely, the near-IR, mid-IR and far-IR, with res-
pect to the visible spectrum. Infrared spectrum is generally denoted in reciprocal of
wavelength, that is, per centimetre. Near-IR spans from wave-number 14000 cm™'to
4000 cm ™!, The mid-IR is approximately 4000 cm ™! to 400 cm ™! and is usually used
to study the fundamental vibrations and associated rotational-vibrational structure
of gases, molecules and other materials. The far-IR region has the lowest energy
in IR region which spans approximately the region between 400 cm~! and 10 cm ™!
bordering the microwave region. THz region (0.1 THz - 10 THz) covers the low
regime of the far-IR region of the infrared spectrum. This region is generally used

for rotational spectroscopy.
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2.9.2 Raman scattering

When photons are scattered from an atom or molecule, most photons are elastically
scattered (Rayleigh scattering), such that the scattered photons have the same ki-
netic energy (frequency) and wavelength as the incident photons. However, a small
fraction are scattered with a frequency different from, and usually lower than, that
of the incident photons. Scattered light that presents different frequencies to that
of the incident radiation is known as Raman scattering. The new frequencies called
Raman frequencies, are characteristic of the nature and physical state of the sample

and independent of the incident radiation.

The frequency shifts are the measure of the amount of energy involved in the
transition between initial and final states of the scattering molecule. The distribution
of Raman lines is characteristic of the particular molecular species, with an intensity,
which is proportional to the number of scattering molecules in the path of the
light. Thus, Raman spectra are used in qualitative and quantitative analysis of
molecules. Pure rotational shifts are small and difficult to observe, except for those
of simple gaseous molecules. In liquids, rotational motions are hindered, and discrete

rotational Raman lines are not found.

When light with frequency w; and amplitude Eg interacts with a crystalline
material through changes in the induced dipole moment, ?, with phonons with

frequency wy, and this will depend on the polarisability matrix:

P = aEyeirt (2.23)

In case of single phonon scattering the polarisability can be expanded using a

Taylor approximation in terms of the normal coordinate (Q) as:

Qi

_ da
=ap+ | = Q (224)
<3Q> Q=0

where the normal coordinate is of the following form

Q = Qe (2.25)

Combining Eqs. 2.23,2.24 and 2.25, the resulting dipole moment is of the follo-

wing form:
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The second term in Eq.2.26 represents the inelastic scattering. When a light
beam with energy hwy much greater than the difference in energy between two
vibrational or rotational levels of the molecule falls on a molecule, most of the
photons pass by without interacting with the molecular system; but a small fraction,
of the order of 10~ 7are scattered. This scattering can be interpreted as due to the
following process. The incident photon leads the molecule temporarily to a higher
level of energy vibrational or rotational (virtual) state. This is not an allowed or
stationary state, which quickly decays to an allowed energy level emitting a photon.
The + sign in Eq. 2.26 explains the type of Stokes shift, plus sign gives anti-Stokes

scattering and the minus sign Stokes scattering.



Chapter 3
Instruments and Techniques

This chapter gives an overview of the general instruments and techniques used to
perform experiments to investigate properties of organic nonlinear optical (NLO)
chromophores and characterise some useful organic compounds having potential
in pharmaceutical and industrial applications. An introduction to the technique

followed by a brief description of the instrument is given.

3.1 Spin coater

A vast majority of the work in this thesis is done based on thin polymer films. Thin
films of thickness 1 um to 10 um are fabricated using spin processing technique.
The spin coater used (WS-400E-6NPP-LITE by Laurell technologies corporation) is
pictured in Fig. 3.1. This is a portable table top design allowing variable spin speed,
acceleration and spin time according to the required film thickness and nature of the
solvent. The substrates are held on the rotary stage by creating a vacuum externally.
The instrument has a vacuum and lid interlock for safety. A detailed overview of
the film fabrication method is given in Chapter 4. Further details of the instrument

available at Ref. [35].

3.2 UV-Vis-NIR spectroscopy

Absorption spectroscopy is performed across a range of wavelengths where we need
to investigate the linear absorption of the material. Absorption spectroscopy is a
tool to identify and quantify the presence of a particular substance in a sample.

The following instruments have been used for absorption spectroscopy during this

29
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Figure 3.1 — A WS-400E-6NPP-LITE spin processor by Laurell Technologies Corpo-
ration. (a) Front view and (b) Rear-view of the instrument.

study. Generally the transmittance data is collected from the spectrometer and
the absorption coefficient («) of the films are estimated using the Beer’s equation
a = (—1/L)In(T"), where L is the film thickness and T is the transmittance of the
film. Absorption coefficients are generally quoted in cm~!. The spectrometers can
be set to give the absorbance (A) of the film, which is related to transmittance

through the relation, A = —log(T).

3.2.1 Lambda 1050 UV /Vis/NIR spectrophotometer

The Lambda 1050 is a high end UV /Vis/NIR spectrophotometer designed to achieve
a greater level of sensitivity, resolution and speed. It features two large sampling
compartments and a variety of snap-in modules and accessories, including a general
purpose optical bench, integrating spheres and a universal reflectance accessory. The
Lambda 1050™ utilises three detectors for optimum energy detection across the en-
tire wavelength range of the instrument, 175 - 3300 nm: A gridless photomultiplier
tube (PMT) for detection in the UV /Vis, a high sensitivity Peltier cooled InGaAs
detector for the 800 - 2600 nm region and a Peltier cooled PbS detector for the range
from 2500 - 3300 nm. This offers a good combination of scanning speed and photo-
dynamic range that can be achieved on a given sample type. Further instrumental
details available at Ref. [36].
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3.2.2 Varian Cary 50

The Cary 50 UV-Vis Spectrophotometer uses a Xenon flash lamp and can be used
in the wavelength range between 190 - 1100 nm. The spectrophotometer can be
used while the sample compartment is open without affecting the measured results.
The Cary 50 is built by a dual beam, Czerny-Turner monochromator, with a 190 -
1100 nm wavelength range. It has approximately 1.5nm fixed spectral bandwidth,
full spectrum Xenon pulse lamp and dual Si diode detectors. The system scan speed

is much faster than that of the Lambda 1050.

3.2.3 Fibre optic spectrometer

The Fibre optic spectrometer by Ocean Optics Inc. is useful to investigate broad-
band time dependent absorption spectra of chromophores. One key advantage of
using this spectrometer is it sends a broad wavelength spectrum and records the
absorption spectra at that range instead of scanning through different wavelengths
as in other conventional spectrometers. This is particularly useful because of its
flexibility to use in both transmission and reflection mode. An Ocean optics ST 2000
fiber optic spectrometer was used for transmittance and reflectance measurements.
The spectrometer can be used between 250 - 1100 nm. The system is equipped with
a powerful and stable Deuterium Tungsten Halogen light source. Further details

about the instrument available at Ref. [37].

3.3 Measurement of thickness and refractive index

3.3.1 Prism coupler

Prism coupling is a technique to couple a substantial fraction of the radiation from
laser source into a thin films with high accuracy. This technique can circumvent the
need for polishing the edge of the film. One of the advantages of a prism coupler
is the ability to couple a beam into a thin film with thickness much less than the
beam waist. In the present context, prism coupling is used as a simple and efficient
technique to measure the refractive indices and thickness of thin polymer films.

A monochromatic laser beam is directed through one side of the prism, the beam
is then ’bend’, and is normally reflected back out the opposite side into a photo
detector. However, at certain values of the incident angle, the beam does not reflect

back out, but is transmitted through the base into the film sample. These angles
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Figure 3.2 — Schematic of the measurement of film thickness using prism coupler. Left
side is the schematic of geometry of the apparatus and shown right is the example for
the coupling modes [38].

are called mode angles. An automated rotary table is used to change the incident
angle of the laser. Refractive indices of a material are specific to the wavelength
of the electromagnetic radiation being transmitted and this concept is employed
for the estimation of refractive index. The first mode angle found determines the
refractive index, and the angle difference from one mode to the next determines the
sample thickness. The prism coupling technique offers greater index accuracy and
resolution for thin film measurements because the measurements are sensitive only

to the coupling angle and index of the prism.

Metricon 2010

Metricon 2010 (new model 2010M) is a computer controlled prism coupling instru-
ment to estimate the refractive indices and thickness of films at different wavelengths,
specifically, 633, 1314 and 1550 nm. The measurement of the refractive index at dis-
crete laser wavelengths provide an accurate dispersion curve over a range of wave-
lengths. In most cases, index values calculated at intermediate wavelengths provide
virtually the same accuracy as if that index had been measured at that wavelength.

Measurements are made using a computer-driven rotary table which varies the
incident angle and locates each of the film propagation modes automatically. A
minimum two mode angles are required to estimate film thickness and index. The
entire measurement process is fully automated and the measurement takes less than
a minute. A schematic of the measurement of thin film properties using the prism
coupling technique is shown in Fig. 3.2.

The number of modes supported by a film generally increases with film thick-

ness. If the film is thick enough to support two or more propagation modes, the
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system calculates thickness and index for each pair of modes, and displays the av-
erage and standard deviation of these multiple estimates. The standard deviation
calculation, unique to the prism coupling technique, is an indication of measurement
self-consistency and a powerful means of confirming the validity of the measurement.
Measurements of thickness and index can be made on most samples with thickness
up to 10 - 15 um. For thickness above 15 um, the refractive index is still measurable
using the bulk measurement technique although thickness and refractive index for
many samples is often measurable at thicknesses up to 150 - 200 ym. Further details
of Metricon 2010/M is available in Ref. [38].

3.3.2 DekTak profilometer

The Dektak is a stylus profilometer providing an accurate and a high resolution
measurement of the surface shape and texture of thin films. The centrepiece of a
Dektak is its measurement stylus, which runs over the surface as the sample is moved
beneath it on the stage. A variety of stylus shapes and sizes are available to optimise
measurement for particular applications. This is a contact measurement technique
where a very low force stylus is dragged across a surface. The DekTak profilometer
at IRL is capable of recording thickness variations in the range of 100 nm to 100 pm.
The lateral resolution is limited by the tip shape. The system is connected to a PC
for the analysis of the data. The DekTak is mostly used to determine film thickness
of the polymer films, especially those whose thicknesses are either too thin or more
than the upper limit of thickness that can be measured using the Metricon prism

coupler accurately.

3.3.3 Interferometry technique

The interferometry technique is an indirect method to estimate thickness and re-
fractive index of films. It relies on the interference effect of two or more light beams,
e.g. from the air/film surface and the film/substrate interfaces, where the optical
path difference is related to film thickness. This technique is developed based on
assuming the system as a Fabry-Perot resonator with air on one side and glass on the
other side. The thickness and refractive index are obtained by fitting the interfer-
ence pattern of the simulated transmission spectrum with the measured transmission
spectrum of the film. The transmission spectrum for a multi-layered structure shown

in Fig. 3.3 as follows:
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Figure 3.3 — Schematic of the transmission through a thin film on a glass substrate.

The phase difference ¢ between reflection for normal incidence is given by,

27
p= <)\> 2Lngm (3.1)

where L is the film thickness, A is the wavelength and n is the refractive index.

The transmittance through the film can then be estimated from the relation,

T—1_ 724 735 + 2712 793 cOS((p) (3.2)
1+ 72,12, + 2r12 793 cos(p)

with r12 and rog respectively the amplitude reflection coefficients at the air-film
and film-glass interface which can be calculated using the Fresnel equations and the

refractive indices of air (n,;,), glass ( and the film (ngy,,)-

”glass)

Nair — "film
rig = —o I (3.3)
Nair T "film

el — T
rog — film glass (3.4)
Nfilm t Nglass

The thickness is obtained by assigning the values of n and L in Eqs. 3.2 and 3.1

to simulate a transmission spectrum that matches the measured spectrum.
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3.4 Poling apparatus

The role of the poling apparatus is to heat the polymer to the glass transition
temperature in the presence of a high electric field and then cool the sample down
to room temperature with electric field on. This is a contact electrode, parallel
plate poling system. The poling apparatus we have used to induce electro-optic
effect on thin polymer films is pictured in Fig.4.7. The heating stage of the system
is controlled and monitored by an external temperature controller. A high poling
field is also supplied and monitored via an external controller. The system comes
with a purge system to avoid moisture and oxygen content in the poling chamber
while the films are poled. Poling processs and optimisation of poling conditions are

discussed in Chapter 4.

Figure 3.4 — Photograph of the poling apparatus being used in our laboratory; shown
inset is the film with electric field applied across the block electrode and ITO layer over
the glass.

3.5 Teng-Man apparatus

The Teng-Man apparatus is a simple modulation ellipsometry techniqge suggested by
Teng and Man [39] and independently by Schildkraut [40] for measuring the electro-
optic coefficient of nonlinear optical (NLO) materials. The simplicity of this tech-

nique compared to other techniques such as Mach-Zhender interferometer for the
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measurement of electro-optic coefficient, made this technique popular among the

researchers in the field of electro-optic materials [1].

Detector
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Polarizer M2 Plate

Ground I | Laser

Sample

Oscilloscope

Lock-in *—|Function-Generator,

Figure 3.5 — Schematic of the Teng-Man modulation ellipsometry apparatus.

The apparatus can be explained as follows [41]: A laser beam is incident on the
back side of the glass substrate at an angle . The laser beam passes through a
polariser then through the glass plate, the ITO electrode, the polymer film and re-
flected back at the bottom of the gold electrode. The polarisation of the input beam
is set 45° to the plane of incidence so the p and s components of the incident beam
have equal amplitudes. The reflected beam then passes through a Soleil-Babinet
Compensator (SBC), then through an analyser which is crossed with the polari-
sation of the input beam. A detector is employed to measure the intensity of the
beam through the analyzer. The measurement is performed by applying a sinusoidal
modulation voltage across the electrodes. The laser intensity for the SBC retarda-
tion and corresponding modulated intensities are detected using a Lock-in amplifier
and an oscilloscope. The SBC allows an adequate choice of phase retardation. A
schematic of the experimental setup is shown if Fig. 3.5 and the system we have used
is pictured in Fig.3.6. Optimization and analysis of this technique is discussed in
Chapter 5, where this technique is employed to estimate the electro-optic coefficient

of poled polymers.
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Figure 3.6 — Teng-Man experimental set-up used in our laboratory at IRL.

3.6 DSC-TGA

Differential Scanning Calorimetry (DSC) is a widely used technique to characterise
the thermo-physical properties of polymers. In DSC the difference in the amount of
heat required to increase the temperature of a sample and reference are measured as
a function of temperature. Differential scanning calorimetry can be used to measure
a number of characteristic properties of a sample. Using this technique it is possible
to observe crystallisation events as well as glass transition temperatures (7,). DSC
analysis is important in the study of electro-optic polymers to understand the T}, of
the polymer as is and the effective Tj; after adding the chromophores. This helps
choose correct poling temperature which is important to obtain maximum poling

efficiency.

Glass transitions occur when the temperature of an amorphous solid is increased.
These transitions appear as a step in the baseline of the recorded DSC signal. This is
due to the sample undergoing a change in heat capacity, but no formal phase change
occurs. As the temperature increases further, the amorphous solid will become
less viscous. By increasing temperature further, the molecules may obtain enough
freedom to spontaneously arrange themselves into a crystalline form. This is known
as the crystallisation temperature (7). This transition from amorphous solid to

crystalline solid is an exothermic process and results in a peak in the DSC signal. A
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further increase in temperature makes the sample reaches its melting temperature
(T),). The melting process can be observed from an an endothermic peak appearing
in the DSC curve.

Thermogravimetric Analysis (TGA) provides complimentary characterisation in-
formation to the most commonly used thermal technique, DSC. TGA measures the
amount and rate of change in the mass of a sample as a function of temperature or
time in a controlled atmosphere. The measurements are used primarily to determine
the thermal and/or oxidative stabilities of materials as well as their compositional
properties. The technique can analyse materials that exhibit mass loss due to de-
composition, oxidation or loss of volatiles such as moisture. It is especially useful for
the study of polymeric materials, including thermoplastics, thermosets, elastomers,

composites, films, fibres, coatings and paints.

An SDT Q600 thermogravimetric analyzer by TA instruments was used to per-
form DSC and TGA measurements simultaneously in the temperature range from
room temperature to 1500 °C. This instrument is used to obtain the glass transition
temperature of polymers, and the decomposition and crystallisation temperature of

chromophores.

3.7 Infrared spectroscopy

Infrared spectroscopy discussed in this section refers to far-infrared (far-IR) spec-
troscopy. The far-IR region covers the THz spectral spectral region. One of the ma-
jor application of electro-optic polymers we develop is in THz applications. There-
fore it is important to understand the properties of the materials in the THz region.
Fourier Transform Infra-red (FTIR) spectroscopy is a general technique to obtain
the infrared absorption spectrum of materials in Far-IR region. An FTIR spectrom-
eter simultaneously collects spectral data in spatial domain and then transforms
the data to the frequency domain using Fourier analysis. This technique offers a
significant advantage over a dispersive spectrometer which measures intensity over a
narrow range of wavelengths at a time. The following spectrometers have been used
during the course of this thesis for material characterisation in the THz frequency
range (0.1 - 10 THz).
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3.7.1 Nicolet™FTIR spectrometer

Nicolet™ FTIR spectrometers from Thermo Electron Corporation was used to study
the far-IR spectrum of organic compounds. The system was built with a ‘Smart
Purge’ system available for the Nicolet FTIR that automatically detects the open-
ing of the spectrometer door. ‘Smart Purge’ then automatically increases the flow
of purge gas in the spectrometer to blast the sample compartment area free from
unpurged lab air. ‘Smart Purge’ automatically turns down when the spectrometer is
ready to collect data, and provides a short purge recovery time in between successive
samples, helping to ensure quick and efficient data collection. This is particularly
useful while using in far-IR region which is heavily sensitive to water vapors. OM-
NIC software for Nicolet™ FTIR spectrometers provides a powerful interface for
complete data collection and processing. Further details about the system available
in Ref. [42]

3.8 THz time domain spectroscopy

Two types of terahertz (THz) systems have been used for material characterisation
in this work. A photo-conductive antenna based THz system at the University of
Auckland (UoA) and a commercial THz system at the University of Wollongong
(UoW). The first one was used primarily to collect the THz spectra of polymer
films to estimate their refractive index and absorption spectra in a frequency range
between 0.1 and 1.1 THz. The second system has mostly been used to investigate the
infrared vibrational modes in the THz frequency range for some organic crystals.
This system has a frequency range of up to 2.5 THz. Schematic of a THz-TDS
system is shown in Fig. 3.7.

In the THz systems using photo-conductive antenna, a DC-biased semiconductor
has an electron-hole plasma created on a femtosecond timescale by an optical pulse.
The rapid acceleration and separation of the electrons and holes create a transient
current, then the macroscopic polarisation creates an opposing current that rectifies
the DC field and the transient electric field determined by the time derivative of the
current results in a radiated pulse. Finally, the semiconductor recovers to the original
state in a time frame of the order of picoseconds, as explained in Refs. [43, 44]. The
system at UoW is a commercial Z-3 THz time domain spectrometer supplied by

Z-Omega corporation. This is pumped by a Toptica ultra-fast fiber optic laser
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operating at its second harmonic frequency centered at 785 nm. More details about

the Z-3 system is available in Ref. [45].
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Figure 3.7 — Schematic of a THz-TDS system using optical rectification technique for
THz generation and electro-optic sampling method for THz detection.

3.9 Raman spectroscopy

Jobin-Yvon Horiba T-64000 Raman spectrometer

A Jobin-Yvon Horiba T-64000 Raman Spectrometer with confocal Raman micro-
scope at Victoria University of Wellington (VUW) was used for material character-
isation in the THz frequency range. The system is a research grade, triple-grating
T 64000 Raman spectrometer that is coupled with the confocal Raman microscope
and equipped with a back-illuminated liquid nitrogen cooled CCD detector, 3 micro-
scope objectives and a video camera. T-64000 has an integrated triple spectrometer
design for unprecedented optical stability with three stage monochromator, with
optics, aperture and coupling optimised for performance and stability, with multiple
motorized switching mirrors for ease of operation. The key features of the T-64000
Raman spectrometer are its very high level of laser (stray light) rejection, good

spectral resolution (0.1cm™!) and tunable laser filtering.

The Raman system at VUW can operate in 3 different configurations including

direct single spectrometer, double subtractive stage (for very low frequency Raman
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bands) as well as a triple-grating additive mode enabling low wavenumber measure-
ments. In addition to standard Raman spectroscopy, the T-64000 system is also
equipped with a confocal Raman Microscope (Olympus) that allows for confocal
Raman mapping with high spatial resolution of structural variations and generation
of distribution maps on samples. Further information about the system we have
used at VUW available at Ref. [46].

3.10 Lasers

A variety of laser sources have been used in the course of this thesis. Here is a list
of lasers used in different types of experiments. The selection is based on the wave-
length, intensity and quality of the beam required to perform specific experiments.
Diode lasers operating at 655, 760, 785, 904, 1314 and 1550 nm were used in this
study depending on the wavelengths and power required for the application. The ap-
plications range from the measurement of electro-optic coefficient using Teng-Man
apparatus discussed in Chapter 5, the diffraction method for the measurement of
electro-optic coefficient discussed in Chapter 6 and photostability experiments dis-
cussed in Chapter7. A He:Ne laser operating at 633 nm was used to excite the
samples in Raman spectroscopy discussed in Chapter 8. The 488 and 514 nm lines
of an Argon-ion laser were used to inscribe diffraction gratings in polymer films
discussed in Chapter 6. A continuous wave Nd:YVO, laser operating at the second
harmonic frequency, 532 nm was used for photodegradation experiments discussed in
Chapter 7. Also, a Toptica ultrafast fibre laser was used to excite the THz emission

to perform THz spectroscopy of organic samples discussed in Chapter 8.
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Chapter 4

Fabrication and Processing of
EO Polymers

This chapter discuss the preparatory work and general quantitative analysis invol-
ved in making samples to investigate the efficiency of electro-optic (EO) polymers.
These include cleaning substrates for film deposition, preparation of solutions, spin
processing and casting for film fabrication, drying to evaporate residual solvents,
measurement of thickness and refractive indices of the films and estimation of chro-
mophore concentration in the films. Details of electric field poling of thin films
to induce EO effect and methods employed to optimise poling conditions are also

discussed.

4.1 Preparation of ultra-clean substrates

The surface of the substrate needs to be dry and free from dust and oil to deposit
optical quality thin films. In the present work two types of substrates have been
used; glass slides coated with conducting transparent materials such as indium tin
oxide (ITO) for poling, and plain glass substrates for the studies that do not require
poled samples. Issues with the quality of spin-processed films on as-received glass
slides such as film peeling, thickness inhomogeneities and pinholes motivated our
team to adopt a rigorous cleaning procedure that is documented in detail in Ref. [47],
which is adapted from Ref. [48]. Spin-processed films on glass slides cleaned with this
procedure are found to be of higher quality and maintain homogeneity in experiments

compared to the films on randomly cleaned slides. The size of the substrates used
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for thin film deposition is 25 mmx 25 mm with ~1 mm thickness. A summary of the

glass-slide cleaning procedure discussed in Ref. [47] can be explained as follows.

1. Washing - Wash each slide individually with 5% Decon90 (D90) solution,
wiping each side with an unused section of the wipe. Place washed slides
into a slide holder then transfer them into a beaker followed by filling the
beaker with sufficient D90 solution to immerse the slide holder. Allow the
slides to soak for 30 minutes, then place the beaker in the ultrasound bath for

10 minutes.

2. Rinsing - Perform the following procedure three times to rinse the D90 solution

from the slides:

e Remove floating contaminants by filling beaker with distilled water in the

sink until it overflows and then drain beaker.

e Partially cover slide holder with distilled water and swirl in beaker and

then drain beaker.

e Cover slide holder with distilled water and ultrasound for 10 minutes and

drain the beaker.

3. Rinsing - Fill the beaker with sufficient isopropyl alcohol to immerse the slide
holder. Allow the slides to soak for 30 minutes, then place the beaker in the

ultrasound bath and ultrasound for 10 minutes.

4. Drying - In a clean room, drain beaker and rinse the slides two times with
ultra pure distilled water to remove any fine dust contaminants. Then, air-dry
the slides with filtered compressed air, and place slides, in holder, in the clean

room oven set at 80°C for at least a few hours to dry.

A slightly modified method is followed to clean ITO coated slides. Alkali and acid
solutions may etch the thin ITO coating on the glass surface and thus D90 solution
cannot be used for cleaning ITO coated slides. Isopropyl alcohol is used instead of
D90 solution to clean the ITO coated slides keeping the rest of the procedures the

same as followed for plain glass slides.
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4.2 Polymer thin film fabrication

The EO polymer system used for the present study is a host-guest system. This is
mainly because of the ease of fabrication and flexibility that allows to investigate
properties of chromophores and the system. Spin coating and solution casting are
two basic techniques used to deposit sol-gel coatings. Spin coating was used for
relatively thin films, while solution casting was used for thicker films. Most of the
experiments discussed in this thesis were performed on thin films with thickness
between 1 and 10 gm. Spin coating is the preferred method to produce films in
this range. Thick cast films of the range 30 pm to 1 mm were made to investigate
spectroscopic studies such as terahertz time domain spectroscopy (THz-TDS), Fou-
rier transform infrared (FTIR) spectroscopy and Raman spectroscopy. A systematic
method to prepare thin and thick polymer films followed by our group that discussed

in Ref. [49] is summarised in this section.

4.2.1 Host polymer

Chromophores and polymer must exhibit appropriate and comparable solubility
in the spin casting solvents. Making optical quality thin films requires a balance
between the solution viscosity and the solvent viscosity [1]. Host polymers need
to have high thermal stability, low optical absorption, and a sufficiently high glass
transition temperature (Tg). The polymer host needs to be selected in a way that
its Ty be sufficiently higher than the device operating temperature and well below
the decomposition temperature of the chromophore being doped into it. Having a
Tg below the chromophores decomposition temperature is important to ensure the
chromophores are not thermally degraded while poling at the Tg of the host polymer.
Also, to be more suitable for commercial applications the host polymer must not
have strong absorption or refractive index dispersion at the operating frequencies.
Presently our research is focused on the electro-optical and optical properties
of newer chromophores synthesized in our research team, to develop more efficient
EO polymers. We have tested three host polymers, they are, Poly(methyl metha-
crylate) (PMMA), Polysulfone, and Bayer APEC 9389 amorphous polycarbonate
(APC). APC has mostly been used in this study because it has several advantages
over other polymers mentioned, in particular, PMMA is not suitable for use in THz
frequencies above 1.5 THz because of the phonon absorption and strong index dis-

persion, which is undesirable because the one major scope of this work is to use



46 Chapter 4. Fabrication and Processing of EO Polymers

the EO polymers for wideband THz applications. Polysulfone has similar Tg and
decomposition temperatures as APC, however it does not adhere as well to the glass
substrate, leading to the films peeling off from the substrate. Such peeling off occurs
during processing of the films such as poling, measurement of EO coefficients and
grating inscription, and is not favourable for accurate characterisation. Physical
properties of the APC polymer are summarised in Table4.1.

Table 4.1 — Physical properties of Bayer APEC 9389 Amorphous Polycarbonate
(APC).

Property Value Source
P 1.120 g. cm™3 Bayer APEC 9389 Data-sheet
£0 3.0 From Ref. [50]
Ty 218 °C Bayer APEC 9389 Data-sheet
ng33 1.557 From Ref. [50]
n1300 1.541 From Ref. [50]
n1550 1.538 From Ref. [50]

4.2.2 Preparation of solution

The process of preparing solutions for film fabrication takes about 5 hours. This
includes mixing of the chromophore with the polymer and solvent at the required
proportions followed by stirring to dissolve and filtering out any insoluble impurities.
Filtration should be followed by degassing in an ultrasound bath to remove air
bubbles introduced while filtration. Structures of some of the chromophores used in
this study is shown in Fig. 4.1. All the NLO chromophores used in this study are at
least 98 % pure.

Solvent selection and mixing

Both chromophore and the host polymer should exhibit adequate and comparable
solubility in the solvent, another important thing to be considered to improve film
quality is the vapour pressure of the solvent. Preparation of optical quality films
requires a balance between the viscosity and the solvent volatility [1]. The boiling
point of the solvent has to be below the T, of the polymer to avoid deformation

during the drying process to evaporate the solvent.
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Figure 4.1 — Structures of the organic NLO chromophores used in the experiments
in this thesis. The acronyms PYR, IND and QUN represent the donor group and the
numbers indicate the conjugation length.

The standard solution is 1 g solids (host plus guest) in 10 g 1,1,2-Trichloroethane
(1,1,2-TCE, 99.9% pure) to give a 9.1 wt.% solution. The volume of this solution
should be just under 8 ml. The chromophore loading in the host-guest system is
the weight percentage of chromophore in the polymer film. Example: for a 5wt.%
loading, 0.05 g of chromophore and 0.95 g of APC would be mixed. Solutions should
be left to stir at 60 °C for at least 3 hours.
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Filtering and degassing

Mixed solutions must be filtered and trapped gasses allowed to escape (degas) before
films are processed. The standard procedure followed is to first filter at 0.45 pm and
then at 0.20 pm. It is possible to filter once at 0.20 um with dilute solutions, but at
9.1 wt.% the viscosity of the solution requires significant force to be applied to the
syringe plunger to obtain solution flow through the filter. Solutions also may contain
undissolved material which clogs the filter pores and requires force to be applied to
the syringe plunger. This can splay the filter fibres, allowing larger particles than
rated to pass[49].

The filtering process may introduce air into the solutions. So they must be
degassed before processing into solid films. Failure to degas the solution leads to
bubbles in the films. The solutions were degassed by placing them in an ultrasound
bath on degas mode for approximately 10 minutes at 40 °C, then allowed to sit for

15 minutes for any remaining dissolved air to degas.

4.2.3 Solution casting for thick films

The procedure for fabrication of thick films requires substrates and solutions to be
prepared as described in the preceding sections. “Thick” films for our purposes are
films greater than 30 pum thick, which cannot be produced on the spin-coater with
adequate surface quality. The technique for thick film processing is “casting” — the
surface of the substrate is covered with a volume of solution and left to dry for at
least 24 hours at ambient temperature in a room free of vibration and air movement.

To obtain a host-guest polymer film of average thickness d on a substrate of area
A, one can calculate the volume V), = d A of the film to be dispensed to result in
a film of thickness d. Volume of solution dispensed for Vg;,,, can be estimated using

the relation [49],

Vsolution = Zﬁplmphost (4.1)

solvent
where c¢ is the concentration of the solution and pp o is the density of host
and pgolyent 15 the density of the solvent. For a film made of host polymer APC
and TCE as solvent pypc= 1.2g/cm? and prcg = 1.423g/cm®. As drying of thick
films take several days and thus the atmosphere, positioning of the sample holder

as well as vibration of the substrate can lead to inhomogeneity in film thickness.
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Furthermore, conventional casting techniques often resulted in films with surface

inhomogeneities or aggregated chromophore as the solvent evaporated.

4.2.4 Spin coating for thin films

Spin coating is the preferred method for application of thin, uniform films to flat
substrates. An excess amount of polymer solution is dropped on top of a substrate
mounted on the holder of spin coater and the substrate is then rotated at high speed
in order to spread the fluid by centrifugal force. Rotation is continued for some time,
with fluid being spun off the edges of the substrate, until the desired film thickness is
achieved. The solvent is usually volatile, providing for its simultaneous evaporation.

Details of the programmable spin coater we used is given in Chapter 3.

Spin speed, time, acceleration and solvent viscosity

Film thickness is largely a balance between the force applied to shear the fluid
towards the edge of the substrate and the drying rate which affects the viscosity
of the solution. Solvent viscosity, spin speed and spin time are the key parameters
determining film thickness when spin coating. The spin speed of the substrate is
related to the centrifugal force applied to the solution over the substrate as well as
the relative velocity and characteristic turbulence of the air immediately above it.
As the solution dries the viscosity increases until the radial force of the spin process
can no longer appreciably move the solution over the surface of the substrate. At
this point the thickness will not decrease significantly with spin time. Long spin
times for quick drying solvents can create phase separation and inhomogeneity in
the films.

The acceleration of the substrate towards the final spin speed can also influence
the properties of the thin film. Since the solution begins to dry from the first part of
the spin cycle, it is important to precisely control this acceleration. A major fraction
of the solvent in the solution evaporates in the first few seconds of the process,
thus accelerating to the required spin speed before the solvent dries completely is
important. As the effects of spin time is related to the other parameters and solvent
properties it has a strong control over the film quality [49].

Fig. 4.2 shows an example for the relationship between spin speed and film thi-

ckness, which was investigated previously by Quilty et al. [49] specifically for the
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Figure 4.2 — Effects of spin speed and viscosity of the solution on determining the thi-
ckness of spin-processed films of APC in 1,1,2-TCE. Solid markers represent measured
thicknesses, the solid curve is the least-squares fit to the entire data set. The grey band
represents the spread of thicknesses [49].

polymer APC and the solvent TCE. Data shown in Fig. 4.2 is only valid for solu-
tions of APC in TCE. Other host polymers and solvents may have different viscosity
and, thus, different film thickness vs. spin speed curves.

An empirical equation relating the ratio of the thickness of two spin-processed

films is given by the equation [51],

0 GG

where d is the film thickness, w the spin speed, ¢ the solution viscosity, and «
and (B are parameters to be determined empirically. The empirically determined
parameters from a fit curve for the data from the experiment shown in Fig.4.2 are
a =-0.41 + 0.04 and g = 2.07 £ 0.15 [49)].

Drying procedures

The residual solvents in the film must be removed. However, rapid removal of the
solvent lead to phase separation, leaving a non-equilibrium phase morphology that
is likely to result from an interplay between bulk phase separation, surface and
substrate interactions, the viscosity and volatility of the solvent.

The processed films must be dried at a temperature similar to that of the solvent

boiling point to remove residual solvent from the film. Drying a film too rapidly
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will cause micro-fracturing or even macroscopic cracking of the film. Therefore, both
thick and thin films should be left at room temperature for some time before moving
or attempting to dry at elevated temperature. Thin films were left overnight in the
clean room before the drying procedure at elevated temperature and vacuum drying
was followed; thick films are left over a prolonged time period before attempting to
dry.

The following drying procedure was followed on plain APC thin films and was
sufficient to dry the films without fracturing. The boiling point of TCE is 113°C
and will not evaporate in a timely manner at ambient temperature. After pre drying
of the films at room temperature and ambient pressure the films were transferred
to a room temperature oven and the temperature ramped to 80°C at a rate of
1°C/min and held for 12hours. The temperature was then raised to 150°C at a
rate of 1°C/min held for 2hours under vacuum and then allowed to cool to room
temperature. Thin films containing additives having low decomposition temperature
such as anti-oxidants like S-carotene should be dried at lower temperature. These
films need to be dried for longer times because it will take more time to dry as
a result of drying at lower temperature. Furthermore, the films should not be
exposed to light while drying to avoid any possible light induced degradation of the

chromophores.

4.3 Measurement of thickness and refractive index

Film thickness and refractive index varies according to processing conditions, pro-
perties of polymers and the chromophores used in film fabrication. The thickness of
films vary according to the requirement of the experiment, that ranges from 1 um
to several hundred microns. A Metricon Prism coupler explained in Chapter 3 is
favoured for measuring in the range of 3 - 20um. Film thickness has also been mea-
sured from the interference pattern in the transmission spectra using an iterative
method by matching the simulated pattern with the measured absorption spectrum.
To measure the thickness of films with expected thickness less than 1 ym and more
than 30 um a DekTak profilometer is used. The refractive index of such films is
measured using the bulk index measurement option from Metricon 2010.

The interferometry technique is particularly useful to estimate both refractive
index and thickness of films from the absorption spectra using the technique of

thin film interference. An example of this measurement done on a thin film made
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Figure 4.3 — Interferometry method for the measurement film thickness: Measured
transmission spectrum of a 5 wt.% PYR-3/APC film (black solid lines) and the theore-
tical estimation of interference pattern in the transmission spectrum (red solid curve)
using the film thickness and refractive indices of film, air and glass substrate [52].

of 5wt% PYR-3 in APC is shown in Fig.4.3. This technique is mostly used to
measure the thickness of films less than 2 ym, as on such films the usability of prism
coupling technique is limited when the measurements are done using 1300 nm or
1550 nm lasers. The refractive index values estimated using interferometry technique
is approximate value only because refractive index is a function of wavelength but

the value estimated here is an average value for the region of interest.

4.3.1 Refractive index dispersion

The refractive index of a material is a function of wavelength, thus the value of
refractive index of a material at the measurement wavelength needs to be known for
the estimation of other optical and EO properties of the material. The refractive
index dispersion in a non-absorbing medium can be approximated using the Sell-
meier approximation [53] if the Sellmeier coefficients of the material are known. The
refractive index dispersion of the host polymer we used, APC, is estimated by first
measuring the refractive indices at wavelengths 633, 1300 and 1550 nm using the
Metricon prism coupler. These values are used to estimate the Sellmeier coefficients
for the first approximation of the Sellmeier equation for the dispersion of refractive

index as given by the Sellmeier equation for glass-like materials [53],
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2

n?(\) =1+ VBI_ACI (4.3)

Where B; = 1.3654 and C; = 1.4 x 10~ m? are Sellmeier coefficients of APC
derived from the measured values at three different wavelength using the Metricon.
Refractive index of the films in the region of interest are determined by adding the
change in refractive index due to the chromophores with the refractive index of
the host polymer. Fig. 4.4 shows the change in refractive index An induced by the
absorption of the chromophores estimated using Kramers-Kronig transformation.

Total effective refractive index as a function of wavelength is estimated by adding

An with the refractive index of the host polymer as shown in Fig. 4.4.
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Figure 4.4 — (a) Absorption coefficient of a 2um polymer film containing 5 wt% PYR-3
in APC. (b) Dispersion of change in refractive index An with wavelength calculated
using the Kramers-Kronig transform from the absorption coefficient. (c) Refractive
index dispersion of the host polymer APC estimated using first order Sellmeier equation
on the measured values at 633, 1300 and 1550 nm, and the total effective refractive index
of the polymer film.

4.4 Chromophore concentration in films

Concentration of chromophores in the films (V) is important for detailed quanti-
tative and qualitative study of the guest-host polymer films. A good theoretical
estimation of expected macroscopic electro-optic effect also requires understanding
the number density of chromophores. Mixing proportion of chromophore and the
polymer is not the sole factor determining chromophore concentration in the films.
Thus it is important that it has to be determined after completing the film fabrica-

tion procedures. The procedure to estimate the concentration of chromophores in
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polymer films discussed in Ref. [50] is reproduced below.

A reasonable approximation of N for polymer guest-host systems may be ob-
tained by considering the weight percent loading of the chromophores in the host

polymer
_ wpNy

N
M

(4.4)

where w = mg/(mg + my,) is the fractional guest molecule loading and mg and my
are the masses of guest and host in the host-guest polymer, p is the density of the

023 mol~!

host-guest polymer in g/cm?, N4 is the Avogadro number 6.02214179 x 1
and M is the molar mass of the chromophore in g/mol. The density of the guest-host

polymer p can be estimated from the following equation.

_ (mguest + mhost)
(Vguest + Vhost)

(4.5)

where Vijost and Vigyest are the volume contributions from the host and guest to the
system. If the host and guest both contribute to the volume according to their
densities then Viost = Mhost/Phost and Vauest = Mguest/Peuest- As typically the
density of the host polymer is known but the density of the guest molecule is not,
the approximation p & ppost is often used. An alternate expression p = ppost/(1—w)
is sometimes employed, the latter expression is obtained from Eq. 4.5 if the volume
contribution to the host-guest polymer of the guest Viyest is negligible. Eq. 4.4 then

becomes

w phostNA
N = 4.6
<1 — w) M (46)

To estimate the fractional weight loading, Eq. 4.6 may be rearranged to obtain [24]

M N

w =
phostNA +MN

(4.7)

The percentage weight loading follows, obviously, by multiplying the w obtained
from Eq. 4.7 by 100.

4.5 Poling to induce electro-optic effect

In a nonlinear optical (NLO) guest host polymer system, the macroscopic EO effect
is determined by the number density of the embedded NLO chromophores, their

molecular hyperpolarisability (5,..) and the fraction of chromophores aligned in the
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direction of applied field. The chromophores are originally randomly oriented in a
chromophore-polymer system for the system to be in thermodynamic equilibrium,
that means the resultant dipole moment of the system will be zero. A non-zero di-
pole moment, or a non-centrosymmetric alignment is required for finite second order
susceptibility. In order to break the centrosymmetry of the film the chromophores
need to be orientated in a desired direction. This is achieved by making the chro-
mophores mobile in the system and simultaneously applying a high DC electric field
along the direction the chromophores and then freezing the system. Chromophore
mobility in the system is generally achieved by heating the polymer, ideally, above
the glass transition temperature (Tg) of the host polymer. The chromophores need
to be frozen in polar order by cooling the chromophore under the applied electric
field [54]. The relationship between the second order NLO susceptibility, x(? and
Bz is given by the equation [55],

'E,
V2 = Nfenfof2Ls (H2l0lp) (4.8)
k5T,

and x? is related to the electro-optic coefficient r33 through the relation [56],
2
r33 = ng;?)(—w; 0,w) (4.9)

where w is the frequency at which the electro-optic coefficient is measured, n is
the refractive index of the material at the electro-optic coefficient measurement
wavelength, N is the chromophore concentration in the polymer, fo, f,, and f} are
local field factors which relate the externally applied electric field Ep to the internal
field local to the molecule, g is the molecule’s ground-state dipole moment, Ej, is
the poling field, kp is the Boltzmann constant and 7T}, is the temperature. The term

Ls is the 3rd-order Langevin function.

Egs.5.32 and 5.29 can be simplified to the form of a relation that links the
macroscopic nonlinearity and molecular nonlinearity as a function of order parame-
ter (cosf) which plays a role in determining the maximum achievable macroscopic
electro-optic activity from a given chromophore and a given concentration in the

polymer as[1],

r3s = 2N 8 <cos3 9> /nd| (4.10)
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where (cos®) = L3(uE/kpT), the term Lj is the 3td order Langevin func-
tion. Assuming a relatively low poling field, that is pFE/ksT < 1 one can write
<cos3 9> = uE/5kpT [2], which shows that the poling efficiency of given system is
primarily directly proportional to the poling field. A schematic of the orientation
of chromophores in a host-guest system before, during and after poling is shown in
Fig.4.5. Before poling, the chromophores are in isotropic random orientation, the
chromophores align in the direction of poling field at the T, during poling and after
poling chromophores get frozen in partially ordered in one direction of poling field

providing a non-zero net dipole moment.

SIL W I
I e B B

Before poling During poling After poling

Figure 4.5 — Schematic of chromophore orientation in the polymer films before, during
and after poling: The chromophores are in isotropic random orientation before poling,
chromophores align in the direction of poling field at the 7, during poling and after
poling chromophores are frozen partially ordered along direction of poling field.

4.5.1 Poling techniques

The poling process align the chromophores in a polymer system partially, or fully
in ideal case, along the direction of the poling field resulting in a non-zero net
dipole moment and losing the inversion symmetry of the system. Chromophores in
the polymer can be aligned parallel or perpendicular to the plane of the polymer
according to the direction of the electric field applied. An overview of some of the

commonly used poling techniques are given below.
1. FElectrode poling

In this technique, the polymer film is sandwiched between two parallel conducting
plates[4, 13] and the electric field is applied across the electrodes at the glass tran-
sition temperature of the polymer in an inert atmosphere. The maximum electric

field achieved is limited by the charge injection process at the regions of high electric
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field at the edges of the electrode. This technique has been used to pole the EO
chromophores throughout our experiments. A schematic of the experimental setup
is shown in figure 4.6 and detailed description and optimisation of this technique is

explained in Section 4.5.2.
II. Corona poling

Corona poling[57, 13] involves a localized partial breakdown of air at atmospheric
pressure at very large inhomogeneous electric field. The corona poling apparatus
consists of a sharp needle for the corona discharge over the sample, which is placed
on a grounded conducting surface. Corona poling is done above the Tg of the host
polymer and in an inert atmosphere. An ability to pole samples without the need
for a top electrode as well as possible large area poling are the two main advantages

of corona poling technique.
III. Electron beam poling.

In electron beam poling, the sample is charged with a constant current from a mono-
energetic electron beam in the range of 2-40keV. The electrons are decelerated and
eventually trapped in the volume of the polymer film. Chromophores are oriented
in the film by the electric field generated by the trapped charges in the polymer
instead of the surface charge in the case of corona poling. The advantage of this
technique is to create a periodic pattern of optical nonlinearity along the surface
of the polymer. The possibility of chemical modification to the system is a major

challenge that limit the applicability of this technique [58].
1V. Photothermal poling

In photothermal poling the polymer is heated using a focused laser beam to heat
the polymer locally above its Tg of the host polymer. A simultaneously applied
electric field orientate the chromophores along the direction of the electric field.
This technique permit localised poling which make bidirectional poling, patterned

and periodic poling possible [59].
V. Photo-induced poling

In photo-induced poling, mobility is induced by the cis-trans isomerisation cycles
of the chromophores instead of heating to the Tg of the host polymer. This is

possible in chromophores exhibit optical anisotropy such as cis-trans isomerisation.
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The chromophores are brought through a large number of these isomerisation steps
while applying a DC field perpendicular to the electric field of the pump beam

enables the noncentrosymmetric alignment of chromophores [60].

4.5.2 Contact electrode poling

Out of many techniques that are being used to induce EO effect in polymers, we used
electrode poling technique [61, 62, 63, 64] because of the simplicity of the technique.
This is a simple and efficient method to induce polar order in NLO polymers. The
polymer is sandwiched between two parallel electrodes and a high electric field is
applied across the electrodes at a temperature close to the Tg of the film in an inert
atmosphere. In this case the polar axis is perpendicular to the plane of the film.
The role of the poling field is to electrodynamically orientate the chromophores in
the direction of the electric field when the chromophores are mobile at the Ty of the
system. A high electric field needs to be applied to obtain maximum polar order,
however the electric field strength is limited by a number of factors, such as the
charge induction process at the regions of high electric field, particularly the sharp
edges of the electrode. Charge induction through any pinholes created while film
fabrication or drying is another limiting factor. Also the dielectric breakdown of
the polymer at high electric field is one of the major problems in contact electrode
poling.

Care should be taken while making the film to get a uniform dust free surface [4].
Electrode poling is compatible for electro-optic activity and second harmonic acti-
vity. However the dielectric breakdown caused by film defects and inclusions as well
as by increasing conductivity of polymer at T are the limiting factors of electrode
poling [65]. The highest temperature of the whole poling process (1Tp) should be
at least as high as Tj for the material to be mobile enough to achieve a maximum

degree of orientation within a reasonable time.

4.5.3 Optimising poling conditions

Efficient translation of high microscopic nonlinearity of NLO chromophores to a
large macroscopic electro-optic effect is one of the main challenges in the fabrication
of electro-optic polymers. In the weak field approximation, that is for relatively low
poling field where pF/ksT < 1, the EO coefficient (r33) of a poled polymer film
can be expressed as [33, 13, 56],
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High DC voltage

Top electrode

Polymer film

ITO coated glass substrate

Controlled heating block

Figure 4.6 — Schematic of an in situ contact electrode poling system. Film is sand-
wiched between the ITO coating over the glass substrate and the gold-coated block
electrode on the top. A high electric field is applied at the T, of the host polymer and
the temperature reduced to room temperature with the electric field on.

2 wky
r33 = 7 fNB (5kBTp> (4.11)

Eq.4.11 shows that the r33 of a poled polymer is determined by,

1. The dipole moment, 4 and first hyperpolarisability, 5 of the embedded chro-

mophores
2. Chromophore concentration in polymer, N
3. Poling temperature, Tp
4. Poling field, Ep

Chromophore properties p and § are intrinsic to the chromophore and the local
field factors f are intrinsic to the host-guest system. Chromophore dipole moment
is crucial to align the chromophores in the direction of poling field, however, larger
dipole moment may leads to undesired properties such as aggregation, and cluste-
ring. Poling field Ep and poling temperature Tp are the major physical quantities
that can be tuned to achieve the maximum possible poling efficiency.

The EO coefficient of a poled system is related to the chromophore concentration
(N) in the polymer system. N can be increased to achieve a high rss, however it is
limited by many factors such as aggregation, solubility and scattering loss. Lower
solubility and resulting inhomogeneity and phase separation in the films are the

major challenges during the fabrication of host-guest films with high chromophore
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concentration. Electrostatic interaction between the chromophores is related to
the inter-chromophore spacing. Higher concentrations lead to stronger aggregation.
Methods to reduce aggregation by altering chromophore structure in guest host po-
lymers is discussed in Chapter 5. In our experiments the chromophore concentration
used are below the saturation limit.

Chromophore mobility at temperature much lower than Tg of the host polymer
is generally very low and thus for better poling efficiency, the poling temperature
needs to be close to the Tg of the host polymer but below the damage threshold
of the system. At the poling temperature, the conductivity of the polymer rises
and eventually one ends up destroying the system due to pinhole creation, dielectric
breakdown etc. In the guest host systems we have investigated, with number density
of chromophores, N ~ 10 /em™2 the maximum poling field without dielectric
breakdown was about 100 V/um at the poling temperature 180 °C which is close to
but below the T} of the APC when doped with the chromophores.

4.5.4 Dielectric breakdown

Dielectric breakdown is one of the main challenges while poling electro-optic poly-
mers. Dielectric breakdown is mainly due to the defects in the films such as voids, im-
purities, etc. and also by the increased conductivity at high temperatures [65, 66]. In
addition to the threat of catastrophic avalanche short circuit destroying the sample
the pin-hole creation is also potentially undesired because it can lead to additional
scattering losses when the films are used in integrated devices [65]. Poling induced
scattering loss is related to the electro-optic coefficient and the wavelength of the
laser, such as (r33/A)* [13].

In order to prevent destructive dielectric breakdown, the current through the
film needs to be limited. Current flow through the polymer is recorded throughout
the poling process to investigate the relation between the electric conductivity with
temperature and also to monitor the poling process to ensure the samples are getting
poled without a dielectric breakdown. At medium chromophore loading we find that
the chromophore concentration is not related to dielectric breakdown. A plot of the
temperature and current flow across the sample for a 5wt.% PYR-3/APC film of
thickness ~ 3um at a poling field of 60 V/um is shown in Fig.4.7. Our results
showed that the current flow is independent of temperature and applied field at

lower temperature, followed by a temperature dependent current flow which starts
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Figure 4.7 — Current flow across the film and temperature as a function of time during
poling.

decaying once the temperature is lowered to room temperature. Samples for testing
are poled at a temperature slightly below the Tg of the host polymer and also the
poling field is chosen lower than the maximum possible.

The polymers used in film fabrication are generally insulators, however, their
electrical properties in reality differ from ideal insulators. This can be attributed to
the spatially localized energy states distributed within the classical energy gap that
arise from the impurity centres or structural defects and act as a pseudo gap with a
low state density [65]. A detailed theoretical background to the conduction mecha-
nism while electrode poling of polymers is given in Ref. [65]. Thermally activated
hopping or tunnel hopping between traps is one of the mechanisms leading to the
volume conductivity of polymers. This is of particular interest because of its rele-
vance to the conduction mechanism at poling temperature. Conductivity of the EO
polymer is related to both temperature and electric field. At a given temperature,
the current shows a linear relationship with the applied voltage at low poling vol-
tage, while a near quadratic dependence is expected at high poling fields [66]. This
property of the polymer can be attributed to a sharp dielectric breakdown when the
poling voltage gradually rises at Tp.



62

Chapter 4. Fabrication and Processing of EO Polymers




Chapter 5

Measurement of r33 Using

Modulation Ellipsometry

A large and stable electro-optic (EO) coefficient (r33) over the course of the lifetime
of devices is a key requirement to qualify an EO material to be used in devices. The
development of new chromophores with high molecular NLO effects is important
to improve the efficiency of polymer based EO materials. This chapter discusses
the results from the measurement of the rs3 of polymer thin films containing NLO
chromophores synthesized by the Photonics team at Industrial Research Limited.
Chromophores having a large first hyperpolarisability (3) are expected to give a
large r33 at the macroscopic level. The effects of structural modifications of chro-
mophores on the EO effect in the macroscopic level are discussed. The Teng-Man
ellipsometry technique in reflecting geometry has been used for the measurement
of rs3, and the measured values are analysed and compared with the theoretically
calculated values using the chromophores intrinsic properties and poling conditions.
The frequency dependence of r33 is investigated by varying the modulation frequency
of the driving electric field. A mismatch observed between the experimental results
and the theoretical estimation and the roll-off of the r33 with modulation frequency

are discussed.

5.1 Teng-Man apparatus for the measurement of rs;

The modulation ellipsometry method suggested by Teng and Man [39] and indepen-
dently by Schildkraut [40] is one of the most widely used techniques to estimate the

63
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rss of poled EO polymers. The basic experimental setup for the Teng-Man ellipsom-
etry technique is explained in Chapter 3. The wavelength of the laser used in this
study is 1314 nm and the angle of incidence is set at 45°unless otherwise mentioned.
A wavelength 1314nm was used as it is far from the absorption band of all the
chromophores investigated, this is important to avoid any light induced degradation
(see Chapter 7) of chromophores. The output power of laser was 9mW with a beam
size of 3mm on the sample. The light intensity of this beam is well below the in-
tensity required to damage polymers due to the heating effect [67, 24]. The output
signal is detected by an InGaAs detector connected to an oscilloscope and Lock-
in amplifier coupled with a function generator used to modulate the beam. The
modulating frequency used throughout the measurement is 1kHz unless otherwise
mentioned. A phase retardation was induced using a Soleil-Babinet Compensator
(SBC) to transmit half the maximum of the incident laser intensity where the max-
imum modulation intensity is expected [39, 41]. The rs3 of poled polymer films are

estimated using the formula suggested by Shuto [41].

Derivation of the Teng-Man formula

The equation to estimate the r33 using Teng-Man ellipsometry data is based on many
assumptions. Therefore, it is useful to understand the evolution of this formula
for a better understanding of the validity of this technique. The variation of the
output laser intensity and the modulation amplitude as a function of total phase
retardation are summarized in Fig.5.1. Total phase retardation means the sum of
the phase retardation induced by the Soleil-Babinet Compensator (SBC) and the
phase retardation due to the EO effect.

The intensity of the laser beam (Ip) on the detector is given by,

Io = Io, max sin2(¢>/2) (5.1)

where o, max is the maximum intensity, and ¢ is the total phase retardation
that is given by,

¢ = /l/)sp + QSB (52)

where, ¢g is the phase retardation by the compensator and Ysp = ¢e — ¢o

denotes the phase difference between ordinary and extraordinary rays induced by
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Figure 5.1 — Output laser intensity (Ip) and modulated intensity (Im) as a function
of SBC retardation [41].

birefringence due to the EO effect in the medium. A plot of the output laser inten-
sity as a function of compensator readings is shown in Fig.5.1. SBC is adjusted to
find the points where the output intensity is half the maximum, by adjusting com-
pensator induced phase retardation. Half maximum intensity is important because

the modulation is maximum at this region as shown in Fig.5.1.

The s and p waves of the beam are made equal using a A/2 plate before it enters
the polariser, both waves are in phase with each other. The s wave oscillates parallel
to the plane of polymer along ordinary axis and thus the index of refraction for s

wave is ng.

Ns = Ny (5.3)

The p wave has components that are both parallel and perpendicular to the film
plane. So the parallel component has a refractive index n, and the perpendicular

component has n.. Then it can be expressed as:

1 cos? o sin? o
1 _cosay  sina (5.4)
n; n2 n?2
Using Snell’s law,
sinf = npsina, and sin @ = ngsin a, (5.5)

From Eqgs. 5.4 and 5.5 we get,
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.2
= — — —)sin“0 5.6
nZ n2  n2 (ng ng)bm (5:6)
thus,
1 Lo op1y2
np = ne(1+ (ﬁ - ﬁ) sin” 0) (5.7)

o €

The change in refractive index by linear electro-optic effect (Pockels effect) is

given by [1],

6no = nir13F/2 and dne = niri3E/2 (5.8)

A modulating voltage V,,, = Vpsin(wt) is applied across the film with thickness
[, then the Eq. 5.8 becomes,

6no = n3r13(Vin/21) and 6ne = n3r33(Vy, /20) (5.9)

From the comm symmetry of the polymers we consider, rj3 ~ (1/3)rss, then

Eq.5.9 can be written as,

6no = n31r33(Vin/61) and one = n3r33(Vy,/20) (5.10)

Also assumed that, dng = dn,. The phase mismatch between s and p waves due

to change in index can be expressed as

4nl

hep = %(no cos o — 2 (n2 — sin®0;)"/2) (5.11)
O O

5tsp = 817/;7’5n0+ gflpcsne (5.12)

where, 0y (01) is the angle of ordinary (extraordinary) rays with respect to the
normal to the plane of the film. Using Eq.5.11 and by taking n, ~ n. =~ n to
estimate 0vg),/0n, and 01)g,/0ne the Eq.5.12 becomes:

4mn2V sin(wt) sin? 6

Sty =
Ve 3A (n? —sin2 )

1/27“33 (513)

We know that, (see also Fig.5.1),
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Io = Io, max sin®((Ysp + 65)/2) (5.14)

where, Io, max ~ I;. The instantaneous variation in /o by the variation in g,

from the applied modulating field will be

1o = (Io, max/2) sin(vsp + ¢B)5Vsp (5.15)

The variation in output intensity d1, will be the modulation intensity caused
by the applied field can be denoted as Im, and letting Io, max/2 = Ic, the half

maximum of output intensity. Then we get:

I}j — sin(thsp + 65)00sp (5.16)

When 1, + ¢p = 7/2 at A (or 37/2 at B in the other half of the full cycle) in
Fig. 5.1,

Im/Ic = by (5.17)

Now, by using the value of d1)5, from Eq.5.13 and applying in Eq.5.17 for the
values of 15, + ¢p = /2 or 3w/2, ie, at A and B we get, the Teng-Man formula [39,
41] used to estimate rsz from modulation ellipsometry experimental data for poled

polymers.

32 1 (n®—sin?0)Y? 1,
- An V,,n? sin 6 I.

33 (5.18)

Where )\ is the optical wavelength, 6 is the angle of incidence, n is the refractive
index of the material, I,,, is the modulation intensity measured using lock in ampli-
fier, V,,, is the AC modulation voltage applied across the polymer and I, is the half
the maximum of the output laser intensity. The rss is generally expressed in the

reciprocal of the unit of electric field.

5.1.1 Teng-Man apparatus optimisation

Instrumentation for the Teng-Man apparatus we have used is similar to what is
described in the literature [39, 41, 40]. The system has been calibrated using a z-cut
LiNbOj; crystal with an ITO coating on one side and a reflective gold coating on the
other side. The EO coefficient measured for LINbO4 at 1314 nm was 29.5 £ 3pm/V
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which is close to the value reported in literature, 30.8 pm/V [6]. We have used a
detachable block electrode instead of an evaporated gold electrode to permit non-
destructive measurement. Using a block electrode can also avoid the chances of
short circuiting when evaporating or sputter coating the reflective electrode over
the sample in the presence of any minute pinholes created by the film fabrication,
drying or poling processes. This section discusses the optimisation of the apparatus
used to investigate the experimental data obtained matches with similar systems

reported in literature.

Response to modulating voltage

It can be observed from Eq. 5.18 that once the experimental settings are fixed under
a stable continuous wave (c.w.) laser pump beam, and the compensator is adjusted
to get half maximum output intensity, all the variables in Eq.5.18 are constants
except V,, and I,,. By theory, the modulated intensity, I,,,, should show a linear
relationship with the applied modulating voltage, V,,,. A plot of I, vs. V,, for a film
containing 5 wt.% PYR-3/APC is shown in Fig. 5.2. Experimental values show that,
the slope I,,,/V},, is a constant meaning the measured rss is stable with voltage, as

expected from the theory of Teng-Man ellipsometry technique [41, 39].

Response to compensator retardation

The Teng-Man measurement data for a 5 wt.% PYR-3B/APC[68] was collected for a
set of measurements for different compensator retardations using a laser wavelength
of 1314nm, with an angle of incidence 45°, modulation frequency 1kHz and mod-
ulating voltage of 3V r.m.s across a 5 um sample. In the derivation of Teng-Man
formula, it has been assumed that the maximum modulation intensity is observed
at the half maximum of the maximum laser output intensity. However, in the data
shown in Fig. 5.3 the peak of modulation intensity is shifted from the half maximum
points of the output intensity, indicated as A and B in Fig.5.3. The shift from
the ideal position is explained by the multiple reflection due to the multi-layered
structure of the sample [69]. In general the average values of r33 for poled polymers
are estimated by averaging the values obtained at points A and B as indicated in

Fig.5.3, by estimating I,,, in Eq.5.18 using the following Eq. [69, 70],

AR

Im
2

(5.19)



5.2. Temporal stability of induced EO effect 69

14 T T T T T T T T

12 | e

m
—_—
oo o
T T
1 1

Modulated intensity, | (mV)
[«
)
0\
1

O " 1 " 1 " 1 " "
1 2 3 4 5 6
Modulating voltage, V (V)

Figure 5.2 — Modulated intensity as a function of modulating voltage on a poled film
containing 5 wt.% PYR-3B in APC. The half maximum intensity was 2V and angle of
incidence 45°. The EO coefficient was estimated to be 410 pm/V for this sample using
Teng-Man ellipsometry technique.

In Fig. 5.4 a parametric plot was generated by the modulation amplitude recorded
by the Lock-in as a function of the average output intensity of the laser beam through
the analyser. As expected from theoretical predictions the plot follows an elliptical
path and the length of the vertical axis is proportional to the magnitude of rg3. The
slope of the vertical axis of the ellipse is an indication of the presence of error in the
measurement, such as the multiple reflection from the multi-layered structure or the
presence of any other effects [71, 72, 69]. It is possible that the ITO/Polymer/Metal
interfaces can modulate the reflectivity via a Fabry-Perot resonance [72]. In our ex-
periments we expect the air-gap between the film and the top electrode may lead
to this deviation. The poling process can also be used to bake the sample by gen-
tly pressing the electrode over the sample. Baking the sample with an electrode is

generally encouraged for measurements using detachable electrodes [71].

5.2 Temporal stability of induced EO effect

One of the major challenges of the polymer EO materials is the decay of the in-
duced EO effect with time [73]. Chromophores in a poled host-guest polymer are in

a thermodynamically metastable state and thus the system tends to relax to random
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Figure 5.3 — Optical bias curve and modulated intensity obtained as a function of
compensator position correspond to the phase retardation induced by the compensator.
Maximum intensity of the optical bias curve is at point O, while A and B correspond
to compensator settings for the total phase shift 7/2 and 37/2. § indicates the shift
of the maximum of the optical bias curve for the modulated intensity from the ideal
points A and B towards the direction indicated by the arrow.

orientations to achieve a stable low energy state [13, 73]. The decay of the EO effect
arises from this relaxation of the polar orientation of the chromophores in the poly-
mers originally induced by the poling process. The polar ordering eventually reverts
to the randomised state by the orientational mobility of the aligned NLO chro-
mophores as well as the relaxational motion of the polymers in its non-equilibrium

state as discussed in Ref. [74].

5.2.1 Relaxation of the induced r3; of a PYR-3 system

NLO films containing 5wt.% PYR-3 were prepared by mixing 5wt.% PYR-3 in
APC. The films were deposited onto indium tin oxide (ITO) coated glass substrates
by spin coating and were dried in a vacuum oven at 150 °C. The thin films were poled
at 100 V/pum and 180 °C for 30 minutes. The poling temperature was below the
APC glass transition temperature (218 °C) and far below the PYR-3 decomposition
temperature (290 °C)[68]. The r33 was measured using the reflection mode Teng-
Man modulation ellipsometry technique, a 1314nm diode laser at a 45° angle of
incidence was used. The measurement was continued for an extended period to
monitor the temporal stability of the film (i.e. decay profile). The r33 was ~

175 pm/V when measured immediately after poling [62], which is more than 5 times
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Figure 5.4 — Analysis of the Teng-Man ellipsometry data from a poled polymer: (a)
Plot of modulated intensity, Iyop(red symbols) and the output laser intensity, Ipc
(black symbols) for a set of compensator positions. (b) Parametric plot of modulated
intensity, Inop as a function of Inc for the data shown in (a).

larger than that of a common inorganic crystal, LINbO4 [5, 7, 41].
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Figure 5.5 — Relaxation of r33 of a poled 5wt.% PYR-3/APC film.

The decay profile of the rg3 was measured after poling for a 5 wt.% PYR-3/APC
film with chromophore concentrations of 8.62x10' cm™3. It can be seen in Fig. 5.5
that the rss continuously decays with time. The measured data can be fitted with
a bi-exponential model developed as a simple extension to the Debye model, for the
relaxation of EO activity in guest-host systems as explained later in this section.

For Fig. 5.5 we show fits to the data following the relation,

r33(t) = A1 exp(—t/71) + Az exp(—t/m2) (5.20)
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where t is the time, and 71 and 7o are the time constants. Applying this to
the data we find that A;=107 pm/V, 7= 312+80 hrs, As= 66 pm/V, and =
52004270 hrs.

5.2.2 Analysis of the relaxation process

The relaxation of r33 of poled polymers depends on the nature of the system as well
as the freedom the chromophore has to relax. Molecular dipoles are typically frozen
in the ordered state below Tg, however, they are still prone to relaxation though the
process is very slow. Chemical linking of the chromophore with the polymer like
side chains or cross-linked polymers show a longer relaxation time (better stability)
when compared to host-guest type polymers. There is the possibility of making the
side-chain polymer. But the research on developing efficient NLO chromophores
is more convenient when considering the host-guest polymers. Also, it is easier to
optimise the chromophore loading and thereby achieve a direct comparison of the
chromophores.

Modelling the relaxation of induced EO effect is useful for predicting the tempo-
ral stability of the electro-optic polymers. A great deal of research effort has been
made on this topic since the development of NLO polymers [4]. The simplest model
explaining the decay of rss is the Debye model [74] where the relaxation is explained

using a simple single exponential decay function as,

r(t) = roexp(—t/7) (5.21)

where 7(t) is the electro-optic coefficient at time ¢ and 7 is the time constant.
However, in practice, each chromophore experiences a different molecular environ-
ments that makes the relaxation of one, or one set, of chromophores different from
the other [73, 74, 56]. This indicates, to model the relaxation of chromophores in a
poled polymer there should be a number of time constants. The relaxation model
can be given in a more practical case as a superposition of different Debye relaxation
models as [74],

[e.e]

r(t) = /p(T) exp(—t/T)dr (5.22)

0
where p(7) is the Debye distribution function. Comparing the model with ex-

perimental conditions one can see that most of the chromophores differ little from



5.2. Temporal stability of induced EO effect 73

similar chromophores of the same group. So that one can simplify the continuous

function as a bi- or tri- or higher exponential functions as [74],

r(t) = ryexp(—t/m) + roexp(—t/m) + - - - (5.23)

A double exponential decay function has been experimentally demonstrated by
researchers in case of guest-host polymers made in PMMA [74, 75].

One of the most common exponential functions being used to model the relax-
ation of the EO effect in the EO polymers is the Kohlrausch-William-Watts (KWW)
stretched exponential function [13] proposed initially by Kohlrausch and developed
by Williams and Watts a century later [76],

¢(t) = exp [=(t/7(T))"] (5.24)

where p is the stretching parameter which ranges from 0 to 1, which describe the
deviation from a single exponential. The time constant 7 is a function of tempera-
ture, it is a reasonable assumption that the relaxation is related to the temperature,
especially when it approaches the Tg of the polymer.

The KWW model can be related to the integral form of the Debye model [74] as,

exp(—t/7(T))P = | p(7)exp(—t/7)dr (5.25)

Fitting parameters can be obtained by the measurement over a long period. It
was observed from the experiment that the decay curve is a mix of multiple exponen-
tial decay curves with the decay constant increasing with time. The measurement
needs to be continued until a satisfactorily large decay constant can be extracted
from the data.

The decay time constant 7 is strongly related to the glass transition temperature
(Ty) of the host polymer. The simplest model for the relation between the relaxation

time constant and temperature was proposed by Stahelin [77] as,

7(T) = 19exp(B/(To — T)) (5.26)

where 19 and B are fitting parameters specific to the chromophore and the poly-
mer and Ty ~ T+ 50 °C. Detailed investigation of the decay constant is beyond the

scope of this thesis. The lowering of relaxation time with temperature is because of
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the greater freedom for relaxation at higher temperature.

5.3 Structural alterations for improved molecular non-

linearity

One of the significant challenges in the use of organic chromophores in NLO appli-
cations is to translate their high molecular NLO figure of merit to a high macro-
scopic EO coefficient. The magnitude of the EO coefficient is largely determined
by inter-chromophore interactions at high concentrations, as well as the ability of
the chromophore to orientate with an applied poling field and maintain some of this
orientation over a period of time. Different strategies have been used including the
use of bulky group derivatives of the conventional rod-like EO chromophores to en-
hance rs3 and the temporal stability. Structural modifications include ring locking
of the m-conjugated system along with the incorporation of bulky substitutes, e.g.
diphenyl groups, onto this central ring system.

In an NLO chromophore, the m-electrons will almost always be polarised asym-
metrically. Higher molecular nonlinearity can be obtained by tuning the bond length
alternation (BLA) value of the chromophore [21, 18]. This can be achieved by a
number of possible methods, including increasing the conjugation length through
increasing the number of 7-bonds[78, 79], and changing the strength of the donor
and/or acceptor [79]. One of the main challenges in the development of efficient
electro-optic materials at the application level is the poor efficiency in translating
the large microscopic NLO property to the macroscopic level. Efficiency of poling
can be improved by optimization of poling conditions, however, this is limited by
many parameters as discussed in Chapter 4. At the chromophore level, the efficiency
of the translation of the first hyperpolarisability to a macroscopic electro-optic ef-
fect is achieved by reducing aggregation. This is possible through increasing the
planarity of the chromophores as well as by maintaining spacing between the chro-
mophores via incorporating large bulky substitutes with the chromophores as shown
in Fig.5.7. Detailed analysis of the effects of the addition of bulky substitutes is
discussed in following sections.

The synthesis of the new chromophores are based on the theoretical model of
the first hyperpolarisability using the two-level model. The difference in the NLO

response in these materials are expected to arise from the two level model developed
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for the theoretical estimation of the molecular nonlinearity [80, 15].

Brzz X (Nee - Mgg) 5 (527)

According to this model, the first hyperpolarisability is proportional to the dif-
ference in the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) states of the molecular orbitals (Apteg = ftee — ptgg) and
the square of the transition dipole moment (f4¢). Also, /3. is inversely proportional
to the square of the energy difference between the ground state and charge transfer
(CT) excited state, Ege.

Some of the methods being employed to improve the efficiency of organic NLO
chromophores to achieve large microscopic nonlinearity include ring locking of the
chromophore backbone, incorporation of donor/acceptor groups onto the conjugated
interconnect, development of multi-chromophore macromolecular systems and in-
ducing a very large twist angle between the donor and acceptor units in the chro-
mophores. Some of the methods our group at Industrial Research Limited have em-
ployed to develop efficient chromophores whose macroscopic NLO properties have
been investigated in this study are explained below. This section discusses the re-
sults from a systematic approach I have made to investigate the effects of structural

alterations at the molecular level.

5.3.1 Effects of donor strength

Molecular nonlinearity of the chromophore is related to the donor-acceptor strength.
By varying the strength of the donor and/or acceptor group the ground state po-
larization and the BLA value of a chromophore can be tuned. That is, the nature
of the donor and acceptor is a key to determine the nonlinearity of a chromophore.
Recent works carried out in our group [63, 81, 82, 79, 83, 84] and other research
groups [1, 11, 12, 85], have reported a substantial change in hyperpolarisability by
changing donor groups keeping the rest of the chromophore molecule the same.
Structures of some of the chromophores synthesized in our team to investigate ef-
fects of donor strength are shown in Fig. 5.6. Effects of substituting different donor
groups in a polyene chain containing same acceptor group on linear and nonlinear

properties of chromophores are summarised in Table 5.1.
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PYR-3 QUN-3 IND-3 (OH)

Figure 5.6 — Structures of the PYR-3, QUN-3 and IND-3 chromophores.

Table 5.1 — Effect of varying donor groups on the molecular NLO response of chro-
mophores. (3., was measured at 1314 nm.

Structure Chr. Solvent Amax Peale B2z Bo
Ref. nm D 10~3Vesu 10~3Vesu
Fig.5.6 PYR-3 CHCl; 631 15.3 840470 [83] 470440
Fig.5.6  QUN-3 CHCl; 696 14.7 710+ 30 [84] 400+ 20
Fig.5.6 ~IND-3 CHCl; 602 87 820+40[79] 90+5

5.3.2 Effects of conjugation length

For a chromophore with a given donor and acceptor, it has been reported that
the hyperpolarisability is strongly related to the length of the conjugated m-bridge.
Increasing conjugation length leads to an increase in both p and g values of the
chromophores and thereby enhances the figure of merit of the system. However, en-
gineering the conjugation length require ensuring the modification does not adversely
affect the properties of the chromophore such as optical and thermal stability as well
as the solubility for device fabrication. An example for the change in the first hyper-
polarisability by changing the donor group for a chromophore structure containing 3
conjugated m bridges and same acceptor group is shown in Table 5.1. Chromophore
structures corresponding to the chromophore codes are given in Fig. 5.6. The length
of conjugated 7 bridge is limited by reduced stability, reduced solubility and loosing
planarity that eventually lead to a lower hyperpolarisability [1]. Also, the larger the
separation between donor and acceptor the larger the dipole moment of the system
which in turn leads to aggregation [86].

A set of chromophores having the same donor and acceptor but different con-

jugation lengths are shown in this section. A summary of the effects of changing
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conjugation length is summarised in Table 5.2. This type of systematic study is use-
ful to select the chromophores having a large microscopic NLO effect. In Table 5.2
the NLO effect increases when the conjugation length changes from 3 to 5. The
enhancement of the NLO effect is not directly related to the conjugation length but
it is decided by how the change in conjugation length alters BLA [79, 17].

Table 5.2 — Effect of conjugation length on the molecular NLO response of chro-
mophores. (3., was measured at 1314 nm.

Structure  Chr. Solvent  Amax Peale Bz Bo
Ref. nm D 10~3%esu 10~3Yesu
Fig.5.6 IND-3 CHCl; 602 8.70 820 £40 [79] 90+£5
Fig.5.10 IND-5 CHCl, 698 11.13 1230 £120 [79] 130410
Fig.5.11 IND-7 CHCl; 794 11.26 960 +50 [79] 300 £ 20

5.3.3 Effects of ring-locking

Molecular nonlinearity of the chromophore is related to the BLA parameter and
thus changing bond order is the ideal method to improve the molecular nonlinearity
of a given pair of donor and acceptor. Ring-locking has been found to increase the
rigidity and planarity of the chromophores [79]. Hyper-Rayleigh Scattering (HRS)
measurements made on a series of chromophores showed an improvement of more
than 50% in the first hyperpolarisability of in some cases[83]. It has been ex-
plained that the improvement is mostly by the bond length alternation via tuning
the planarity of the chromophore molecule that leads to an efficient delocalisation
of electrons [83, 79].

Table 5.3 — Effect of partial ring-locking at the conjugated m-bridge on the molecular
NLO response IND-7 chromophore, 3,., was measured at 1314 nm.

Structure Chr. Solvent  Amax Peale Bz» Bo
Ref. (nm) (D) (10~3%esu) (10~3esu)
IND-7 CHCl; 794 11.26 950420 [79, 83] 290+ 10
IND-TR  CHCl; 793  10.16 960 =+50 [79,83] 300+ 20

Fig.5.11

In addition, for the chromophores explained in Table 5.3 a halogen atom (in this

work Chlorine) was substituted in middle of the conjugated interconnect with a
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variety of substitutes in order to assess the impact from both a steric and electronic
point of view [79]. While extending the conjugation length between the donor and
acceptor led to an increase in the first hyperpolarisability, configurational-locking of
the polyene interconnect did not result in the expected enhancements to 5. Though
the enhancement in 5 was not as expected, the system is of interest to investigate
if the modification leads to an enhancement in other properties of the system such

as optical stability as discussed in Chapter 7.

5.3.4 Effects of bulky group substitution

Chromophores with highly polar (i.e. zwitterionic) ground states often exhibit poor
solubilities as well as a tendency to readily form aggregates. This is clearly prob-
lematic when considering their use in NLO materials as this means they cannot
be incorporated into host polymers at high chromophore loadings. Furthermore,
the presence of significant aggregation will lower the overall poling efficiency of the
final NLO material as well as increase the propensity for deleterious post-poling
relaxation of the aligned dipoles. As a result, further structural modifications are
often required to the active chromophores to minimize aggregation and the inclu-
sion of bulky, “arene-rich” substitutes has been shown to be particularly effective
in achieving this, thereby greatly increasing the observed macroscopic response in
NLO materials [85].

Table 5.4 — Effect of bulky substitution on the molecular NLO response of PYR-3
chromophore, 3,,, was measured at 1314 nm.

Structure Chr. Solvent  Amax  fegle B2 Bo
Ref. (nm) (D) (10~3%su) (10~3%su)

PYR-3 CHCl, 631 15.3 840470 [83, 86] 470 £ 40

PYR-3B CHCl, 634 15.3 1080 =+ 40[86] 570 £ 25

Fig.5.7

As the NLO compounds we have been developing will ultimately be used in
polymer systems it is necessary to study their behaviour in environments simi-
lar to these. This is particularly important because the asymmetric distribution
of electrons in a compound typically leads to intermolecular interactions between
neighbouring molecules in both solution and/or the solid state. This phenomenon

is very common in the cyanine and merocyanine dyes and is termed aggregation or
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self-association. Aggregation of chromophores causes the shape of their UV spec-
tra to deviate from normal and results in extra bands (or shoulders) appearing.
The position of these shoulders will depend on the type of the aggregation present
e.g. H (hypsochromic) or J (named after Jelly) aggregation [26]. This is a poten-
tial pitfall when considering their use in NLO materials as it means they may not
be able to be incorporated into a host polymer at high loadings. Furthermore the
presence of significant aggregation will also lower the overall poling efficiency of the
final NLO material as well as increasing the propensity for relaxation of the aligned
dipoles post-poling — this will result in a gradual decline over time of the observed

macroscopic response.

The spacing caused by the bulky substituent can restrict inter-chromophore in-
teractions as well as the relaxation of the chromophores after poling and thereby
permits a larger chromophore loading leading to a large electro-optic coefficient and
an enhanced thermal stability of polar order without compromising other key pa-
rameters. Addition of bulky groups does not necessarily change the magnitude of
molecular NLO effect because the bulky group does not change the donor, acceptor
or the length of conjugated m-bridge. However, addition of a bulky group plays two
major roles in improving the electro-optic coefficient in macroscopic level. Micro-
scopic linear and nonlinear optical properties of a zwitterionic chromophore PYR-3
and its derivative by substituting a hydrogenated bulky group (see Fig.5.7) is shown
in Table 5.4.

5.4 Effects of structural alternations at the macroscopic

level

In this work we investigate how the structural alternations in the chromophore level
have changed the properties of the system in macroscopic level. We are interested
in investigating whether the structural alternations such as increasing the mixing
of ground and charge transfer excited states via reducing the energy gap between
these states, increasing the planarity of the system via annelation and ring locking,
and addition of bulky substitutes for reduced aggregation have improved the over-
all efficiency of the chromophore in the device level. For the purpose of systematic
analysis, the chromophore concentration in films, poling temperature and poling

field were selected to be similar values.
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5.4.1 Bulky substitution in PYR-3

Structures of the PYR-3 chromophore and the derivative PYR-3B synthesized by
bulky group substitution are shown in Fig.5.7. The absorption spectra of the films
and solutions of PYR-3 and PYR-3B are shown in Fig.5.8. PYR-3 has a shoulder
for shorter wavelengths that can be attributed to H-aggregation [27, 26]. This is
significantly reduced in the 8 wt.% PYR-3B/APC film, which is one of the benefi-
cial effects of the bulky group. The thin films were poled using the contact plate
electric field poling technique under an electric field of 100 V/um for 30 minutes.
The measurements were done on thin films with different chromophore loading con-
centrations to find the highest rs3 that can be achieved for a given chromophore.
A reduction in r3s3 is expected to occur for high chromophore concentrations due
to reduced spacing between the chromophores and inter-chromophore interactions.
The maximum measured EO coefficient occurred for 10 wt.% PYR-3B loading and
the value was 750 pm/V, which is ~25 times greater than that of LiNbO,.

PYR-3 PYR-3B

Figure 5.7 — Structure of PYR-3 chromophore and its bulky group derivative PYR-3B.

The temporal stability of r33 was measured after poling 8 wt.% PYR-3B/APC
and 5 wt.% PYR-3/APC films with similar chromophore concentrations of 8.71 x
102 m~3 and 8.62 x 10?® m™3, respectively. It can be seen in Fig.5.9 that the r3s
is lower and continues to decay in the 5 wt.% PYR-3/APC film even after 10 days
while the 8 wt.% PYR-3B/APC film shows a significantly higher initial r33 and
it reaches close to a stable value after 96 hours. The temporal decay in r33 can
be characterised by a bi-exponential decay curve that was developed as a simple
extension to the Debye model [74, 73] that has been found to provide reasonable fit
to the data in guest host systems. In Fig. 5.9 we show fits to the data using,

r33(t) = Ay exp(—t/11) + Az exp(—t/T2) (5.28)
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Figure 5.8 — (a) Plot of the molar extinction coefficient of PYR-3B in Methanol (red
dashed curve), Chloroform (green dash-dotted curve), DMF (black dotted curve) and
1,1,2 Trichloroethane (blue solid curve). (b) Plot of the optical absorption coefficient
of films made by mixing 8 wt.% PYR-3B (red solid curve) and 5 wt.% PYR-3 (green
dashed curve) in APC.

where t is the time and we find that A; = 107 pm/V, As = 66 pm/V, 71 = 90 hrs,
and 7 = 5000 hrs for 5 wt.% PYR-3/APC and A; = 220 pm/V, Az = 242 pm/V,
71 = 30 hrs and 7 = 15000 hrs for the 5 wt.% PYR-3/APC film. Results show
that the bulky substitution has lead to a substantial enhancement in the stability
of the induced EO effect. A promising result from bulky substitution has motivated
further enhancement of the stability of the EO effect by adding mixed bulky groups.
A systematic effect of bulky substitution in a different chromophore is given in

Section 5.4.2.

5.4.2 Bulky substitution in IND-5

In this work the enhancement of temporal stability of the chromophores as a result
of bulky group substitution is investigated. Structures of the IND-5 chromophore
and its bulky group derivatives are shown in Fig. 5.10. IND-5 has five conjugated -
bridges connecting the donor and acceptor. The electron donor is the indolene group
where in PYR-3 the donor was a pyridene group. In terms of the electronic charge
transfer mechanism, IND-5 is a neutral chromophore falling in (left hand side) LHS
of the BLA axis. The maximum electro-optic coefficient found on a poled polymer
film containing 5 wt% IND-5 in APC was 206 pm/V at 1314 nm when measured
immediately after poling under an electric field of 60 V/um [63]. Comparison of the
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Figure 5.9 — Plot of the measured r33 of a 1.92 um thick, 8 wt.% PYR-3B/APC film
against time (green solid circles) and a bi-exponential fit to the data (green dashed
line). Also shown is the rzz of a 2.1 um thick, 5wt.% PYR-3/APC film as a function
of time (blue solid diamonds) and a bi-exponential fit to the data (blue dashed curve).

initial value and the values measured after 48 hrs, which is a reasonable time to

observe the decay of EO coefficient in a host-guest system, are given in Table5.5.

IND-5 IND-5BH IND-5BF

Figure 5.10 — Structures of the IND-5 chromophore and its bulky group derivatives.

5.4.2.1 Hydrogenated bulky group

In this work, the effects the addition of the bulky substitute with an LHS chro-
mophore IND-5 is investigated. Results are similar to what is observed in the RHS
chromophore, PYR-3 by the addition of bulky substituents. Decay profile have been
investigated for 48 hours and the results are compared with that of IND-5. A large
electro-optic coefficient compared to that without bulky substituent and improved

temporal stability can be attributed to the initial fast decay in IND-5 system without
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bulky substitutes. This is similar to the results observed in the PYR-3 system.

5.4.2.2 Fluorinated bulky group

The IND-5BF chromophore is analogous to the investigation made using hydro-
genated bulky groups on polymers which have fluorine in place of hydrogen in the
bulky substitute as shown in Fig. 5.10. Thin films of thickness about 3 microns have
been prepared by mixing chromophores with a similar number density as that of
IND-5BH. Films are poled under the same experimental conditions and measure-
ments are done at equal intervals of time. The decay profile has been investigated
for 48 hours and the results are compared with that of IND-5BH. The resulting
decay profile is similar to that found in IND-5BH.

5.4.2.3 Mixed bulky groups

Identical results on systems with both types of bulky substituents are promising
because the interaction between the fluorine and hydrogen atoms function to reduce
the aggregation in poled system. The interactions between fluorine and hydrogen
can support the parallel alignment of chromophore dipoles rather than undesired
anti-parallel H-aggregate. Films have been prepared by mixing equal proportions of
IND-5BH and IND-5BF and poled under similar condition followed for the system
with individual bulky substitutions. The results are summarised in Table 5.5. The
decay profile shows a substantial enhancement of the temporal stability of the r3s

of the poled system.

Table 5.5 — Effect of bulky substitution on the macroscopic EO response of IND-5.
Values of wt.%, poling field and poling temperature are approximate. IND-5 MIX is
made of mixing equal fraction of IND-5BH and IND-5BF in APC.

Ch. code wt% E, T, 1r33(0 hrs) 133(48 hrs) Percentage
in APC  (V/um) °C pm/V pm/V Loss (%)
IND-5 ) 60 175 216 43 0%
IND-5BH 5 60 175 352 293 17%
IND-5BF 5} 60 175 360 304 16%

IND-5 (MIX) (2.5+2.5) 60 175 360 342 5%




84 Chapter 5. Measurement of rs3 Using Modulation Ellipsometry

5.4.3 Ring-locking of QUN-7 and IND-7

The films were prepared with similar chromophore loading using the chromophores
with ring-opened and ring-locked chromophores shown in Fig.5.11. It has already
been reported [79] that there has not been any notable enhancement in the molecular
NLO properties as a result of ring-locking in the chromophores investigated. The
results from the measurement of the r3s of the system after poling the sample at
similar conditions are summarized in Table5.6. Results show that the structural

alteration does not lead to the enhancement EO effect in the macroscopic level.

(F)BgQ

-

NC

QUN-7 QUN-7R IND-7 IND-7R

Figure 5.11 — Structures of the QUN-7 and IND-7 chromophores and their ring-locked
structures QUN-7R and IND-7R.

Table 5.6 — Effects of ring-locking on the EO coefficient of IND-7 and QUN-7 chro-
mophores.

Chromophore code  wt.% in APC  E,(V/pum) Tp (°C) 1r33(pm/V)

IND-7 5 ~60 ~170 ~640
IND-7R 5 ~60 ~175 ~217
QUN-7 5 ~63 ~175 ~315

QUN-7R 5 ~63 ~175 ~257

5.5 Theoretical calculation of rs;

A semi-empirical calculation was performed within our group to estimate the ex-
pected EO coefficient due to the contribution from the constituent chromophores.
A summary of this calculation discussed in Ref. [50] is summarised in this section.
The parameters used for the calculation are the first hyperpolarisability and dipole
moment of the chromophore, chromophore concentration in the polymer, physical
properties of the polymer and the poling conditions. It is useful to understand

if the values measured are purely due to the molecular NLO effect of individual
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chromophores.

EO coefficients of poled polymers from the hyperpolarisability, 5, are calculated
as follows: The relationship between the second order susceptibility x(2) and the EO

coefficient r3s is given by the equation:

2 (2
T33 = gxgg)g(—w 0,w) (5.29)
where X;%)g is related to the microscopic molecular first hyperpolarisability £

given as [55],

XS = NB.. fof? (cos® 0) (5.30)

where w is the frequency at which the electro-optic coefficient is measured, n is
the refractive index of the material at the electro-optic coefficient measurement wave-
length, N is the number density of chromophores in APC. <cos3 0> corresponds to
the weighted average of the angle between the direction of poling field and the chro-
grd

mophores dipole moment. <c0s3 0> can be estimated using the order Langevin

function L3(u), using:
L3(u) = (14 6/u®) cothu — 3/u (1 + 2/u?). (5.31)

where u = pg f(Ep/kpTp. Then, Eq. 5.30 becomes [55, 56]:

'E
X5 = NBafof2Ls HsloPp (5.32)
kBT,

Combining Egs. 5.32 and 5.29 will give:

2 o fOE
o= SN fofLs (002 (5.33)

The quantities fy, f,, and fj are local field factors which relate the externally
applied electric field Ep to the internal field local to the molecule, p is the molecule’s
ground-state dipole moment, F, is the poling field, kp is Boltzmann’s constant and
< 1, L3 can be

~

T, is the poling temperature. For small values of u, that is u

approximated as Ls(u) ~ u/5.
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First hyperpolarisability dispersion

The value of 8 obtained from second-harmonic generation experiment is of sec-
ond harmonic generation at optical frequency wsue B(—2wsna, Wsna, Wsna ), which
need to be converted to the fgo of the EO effect 5(—wgo,0,wro) at the electro-
optic coefficient measurement frequency w to calculate rgs . One needs to estimate
B(—wgo, 0, wro) which is typically done by using dispersion equations derived from
the two-level model [2, 50],

(3 B 5‘%0)(1 B 45\3HG)(1 B S\SHG)
2

Pro = 301~ A

Bsna (5.34)

where Ao = (Amax/Aeo) and Asue = (Amax/Asuc)s Amax iS the absorption maxima
for resonant absorption, this can be estimated from the absorption spectra of the
film, and Ago and Ague are the wavelengths used for the electro-optical and second

harmonic generation experiments respectively.

Local field factors

The approximate values of the local field factors for the films under consideration
are [56, 55|,

B eT(n2 +2)
fo= 2t 2, (5.35)
and
fu = (n*+2)/3. (5.36)

where €, is the relative static dielectric constant of the material and n is the refractive
index at the measurement wavelength. f[; is same as fp but it corresponds to the e,
at the poling temperature. In general f(; is taken as equal to fy but this make sense
only for the polymers whose ¢, does not change substantially when going from room

temperature to the poling temperature.

5.5.1 Translating microscopic quantities to rs;

The electro-optic coefficient 3 is generally quoted in S.I. units as pm/V while £ in
esu (cm®/Fr, cm®/esu, cm?/statvolt or simply esu), N in em™3, E, in V/um, p, in
Debye (107! esu cm, statvolt cm? or esu ) and 7' in °C. To estimate r33 using Eq. 5.33

all the quantities need to be converted to a a single unit system. For convenience all
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quantities are converted to the SI system in which r3s is generally quoted. Table 5.7
contains details of translating all quantities used in this calculation to SI system.

The quantities n, €., fo, f., Ls are dimensionless.

5.5.2 Calculation of r3; for a PYR-3/APC system

An example to calculate rs3 from § for the chromophore, PYR-3, that has been
investigated in great detail within our research group. The physical properties of
PYR-3 are listed in Table 5.8.

Table 5.7 — Physical quantities used in the calculation of r3s in electrostatic and SI
units (Reproduced from Ref. [50]).

Physical property = Quantity =~ Value in esu Value in SI
I6; lemPesu™t  lemPesu™' 419 x 10719m*v—!
Iy 1 Debye 1078 esucm  3.336 x 1073°Cm
T, 175 °C - 473K
E, 75V um~! - 75 x 10 Vm™!
kg - - 1.3807 x 10722 JK~!

Table 5.8 — Physical properties of the PYR-3 chromophore used in the calculation of
Is33.

Molar mass ni3pp0 Amax o Bsua Td
Property g mol ™! nm esucm (em®esu~!) °C
Value 442.6 1.56 605 15.3x 10718 840 x 10730 290

At 5 wt.% loading, the number density calculated as explained in chapter 4.
which gives N ~ 8 x 101 /cm3. Eqs. 5.35 and 5.36 will give fo ~ 1.57, f, ~ 1.48,
we have assumed fo =~ f} in this calculation and thus fy f? ~ 3.44. For the EO
effect measured at the wavelength of Ago = 1310 nm, A\go = 605nm/1310 nm and
Asua = 605 nm/800nm giving Ao =~ 0.4618 and Asue =~ 0.7562. On substitution
into Eq. 5.34 gives,

Broas10 = 695 £ 60 x 10" cmesu™! (5.37)

Substituting for N, Bgo 1310 and fo f2 in Eq. 5.33 and setting, Ls = 1 to calculate

the theoretical maximum r33, we obtain the maximum rsg which may be expected
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from the PYR-3 chromophore is [50],
I‘33,1310 - 27 :I: 2 pm/v (5,38)

The value shown in Eq.5.38 is the maximum rg3 that can be achieved in the ideal
case. That is for 100% poling, which is not possible in a real case. A more realistic
value of r33 can be calculated by considering the poling temperature and field used

in our experiments. Then the argument to the Langevin function Ls(u) is,

w— pg foEp
kT,

where 11, = (15.3 Debye) = 51.0 x 1073 C'm, in the absence of a measurement at the
poling temperature we take f &~ fo = 1.58, and for poling fields E,, ~ 75 x 10° V/m
from Table 5.8, (ugf)Ep) = 6.04 x 1072 J. For poling temperatures T}, ~ 448 K,
from Table 5.8 kT, = 6.19 x 1072! J, which gives u = 0.98, L3 (0.98) = 0.187 and

thus a maximum expected rss under the quoted experimental conditions is [50],

T33 1310 = 5.1+ 04 pm/V

This is about 3% of the experimentally measured value of 5wt.% PYR-3/APC
film shown in Fig. 5.5. This demands a detailed analysis to investigate the source of

such a large discrepancy between the measured and theoretical estimate of rss.

5.5.3 Mismatch between experiment and calculation

Observed electro-optic coefficients in poled polymers are up to two magnitudes larger
compared to the theoretical estimation, using the values of first hyperpolarisability.
This shows that the rgs of the chromophores measured using the Teng-Man modu-
lation ellipsometry apparatus described in this chapter did not match the expected
values calculated. For example, PYR-3/APC system described above has an rs3 of
~175pm/V when the maximum expected value of r33 for the same experimental
conditions when calculated theoretically is ~5pm/V.

This discrepancy is much larger than the limit of the experimental error. Also,
this type of over expectation in experiment is not unexpected because the rss calcu-
lated from the hyperpolarisability is a pure electronic component due to the contribu-

tion from individual dipoles. However the measured rs3 at low frequencies contains
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contributions from many other factors in addition the electronic contribution [87, 2].
However in organic materials it is believed that non electronic contributions are

relatively low compared to inorganic single crystals [87].

5.6 Analysis of the mismatch between experimental and

calculated rs;3

Presence of contributions from non electronic origin can be investigated from the re-
sponse of the measured rgz with the modulating frequency. This is possible because
only the contribution from the pure electronic origin retains the activity at high
frequencies. A systematic analysis is performed that involves, analysing the disper-
sion of the rz3 with the modulating frequency that is a direct test to understand if
the large values are of purely of electronic origin (which is frequency independent).
Other effects that are common in crystals such as the effect from acoustic and optical
phonons as well as the inverse piezoelectric effect are also discussed in subsequent

sections.

5.6.1 Frequency response of rs;

The r33 was measured using Teng-Man apparatus for a frequency range of 100 Hz to
100 kHz. Fig.5.12 shows that the measured r33 decreases with increasing frequency.
One can see that the estimated rs3 using modulation ellipsometry undergoes a rapid
reduction after 2.5 kHz. The value of r33 does not change significantly between
100 Hz and 2 kHz, this value is approximately 60 times larger than the value observed
at 100kHz. A similar roll-over of rg3 with frequency was reported in Ref. [88]. The
average low value of r3s (~ 2pm/V) observed above 10kHz is in agreement with
the theoretically estimated value. Highest theoretical estimate of r3s for this system
from individual chromophore contribution is about 5.1 pm/V [50].

An unexpected resonance in the measured data above a modulating frequency of
10 kHz was observed as shown in Fig. 5.12. As far as we are aware, a detailed expla-
nation for the resonance behaviour of rs3 measured using modulation ellipsometry
are not available for polymers. This is particularly due to the fact that fewer studies
have been performed to estimate r33 above 10 kHz. A large EO response at low mod-
ulating frequency can be attributed to the fact that r33 measured from modulation

technique is due to the collective response of a number of polarisation mechanisms
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Figure 5.12 — Dependence of the EO coefficient on the modulation frequency measured
at A = 1314nm for a 4 um film made of 5 wt% PYR-3/APC.

contributing to the EO effect [87]. It is reported that this effect is reported very
strong in EO crystals [89].

In the case of chromophores in a host-guest system, three major polarisation
mechanism have been reported that are contributing to the EO effect [87, 88], they
are, (a) Orientational polarisation caused by the self alignment of chromophore
dipoles under the influence of an external field, (b) Ionic and or atomic polarisation
caused by electric field induced shift in the charged ions and (c) Electronic polar-
isation due to the distortion in the negatively charged electron cloud with respect
to the nucleus. At low frequency, all the above polarisation mechanisms contribute
to the EO effect. However, orientational and ionic polarisations are present only
at lower frequencies and gradually disappear with increasing the modulation fre-
quency. In EO crystals it has been explained that a number of processes contribute
to the total EO effect. In particular, if the crystal is piezoelectric, the contributions
are different when the frequency of the applied electric field is below or above the
acoustic resonances of the system. Below these piezo-resonances, the crystal is free
to deform, and the variation of the strain follows the applied electric field on the
basis of the inverse piezoelectric effect. Subsequently, the corresponding birefrin-
gence change via the elasto-optic effect leads to an indirect contribution to the EO
coefficient measured at constant stress [87]. If the frequency of the applied electric
field is well above the frequencies of the acoustic resonances, the crystal is unable to

deform itself and is thus virtually clamped, so that the EO coefficient, corresponding
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to the direct EO effect, is measured at constant strain.

The resonance frequency observed in Fig. 5.12 is also present in the reports from
the experimental investigations on chromophores as well as on nano-composites [88].
However, the resonance has not been analysed. In this work we investigate possible
ways leading to a large r33 observed in our experimental studies based on different
aspects of the possible ways of observing large EO coefficients at low frequencies.
That includes the phenomena generally present in organic crystals [2, 87, 89], cluster
formation in organic chromophores [88] and recent findings on possibility of enhanced
EQO effect due to the interaction between the chromophores leading to covalent or
hydrogen bonding [90]. Other possible mechanical effects such as inverse piezoelec-
tric effect as well as the transverse grating formation related to the acoustic velocity

in the polymer are discussed.

5.6.2 Contribution from acoustic and optical phonons

Optical and acoustic phonons can contribute largely to the EO effect in crystals [2].
This contribution dominates the pure electronic contribution in some inorganic EO
crystals such as LiNbO;[5, 7, 6]. The EO coefficient in crystals is a collective
response of the contributions of electronic origin (r¢), optical contribution (r°) and

acoustic contribution (r®)[89, 2]. That is,

r=r.+1r,+Tq (5.39)

In certain EO crystals the contributions from optical and acoustic phonons due
to their crystalline nature contribute to the EO effect. At low frequencies these
contributions are much larger than the pure electronic contribution.

The contribution from the acoustic and optical part can be explained by consid-

ering the field induced change in the optical dielectric constant €;;, that is[2, 91]:

/ . 1 dEZ'j
Uk 4 dEy,

(5.40)

where d;j;, = Xg;)g Eq. 5.40 contributes to the optical and acoustic vibrational
modes such as Raman and Brillouin scattering processes [89, 87]. The properties
that determine the optical dielectric constant are the long wavelength optical mode
displacement QQ", elastic constant u;,, and the applied electric field Ej. In linear

approximation [91] the Eq. 5.40 can expanded as:
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del de” dQ deij dulm
= 5.41
|Q 0 Z dQ" dEy, | duy,, dEy (5-41)

This can be written in another form as:

/ Anxie |
Adji, _4dwk+2/}?j Zn + Pijim@mk (5.42)
l
n

where p;; is the Raman tensor that is non-zero only for Q™ is polar mode, e} is
the effective charge, A,y is the n® mode contribution to the static susceptibility,
p’;jlm corresponds to the photoeleastic tensor and ay, is the piezoelectric tensor [2].

The first term of the Eq. 5.42 is purely electronic in origin, the second term cor-
responds to the optical mode that is non-vanishing only if the vibrational modes
are both IR and Raman active and the third term is due to the photo-elastic ef-
fect. The photo-elastic effect can be caused by the elastic strain due to the inverse
piezoelectric effect under an applied electric field. The acoustic contribution is due
to this elasto-optic effect due to the strain caused by the electric field given by,
Sjk = aijkEe, [89]. The case of NLO chromophores is different from that of EO crys-
tals because of their amorphous nature. However, the optical phonon contribution is
possible in the push-pull molecules because they are simultaneously Raman and IR
active [92]. NLO chromophores are push-pull molecules and simultaneous Raman
and IR activity is reported as the nature of NLO chromophores[92]. This shows
that the second term in Eq.5.42 also is possible in the case of NLO chromophores.
That is, the first two terms can potentially be due to the individual chromophore
effect, with the contribution from electronic origin retaining its activity at higher
frequencies while the second term is active only in the low frequency range. The

third component of Eq. 5.42 is discussed in Section 5.6.3.

Crystallisation of a fraction of or all of the chromophores or the polymer itself
at poling temperature can potentially show similar effects observed in EO crystals.
Though the non-electronic contributions, in general, do not exceed the pure elec-
tronic contribution in the organic EO crystals such as DAST [2]. Crystallisation of
the chromophore or polymer while drying or poling may possibly lead to such un-
desired effects. It is because the contribution from those effects disappears at high
frequencies, in addition to the formation of crystals lead to crystalline phonon ab-
sorption, for example, in the THz frequencies. Crystallinity of the films was tested

by performing small angle X-ray scattering on the films coated on plain glass and
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ITO coated slides [93]. XRD analysis on film containing 5wt.% PYR-3/APC on
plain glass and ITO coated glass are shown in Fig.5.13. The data show no signs of

crystals.
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Figure 5.13 — Small angle XRD data of a 5wt.% PYR-3/APC film on (a) glass and (b)
ITO coated glass substrate (From Ref. [93]). XRD data does not show signs of crystals.
The lines observed in (b) are from the ITO layer on the glass substrate.

5.6.3 Contribution from piezoelectric effect

This is the contribution from the third component of Eq.5.42. If the material is
piezoelectric, the contributions are different when the frequency of the applied elec-
tric field is below or above the acoustic resonances of the material. Below these
piezo-resonances, the material is free to deform, and the variation of the strain
follows the applied electric field on the basis of the inverse piezoelectric effect. Sub-
sequently, the corresponding birefringence change via the elasto-optic effect leads to
an indirect contribution to the EO coefficient measured at constant stress. Analysis
of the measured data and a brief outline of the investigation of the other effects con-
tributing the macroscopic electro-optic effect is discussed in the following Section.
The piezoelectric effect can mimic the EO effect via field induced phase variation
through the inverse piezoelectric effect or via strain induced change in refractive
index of the material [94, 87]. The linear EO effect is closely related to the inverse
piezoelectric effect where application of an electric field to a non-centrosymmetric

material leads to an actual change in materials shape. This additional contribution
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to the change in index coefficients is given by [89, 2],

1 2
A <> = pijleij (543)
"/

Sz'j = EaijkEk (544)

where S;; is the strain tensor, p;j;, is the piezoelectric tensor and E is the applied
electric field. This is analogous to the change in refractive index of the material due
to the EO effect and cannot generally be differentiated from the purely electronic
components of EO effect of the system due to the embedded chromophores.

An applied field can piezoelectrically change the thickness of the film as a func-
tion of the applied field. This can appear as the electro-optic effect while measuring
the electro-optic coefficient via modulation ellipsometry technique. The relation be-
tween the change in the thickness of the film by an applied electric field due to the

piezoelectric effect can be expressed using the equation [95, 96],

ALJ' == ZaijEij (545)

where L is the film thickness, a;; is the piezoelectric tensor component and F is
the applied field. The change in phase A¢ for the beam passes through the material

due to this thickness change can be estimated by using the formula,

A = (2n/\)A(n L) (5.46)

Either of these effects can contribute heavily to the induced phase by an applied
modulating frequency. However these effects are present only at low modulating fre-
quency and tend to saturate at high frequencies. This is because at high frequencies
the inertia of the material prevents it straining macroscopically, so the contribution
of this effect diminishes to zero [89, 95]. The observed effect from experiment shows
the measured r3s reduce with modulation frequency as shown in Section5.6.1. In
this case, the change in phase as a function of applied field is additional to the
actual change in the phase due to the EO effect [89, 95]. Although this phenomena
can possibly explain the drop in EO effect with frequency, the resonance observed
in the EO response of the film with frequency cannot be attributed to this effect.
Section 5.6.4 discusses how the acoustic velocity in the polymer host can contribute

to this phenomena.
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5.6.4 Effects of acoustic velocity in the host polymer

The resonance behaviour of the measured EO coefficient measured using the Teng-
Man ellipsometry is an issue that needs to be addressed. Tests have been made to
investigate if the acoustic velocity of the modulating field in polymer can contribute
to the resonance. This effect can create a transverse grating within the system
depending on the modulating frequency. Eventually this grating can modulate the
beam passing through the polymer and possibly mimic the EO effect. However, for
this effect the thickness of the film need to be in the range of the acoustic wavelength
in the polymer.

The reported values of the acoustic velocity in polymers ranges from 1000 -
4000m/s[97]. This gives an acoustic wavelength in the range of 1m to 4m for
1kHz. The acoustic wavelength drops down to the range of 10 mm to 40 mm for
100kHz. That is, the acoustic wavelength is too large to create any transverse
grating and/or resonance effect leading to the resonance behaviour or a large EO

effect at low frequencies.

5.6.5 Contribution from the formation of chromophore clusters

Cluster formation is the process of two or more chromophore joining together. The
formation of molecular clusters in a structure favouring the charge transfer is re-
ported resulting in a strong enhancement of NLO response of the chromophores [90,
98, 99]. Intermolecular hydrogen bonding[90] or covalent bonding [98] can lead to
the formation of molecular clusters. Contributions from clusters is different from
the case that individual chromophores contribute to the macroscopic EO effect.
That results in a significant enhancement in the first hyperpolarisability which is
expected to follow a quadratic dependence with the number of monomers involved
in the cluster formation [90, 88].

Balakina et al. [90] reported an enhancement of 5 up to 5 times in a linear cluster
of 3 molecules formed by hydrogen bonding. This is reasonable from the theoretical
expectation from the two level model of first hyperpolarisability that § o uf]e [17, 2].
A detailed analysis of cluster formation via covalent bonding has been reported in
Ref. [98]. A number of different types of cluster formation are discussed leading to
a number of effects due to cluster formation.

The chromophores we have investigated have a large dipole moment [84] which

in turn is possible to form clusters involving 2 or more chromophores. From the
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research on similar system as discussed in Ref. [90] have found the hydrogen bonded
dimers and higher order molecular structures have high first hyperpolarisability
compared to the monomer units. Okuno et al. [98] reported the possibility of up
to 2-5 times larger hyperpolarisability in covalently bonded dimers of dendrimers
compared to monomer units. In effect there is a quadratic relationship between the
enhancement of the hyperpolarisability and the number of chromophores involving
in cluster formation. By considering Ref. [90] we can see that if three chromophores
involved in forming a cluster, the effective NLO response is not 3 5 but 5 5. That is
the effective macroscopic NLO effect could be much larger than expected from the
individual contribution by the constituent molecules. This is similar to the effect
reported in Ref. [88]where the high EO coefficient observed at low frequencies drops
at higher frequencies. The low frequency effect can be attributed to the permanent
dipole moment of the clusters while the high frequency response originates from the
individual chromophores. The large EO effect due to chromophore clusters cannot
be used for high frequency applications because of the slow response of chromophore

clusters to an applied field [88].

5.7 Conclusions

Experiments were performed on a range of chromophores to estimate their EO coef-
ficients in polymers. Structural modifications have been demonstrated that lead to
a large and stable EO effect in EO polymers. One of the key findings is the effect of
the addition of a bulky group with chromophores, leading to a large enhancement
of the macroscopic EO response relative to those that are not substituted with a
bulky group. Both the value and temporal stability of the EO coefficient have been
improved with a bulky substitution. This is achieved without comprising the NLO
property of the chromophore molecule but by reducing the aggregation. Further to
that, chromophores comprising of mixed bulky groups have performed even better
because of the interaction between hydrogenated and fluorinated bulky groups that
reduces the mobility as well as H-aggregation of the chromophores.

There is a mismatch between the measured value of EO coefficient at 1 kHz
and the theoretically calculated values from the first hyperpolarisability. This effect
was discussed based on the contribution from effects other than individual NLO
response of chromophores. A similar divergence from theory has been observed in

IND-5 by other groups [100] when the second harmonic generation coefficient, dss
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was estimated using the second harmonic generation method, and is in agreement
with the values we have estimated for same chromophore but both diverge from the
theoretically calculated value.

The high EO coefficient measured at low frequencies (below 10 kHz) is promising
for applications such as modulators and switching circuits at this frequency range.
However, the low values at high frequencies limit their use in high frequency ap-
plications for example THz generation and detection. The Teng-Man modulation
ellipsometry method is particularly simple to evaluate poled polymers, however, it
was not designed to measure the zero frequency value for the EO coefficient. There
is a need for the development a method that can estimate the value of EO coefficient
with a non oscillating field to get a complete profile of the frequency dependence of
the EO coefficient. To contribute towards this, we have developed a new method
to estimate the static component of EO coefficient of the poled polymers using a

diffraction technique that is discussed in Chapter 6.
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Chapter 6

Measurement of r33 Using
Diffraction Method

The Teng-Man ellipsometry technique discussed in Chapter 5 has been demonstrated
to over-estimate the electro-optic (EO) coefficient (r33) of poled polymers. This is
a major problem that needs to be addressed in order to estimate the EO coefficient
purely due to the constituent chromophores embedded in the polymer matrix. The
Teng-Man ellipsometry technique is driven by a modulating AC field and the EO
coefficient estimated using this technique varies with the modulating frequency if the
EO coefficient contains contributions from frequency dependent factors. This is un-
desired because, ideally, EO coefficient is expected to be independent of modulating

frequency if it is purely of electronic in origin.

This chapter introduces a new technique to estimate the EO coefficient of organic
NLO polymer films using the electric field dependent diffraction efficiency of diffrac-
tion gratings made on thin films. This technique does not require a modulating AC
field and thus provides an estimate of the static EO coefficient. This is a particularly
useful method to filter out the possible over-estimation of the EO coefficient due to
non-electronic contributions such as the cavity resonance [101] and multiple reflec-
tion effects [102, 70]. The theory is derived and tested using AC and DC modulating
fields and the limitations of this technique are discussed. The contribution of inverse
piezoelectric effect and multiple interference effect to the diffraction efficiency are

also discussed.

99



100 Chapter 6. Measurement of rss Using Diffraction Method

6.1 Diffraction gratings

Diffraction grating can be explained in general as an optical component with a
periodic structure, which diffracts light into several beams travelling in different
directions. Gratings are commonly used for deflection, coupling, modulation or fil-
tering of optical beams to use in a range of applications such as monochromator[43],

multiplexing[103], sensors[104] and holographic memory[105].
K

Iinc

Figure 6.1 — The geometry of a thick periodic grating; I, is the incident wave, K is
the grating vector, A is the grating period, Iy is the zeroth order beam, I is the first
order diffracted beam, d is the thickness of grating and 6 is the angle corresponding to
each beams.

A grating is characterised by the grating vector K and period A = 27/K. The
schematic and the geometry of a diffraction grating is shown in Fig. 6.1. The grating
period, A of an ideal grating has to be wider than the wavelength, A of interest to
cause diffraction. A is related to the wavelength, A of the beam subject to diffraction
through A = A/ (n sind}), where n is the average refractive index of the grating and
¥ is the angle between the diffracted beam and the normal vector. When a plane
wave of wavelength A interacts with the grating, the diffracted light is composed of
the sum of interfering wave components emanating from each slit in the grating. At
any given point in space through which diffracted light may pass, the path length to
each slit in the grating will vary. Since the path length varies, generally, so will the
phases of the waves at that point from each of the slits, and thus will add or subtract
from one another to create peaks and valleys, through the phenomenon of additive
and destructive interference. The maxima occur at angles 1,,, which satisfies the

grating equation:

Asind,, = |m|A (6.1)
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where 9 is the angle between the diffracted ray and the grating’s normal vector
and m is an integer representing the propagation mode of interest. When the light
incident at an arbitrary angle, the Eq.6.1 changes to A(sind; + sind,,) = |m|A
,where 1;is the incident angle. Thick gratings are known as Bragg gratings where
there is only one diffracted beam is present.

Diffraction gratings can be created in which a number of properties of the inci-
dent light are modulated in a regular pattern. These include, transmission grating,
reflection gratings, absorption grating, phase or index grating. In this chapter, in
particular, the sinusoidal phase and mixed gratings are discussed for the estimation

of the EO coefficient from the electric field induced variation in diffraction efficiency.

6.2 Diffraction efficiency

Diffraction efficiency is a measure of the extent to which energy of the the incident
light transferred to the diffracted light. Diffraction efficiency, 1 can be expressed as
a ratio of the power of the diffracted light beam Pg; to the incident power of the

beam P, . given by the relation:

P
n = 7P('hﬁ‘ (6.2)
inc
The general grating equation is derived for a monochromatic plane wave 1y with
polarisation vector sg and propagation vector o incident on a grating at an angle

9 using the following steps. The total electric field in a grating is given by [106]:

oo

E = Z sivi(z) exp(—jo; - 1) (6.3)

1=—00
where, 1; is the amplitude and s; is the polarisation vector and o; = g9 — 1K
is the propagation vector of it* diffracted wave, and j = /—1. Wave propagation

through the grating can be expressed using the wave equation:

V’E - V(V-E)+k’E =0 (6.4)

Consider An and A« are the spatial modulation of the refractive index and ab-
sorption coefficient respectively. The propagation constant in Eq. 6.4 can be written

in the form:
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E? =n?(2m/0)? — jn(27/Na (6.5)
Using the values of total refractive index n = ng+ An and absorption coefficient

a = ag+ Aa in Eq. 6.5 gives,
k% = €% — j2a0f + 2€[(2/N)An — jAQ] (6.6)

where, £ = 27ng /) is the average propagation constant. The spatial modulations
of the refractive index and the absorption coefficients can be expressed using a

Fourier series expansion as,

o0

An = Z(nch cos(hK-r) + ng, sin(hK-r)) (6.7)
h=1

Ao = Z(O‘ch cos(hK - r) + oy}, sin(hK-r)) (6.8)
h=1

where the nch(sh)and Qch(sh) are the amplitudes of the h" cosine (and sine)
components of the refractive index and absorption coefficient respectively.
Applying Eqs. 6.7, 6.8 and 6.6 in Eq.6.4 gives a set of coupled equation for the

complex amplitude of the i**diffracted wave as:

o0

> (®i-nCh + ¢inDp) =0 (6.9)

2cos P

8@[11 Oé()d Z(m — Z)Q
0z + <cosf} + 2cos?

>¢i+j

where, @ = 2mAd/noA?, which denotes the effective thickness of the grating
determining whether the grating to be treated as “thin” or “thick” [107, 108], The
Bragg integer, m = 2ngAsind/\, C, = (2n/X\)An — jBn, Dy, = (2n/\) A} — jB;,
Ap = nep — jngp, and By, = aep — Qg

Solutions to the Eq. 6.9 for “thin” and “thick” grating limits are given in Sections 6.2.1
and 6.2.2.

6.2.1 Small Q: “thin” grating

A grating is considered “thin” if @ < 1[108, 106]. For a “thin” grating, by considering
@ = 0 the Eqn. 6.9 will reduce to the form:
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Bw, a()d . d
0z + cosﬁzpZ +]2cosﬁ

> (WinCh + $ign D) =0 (6.10)
h=1

The diffraction pattern is considered as a mix of phase and absorption grating.
In the case of a sinusoidal grating, assuming the gratings are of same shape and in

spatial phase, the transmittance of a thin mixed grating is given by:

T(xz,z) = exp{— [+ Aa(x) + j2rAn(x)/N] z/ cos ¥} (6.11)

Using the values of An and A« from Eqs. 6.7 and 6.8 respectively and by drop-
ping the phase factor for thin gratings, the transmittance can then be expressed as

a complex Fourier series as [109]:

T(z,z2) = ‘Z Vi(z) exp(j iKz) (6.12)

I=—00

where, K is the magnitude of the grating vector, K and x is the coordinate in
the direction of the grating vector. Differentiating Eq.6.12 with respect to z using
Eq.6.11 gives Eq.6.10. Then the amplitude of the diffracted wave can be expressed

as:

:271'

27
$i(2) = o exp(—Tag?) X /O exp [— (Yor 29(€) + § 2ynz F(6))] exp(—j i€) db (6.13)

where, v, = mnid/Acos?, Vo, = aod/cosV, Yo, = a1d/cos?, & = Kz. The
functions f(£) and g(§) define the shape of grating modulation. The shape func-
tions are defined by An(§) = n1 f(€) and Aa(€) = a1 g(§) where n; and «a; define
the amplitude of the refractive index and absorption modulation respectively. The
advantage of Eq.6.13 is that it will fit for any grating modulations of any arbitrary
phase relationship [109].

In the case of an ideal sinusoidal grating, f(§) = ¢(§) = sin(§). In this case,
Eq. 6.13 reduces to,

¥i(2) = (—1)" exp(—27ao) Ji(29m2 — j7a?) (6.14)

where, J; is an integer order Bessel function of the first kind.

Diffraction efficiency of each order can be estimated using the relation, n; = ;7.
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For a pure phase grating, Eq.6.14 reduces to the form:

ni = exp(=2Yaq) I3 (27n) (6.15)

and in the case of a pure absorption grating Eq.6.14 can be expressed in the

form.

N = eXP(_Q'Yao) I?(’Ym) (6.16)

where I; denotes an integer order modified Bessel function.

A “thin” grating generally shows a large number of diffracted beams though the
intensity drops substantially in the higher orders. This is one of the reasons for a
“thin” mixed grating, the efficiency cannot be expressed as a superposition of the

efficiencies of a phase and an absorption grating [106].

6.2.2 Large Q: “thick” grating

For a grating to be considered as “thick” the general condition is @) > 1. For a large
value of @), the coupled wave equation given in Eq. 6.9 will converge only if ¢ £ 0 or
i = m. In our case there is only one diffracted beam and is a Bragg grating. The

resulting two components can be written as [109]:

oo aod Cd -

W—F cosﬁwri_‘]Qcosﬂd}mDm =0 (6.17)
a¢m aod ood _

0z cosﬂwm +J 2(:0879¢mcm =0 (6.18)

The solution to Eqgs. 6.17 and 6.18 for the amplitude of the diffracted wave using
the boundary conditions for a sinusoidal grating, 1o(0) = 1 and 1,,(0) = 0 can be
expressed as [109],

Y (2) = —j exp(—27ag ) (Con/ D) /% x sin[zd(Cy /D)2 /2 cos 9] (6.19)

The diffraction efficiency, n,, = ¥mnt), can be estimated for a mixed grating

h sine components of the refractive index and

assuming the amplitudes of the m!
absorption coefficients as zero. The expression for the efficiency of mixed gratings

can be expressed as [108],
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N = exp(—27va0) {sinQ(’yn) + Sinh2(7a1/2)} (6.20)

The diffraction efficiency of a sinusoidal pure phase grating is given by the equa-

tion:

n = sin®(7n) (6.21)

In the case of a pure absorption grating, there is no spatial modulation of refrac-
tive index and thus the coupling is due to the modulation of absorption coefficient.

Diffraction efficiency for a pure sinusoidal absorption grating is given by,
1 = exp(—27a, ) sinh? (Y4, /2) (6.22)

6.2.3 Sinusoidal grating with small modulation

The diffraction efficiency of the polymer films under this study show small calculated
efficiencies of less than 10 %. For the thin films used in this study, 7, < 1 which is
sufficiently low to approximate sind = ¢ and Ji(x) = /2 respectively. In effect,
both “thin” and “thick” approximations are true in the gratings considered for this
study. Diffraction efficiency for thin and thick limit of a phase grating reduces to a

single equation for small phase modulation as:

n = (wnid/Acos¥)? (6.23)

The expression for the grating efficiency for a purely absorption grating also ends
up in the same form if the absorption is low for mixed grating. In the case of small
modulation (7., < 1) the diffraction efficiencies of the absorption grating for thin
and thick limit can be matched by approximating sinhz = z and I;(x) = z/2 for

x < 1. Using this approximation, Eqgs. 6.16 and 6.22 can be written as,

1 = exp(—2%ag) (Va1 /2)* (6.24)

A rigorous analysis of the mixed gratings of arbitrary @ has been discussed in
Ref. [110], where the validity of coupled wave theory for films of thickness as small
as 2 um is demonstrated. The films used this study do not show diffracted beams

except the first order for optimum grating without over-bleaching confirming that
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our grating is a Bragg grating. Using a longer wavelength of 1310 nm, thicker film
and smaller grating period gives a ) factor much greater than 10. For a grating
period, A = 2.85 ym, and wavelength 760 nm and thickness 6 yum and average re-
fractive index n = 1.567 the @ ~ 2. This shows that the gratings we used in this
study are close to the “thin” limit. However, for sinusoidal grating with small mo-
dulation the thin and thick grating limit can be estimated using the same grating
equation [106, 109].

6.3 Periodic gratings on poled polymers

Thin films with adequate chromophore concentrations and thicknesses were fabri-
cated on indium tin oxide (ITO) coated glass substrates by mixing the 5wt% of
PYR-3 chromophore with amorphous polycarbonate (APC). Film fabrication and
the drying process followed the method explained in Chapter4. Thin films were
poled using the contact plate electric field poling technique following the procedure
described in chapter4. EO coefficients of the poled films was measured using the
Teng-Man modulation ellipsometry technique[39, 41] with a detachable reflecting

block electrode, as described in chapter 5 to compare both measurement techniques.

6.3.1 Grating inscription using interferometry

Gratings were defined on the polymer films using a two beam interferometry tech-
nique. This technique to define periodic grating is based on the light induced degra-
dation of chromophores. Continuous exposure to laser radiation of sufficient inten-
sity in the absorption band of the chromophore bleaches the chromophores dispersed
in the polymer matrix leading to a periodic modulation of the periodic refractive
index of the material, 71(r). Periodic sinusoidal intensity variation is obtained from
two interfering coherent beams. This is done by splitting a coherent laser beam with
a non-polarising beam splitter and then allowing them to recombine. The intensity
variation when two equally intense coherent beams of I = Ipexp(ik; - r1) interfere

is,

I = 2]0(1 + COS(kl -r1 — ko - I'Q)) (625)

Where, k1 = ko = k is the wave vector and ri — ry is the path difference that

lead to a sinusoidal intensity variation perpendicular to the plane of two interfering
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beams. Eq.6.25 can be rewritten in terms of the grating period, as,

I(y) = 2Ip(1 + cos(Ky)) (6.26)

where, y is along the direction of the grating vector, K where K = 27/A and
A = )\/[2 sin?)] is the period of the sinusoidal intensity variation incident on the
film. Periodic bleaching of the film leads to the creation of a grating with period
A. The grating period is proportional to the wavelength of the writing beams and
inversely proportional to the angle between interfering beams.

The schematic of the experimental setup is shown in the Fig. 6.2. A laser beam of
wavelength 488 nm is split to two beams of nearly the same intensities and the beams
are then directed to the film as shown in the figure. One of the diffracted beams,
while writing the grating is used to monitor the diffraction efficiency. The spot
size was approximately 2.2 mm and the incident angle, 8 = 4.9° For this settings,
A = 285 um. Fig.6.3 shows diffraction efficiency estimated by measuring incident
and first diffracted beam during the grating inscription. It is important to block the
writing beam when the diffraction efficiency start saturating because over exposing

the film will destroy the grating structure.

Laser, A

Detectors

@ hinfimon

glass substrate

5,

diffractea beam

Beam splitter

Mirror

Figure 6.2 — Experimental set up used to inscribe Bragg grating on polymer thin films
using two coherent interfering beams. One of the writing beams is used to probe the
diffraction efficiency while burning the grating.

Three possible gratings created using two-beam interference method are as fol-
lows: Partial bleaching (Fig.6.3(b), region 1) result in very small modulation while
over bleaching (Fig. 6.3(b), region 3) gives a clipped sinusoidal grating and the blea-
ching at 2) gives a near sinusoidal grating with maximum efficiency. A detailed
analysis on the modulation of refractive index is given in Section 6.3.2.

From a set of measurements we have made to measure the diffraction efficiency

of films after heating or poling in poling apparatus showed the poling process does
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Figure 6.3 — (a) Absorption coefficient of a ~6um PYR-3/APC film at 488 nm during
the grating inscription. (b) The first order diffraction efficiency measured during the
the grating inscription. Regions (1), (2) and (3) are examples for three possible grating
profile obtained: partial, optimum, and over bleached grating respectively.

not damage the grating. This is particularly useful because of the ease of handling

and performing the measurement straight after poling.

6.3.2 Modulation of refractive index

A phase gratings on thin films is obtained by creating a periodic variation in the
refractive index of the film. The complex refractive index variation along r in an
ideal sinusoidal grating will be of the form n(r) = ng + n1 cos(K - r) where K is
the grating vector and 7ng is the average value of the refractive index and 7 is
the amplitude of the modulation in the complex refractive index. The complex
refractive index can be expressed as 71 = ny +19- , where n; = An/2, a1 = Aa/2
and k = 27/A. A« can be obtained from the measured transmittance data of the
film as shown in Fig. 6.4(a) and An is estimated from A« using the Kramers-Kronig

approximation:

An(w) = < / Aa(w)def (6.27)

T w? — w?

The resultant Aa and An are shown in Fig.6.4(a) and (b) respectively. The
absorption spectrum of PYR-3/APC film shows that the grating can be treated as
a pure phase grating at 760 nm and 1310 nm and as a mixed grating at 488 nm
because of the absorption at 488 nm.

The refractive index variation from the intensity distribution expected from the
ideal case is purely sinusoidal, however, it is based on the assumption that the

bleaching process is linear. The time dependent decay of the absorption coefficient



6.3. Periodic gratings on poled polymers 109

15F m o T T ] 0.06 [
0.04
§10r 1 0.02f
2 IE i
= 0.00
0.5 E L
(@) | 002} 0]
0.0 A, L L L -0.04 I TR R SR S B
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 6.4 — (a) A« as a function of wavelength and (b) the refractive index dispersion
estimated for a 5wt.% PYR-3/APC film using Kramers-Kronig approximation on Aa.

a of PYR-3/APC given in Fig. 6.3 shows a nonlinear decay profile and hence a pure
sinusoidal grating cannot not be expected. Eq.6.26 shows that the intensity profile
of the writing beam on the sample has a sinusoidal pattern of period A = 27/K,
I(y) = 2Ip(1 + cos(Ky)). The refractive index modulation depend on the change
in absorption coefficient (Ac«) that is related to the light intensity. However, in
the real case, for a moderate difference in intensity, A« varies exponentially with
intensity [24]. That is a sinusoidal intensity profile cannot create a sinusoidal A«

profile in organic chromophores.

In the ideal case, if the change in A« with the energy per unit area on the film (E)
is linear, that is Aa o< E , and An « E, the optical energy profile E(y) = 2Ep(1 +
cos(Ky)) creates a pure sinusoidal absorption and refractive index modulation of the

form:

Aa(y) = ap — 2a Ey(1 + cos(Ky)) (6.28)

An(y) = Ang — 2b Ep(1 + cos(Ky)) (6.29)

where a and b are constants. The ideal case of refractive index modulation using
two-beam interference is a phase grating of purely sinusoidal modulation. However,
even for moderate intensity variation, A« follows an exponential relationship with
optical energy incident on the film (see Fig.6.5(a)). In Fig. 6.5 it can be shown that
Aa/Aag can be fitted to:
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3
Aa(E) = Aag Y ciexp(—E/7;) (6.30)
i=1
where E is the optical energy, > ¢; = 1 are the coefficients and 7; are the decay
constants. It has been found that the variation in A« for an optimum grating (shown
as region (2) in Fig.6.3) can be approximated as a single exponential. A«a(E) =
Acag exp(—a F) and also, An = Angexp(—bFE). That is for an experimental A,

we get:

Aa(y) = ap exp[—2aEy(1 + cos(Ky))] (6.31)
An(y) = Ang exp[—2bEy(1 + cos(Ky))] (6.32)

Eq.6.32 shows that the grating profile when bleaching the film under moderate
intensity consist of the the exponential profile over a sinusoidal modulation. Gene-
rally, the intensity Fy correspond to linear relationship with A« is very low. A real
grating profile expected is shown in Fig.6.5(b).

A special case of the general experimental condition is when the intensity is
sufficiently low. Then the higher orders of the exponential series (e = 1+x+z%/2!+
-+ +) become negligible and Egs. 6.31 and 6.32 can be approximated to Eqs. 6.28 and
6.29 respectively. Single exponential fit have been found used in other works of

similar grating profiles [111].

12 ——— 11711 1.0 o
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Figure 6.5 — (a) Change in A« (488 nm) with incident energy when the grating ins-
cribed on a ~ 6 um, 5wt.% PYR-3/APC film using two-beam interference; Vertical
lines indicate Py 5y and Po 1,5 correspond to the regions (1) and (2) of Fig. 6.3(b)
respectively. Aa at Pl,max and P2,max are 898 cm™! and 516 cm ™! respectively. (b)
Modulation of A« correspond to an ideal sinusoidal modulation (black solid curve),
actual grating shape for maximum efficiency expected from Eq.6.31 (red solid curve)
and a pure sinusoidal modulation obtained for small intensity (blue solid curve).
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Shown in Fig.6.5(b) is the Aa(y) for an ideal case, for exposing the film to a
small energy and the real case. It is found that the effective An is less that the value
of An expected from the absorption spectrum of the film for ideal case (complete
bleaching with sinusoidal profile). Also the grating modulation has deviated from
sinusoidal modulation in the real case.

The modulation of the grating equation Eq.6.13 can be expressed using,

f(&) = g(&) = exp[—7(1 + cos(¢))] (6.33)

where 7= —2aFy and £ = Ky. Then the equation for a realistic grating modu-

lation obtained from two-beam interference can be expressed as:

2T
Yi(z) = % exp(—Yag?2) X /0 exp (6.34)

[= (Yau z exp[=7(1 + cos(&))] + j 2z exp[—7(1 + cos(§))])] exp(—j i)

It is apparent that the Eq.6.34 cannot be reduced to the form of Eq.6.14. De-
veloping an analytical solution for Eq.6.34 is beyond the scope of this thesis.

6.3.3 Skin depth

Skin depth is defined as the depth at which the intensity of the radiation inside
the material falls to 1/e of its original value at the surface. It is a measure of how
deep light or any electromagnetic radiation can penetrate into a material. When
electromagnetic radiation penetrate into a material the electromagnetic field inter-
acts with the material and decays throughout the passage. In an absorbing material
skin depth will generally be a function of the absorption coefficient of the material
at the given wavelength. According to the Beer-Lambert law, the intensity of an
electromagnetic wave inside a material falls off exponentially from the surface. The
intensity of the radiation after travelling a distance z inside an absorbing material
can be expressed using the relation I(z) = Iy exp(—a z). Now, the skin depth 6,

! = exp(—ad,) that can be reduced to the form, §, = 1/a.

can be estimated by, e~

Skin depth should be larger than the thickness of the film for good quality
grating for a reasonably small intensity variation throughout the thickness of the
film. Fig.6.6 is a plot for the skin depth estimated from the absorption coefficient

of a 5wt.% PYR-3/APC film. Irradiating near the absorption maxima results in
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Figure 6.6 — Skin depth, ,, estimated for a 5wt.% PYR-3/APC film in the visible
spectrum. An arrow indicates the region of the wavelength of the laser used to inscribe
the grating.

shorter penetration depth.

The selection of film thickness of about half that of the skin depth limits the
intensity variation in the thickness of the film to within 20 %. Another advantage
of using a small thickness is the assumption of sinusoidal modulation closer to the
ideal case. Thicker films lead to a large variation of intensity along the thickness of

the film making the grating structure more complex.

6.3.4 Estimation of diffraction efficiency

Diffraction efficiencies have been calculated from the theoretical formula shown in
Eq.6.20 for laser wavelengths 488, 760 and 1314nm (for a 6.1 um, 5wt.% PYR-
3/APC film). The expected and measured values of the first order diffraction ef-
ficiencies for this film are shown in Fig.6.7. At 488nm the grating is treated as
a mixed grating due to the modulation of both absorption and refractive index
at this wavelength. The diffraction efficiency is calculated for the grating using
equation 6.20. At 760nm and 1314 nm the material does not have any absorption
component and thus it can be treated as a pure phase grating and the efficiency is
estimated using equation 6.21.

The @ factor of a 6.1um 5wt% PYR-3/APC film with grating of period, A =
2.85 pm is shown in Fig.6.7(a). Diffraction efficiencies as a function of wavelength
were estimated for a range of wavelengths using the approximation of “small mo-

dulation”. Theoretically estimated and measured values of the diffraction efficiency
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Figure 6.7 — (a) @ factor of a thin film made of 5wt.% PYR-3/APC with thickness
6.08 um and grating period 2.85 ym. (b) Diffraction efficiency estimated for for small
modulation.

Table 6.1 — Diffraction efficiency for the first order beam of a 6.1 pm, 5wt % PYR-
3/APC film with grating period, A = 2.85 um. nay is the average refractive index of
the film. Anj;qe,) is the refractive index modulation estimated using Kramers-Kronig
on A« of the film for linear bleaching approximation, An.,| is the refractive index
modulation estimated using Kramers-Kronig on a realistic A« considering nonlinear

bleaching as shown in Fig.6.5. ncal(ideal)and Mlcal(real) 1€ the calculated diffraction

efficiencies using Anjqq) and Angypt respectively and fmea is the measured diffraction
efficiency.

Anm)  nay  Anjgea]  Ampeal "lcal(ideal) "lcal(real) "Imea

488  1.5303  0.0210  0.0128 5.20 % 1.3 % 0.45 %
760 1.609  0.0191 0.0116 10.9 % 2.8 % 0.32 %
1314  1.568  0.0047  0.0029 0.40 % 0.1 % 0.07 %

for the wavelengths of interest are summarized in Table6.1. Results show that the
measured diffraction efficiency is much lower compared to the theoretically estima-
ted value. This is not unexpected due to a number of factors. One possible reason
for the discrepancy is that the grating is not purely sinusoidal since the bleaching
rate reduces once the inner depth of the film is considered and this will result in
a grating modulation that changes with depth. A more detailed discussion on the
photo induced bleaching of NLO chromophores is given in Chapter7. To ensure
maximum possible accuracy we have chosen the wavelength giving a penetration
depth larger than the thickness of the film. The discrepancy between the theoretical
and experimental values of diffraction efficiency is observed in other diffraction gra-
tings, for example Refs. [111, 112, 64]. Furthermore, the grating equation is based

on a number of assumptions that may not always be the case.
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6.4 Estimation of r33 from diffraction efficiency

The estimation of EO coefficient from the electric-field induced change in diffraction
efficiency uses the basic Pockels equation. That is, the modulation or change in
refractive index under an applied electric field is proportional to the applied electric
field. Theoretical formulation is based on the assumption that the material does
not show absorption at the measurement wavelength. In Section 6.3.4 we show that
equations for the “thick” and “thin” grating limits give the same equation for small
value of modulations. In this case, the diffraction efficiency of a pure sinusoidal

dielectric grating is:

mnid 2
= 6.35
K [)\cos 19] (6:35)
where, ny = An/2. Electric field induced change in refractive index of the

material due to an external electric field is given by Pockels formula [1]:

n(E) = —%ngrggE (6.36)

where ng is the ordinary refractive index of the material.
The diffraction efficiency when a constant electric field is applied can be obtained
by using the change in refractive index n1(E) = n; — dn(E) in Eq. 6.35 gives:

1 rd 1? 2
1E) = | 5oy | (Bn—nbruE) (6.37)

Normalized change in diffraction efficiency due to an external field, £(E) can be

written as:

n(E)—no (ndrssE — An) nirssE
70 B An?

For a moderate electric field, dn(F) < An and thus Eq.6.38 can be further

An/no = (6.38)

simplified to,

nirss B
A = 07997 )
/= A (6.39)
The EO coeflicient can be estimated from Eq. 6.39 as:
An (A
rgg = —a (”/E) (6.40)
g \ 7o
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where the average value of % /E can be obtained from the slope of the linear

fit to the plot of % against modulating field FE.

6.4.1 Condition of validity

The method of estimating the EO coefficient from the electric field induced dif-
fraction efficiency is based on some assumptions. The change in intensity of the
diffracted beam should be solely due to the modulation of the grating due to the
modulation of the effective refractive index of the grating. Presence of any process
additional to the modulation of the refractive index by the applied field can be tested
using the principle of conservation of energy.

The energy transfer mechanism in a pure sinusoidal phase grating can be expres-

sed as:

Lipe =~ Io + 20 (6.41)

Where, [ is the incident intensity, Iy is the intensity of the zeroth order and Iy
is the intensities of the £15¢ order. Any loss from the scattering as the transmission
loss through the film and ITO layer, and the reflection loss at the surface of the
reflecting electrode are neglected. For small modulation, in particular, as in the
case of the system under study, I is less than 5% by theory and less than 0.5 % as
observed from experiment. That is, the intensity of the first order beam is less than

1% of the zeroth order because Iy ~ in this case.

Tine

Now, the change in I; due to the modulation of the refractive index by an applied
field is based on the assumption that An < dn, where An is the modulation of the
grating and dn is the change in An due to the applied field due to the EO effect.
Then the maximum permitted change in the intensity of I; should be less than
100 %.

Considering these assumptions, the following properties are expected for the
zeroth and first order diffracted beams for the validity of this technique: (1) The
maximum change in the zeroth order beam should be less than 1 % for the full range
of electric field used during measurement. (2) The maximum change in the first
order diffracted beams, I; should be less than 100 %, that is AI; < I;, and (3) The
change in intensity of Iy should be approximately double that of the change in Iy,
that is Aly ~ 2AI;. However, in effect, the change induced by the applied field on

the zeroth order beam is negligible and potentially does not make any effect in the
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zeroth order beam.

6.5 Experiment using DC modulating field

A schematic of the experimental settings for the measurement using DC electric field
is shown in Fig.6.8. A laser beam passes through an attenuator, a polariser and
then through an optical chopper. A lock-in amplifier amplifier is used for accurately
measuring minute changes in the first order diffracted beam due to the applied
electric field. The polymer film, with grating, is placed between an ITO coated
electrode and a detachable block electrode the same way it was placed in Teng-Man
ellipsometry apparatus describer in Chapter 5. This is used to apply the electric field
across the electrodes. The laser beam reflected off the back electrode get diffracted.
Zeroth and first order diffracted beams are detected using photo-diodes which are
connected to a multimeter or lock-in amplifier coupled with the optical chopper. The
electric field is applied using a Thorlabs piezo driver that can be used to provide a
DC or amplify an AC modulating voltage for up to 150 V. The angle of incidence

used is ~ 9° from the normal to the film.

Photodetectors

Modulating field

_E_l 1st

To multimeter/Lock-in Amplifier

Chopper Polarizer Attenuator

_1st‘ M I

To chopper driver and Lock-in

Electrode/Film/ITO coated glass

Figure 6.8 — Schematic of the experimental set up to estimate EO coefficient using
diffraction technique with DC modulating field.

The diffraction efficiency of the film is measured for zero field and for a range of
DC electric fields across the film. Fig.6.9(a) shows the plot of diffraction efficiency
against the applied field. Fig.6.9(b) shows the change in diffraction efficiency over
the zero field diffraction efficiency (An(E)/no) against applied electric field. EO
coefficient of the material can be estimated from the slope of the linear fit to the

data using Eq. 6.40.
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6.5.1 Estimation of EO coefficient using DC field

Thin films of 5 wt.% PYR-3/APC with thickness approximately 6.1um were fabrica-
ted following the procedure explained in Chapter 4. Films are poled using the contact
plate electric field poling technique at 175 °C under Ep = 50 V/um for 15 minutes.
The measured electro-optic coefficient with Teng-Man apparatus using 760 nm ap-
proximately 170 pm/V. A wavelength of 760 nm is preferred over the conventional
1310 nm because the diffraction efficiency is relatively low at 1310 nm because the
diffraction efficiency reduces quadratically with wavelength (see Fig.6.7). Further-
more, 760 nm is visible and thus it makes alignment of the experimental set up rather

simple. The chopper frequency was set at 640 Hz.
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Figure 6.9 — (a) Diffraction efficiency for the first order diffracted beam, 7 as a function
of applied DC field for a 6.06 um film of 5wt% PYR-3/APC. (b) An(E)/ng vs. E for
the same data; Slope of the linear fit is 5.51 x 1079 m/V, where 7 is the first order
diffraction efficiency with zero field.

The measured diffraction efficiency of a poled film with period, A = 2.85 yum
without electric field at 760 nm was 0.248 %. Diffraction efficiencies for a set of
DC electric fields were measured using the experimental set up shown in Fig.6.8.
Measured diffraction efficiency as a function of applied DC field is shown in Fig. 6.9.
The change in diffraction efficiency normalized with the efficiency at zero field, An/ng
is plotted as a function of applied filed. EO coefficients are estimated from the slope

of the An/ny vs. E curve using Eq. 6.40.

The estimated EO coefficient is approximately 24 pm/V. This is about an order
of magnitude less than the value estimated from the Teng-Man ellipsometry tech-
nique at 1kHz but still higher than the theoretically expected value from molecular

first hyperpolarisability. A set of values of the change in diffraction efficiency and
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corresponding change in refractive index for an applied field of 16 V/um is summa-
rised in Table 6.2.

Table 6.2 — Measured and estimated values of diffraction efficiencies at 16 V/um for
a 5wt.% PYR-3/APC film for the values of EO coefficient estimated from theoretical
calculation, this experiment and Teng-Man ellipsometry method; Diffraction efficiency
at £ =0 was 0.248 %.

’ ‘ Theoretical ‘ Diffraction ‘ Teng-Man ‘

n(E) | 0252% | 0264% | 0373 %
An 0.0036 % 0.016 0.125
on 3.04 x 10~* 0.0015 0.0106
33 5 pm/V 24 pm/V | 175 pm/V

The measurement with DC field satisfies the condition for the validity of this
technique. Measured values of the zeroth order intensity did not show any notable
change with the modulating voltage. This is because the change in intensity of first
diffracted beam (I;) due the modulation of the grating is less than 10 % (Al max ~
0.1 I), where I; is about 0.05% Iy, and thus the effective change in Iy due to the
modulation is within 0.005 %. This is in a good agreement with the condition of the

validity of using the diffraction technique for the estimation of EO coeflicient.
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Figure 6.10 — (a) Diffraction efficiency as a function of applied DC field for a 6.1 ym
film of 5wt.% PYR-3/APC with 170 pm/V when measured using Teng-Man modulation
ellipsometry. (b) An(E)/no vs. electric field for the same data; Linear fit for two
segments of the plot are 3.226 x 107°m/V and 1.34 x 1072 m/V respectively. The
corresponding EO coefficients are 5.91 pm/V and 1.44 pm/V respectively.

A set of measurements made using a DC electric field on different films show
that the effect of external electric field on diffraction efficiency varies from sample to
sample. The relative change in diffraction efficiency with electric field observed in
Fig. 6.9 is opposite to the that of observed in a different film shown in Fig. 6.10. The

diffraction efficiency is reduced with applied field and in some cases the data cannot
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be fitted linearly. This is an indication that the electric field induced modulation
measured using the diffraction method is not of purely electronic origin ascribed
to the EO coefficient. This cannot be detected using the Teng-Man ellipsometry
method. A detailed analysis using AC field can possibly explain the source of the
overestimation by Teng-Man ellipsometry method discussed in Chapter 5. Detailed
analysis of this phenomena is discussed in Section 6.7 by using the data from AC

measurement.

6.6 Experiment using AC modulating field

The validity of using an AC modulating field for the measurement of EO coefficient
is tested in this section. When using AC fields, the experimental set up will become
rather simple because the set up does not require an optical chopper since the lock-in
can be coupled with the modulating field. The experimental set up for the estimation

of the EO coefficient using AC modulating field is shown in Fig.6.11.

To function generator Photodiodes

To multimeter/Lock-in Amplifier
1st

Polarizer Attenuator

Electrode/Film/ITO coated glass

Figure 6.11 — Schematic of the experimental set up to estimate rs3 using diffraction
technique with an AC modulating field with a modulating frequency of 1kHz.

In the presence of an AC modulating field, F(w) = Ey cos(wt), Eq. 6.38 simplifies

to,

26ng, cos(wt)

An/no = An

(6.42)

where, the 26ng, = n%ngE(). Also, by considering dn < An, the second harmo-
nic term will be filtered out by the lock-in amplifier. Then Eq.6.42 reduces to the
same form as Eq. 6.39 used in the case of static electric field. The EO coefficient can

be estimated from the slope of the An/ny vs. E plot using Eq. 6.40.
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6.6.1 Estimation of EO coefficient using AC field

Experiments with an AC modulating field have been made in a similar way to those
done using a DC field. The only difference is that the optical chopper is not required
in this set up because the driving function generator can be used to couple with the
lock-in amplifier. The film used for this measurement is from the same batch used
for DC measurements in Section6.5.1. The thickness of the 5wt.% PYR-3/APC
film used is 6.08 yum. The poling conditions are similar to the procedure followed
for the experiment with DC field. The measured EO coefficient using Teng-Man
apparatus at 760 nm wavelength and 1kHz was approximately 182 pm/V.
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Figure 6.12 — (a) Diffraction efficiency for the first diffracted beam as a function of
applied field for a poled ~ 6 ym thick 5wt.% PYR-3/APC film. The AC modulation
frequency was 1kHz .(b) An/n as a function of applied AC modulating field. Slope of
the linear fit to the An/n vs. E curve is 3.38 x 10~2m/V.

The measured diffraction efficiency of a poled film with period, A = 2.85 yum
without electric field at 760nm was 0.32%. Shown in Fig.6.12(a) a plot of the
diffraction efficiency using data shown in Fig.6.13(b). The change in diffraction
efficiency normalized with the zero field efficiency, An/ny was plot as a function of
applied field. The slope of An/ng vs. E curve was estimated from the data shown
in Fig.6.12(b).

estimated EO coefficient is, rss~ 17.8 pm/V. This is less than the value measured

EO coefficient is estimated from the slope using Eq.6.40. The

on the same sample using Teng-Man ellipsometry technique but comparable to the
values estimated from diffraction method using DC field. However, it is still an order
of magnitude higher than the value of EO coefficient expected from theory. General
issues observed with an AC modulating field is discussed in Section 6.7.1.

To test the validity, the change in zeroth order beam was measured with zero

field and with AC modulation as shown in Fig.6.13. The change in zeroth order
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Figure 6.13 — Plot of the effect of AC modulation on the zeroth order beam. This
kind of strong modulation on zeroth order was not observed during the measurements
using DC field.

beam is too large compared to the expected change because of the energy transferred
to the first order beam due to the modulation. This is significantly different from
the case of DC measurements where the change in the intensity of zeroth order was
negligible. Also, this breaks the condition for the validity of this technique because
there are other processes happening in this case other than the modulation of the
grating with the applied field. The unexpected modulation in zeroth order is likely

to be due to the inverse piezoelectric effect.

6.7 Analysis of diffraction technique

6.7.1 Effects of modulating frequency

Using an AC modulating field is a rather simple method compared to using DC
and it permits measurement at different modulating frequencies. One of the major
advantages of using an AC modulation technique is it can uncover many problems
associated with the measurement of EO coefficient of a poled polymer using Teng-
Man ellipsometry. In the Teng-Man method such effects cannot be observed as
independent issues instead it is observed as part of the EO effect.

The direction of change in diffraction efficiency varies from case to case. When
the measured data is in phase with modulating field the intensity of the zeroth order
beam decreases with the applied voltage while it increases when the diffracted beam
intensity is 180° out of phase with the modulating frequency. This is primarily

attributed to the presence of other factors contributing to modulate the intensity
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of the diffracted beam such as modulation of the incident beam due to the inverse
piezoelectric effects. That shows the phase between the modulating frequency and
the zeroth order beam can be in phase or out of phase.

The effect of modulating frequency on the diffraction efficiency was investigated
for a set of frequencies range from 100Hz to 30kHz. The measured diffraction
efficiency have been found to vary with modulating frequency as shown in Fig. 6.14.
This is similar to the effect observed in the Teng-Man modulation ellipsometry
experiment. This can be attributed to the presence of low frequency components
of the EO effect as discussed in Chapter 5. Contributions from the modulation of
the film thickness also can contribute significantly in diffraction technique, that is

explained in following sections.
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Figure 6.14 — (a) Diffraction efficiency as a function of modulating frequency for a
6.1 pm PYR-3/APC film for a 760 nm beam. The modulating field was 0.82 V/um. (b)
A similar effect observed in the r3s measurement using Teng-Man modulation ellipso-
metry.

6.7.2 Change in diffraction efficiency with lock-in phase settings

The changes in diffraction efficiency with applied field have been found to vary from
one film to other. That is in some cases the applied field makes additive change in the
diffraction efficiency while it reduces the diffraction efficiency in others. However,
it has been observed that this effect is specific to the film. This is observed in the
experiments using both AC and DC modulating fields. The phase of the lock-in
signal when doing AC measurements was analysed in detail for further analysis of
this phenomena. The diffraction efficiency has been found to decrease if the phase of
the output voltage of the detector is in phase with the modulating frequency. When
the detector output is out of phase with the modulating frequency the diffraction

efficiency reduces with applied voltage. That is, the intensity of the first order
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diffracted beam observe systematic change with modulating voltage depending on
the phase.

This effect can potentially be due to the change in transmittance because of
the thin film interference effects due to the multi-layered structure of sample. If
the material is EO active, its refractive index varies with the applied field and this
can make a small change in the transmitted intensity. However the contribution of
small change in refractive index because of the EO effect is negligible compared to
the effect due to small variation in thickness. Thickness variation can be due to the
piezoelectric property of the film. If the material has a piezoelectric property, the
applied electric field can make a small change in the thickness of the film and that
can also change the transmitted intensity. In addition, the piezoelectric effect can
vary the diffraction efficiency when an electric field is applied across the grating due

to the change in thickness.

6.7.2.1 Inverse piezoelectric effect

A strain induced by the applied electric-field can induce a small variation in piezoe-
lectric properties. Similar to the EO effects the piezoelectric effect is also linearly
related to the applied field [2]. More discussion on piezoelectric effect is presented in
Chapter 5 in the analysis of EO measurement. The change in thickness, Ad as given
Ref. [95, 96] is Ady, = Zj ay;Ejdy, where E is the electric field, a is the piezoelectric
tensor component. This shows that the piezoelectric effect can directly modulate
the grating due to the change in thickness.

The diffraction efficiency for low modulation is 7 = [mnid/(Acos¥)]?>. Where
the diffraction efficiency is proportional to the film thickness and any variation in
thickness can make field induced change in the diffraction efficiency. However, this
is negligibly small because even a 1% change in thickness can effectively change
only 0.01% of the diffraction efficiency. The piezoelectric coefficient should be suffi-
ciently large to make such a large change in diffraction efficiency as expected from
experiments. However, as far as we are aware the polymer host we used, APC, has
not been reported having a such a large piezoelectric activity. In addition to that,
if the thickness change is the cause of the modulation, the change in the diffrac-
tion efficiency should always have to be in one direction. However, in our case, the
diffraction efficiency as well as the phase varies from one film to other. Another

possible way that the thickness change can effectively modulate the diffracted beam
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is through the interference effect as described in following section.

6.7.2.2 Interference effect

The multilayer structure of the film lead to an interference pattern on the beam
transmitted through the system. The equation for transmittance through an air/glass/film/air

configuration can be defined using the relation:

2 .2
T T35 + 212 723 cOS(¢p)

1 7‘%2 rgg + 2r12 193 cos(p)

(6.43)

where, ¢ = (27m/A)2d ng, d is the film thickness, r12 and rog are the amplitudes
of reflection coefficients at the air-film and film-glass interface. Reflection coefficients
are estimated using the Fresnel equations on the refractive indices of air (n,;,), glass

(nglass) and the film (ngyy,)-
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Figure 6.15 — (a) Change in the effective transmittance simulated for a 6.0 yum and
a 6.1 yum PYR-3/APC film due to the thin film interference effect; vertical dashed line
shows the wavelength of interest, 760nm. (b) Change in effective transmittance at
760 nm for a PYR-3/APC film for a small variation in thickness from 6.1 um. (c) The
same as in (b) for 6.0 pm.

Thin film interference phenomena can amplify the possible chance of change in
the film thickness due to inverse piezoelectric effect. This effect is additional to
the electro-optic effect. Fig.6.15(a) shows the simulated transmittance data as a
function of wavelength for films deposited on glass substrate with thickness 6.0 um
and 6.1 ym. The transmittance is simulated using the refractive index of air, glass
and the estimated refractive index of the polymer film. In Figs.6.15(b) and (c) the

transmittance is plotted for 760 nm for small changes in thickness. It can be seen
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that a small change in thickness lead to a large change in the transmittance for a

given wavelength.

If the applied field can change the film thickness via an inverse piezoelectric ef-
fect, it leads to a modulation of transmitted intensity as a function of applied field.
The direction of the change in transmitted intensity is related to the position of
the wavelength over the sinusoidal interference pattern. The direction of change in
transmittance varies with wavelength, thickness, and refractive index of the film. A
small reduction in thickness from 6.1 ym film in Fig. 6.15(b) increases the transmit-
ted intensity while a similar thickness change in a 6.0 pm film shown in Fig. 6.15(c)

will result in a reduction of transmitted intensity.

Now, combining the piezoelectric effect with the interference effect on trans-
mission, one can see that the response of the transmitted intensity, and hence the
diffraction efficiency, changes with applied field. This effect can be additive or sub-
tractive depending on whether the change in thickness increases or decreases the
transmittance. This determines the phase between the transmitted signal and mo-
dulating voltage and can explain the An/n going up or down with applied field for
different thicknesses. This effect can also be present in the Teng-Man ellipsometry
method, resulting in a large overestimation of the EO coefficient of the samples
measured. For thinner films, this effect is small, and large for thick films. Also the

effect is reduced when going towards higher wavelength as expected from Eq. 6.43.

The relative change in the transmitted intensity of zeroth order and first order
diffracted beam as a result of applied electric field can be used to investigate whether
the effect is from the modulation of diffraction efficiency by EO effect or due to other
effects. In the case of modulation of grating by an applied field due to EO effect,
we show that Aly =~ 2A1;. That is,

AIO ~ —QA’OIQ (644)

Eq.6.44 shows that the resulting the change in Iy is very small due to a mo-
dulation of the diffraction efficiency. However, in the case of other effects, such as
interference effect, the modulation effect is similar on both diffracted and zeroth or-
der beams. If 7 is the modulation due to, for example, interference effect, the change
in intensity of each beam is relative to their intensity. That gives Al; =~ nAly then

the change in the zeroth order beam will be,
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Aly =~ Anly/n (6.45)

Egs. 6.44 and 6.45 show that the change in the zeroth order beam, Al is 1/2n
times larger in presence of any effects other than the modulation of the grating due to
the EO effects. A large modulation of the zeroth order beam in the AC measurement
(see Fig.6.13) and switching of phase and a related direction of modulation of the
diffraction efficiency can be attributed to this effect. A large change observed in the
intensity of zeroth order is a sign of presence contribution from the non-electronic
component. Although similar effect can be observed in using the Teng-Man method
the experimental settings of that technique does not provide options of this type.
Instead it give an estimate of the sum of all the effects as EO coefficient though
different groups suggested methods to reduce some of the effects contribution to
the over estimation of the measured EO coeflicients. These include corrections for

multiple reflection effects explained in Chapter 5.

6.8 Conclusions

A new technique for the measurement and analysis of the EO coefficient using a dif-
fraction method is proposed. The main advantage of this method is that it doesn’t
require a modulating AC field, rather it measures the static EO coefficient of the
material using a DC electric field. Measurement of EO coefficient using this tech-
nique can eliminate the multiple reflection effect [70] and cavity resonance [101] that
are considered as two major issues associated with the measurement of the EO coef-
ficient using Teng-Man ellipsometry. The validity of this method is tested for both
AC and DC modulating fields. Measurement using AC field does not satisfy the
condition for the validity of this technique, though it can be refined out by further
improvement of this technique. The results in Figs. 6.12 and 6.13 suggest that
interference effect dominates.

Measured EO coefficients using this technique have also been found larger than
the theoretically expected value but an order of magnitude less than the value esti-
mated by Teng-Man technique. Also, in the experiments using AC fields, the effect
of modulating frequency on the measured EO coeflicient is similar to what is obser-
ved from Teng-Man ellipsometry. The resonance frequency was found in the same

frequency range in both techniques on films of different thickness. This is a useful
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information because this may affect the performance of this polymer system in that
frequency range.

The main motivation of this technique was analysis of the over-estimation of
EO coeflicient measured using the Teng-Man ellipsometry. In the Teng-Man ellip-
sometry technique the modulation of the reflected (or transmitted, in transmission
mode) beam is considered solely due to the EO coefficient because the measurement
is done using the reflected beam. Results of this study show that the high “diffrac-
tion” efficiencies are actually due to an electric field induced modulation of the film
thickness or interference effect. Thus the EO coefficient is likely to be no more than

a couple of pm/V.



128 Chapter 6. Measurement of rss Using Diffraction Method




Chapter 7

Photostability of NLO

Chromophores

The development of next generation ultra-fast photonic devices relies on efficient
electro-optic (EO) materials. EO polymers have been demonstrated to show a
very large EO coefficient when compared to inorganic EO crystals[1]. Despite
the promise of high electro-optic coefficients compared to their inorganic counter-
parts one of the significant challenges that has hindered the commercial uptake
of organic electro-optic materials is the photo induced degradation of the NLO
chromophores [1, 25, 24]. In general, electro-optic chromophores developed for pho-
tonic applications do not absorb in the telecommunication wavelength, for instance
1300 or 1550 nm. However, their strong absorption in the visible region may conse-
quently lead to the degradation of the system when exposed to the visible region
of electromagnetic spectrum. To operate the device for a prolonged period of time
under a high photon flux it is important that the components have sufficient pho-
tostability. Investigations towards a better understanding of the photodegradation
mechanism of organic NLO chromophores dispersed in polymer matrices and me-

thods to enhance optical stability are discussed in this chapter.

A photodegradation model based on a distribution in the photodegradation
quantum efficiencies is presented. Effects of environmental parameters such as light
intensity, oxygen concentration etc on the photostability of the chromophores are
investigated. A systematic approach is followed to investigate how the chromophore
structure, chromophore concentration in the films, aggregation, and the quantum

chemical mixing of the ground state and the charge separated state as defined by

129
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bond length alternation are related to photostability. Three types of NLO chromo-
phores, PYR-3[84], IND-7 [81] and QUN-7[84], and their derivatives[113, 81] were
used for this study. Structures of all the chromophores used in this study are shown
in Chapter 4. These chromophores are synthesized within the IRL photonics group
for the development of polymers having a large EO effect.

7.1 Light induced degradation of NLO chromophores

Continuous exposure of NLO chromophores to light in the absorption band or in
the higher energy region transform them to compounds having no NLO property.
Fig. 7.1 shows the absorption spectrum during progressive bleaching of a solution
containing the chromophore IND-7 in CHCl; with UV radiation of 365 nm. Fig. 7.2
shows the absorbance of IND-7 chromophores in CHCl; while diluting the solution.
In both cases one can see the absorption of the solution getting reduced. A similar
effect is observed in both cases and can be explained by the exposure to the radia-
tion leads to a diminishing number of the chromophore molecules in the solution.
The normalised absorption data of the solution while diluting is different from that
when optically degrading the solution. This is because of transformation of the
chromophores to the degraded products. Degraded products do not generally show
a NLO effect or absorption in the main absorption band of the chromophores. The
other effects that can be observed when bleaching the chromophores compared to
diluting is the tendency of blue shifting of the main absorption peak and strengthe-
ning of the secondary absorption maximum. The optical bleaching process leads to
an appearance of a new peak in the high energy region outside the main absorption
band, due to the absorption of the bleached products.

In this chapter, in particular, different aspects of the process photo-induced de-
gradation of organic NLO chromophores in polymer matrices are investigated. The
drop in the absorption of the films containing chromophores due to bleaching is
similar to what is observed in the solution. An example for the bleaching of 3 wt.%
IND-7/APC film when exposed to an expanded 655 nm is shown in Fig. 7.3. In which
the absorption spectra gradually reduces with time. Normalised absorption spectra
while bleaching reveal other changes with bleaching; they are: (1) the secondary
absorption maxima (the shoulder at the high energy side of the absorption spectra)
reduces faster than the main absorption maxima. (2) New absorption bands develo-

ping above 900 nm and below 550 nm - this is primarily attributed to the absorption
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Figure 7.1 — (a) Absorption spectra during progressive bleaching of of IND-7 solution in
CHCI; by exposure to UV radiation at 365 nm; The arrow indicates increasing exposure
time from 10 mts to9 hrs. (b) Normalised absorbance.
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Figure 7.2 — (a) Absorption spectrum of IND-7 solution in CHCl; at different concen-
trations. (b) Normalised absorbance.

of the bleached products. (3) The red-shift of Amax with bleaching time. The ab-
sorption band appearing above 900 nm is not observed in the solution. This could be
due to the degraded product showing absorption above 900 nm is not stable in the
CHCI,; solution. Also, the relative change in intensity of the secondary absorption

peak of the film is different from that in the solution.
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Figure 7.3 — (a) Absorbance of a 3% IND-7/APC film while progressive bleaching using
a 655 nm beam, arrow indicates increasing bleaching time (b) Normalised absorbance.

The process of photodegradation due to the resonant absorption of light can

be explained as follows. The chromophore molecules shift from ground state to
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the excited state by absorbing light. At this point there is a certain probability
that the molecule undergoes an irreversible photochemical transformation to new
molecules that effectively have no NLO response. The average number of photons
required to photodegrade a chromophore is characteristic to the physical state of
the system containing chromophores and is denoted as B (or often By Je OF Bq /e)‘
Another common expression representing the optical stability of chromophores is the
photodegradation quantum efficiency, which is denoted as B~! = 1/B which is the
reciprocal of average number of photons required to bleach a chromophore molecule.
The physics and chemistry of basic photodegradation mechanism is explained in
Sections 7.1.1 and 7.1.2.

7.1.1 Photodegradation mechanism

Several processes can lead to the photodegradation of organic NLO chromophores.
The most effective is the oxygen mediated process involving singlet oxygen [24, 25,
114]. Singlet oxygen (1Os) is generated by transferring energy of a sensitizer mo-
lecule to a triplet oxygen (303). NLO chromophores in their excited state act as
efficient sensitizers for the production of singlet oxygen. Any excited state with
a sufficient long lifetime to allow intermolecular interactions will be quenched by
oxygen, because the energy transfer of both the excited singlet and triplet state
is spin-allowed. The energy of the oxygen excited states is lower than the triplet
states of most organic triplets and the small size of Os molecules allows for a rapid
diffusion in most media. As a result, no other intermolecular quenching mecha-
nism can compete with the oxygen mechanism [115]. The most important processes
involving the degradation of chromophores can be illustrated using the following

reactions [115, 25]:

S1+ 302 — T + 302 (71)
S1 4303 — S + 10, (7.2)
S — Ty (7.3)

T + 302 — So+ 102 (74)
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Absorption Fluorescence ‘

\
S, Tg

Figure 7.4 — Energy level diagram for a chromophore molecule, where Sy is the ground
state (with lifetime 7,), Si the singlet excited state (with lifetime 1), Tq the triplet
excited state (with lifetime 7r) of the chromophore molecule, ISC is the inter system
crossing.

T + 302 — So + 302 (75)

Where Sy is the ground state, S; the singlet excited state and T is the triplet
excited state of the chromophore molecule. The main pathway of singlet oxygen
generation is through quenching of the first excited triplet state by oxygen by the
spin-allowed process as shown in process 7.4. T generally has a long lifetime because
the T; — Sp transition is spin-forbidden [115]. The chromophore molecule, M, in the
ground state, Sg, reacts with the singlet oxygen to give the peroxide of the material

which is generally expected to be the main bleached product [25, 24].

M(Sg) + 109 — MOy (7.6)

By assuming Eq. 7.6 is the main process bleaching the chromophore which in-
volves the ground state molecule and singlet oxygen, two of the methods to increase
the photostability of the material could be quenching of the singlet oxygen, deple-
tion of the ground state molecule or stopping reactions leading to the creation of
the singlet oxygen. Singlet oxygen can be deactivated through a number of dif-
ferent processes, in order of increasing rate constants these are, radiative processes,

electronic to vibrational deactivation, charge-transfer quenching, chemical reactions
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and electronic energy transfer. Electronic energy transfer is only important when
molecules with triplet state energies slightly lower than the singlet oxygen energy
level are present. Usually in polymers the lifetime of singlet oxygen is limited by
the electronic to vibrational deactivation of the singlet oxygen state by neighbouring
polymer units and this occurs in a time frame of several tens of us[115]. On the
other hand in our case the singlet oxygen can also react with the double bond of the
chromophore and undergo an irreversible chemical reaction. This pathway can have
a higher rate constant than the vibrational deactivation and will probably limit the

singlet oxygen lifetime [52].

7.1.2 Photochemistry of photo-oxidation

Recent investigations carried out within our group on the degradation a PYR-3
chromophore have explained one of the dominant photodegradation pathway, as
shown Fig.7.5. Mass spectroscopy and NMR spectroscopy performed on freshly
made and optically degraded chromophores have been performed to investigate the
bleaching process. The proportion of the new molecules in the bleached products
data have demonstrated the degradation mechanism shown in Fig.7.5 is the main

photodegradation pathway [52].
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Figure 7.5 — (a) The trans and (b) the cis form of a PYR-3 chromophore (c), (d) and
(e) the expected products formed after photo-oxidation process. .



7.1. Light induced degradation of NLO chromophores 135

7.1.3 Basic photodegradation model

The time dependent photodegradation model was based on the following assump-
tions, the process is a one photon process, each molecule has a certain probability of
being transformed into a bleached molecule after having absorbed a certain number
of photons, uniform distribution of isotropic molecules and a uniform photon flux
and the photodegraded product does not absorb light at the irradiation wavelength.
The first photodegradation model proposed by Dubois [114] was developed using the

following rate equations.

ON(t,z) -
= —oN(t,z) B~ 'n(t, 2) (7.7)
8”(;2 ?) = —oN(t,z)n(t,2) (7.8)

where N (t, z) is the chromophore density, n(t,z) is the photon flux at time ¢
and distance z into the film from the surface of the film, o is the absorption cross
section of the chromophore at the given wavelength and B~ = 1/B is the intrinsic
photodegradation quantum efficiency. A solution to the above differential equations
assuming the photodegraded product does not absorb light at the irradiation wa-
velength can be expressed in terms of the instantaneous transmittance through the
film [114] by,

_ T'(c0)
T = T T (o0) exp(oN(0) L) — 1] exp(—omot/ B)

(7.9)

with L defined as the film thickness, N(0) the initial chromophore concentration,
T'(c0) the transmittance after bleaching. This equation can be further simplified by

rewriting in the form [114],

Ft) = — L _ exp(—omot/B) (7.10)

Using 8 = ongt this reduces to

F(B) = exp(~=B~'5) (7.11)

If all the assumptions are correct a single exponential decay can be expected

for F() and the photodegradation quantum efficiency can be found as the value
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of f when F(B) = 1/e[114]. Based on this model, the photodegradation quan-

~1 is independent of light intensity, oxygen concentration in the

tum efficiency, B
film, and F(B) follow an exponential relationship with 5. However, all these three

expectations are not satisfied in reality.

7.2 Experimental setup

Photodegradation experiments were made in air at atmospheric pressures and am-
bient temperature (15 °C to 21 °C) under a range of optical wavelengths and inten-
sities. A schematic representation of the experimental setup is shown in Fig. 7.6 and
the photograph of an experimental set up is shown in Fig.7.7. To obtain a good
quality Gaussian beam profile a spatial filter was used in the laser path and the
beam was expanded and a small pinhole was kept on the the surface of the sample

to get uniform irradiation over the film.

b
o pln ‘hole lens ~ sample

splitter .
laser ' I ‘ mirror

attenuator spatlal filtering
reference sample
detector detector

pin-hole/film/glass substrate

Figure 7.6 — Photodegradation experimental set up.

Before starting the experiment the film thickness, chromophore concentration in
the film and the absorption spectra of the film were collected. The transmittance
of the film was recorded as a function of time during photodegradation. A beam
splitter placed before the sample was used to reflect part of the laser beam to a
reference photo-diode and the transmitted beam was detected using another photo-
diode. The use of two photo-diodes nullifies any small laser power fluctuations. The

laser intensity on the film was varied by using neutral density filters or by adjusting
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Figure 7.7 — Picture of a photodegradation experimental set using a 532nm Nd:YVO,

laser beam.

the laser power. The number density (concentration) of chromophores in polymer

matrix was estimated using the method described in chapter 4. Number densities of

a range of chromophores used in this study correspond to the loading in APC are

given in Table7.1.
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Figure 7.8 — (a) Absorption coefficient of a 2.4 um, 5wt% PYR-3/APC film, vertical
dashed line indicates the wavelength used for photodegradating this film. (b) Trans-
mittance as a function of time while photodegradating this film with a 1 mW/mm? 532
nm laser beam; Inset is the data in (b) plot for F(8) vs. S.

Fig.7.8(a) shows the absorption spectra of a 2.4um, 5% PYR-3 film in APC.
Shown in Fig. 7.8(b) is the data when photodegradating the with at 1 mW/mm?. A

plot of transmittance against the time of exposure to radiation and corresponding

F(B) vs. 8 plot is given. The photodegradation quantum efficiency estimated from
the experiment, B~! is 1/1200 (B = 1200), which is the value of 3 when F(3)= 1/e.
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Table 7.1 — Chromophore number densities correspond to the chromophore loading in
APC.

Chromophore code Loading percentage in APC  Number density (cm™3)

PYR-3 5 8.370x10%
PYR-3 10 1.538x10%°
PYR-3 15 2.510x 1020
PYR-3B 8 9.281x 1019
IND-7 3 2.360x 1019
IND-7 5 3.767x10%
IND-7 8 6.098x 10"
IND-7R 5 3.825x 1019
QUN-7 5 3.626x 1019
QUN-7R 5 3.437x1019

Experimental results show that the the plot of F/(5) vs. 8 shows a deviation from the
single exponential. This is different from what is expected in the Dubois [114] model
based on the assumption that F'(5) vs. 5 can be fitted to a single exponential and the
model does not consider oxygen concentration in the film. This model was improved
based on the results from experiments using different oxygen partial pressures and

optical intensities [24, 67].

7.3 Effects of light intensity and oxygen partial pressure

Photodegradation quantum efficiency is specific to a chromophore determined by
the chemical nature of the molecule. Further to that, photodegradation quantum
efficiency of a system is related to many external factors including light intensity,
oxygen partial pressure, chromophore concentration in the films and film thickness.
This section deal with the effects of light intensity and oxygen partial pressure on
the photodegradation of NLO chromophores.

To investigate the effects of photon flux (light intensity) on photodegradation,
a series of photostability experiments were made in air over a range of optical in-

tensities on different chromophores. In Fig.7.9 the evolution F(() against 8 at
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different optical intensities are plotted plotted for films of 5 wt.% IND-7/APC. The
average amount of photons needed to degrade a chromophore decreased by more
than an order of magnitude, that is from 61000 to 1258 with the decrease in in-
tensity from 35 mW/mm? down to 0.17mW/mm?. In Fig.7.10 Bi/e is plotted for
a set of photodegradation experiments made on 5wt.% IND-7/APC films using a
655 nm laser. An exponential dependence of ;. was observed with light intensity.
Fig.7.10(b) shows intensity dependent data for a broader intensity range made on 5
and 15 wt.%PYR-3/APC. PYR-3 is used for convenience because it can be degrada-
ted using high power Nd:YVO, laser that can help with experiments at higher light
intensities. The trend of the intensity dependence of photodegradation is similar for

two of the chromophores investigated as shown in Fig. 7.10.

0 40 50

10°p 3

Figure 7.9 — F(3) againstf plot for the photodegradation data obtained by optically
degradating a 5wt.% IND-7/APC film at different light intensities, arrow indicates
increasing intensity; 0.17, 1.5, 7.5, 15.7, 35mW /mm?; Inset is a plot of B = Bi/e
against laser intensity.

The effects of incident light intensity on the bleaching rate has been the subject
of recent studies [25, 116, 24]. With increasing light intensities there seems to be an
increase in the average amount of photons needed to degrade a chromophore. It was
suggested in [25] that this increase in photostability is due to the depletion of the
chromophore ground state population. Only the chromophores in the ground state
can undergo degradation and thus depletion of ground state leads to an enhancement
of photostability [25]. Chromophores in the triplet state do not contribute to the
absorption of light and hence the diminished population of the ground state can lead
to a reduction in the absorption [25]. However, in other reports as given in Ref. [116]
and the research performed in our group[117] have found that the depletion of
oxygen which is being used in the degradation reaction is the reason for the increase

in stability with optical intensity [24].
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Figure 7.10 — Plot of photodegradation quantum efficiency as a function of light
intensity: (left) for 2 um 5% IND-7/APC film and (right) for a 5% and 15% PYR-3
film in APC [24].

From the intensity dependent photodegradation experiments made on PYR-3
experiments there are three different regimes. At low light intensities the concentra-
tion of oxygen in the film can be regarded as constant because of the fast diffusion
of oxygen into the film which compensates the oxygen used during the degradation
process. The diffusion Eq.7.16 can be set to zero and the bleaching rate is in this
case linearly dependent on the light intensity. This case has been widely studied and
used to model the formation of waveguides using photodegradation. When the light
intensity is increased, the oxygen concentration N,, cannot be considered constant
in time and space and the oxygen diffusion equation has to be included and the
photodegradation rate is limited by the diffusion rate of oxygen into the film. There
will be oxygen depletion due to photo-oxidation of the chromophores and the oxi-
dation rate will become linearly dependent on the local oxygen concentration. The
local oxygen concentration will be inversely proportional to the intensity and thus
a systematic decrease of the photodegradation quantum efficiency with intensity is
observed. When the light intensity is increased above a certain value, thermal effects
start to play a major role in the degradation of the chromophore-polymer guest-host
system [24].

It was suggested that the photostability increase at high intensities is due to
depletion of the chromophore ground state Sy [25]. However, studies by our group
have demonstrated it is the depletion of oxygen and not the depletion of ground state
is leading to a high photostability at higher intensities [24, 118]. The influence of this

can be demonstrated using a simple three level model for the chromophore as shown
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in Fig. 7.4. The lifetime of the singlet excited state S; of PYR-3 was measured and
varies between 0.5 ns and 3.3ns depending on the PYR-3 concentration [67], while
the lifetime of the triplet excited state of PYR-3 is unknown, but is typically in the
range of ms to s for chromophores [119, 120]. The rate equations for such a system
are [117]:

- g 1T 12
bt (7.12)

£h_Zg_ 2 (7.13)

ONp N1 Nrp
— = 7.14
8t Tisc T ( )

with N the average occupancy of the Sy ground state, N the average occupancy
of the Sy excited state, N the average occupancy of the T; triplet state, t; the
singlet excited state lifetime, 1;5. the inter-system crossing lifetime from S; to Ty,
7 triplet excited state lifetime. 7, the lifetime of the ground singlet state and can
be estimated as 7, = on with o the absorption cross section at the wavelength used
and n the photon flux.

The intensity dependent photodegradation is a result of oxygen mediated pho-
todegradation. The result can be summarised as follows: At low intensities the
oxygen concentration can be regarded as constant (Dubois model [114]) and at hi-
gher intensities the oxygen content will decrease rapidly after illumination starts
and it will be almost completely depleted. In this case the photodegradation rate
will be limited by the oxygen diffusion rate into the film. Recent investigations by
our group [24, 118] on 10 wt.% PYR~3/APC with approximately 2 um thickness have
demonstrated the photostability has a reciprocal relationship with oxygen partial

pressure [24].

7.4 Modified model of photodegradation

Observations discussed in Section 7.3 show that the photostability of chromophores
has a strong relationship with light intensity. Our group [118, 24, 121] has investiga-
ted that the photodegradation quantum efficiency is related to the oxygen concen-

tration in the film. The Dubois model [114] does not, however, consider the oxygen



142 Chapter 7. Photostability of NLO Chromophores

concentration in the film which has been motivated the development a photodegra-
dation model considering the oxygen concentration [24].

By considering the effects of oxygen concentration in the film, the photodegra-
dation differential equations in Eq.7.7 have been modified to the following rate

equations [24],

8N§’z) = —0N(t, 2)n(t, 2) Nop(t, 2) Jaoy — oN(t, 2) By *n(t, 2) (7.15)

ONoy(t,2)  0*Nog(t,z) = ON(t,2)
o P a2 T

where N (t,z) is the chromophore number density, n(t,z) is the photon flux,

(7.16)

N, is the oxygen concentration, a,, is a constant specific to the chromophore, o
is the absorption cross section of the chromophore at the wavelength used in the
experiment, By is the inverse of intrinsic photodegradation quantum efficiency and
D is the oxygen diffusivity specific to the polymer.

The intensity dependent photodegradation shown in Fig.7.10 leading to a sys-
tematic increase in )/, with increasing irradiation intensity can be explained by a
time dependent oxygen content within the films as expected from Eqs. 7.15 and 7.16.
For high intensities, the oxygen concentration in the film is quickly depleted by chro-
mophore photodegradation and the photodegradation probability will be limited by
the oxygen diffusion rate into the films. For low intensities, the photodegradation
rate is low enough that there will be nearly a constant oxygen concentration though
the films and hence j; . is expected to be lower. For very low intensities, the oxy-
gen concentration in the film will not change significantly with time and hence it
is expected that F'(3) should be described by Eq.7.11, which is consistent with the
data of 5 and 15wt.% PYR-3/APC in Fig. 7.10(b) for the lowest intensity.

Eq.7.16 describes the time evolution of the oxygen concentration in the film,
which will be a balance between oxygen diffusing into the film and oxygen used
during the degradation process. The first term in Eq.7.15 describes the oxygen
mediated degradation pathway and the second term the residual degradation by
other mechanisms. When oxygen is present in the film 1/By is expected to be a
couple of orders smaller compared to N,;/a,, and in this case the second term can
be neglected [24]. In the absence of oxygen the first term will become zero and in this

case the transmittance in time, T'(¢), can be approximated by the photodegradation
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model by Dubois [114].

The modelled F(3) vs. (3 for different intensities is shown in Fig.7.11 (a) toge-
ther with the experimental data. The increase in the photodegradation quantum
efficiency with intensity can be described well with this model for the first part of
the degradation as can be seen in this figure. At longer times there is a devia-
tion of the calculated transmittance with the experimental data, which could be
explained by a number of factors such as the existence of different photodegrada-
tion quantum efficiencies and/or different absorption cross sections arising from a
polarisation dependent transition probability [67]. This show that the photodegra-
dation model needs further improvement by considering multiple photodegradation

quantum efficiencies.
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Figure 7.11 — Plot of the transmittance T'(¢) against time during illumination at
532nm for (a) a 2.4 um 5% PYR-3/APC film with an incident intensity 1 mW/mm?,
and (b) a 2.05um 15% PYR-3/APC film with an incident intensity 0.47 mW/mm?.
The insets show the corresponding F'(t). The dotted curves are the modelled data for
short times assuming only one photodegradation quantum efficiency where B = 1100
and 1400 for 5% and 15% PYR-3 by weight, respectively. The dashed curves are the
modelled curves assuming three B’ values.

7.4.1 Model based on multiple photodegradation pathways

It is apparent from Figs.7.8, 7.9 and 7.11 that the evolution of F(f) with time
cannot be fitted to a single exponential. The deviation from the expected single
exponential needs to to be investigated to develop a more realistic model. Better
understanding of the photodegradation mechanism is important to develop new
methods for enhanced optical stability of the chromophores. The departure of F(/3)
plot from single exponential was reported previously from measurements on 10 wt.%
PYR-3/APC thin films [24, 118] where the measurements are done without a pinhole
and hence it was expected that the departure from a single exponential could be

due to a varying laser intensity across the film [24, 118, 121]. However, this is not
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the case in the new set of experiments we made because we used an expanded
laser beam and a 100 pum pinhole to ensure that the intensity was constant across
the film. Experiments were repeated using a further expanded beam and a 1 mm
pinhole to avoid the diffraction effect caused by the small pinhole in the range of film
thickness. This was confirmed by optical microscopy after photodegradation where
the resultant bleached area was circular and with the same diameter as the pinhole.
Most of the previous reports of chromophore photo-bleaching also find that Eq. 7.9
does not provide a good fit for all times and hence Equation. 7.9 is used to model
the data for short times only [114, 122]. This has also been done for our data and we
show in Fig.7.11 T'(t) and F(t) for 5wt.% PYR-3/APC and 15wt% PYR-3/APC
where B = 1100 and 1400, respectively.

The failure of Egs. 7.9 and 7.10 to provide a good fit to the data over a large time
range suggests that there is a polarisation-dependent photodegradation or there is
a distribution in the photodegradation quantum efficiencies. The first possibility
could occur if the Sy to S; transition probabilities strongly depend on the polarisa-
tion of the incident beam. Simulation results provided by Quilty [123] showed light
polarised perpendicular to the bridge contributes less than 10% of the absorption
and shows peaks at higher energies which are attributable to transitions within the
donor and acceptor rings[67]. Thus, the absorption cross section depends on the
angle between the electric field of the incident light and the principal chromophore
axis, which results in a orientational distribution of the absorption cross section
if PYR-3 is randomly orientated in the PYR-3/APC films. The second possibi-
lity could occur if, for example, there existed an intermediate product that then
photodegraded [124, 125]. However, we expect this is unlikely in our case because
there is no evidence for another absorption peak above 450 nm during bleaching
and there is no significant absorption above 450 nm after complete bleaching. Note
that trans- and cis- isomers of PYR-3 might be expected to occur in the film be-
cause NMR of the starting powder shows that both isomers exist. However, the
So to Sp transition probabilities are not expected to be significantly different for
both isomers. To be able to characterise our photostability data, we consider a
model where there are 3 photodegradation quantum efficiencies and/or 3 different
absorption cross sections arising from a polarisation dependent transition proba-
bility and/or a distribution in the photodegradation quantum efficiency. We also
include oxygen diffusion into the films and oxygen-mediated photodegradation. The

resultant differential equations can be written as [67],
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améi’Z) = —aN (8,2)m(B, 2) (7.17)
ON(B,2) Now(8,2) <= . o;

i = —om(B, z)m ;N (B.2) 2 (7.18)

ONoz (5, 2) _ D,82N0w(5,z) n ON(B,2) (7.19)

s 022 ap
where 5(t) = ng x t, m(5,z) = n(t,z)/ng, n(t,z) is the photon flux at time
t and at distance z into the film, N (g, z) is the total chromophore concentration,
Noz (53, z) is the oxygen concentration in the films, D’ = D/ng, and D is the oxygen
diffusivity in the films. The three chromophore concentrations are Ny (3, z), Na(53, z),
and N3(f, z) where the corresponding absorption cross sections are o1, 02, and o3,
and the average number of photons required to degrade a chromophore at room
temperature and pressure are By, Bs, and Bj, respectively. We previously showed
that the average number of photons required to degrade a chromophore is inversely
proportional to the oxygen partial pressure. The average absorption cross section is
o = [01N1(0) 4+ 02 N2(0) + 03N3(0)]/N(0).
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Figure 7.12 — Plot of the transmittance against 3/2.67 x 10 (solid curves) for (a) a
2.4 pm thick 5% PYR-3/APC films and (b) a 2.05 ym thick 15% PYR-3/APC film. The
arrows show increasing intensity of 1 mW/mm?, 5mW/mm?, and 50 mW/mm? for the
5% films and 0.47mW /mm?, 6.8 mW /mm?2, and 29 mW /mm? for the 15% films. The
excitation wavelength was 532nm. Also shown are the modelled data assuming three
B’ values (dashed curves) and a time-dependent reduction in the oxygen concentra-
tion by chromophore photodegradation. Insets: Corresponding plots of the transmit-
tance against 3/(n2.67x10%) where 7 is the photostability enhancement factor for (a)
1 mW/mm? (solid curve) 5mW /mm? (dashed curve) and 50 mW/mm? (dot dash curve)
and (b) for 0.47 mW /mm? (solid curve), 6.8 mW/mm? (dashed curve) and 29 mW /mm?
(dotted curve).

One of the key merits of this model is that it removes the dependence on the

initial photon flux and enables data to be compared when the incident photon flux
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is varying. Analytical solution similar to that derived for the Dubois model [114, 24]
is, unfortunately, not possible for this differential equations. A fit to the experimen-
tal transmittance data was found via numerical solution using the finite difference
method in pascal. The data in Fig.7.12 were modelled using this model where the
optical intensities are low enough so that the oxygen concentration in the films can
be considered constant. It can be seen that the use of 3 photodegradation quantum
efficiencies and/or absorption cross sections provide a good fit to the data. The
measured average absorption cross section, at 532 nm was 5.5 X 1077 ¢cm™2 for the
5wt% PYR-3/APC film and 7.8 x 10717 cm~2 for the 15wt.% PYR-3/APC film.

Table 7.2 — Table of parameters used to model the transmittance data in Fig. 7.11 and
Fig.7.12 for 2.4 pm thick 5% PYR-3/APC films at 532 nm. The initial chromophore
number density, N(0), was 8.37 x 10!? ecm~3.

Light intensity, I (mW/mm?) 1 5 50
N1(0)/N(0) 0.7 0.71 0.71
N5 (0)/N(0) 0.23 0.2 0.2
N3(0)/N(0) 0.07 0.09 0.09
Bj 980 980 980
B} 6900 6900 6900
B 29400 78400 78400
Noz(0) (em™3) 3.36 x 10" 3.36 x 10'8  3.36 x 10'8
D (em?s71) - 32x107%  3.2x1078

The resultant fit parameters are listed in Tables 7.2 and 7.3 where BZ/- = %Bl
The 5% PYR-3/APC film can be fitted with a main component where B} = 980.
The corresponding main component for the 15wt.% PYR-3/APC was Bllz 1073.
These values are similar and indicate that the main photodegradation quantum
efficiency does not strongly depend on the PYR-3 concentration. The results from
photodegradation measurements at a range of intensities for 5wt.% PYR-3/APC
and 15wt.% PYR-3/APC films are plotted in Fig.7.12, where the film thicknesses
were 2.4 ym and 2.05 ym, respectively. The transmittance data are plotted against
£/2.67x10 where 2.67x10' cm™2 is the photon flux for an incident intensity of
100 mW/mm?2. Note that the maximum optical intensities are below the thermal
damage threshold, which is 300 mW /mm? for 15wt.% PYR-3/APC films.
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Table 7.3 — Table of parameters used to model the transmittance data in Fig.7.11
and Fig. 7.12 for 2.05 um thick 15% PYR-3/APC films at 532 nm. The chromophore
number density, N (0), was 2.51 x 102° cm~3.

Light intensity, I (mW/mm?) 0.47 6.8 29
N1(0)/N(0) 0.66 0.62 0.64
N2(0)/N(0) 0.12 0.28 0.26

N3(0)/N(0) 0.22 0.1 0.1
B 1073 1073 1073
B 5360 7660 25300
B 8940 35800 31600
Noz(0) (em™3) 3.36 x 10" 3.36 x 10'8  3.36 x 10'®
D (cm?s™1) - 1.35x 1078 1.35 x 1078

The transmittance data were modelled using Eqs. 7.17-7.19. The best-fit curves
for some of the data are plotted in Fig. 7.12 and the resultant best-fit parameters are
listed in Tebles 7.2 and 7.3. Note that Ny;(0) is in the range of values obtained from
solubility measurements on some other polymers where saturated oxygen concen-
trations range from approximately 1.9x10'® to 1.9x10' em=3[126]. The oxygen
diffusivities are reasonable given that measurements on some other polymers pro-
vide diffusivities as low as 2.4 x 1078 cm?s~! [127]. We first consider the results from
fitting the 5 wt.% PYR-3/APC thin film data. It is clear in Table 7.2 that the data
can essentially be fitted with the same parameters and the only change is an increase
in B’ for the small fraction (/N3) that has the highest B’ value. This shows that the
photostability enhancement for high incident optical intensities can be reasonably

described by oxygen-mediated photodegradation for low PYR-3 concentration.

It can be seen that T'(3) increases slowly for samples bleached at higher optical
intensities. This enhancement can also be seen in the insets to Fig. 7.12 where T'(3)
is plotted against §/n where n is the photostability enhancement factor obtained
by scaling to the data with the lowest optical intensity. The data fall on a common
curve for low intensities. For high intensities there is a small deviation for large
values. The resultant photostability enhancement factor is plotted in Fig.7.13 for
the different PYR-3 concentrations and a range of optical intensities, where it can

show that the enhancement factor is higher for the higher PYR-3 concentrations.
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Figure 7.13 — Plot of the photostability enhancement factor, 7, against light intensity
at 532 nm for (a) a 2.4 um thick 5% PYR-3/APC (filled circles) and (b) a 2.05 ym thick
15% PYR-3/APC (open circles).

7.5 Effects of film thickness

Physical conditions of the films can make a strong influence on the photostability
of the chromophores dispersed in them. Experimental results of the photodegra-
dation experiments made on 5wt.% PYR-3/APC films of three different thickness
are summarised in Fig.7.14. Results show that, at a given intensity, the effective
photostability of chromophores at a given intensity and oxygen partial pressure is
directly proportional to the film thickness. Data shown in Fig. 7.14 shows the ave-
rage photostability of the PYR-3 chromophore in APC has a linear relationship with

film thickness, for a small thickness range of 2.4 ym to 7.5 ym.
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Figure 7.14 — (a) Transmittance data when photodegradating 5 wt% PYR-3/APC
films of 2.4 ym, 3.84 um and 7.5 ym using 532 nm and intensity 50 mW/mm?. (b) F(3)
vs. 3 plot for the same data. Inset shows the value of B = ;. vs. film thickness.

It has already been demonstrated that the degraded product of PYR-3 does
not absorb radiation at the irradiation wavelength [24, 67]. This result showed the
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high photostability in this case is not due to the activity of bleached products.
Transmittance of thick films are not expected to show any scattering losses that
may lead to a reduction in the effective light intensity. The reduced photon flux
with thickness due to the absorption by the chromophore molecules as observed
from Eq.7.17. The light intensity drops to 1/e value for thickness of about 2.5um.
The film thicknesses need to be within the skin depth for the irradiating wavelength
to get a good estimate of the photodegradation quantum efficiency. The intrinsic
photodegradation quantum efficiency of the chromophore does not actually vary
with thickness. The high estimate with thickness observed is due to the reduction

in photon flux.

7.6 Effects of chromophore concentration

We have observed an enhancement in photostability when the chromophore concen-
trations are increased. Effects of chromophore concentration in films for a set of
concentrations for IND-7 chromophores are shown in Fig.7.15. This is similar to
what is observed in the case of PYR-3 for 5 wt.% and 15 wt.% as shown in Fig. 7.11.
However the change is large in the case of IND-7 compared to PYR-3. In PYR-3
B1/e for 5 wt.% and 15 wt.% are 1100 and 1400 respectively for the films of approxi-
mately 2 um thicknesses and light intensity 1mW /mm?2. In the case of IND-7 for
similar film thickness, the photostability, f3;/., at a light intensity 15.7 mW /mm?
nearly doubles when going from 3wt.% to 8 wt.%. The increasing chromophore
concentration effectively lead to a higher photostability in both chromophores we
have investigated. The large change in IND-7 compared to PYR-3 is not unexpec-
ted because the effect of concentration is large at higher intensities. This can be
observed in the intensity dependent photodegradation data of PYR-3 for 5 wt% and
15 wt% loading shown in Fig. 7.13.

One of the possible explanations for the enhancement of photostability by the
chromophore concentration is due to the quenching of the singlet excited state via a
non-radiative decay process [67]. This is possible by an exchange of the excited state
energy between chromophores leading to a non-radiative recombination site. Chro-
mophore aggregates can be considered as non-radiative recombination sites. Thus it
is possible that higher concentration leads to increased aggregation and thereby an
enhancement in the non-radiative decay process. This phenomena can be explained

using the result that the quenching of average photoluminescence (PL) lifetime at
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Figure 7.15 — Plot of F'(8) against § plot for three concentrations of IND-7 chromo-
phores in APC with 2.1um thickness when photodegradating with 655nm laser and
intensity 15.7mW/mm?. Inset is the plot of 5, /e against chromophore loading by wt%
in APC.

higher concentrations that eventually leads to a reduction in the creation of singlet
oxygen which in turn leads to an enhanced photostability. PL lifetime data sho-
wing the quenching of the singlet exited state lifetime with increasing chromophore
concentration is explained in Ref. [67]. A substantial reduction in the average PL

lifetime was observed when the chromophore concentrations increase from 0.1 % to
10% [67].
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Figure 7.16 — (a) Absorption spectra of 1% (black solid curve), 3% (blue solid curve),
5% (green solid curve) and 8% (red solid curve) IND-7 film in APC; Inset is the plot
of shift in the absorption maxima, Amax with chromophore loading in APC. (b) Nor-
malised absorption coefficient of the absorption spectrum, arrow indicates increasing
concentration; Inset is the relative change in secondary maxima with Amax.

Unfortunately, lifetime measurements were unable to be performed for IND-7
chromophores because the emission band of the chromophore is above 800 nm, which
is beyond the limit of the experimental facility we have. The absorption spectra
of 1%, 3%, 5% and 8% loading of IND-7 in APC is shown in Fig.7.16. There
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is a red-shift of absorption maxima with increasing concentration that is a sign
of increased inter chromophore interactions at higher chromophore concentrations.
The red-shift could also be due to an increased dielectric constant at higher loadings.
One or more shoulders are observed in the absorption band of chromophores with
long conjugation length [26, 84, 81]. Chromophores having a longer conjugation
length are expected to be more susceptible for aggregation than those with a small
conjugation length [26]. This could possibly be a reason for the large enhancement
of photostability in IND-7 compared to PYR-3.

7.7 Strategies to achieve high photostability

Photodegradation experiments as well as results from the literature show that pho-
todegradation can be reduced by reducing the oxygen concentration in the film.
Other methods to enhance the photostability of chromophores are by quenching
of the triplet state of the chromophore which is reacting with oxygen to produce
singlet oxygen leading to the degradation of chromophores. Quenching of singlet
oxygen is another possible way to reduce the rate of photodegradation. Also, it has
been reported that the photostability of chromophore is an intrinsic property of the
molecule. This section explain experimental results from systematic experiments
to test the photostability of new chromophores synthesized by our group at IRL.
Also, the effect of structural modifications made for high NLO effects is investigated.
The effect of singlet oxygen quencher S-carotene to enhance photostability and the

mechanism of enhancement is discussed.

Photostability of an NLO chromophore is highly structure dependent [128, 129,
124]. Investigating new chromophores with large and stable EO response together
with adequate optical stability have been a subject of interest [113, 130, 63, 81]. We
have made photostability experiments on chromophores of different classes. Some
of them found to be more photostable than others. In all our photodegradation
experiments the acceptor group is kept constant and the changes made are in the
conjugation length as well as the donor group. Following sections investigate how
some structural modifications made on chromophore molecules affect the photosta-

bility.
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7.7.1 Bulky substitution on PYR-3

The inclusion of substituents that give the chromophore a more oblate, or disc sha-
ped structure, are known to be the most effective in the work discussed in Chapter 5
towards developing chromophores showing a high and temporally stable electro-
optic response, we have investigated a high and stable electro-optic response by the
addition of a bulky substitute with PYR-3. The structure of the new chromophore
with bulky substitution is shown in Fig.7.17. The stability as well as a higher
electro-optic response was achieved through reducing aggregation by reducing the
interaction between neighbouring chromophores due to the bulky substituent. We
have investigated how the substitution of bulky group have influenced optical sta-
bility of the system. It is important to ensure that improving one of the properties

of the chromophore does not adversely affect other qualities of the system.
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Figure 7.17 — Structures and absorption spectra of PYR-3 and PYR-3B in the films
made of similar chromophore concentration and thicknesses in APC. Dashed line indi-
cates the wavelength used to degrade the chromophores.

Fig.7.18(a) shows the transmittance of both PYR-3 and PYR-3B having similar
chromophore concentration in the film as a function of the number of photons times
the irradiation time (total number of photons). The plot of F'(5) vs. § is shown in
Fig.7.18(b). Photodegradation experiments made at two different intensities show
that the optical stability of the chromophore was not affected by the bulky substi-
tute. Instead, an enhancement of photostability, though very little, was observed.
Photodegradation experiments done at two different intensities and the results show
that the trend is similar in both chromophores. The result show that the enhance-
ment of NLO effect obtained by a bulky substitution in PYR-3 is achieved without

compromising photostability of the system.
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Figure 7.18 — (a) Plot of the transmittance at 532 nm against incident photon flux
for a 8 wt.% PYR-3B/APC film (2.40 pm thick) with incident laser intensities of 1
mW /mm? (blue solid curve) and 5 mW /mm? (blue dashed curve), and a 5 wt.% PYR-
3/APC film (2.37 pm thick) with incident laser intensities 1 mW/mm? (green solid
curve) and 5 mW/mm? (green dashed curve) at room temperature. (b) Plot of F(3)
against (3 for incident laser intensities of 1 mW/mm? (solid curves) and 5 mW /mm?
(dashed curves). The curves with high F(/3) values are from the 8 wt.% PYR-3B/APC
film.

7.7.2 Partial ring-locking on IND-7 and QUN-7

The motivation to include partial ring-locking was based on the concept that the
planarity of the chromophore can be increased as a result of ring-locking and that
may possibly give a large molecular NLO activity. This will eventually lead to a
large EO coefficient at the macroscopic level[83]. Ring-locking is also expected to
increase the thermal stability of the chromophores [83]. Two chromophore used for
the investigation of the effect of ring locking are QUN-7 and IND-7. The structures
of IND-7 and QUN-7 and their ring-locked derivatives as well as the normalised
absorption coefficients in films are shown in Figs.7.21 and 7.19. The change in
absorption spectra of the chromophores after ring locking have been analysed. The
ring-locking lead to a red shift in the absorption maxima for QUN-7 (see Fig.7.21)
while in the case of IND-7 ring-locking broadened the spectrum with nearly the

same intensity for both primary and secondary absorption maxima (see Fig.7.19).

Fig. 7.20 shows the photodegradation experimental data for IND-7 and IND-7R
chromophores in APC at similar chromophore loading with similar film thickness.
The films are irradiated with a 655nm laser at similar intensity. The average B
value of IND-7 at 15.7 mW/mm? is 27258, while that for IND-7R is 20171. The
result show that IND-7 is more photostable than IND-7R. That is the ring-locking
lead to a reduction in the photostability of IND-7 chromophore.
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Figure 7.19 — Structures and absorption spectra of IND-7 and IND-7R in the films
made of mixing similar chromophore concentrations, 5 %, and thicknesses, 2.2 ym, in

APC.
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Figure 7.20 — (a) Plot of the transmittance at 655 nm against time for a 2.2 pm thick
5 wt.% IND-7/APC film (green solid curve) and a 2.1 pum thick 5 wt.% IND-7TR/APC
film (red dashed curve) for incident laser intensity of 35 mW/mm? (b) Plot of F(J3)
against (.

Photodegradation experiments were performed in QUN-7 and QUN-7R chro-
mophores. The films of QUN-7 and QUN-7R are prepared using similar chromo-
phore concentrations and similar film thicknesses (~ 5 pum) and are degraded using
the same wavelength at similar optical intensity. This is important because it has
been shown in previous sections that the physical conditions such as light intensity,
chromophore concentration and film thickness can largely influence the estimated
photostability of films. The results show a very large enhancement in the photo-
stability after ring-locking. Photodegradation experimental results for QUN-7 and
QUN-7R are shown in Fig. 7.22. The average B value of QUN-7 at the experimental
conditions is 53290 and 216300 respectively at a light intensity of 10 mW /mm?2.

Results from the photodegradation experiments made on each set of films under
similar experimental conditions that in IND-7 chromophores a reduced photostabi-

lity as a result of ring-locking and a substantial enhancement in photostability in the
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Figure 7.21 — Structures and absorption spectra of QUN-7 and QUN-7R in the films
made of mixing similar chromophore concentrations in APC.
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Figure 7.22 — (a) Plot of the Plot of F'(5) against 5 at 760 nm for a 5.1 pm thick 5 wt.%
QUN-7/APC film (black solid curve) and a 5.06um thick 5 wt.% QUN-7TR/APC film
(red solid curve) for incident laser intensity of 10mW /mm? (b) Plot of transmittance
against time.

case of QUN-7 after ring-locking. The paradoxical behaviour that the ring-locking
functions in opposite ways for IND-7 and QUN-7 needs further explanation. This
effect is explained using the concept of bond length alternation (BLA) in Section 7.8.

7.7.3 Addition of singlet oxygen quencher

It has been explained from the intensity dependent photodegradation that the en-
hancement in photostability is due to the oxygen depletion. Previous studies have
showed the exclusion of oxygen can lead to an enhancement in photostability [118,
24]. By adding additives to the polymer film it is possible to increase the photostabi-
lity. These additives can improve the stability through different means of interaction,
such as chemically reacting with singlet oxygen [131], quenching of singlet oxygen
or quenching the chromophore singlet or triplet state[132, 125]. Structure of the

oxygen quencher g-carotene we have used is our studies is shown in Fig. 7.23.
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Figure 7.23 — Structure of trans- and cis- isomers of -carotene.

Shown in Fig. 7.25(a) is the absorption coefficient from films with 5wt.% PYR-
3/APC and different -carotene weight percentages. It was not possible to make
films with more that 10% [-carotene by weight due to the limited solubility of S-
carotene [67]. The broad band at ~465 nm arises from [-carotene [133]. This band
has been attributed to a Sy to So transition that is electric dipole allowed and the
resultant oscillator strength is high and, as expected, the lifetime of the excited state
is very short (~100 fs) [133]. Unlike PYR-3, inter-system crossing is not expected.
However energy transfer can occur as mentioned above for example via 1'O3 to 304
and Sg to Ts. The band at ~330 nm arises from PYR-3 and S-carotene.

The results from photostability measurements at 532 nm and with intensities of
50 mW /mm? are plotted against ngt/(2.67 x 10'9) in Fig. 7.25(b) for a 5wt% PYR-
3/APC film and a similar film with 5wt% [-carotene. It is apparent that there
is an additional enhancement due to -carotene. This photostability enhancement
factor, &, can be obtained by scaling the data in Fig.7.25(b) onto a common curve
where the x-axis is not /(& x 2.67 x 10'?). This has been done and the results can be
seen in the inset to Fig. 7.25(b) where we find an enhancement factor of 6.7. Thus,
there is clearly enhanced photostability by adding S-carotene, but it appears that
(B-carotene is also being degraded. This is unlikely to be due to direct excitation
of fB-carotene at 532 nm. This can be seen in Fig.7.25(a) where the absorption
coefficient from a 5wt.% PYR-3/APC/10wt.% [-carotene film is plotted before
and after partial bleaching with a weak beam at 655 nm. It is clear that PYR-3 and
[B-carotene are being degraded even through the S-carotene absorption coefficient is

negligible at this wavelength. Thus, it is likely that singlet oxygen is being generated
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Figure 7.24 — Energy level diagram showing excitation of the PYR-3 chromophore
(left) to the Sy state, inter-system crossing (ISC) to the Tj state, energy transfer to
B-carotene (middle) that leaves PYR-3 in the ground Sy state and S-carotene in the
triplet excited state, and finally multi-phonon decay from the S-carotene excited triplet
state to the singlet ground state. Also shown is another possible mechanism where ISC
generates singlet oxygen. This can be followed by energy transfer from singlet oxygen
(right) to B-carotene (middle) that leaves oxygen in the lower energy triplet state, and
multi-phonon relaxation from the S-carotene triplet state to the singlet ground state.

by PYR-3 that then photodegrades p-carotene. The energy level diagram showing

the quenching of triplet excited state as well as singlet oxygen are shown in Fig. 7.24.

7.8 Influence of bond length alternation on photostabi-

lity

Effects of structural modification have been a subject of interest because similar
type of ring-locking on two types of chromophores works paradoxically. Initially,
the ring-locking was introduced to achieve larger hyperpolarisability via bond length
alternation (BLA), together with a large optical stability. We find that in one of
the chromophores, QUN-7, the ring-locking increases the optical stability while in
other, IND-7 ring-locking reduced the stability. In this work we investigate how the
electronic structure as well as the bonding of polyene chain are influenced by ring-
locking. There are numerous research articles on the effects of BLA on molecular
NLO effects of chromophores [23, 22, 19, 21|. However, as far as we are aware, the
influence of BLA, which has a strong relationship with the strength of conjugated
m-bridge has not been investigated so far. This section explain the relation between
the photostability and NLO effect of a chromophore with a given donor-acceptor
pair based on the concept of BLA.
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Figure 7.25 — (left) Absorption coefficient for films containing 5% PYR-3/APC and
0%, 1%, 5% and 10% [-carotene (solid curves). The arrow shows increasing S-carotene
concentration. The 5% PYR-3/APC/10% [-carotene film was also illuminated at 655
nm with a wide beam and the resultant curve after partial photodegradation is also
shown (dashed curve). Plot of the transmittance against ngt/(2.67 x 10'?) during 50
mW /mm? illumination at 532 nm for (a) a 2.4 ym thick film with 5% PYR-3/APC
(solid curve) (b) a 2.12 pm thick 5% PYR-3/APC with 5% S-carotene (dashed curve).
Inset: Plot of the same data but now against not/(¢ x 2.67 x 10'%) where ¢ is the
[B-carotene photostability enhancement factor.

In Section 7.7.2 we showed the effects of ring-locking on the photostability of a
set of chromophores. Now, we explain how ring-locking related to BLA and thereby
the molecular NLO effect. By combining these two effect it is possible to explain

both NLO effect and photostability in terms of BLA.

7.8.1 Effects of ring-locking on the BLA of IND-7

The BLA values estimated from crystallography studies and are further verified using
the solvatochromism analysis. The IND-7 molecule was found to show a slightly RHS
nature with BLA value -0.0144 A. After ring-locking at the centre of the conjugated
m-bridge, the resulting IND-7R chromophore have shifted towards LHS positioning
in the neutral polyene limit having larger BLA value. Absorption spectra of IND-7
and IND-7R are shown in Fig. 7.26 and the structural and electronic properties are
summarized in Table 7.4.

Bond lengths of the chromophores are estimated from the crystallography data.
Average length of double bond of the conjugated bridge of IND-7, Dy, =1.40178 A
and average single bond length is, S,, = 1.3873 A, so the BLA is Sq, — Dgy =
—0.0144 A [82]. In the case of IND-TR, Dy, = 1.3751 A and S,, = 1.410 A giving
BLA = 40.035A[79]. That is according to BLA values, IND-7 is slightly RHS
chromophore but the magnitude of BLA is very low, and IND-7R is LHS and the
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Figure 7.26 — Absorption spectra of (a) IND-7 and (b) IND-7R in solutions of different
E1(30) values. A very small blue-shift observed in A4, for IND-7 with E7(30) is sign
of small RHS nature, a large red-shift of A4, with E7(30) in IND-7R represent its
LHS nature.

magnitude of BLA is relatively large. Chromophores solvatochromism [28] behaviour
was also investigated to confirm whether the molecule is LHS (neutral) or RHS
(zwitterionic) from their interaction with solutions of different E7(30) values.

Both tests hint to the same result that the magnitude of BLA for IND-7R is
larger than that for IND-7. That is in terms of BLA, the result from Section 7.7.2
can be explained that increasing magnitude BLA value of IND-7 chromophore caused
a reduction in photostability.

Table 7.4 — Structural and electronic properties of IND-7 and IND-7R. Absorption

maxima, Amax, in films and in selected solvents having different E7(30) values are
summarized.

Chromophore / Amax (nm) BLA

Solvent property Films CHCl, DCM Methanol Cyclohex. (A)

IND-7 813 791 801 799 815 -0.0144
IND-7R 813 800 820 850 870 +0.0350
e (Solvent) - 4.8 9.08 33.0 18.2 -
E7(30)(Solvent) - 39.1 40.7 55.4 39.8 -

7.8.2 Effects of ring-locking on the BLA of QUN-7

Absorption spectra of QUN-7 and QUN-7R are shown in Fig. 7.27 and the structu-

ral and electronic properties are summarized in Table 7.5. The solvatochromism test
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shows that both QUN-7 and QUN-7R are RHS chromophores with strong zwitterio-
nic character. QUN-7 and QUN-7R . did not give high quality crystals to perform the
direct bond length measurement from the crystallography data. The BLA values of
these chromophores were estimated using “Molecular Orbital PACkage” (MOPAC)
calculation using the ChemDraw® Ultra software. Calculated BLA of QUN-T is -
0.091 A and that of QUN-7R is -0.062 A. The calculated BLA values are reconfirmed
using the solvatochromism test. The interaction of the chromophore with solvents
of Ep(30) values are similar to what is expected from the calculated BLA.

Results show that ring-locking cause a reduction in the magnitude of BLA of
QUN-7. The findings can now be explained in Section 7.7.2 in terms of BLA that
the photostability increased when the magnitude of BLA approaches zero. Effect of
BLA on photostability is similar to what is observed in the case of IND-7.

1.0 T
Chloroform

DCM

DMF

Methanol
Cyclohexanone|

1.0

o
o
T
o
o

o
o
T
o
=}

1
=~
T

o
IS

Normalized Absotbance
Normalized Absotbance

o
[N
T
o
N}

0.0 L L

i L L L N L L
400 500 600 700 800 900 1000 1100 1200 00 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

Figure 7.27 — Normalised absorption spectra of (a) QUN-7 and (b) QUN-7R in solu-
tions of different F7(30) values. Both chromophores show large red-shift of A4, with
E7(30) representing their RHS nature.

Table 7.5 — Structural and electronic properties of QUN-7 and QUNTR. Absorption
maxima, Amax, in films and in selected solvents having different E7(30) values. The
symbol,* indicates the BLA values are semi empirical values calculated using MOPAC.

Chromophore / Amax (nm) BLA

Solvent property Film CHCl, DCM Methanol Cyclohex. (A)

QUN-7 928 925 924 742 910 -0.091*
QUN-7R 957 952 955 766 942 -0.062*
e (Solvent) — 4.8 9.08 33.0 18.2 -

Ep(30)(Solvent) - 39.1 40.7 55.4 39.8 -
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7.8.3 Trade-off between hyperpolarisability and photostability

The relationship between BLA and the molecular NLO effect has been identified

previously where BLA can be used as a universal parameter determining the mo-

lecular nonlinearity of a push-pull chromophore [18, 23, 19, 21, 134]. However, the

effects of BLA on the photostability of chromophores has not been investigated so

far.

Table 7.6 — Relationship between the magnitude of BLA values and corresponding
photostability (B) of IND-7 & IND-7R (~ 2 pm thick, light intensity 35 mW /mm?), and
QUN-7 & QUN-7R (~ 5 um thick, light intensity 10 mW /mm?) for similar chromophore

loading.
|IBLA| B |IBLA] B
IND-7 | 0.0144 | 27258 QUN-7 0.091 53290
IND-7R | 0.0350 | 20171 QUN-7R | 0.062 | 216300
(@ A
s
Q.
< 0 BLA >
4 QUN-7 @ IND-7
4 QUN-TR @ ND-7R
(b) (c)
mé
“““ %
=< > o' 1Al @ >

Figure 7.28 — (a) Schematic representation of shifting the BLA values of IND-7 and
QUN-7 when ring-locking. BLA approaching zero reduce the molecular hyperpolarisa-
bility responsible for the NLO property of chromophore. (b) Schematic representation
of change in photostability for IND-7 and QUN-7 with BLA from the data given in
Table7.6. (c) Schematic of the relation between first hyperpolarisability 5y and and
photostability B. Change in BLA may or may not be linear, it can be other forms
depending on the change in bond strength when the nature of the conjugated m-bridge

approches neutral polyene limit.
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Our results show that, for a push-pull system with a given donor and acceptor,
there is a trade-off between the optical stability and NLO property of the chromo-
phores. That is a larger BLA correspond to a large first hyperpolarisability [19].
However, at the same time our results show that larger the magnitude of BLA value
lead to a reduced photostability. Also, we found the reduction in photostability with
BLA is related only to the magnitude of the BLA value and not the sign. In the case
of first hyperpolarisability also, the hyperpolarisability is related to the magnitude
and not the sign of the bond order alternation. The findings are summarized in
Table 7.6 and a schematic representation is shown in Fig. 7.28.

Combining the result from our photostability experiments, and the well esta-
blished concept of the relation between BLA and first hyperpolarisability show a
trade-off between both. That is for a given donor-acceptor pair, any structural
alterations leading to increase the molecular NLO effect result in a reduced photo-
stability. There is a trade-off between the NLO effect and optical stability of NLO
chromophores. The experiments have been made only on four different chromophore
with two set of donor and acceptor. A more detailed study is required to genera-
lize this effect as a universal relationship as observed in the case of BLA and first

hyperpolarisability.

7.9 Conclusions

Photodegradation quantum efficiency of the chromophores at different chromophore
concentration as well as light intensities were performed and the mechanism of en-
hanced photodegradation quantum efficiency at high optical intensity is explained
using a model based on oxygen mediated photodegradation. Photodegradation mo-
del based on multiple photodegradation quantum efficiencies has been used to ex-
plain a more realistic photodegradation mechanism. The effect of chromophore
concentration on photostability is explained using the inter-chromophore energy
transfer mechanism. Methods to enhance optical stability via quenching of singlet
oxygen and by quenching of triplet excited state of the chromophore were investi-
gated using a singlet oxygen quencher S-carotene. Effects of structural alterations
on photostability of chromophores are investigated. Addition of bulky group for
enhanced EO response showed no reduction in optical stability demonstrating an
over-all enhancement in efficiency due to the bulky substitution. A paradoxical

result from ring-locking in two different chromophores were explained using BLA
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parameter. A trade-off between the NLO property and photostability is observed in
the chromophore of a given donor-acceptor pair.

Further studies need to be done on the relationship between BLA and photosta-
bility. Currently, investigations were done only on a set of four chromophores. Also,
two of the chromophores did not give good crystals that made the crystallography
study difficult. To extend this study experiments need to be done on a number of
chromophores made of same donor and acceptor but different BLA values. This will
help to develop a general relationship between BLA and photostability that leads
to develop a correlation between the optical stability and molecular first hyperpo-

larisability.
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Chapter 8

Material Characterisation at

THz Frequencies

This chapter is divided mainly into two sections. The first part deals with the
evaluation of the efficiency of polymer electro-optic (EO) materials to use as active
components of terahertz (THz) devices. The second part of this chapter discusses
the characterisation of some organic materials in the THz frequency range using

Raman and THz spectroscopy.

One of the key benefits of using organic EO polymer materials as active compo-
nents of THz generation and detection system is their applicability in the wider THz
region. This is possible because of the lack of a strong absorption or refractive index
dispersion in amorphous polymer materials in the THz frequency range [33]. The
properties of polymers can vary from one material to another. For example, PMMA
polymers show absorption of THz radiation above 1.6 THz [10]. This demands the
polymer host used in film fabrication as well as the polymer containing the chromo-
phore to be tested in THz frequency range. This will help ensure sufficient coherence
length for THz generation from optical radiation using the property of the EO poly-
mers. The power of THz radiation generated using EO process is proportional to the
square of the thickness of EO material as long as the phase matching conditions are
satisfied. The efficiency of THz detection is also proportional to the thickness of the
polymer film. However, it is important that the maximum thickness of the material
should not exceed the coherence length. Another key requirement to qualify an EO
material for THz applications is the absence of crystalline phonons that are active

in the THz region. The efficiency of THz generation and detection using a polymer
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EO material made of PYR-3 chromophore and amorphous polycarbonate (APC)
is discussed in this chapter. The following paragraph gives an introduction to the
experiments performed to investigate the properties of some organic materials in the
THz region using infrared (IR) and Raman spectroscopy.

Hydrogen bonded carboxylic acid dimers are being extensively studied to ob-
tain a better understanding of systems with intermolecular hydrogen bonds, which
are strong enough to determine the structure of the compound. Researchers have
proposed novel techniques to acquire more information about the Fermi resonance
in hydrogen bonded compounds by analysing both low and high frequency vibra-
tional modes of the molecules [135]. A detailed understanding of the spectra at
low wavenumbers is necessary to achieve further improvements in this field. In a
molecule with a centre of symmetry it is expected that vibrations that are Raman
active are IR inactive and vice-versa because of the different selection rules. Both IR
and Raman active spectra are required to obtain a more detailed information about
the vibrational modes of materials under study. Conventional Fourier transform IR
(FTIR) spectrometers can cover most of the THz region. However, exploring the IR
active vibrational modes in the lower THz frequency region is primarily hindered
by poor access to the THz frequencies. Most of the vibrational modes related to
intermolecular hydrogen bonding have clearly identifiable signatures in this region.
Low wave-number Raman and the corresponding IR spectra in the THz region for
benzoic acid and some of its derivatives as well as other materials such as Aspi-
rin, 4-nitrotoluene (4-NT) and 2,4-dinitro toluene (2,4-DNT) are discussed. Effects
of temperature on the low energy vibrational modes of the 2,4-DNT and salicylic
acid are investigated using low energy Raman spectroscopy. The experimental data
were interpreted using the literature values as well as results from density-functional

theory (DFT) calculations using the GAUSSIAN 09 [136] package.

8.1 THz generation and detection using EO polymers

Difference frequency generation (DFG) or optical rectification (OR) using the electro-
optic (EO) effect of materials is an efficient method to generate THz radiation [33].
Inorganic EO materials are usually not suitable for wideband THz generation and
detection because of the presence of crystalline phonons leading to the absorption
of THz radiation. Strong absorption and dispersion of refractive index are characte-

ristic to the EO crystals in the wider THz region. This section discusses the results
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from the calculations using the THz dielectric properties of polymer EO materials
containing organic NLO polymers to investigate their efficiency for THz generation
and detection. In particular, investigating their refractive index and absorption in
the THz frequency range as well as estimating the coherence length for THz gene-
ration and detection. This is important because THz power as well as the detector
sensitivity are proportional to the thickness of the EO material if the thickness of

the material is less than its coherence length[9, 137].

8.1.1 Phase matching

A phase-sensitive NLO processes requires minimum phase mismatch for the maxi-
mum result, this means ensuring a proper phase matching between the interacting
waves along the propagation direction. Amplitude contributions from different lo-
cations to the output wave that are all in phase at the end of the nonlinear crystal
is maintained only when the phase matching condition is satisfied. For example,
in a second harmonic generation (SHG) process if two waves with the same wave
vector kp interact to give the second harmonic ko, the phase mismatch between the
two waves can be expressed using the refractive indices of the material for the fun-
damental and the second harmonic signal, Ak = 27r(2% — %) The distance that
a signal can go through a medium without changing a relative phase difference bet-
ween two waves in the medium is referred as coherence length, that can be expressed
as, L. = xz. Maximum coherence length is achieved when Ak is zero. Because of
the dispersion of the refractive index of a medium, phase matching occurs only for
a narrow range of frequencies. In the context of THz generation using optical recti-
fication , the appropriate velocities that need to be considered are the optical group
velocity associated with the short pump pulse and the THz phase velocity associated
with the generated wave. The coherence length is small if the difference in optical

group index and THz refractive index is large [33].

8.1.2 Phase matching for THz generation

Optical rectification is one of the most common techniques being used for THz gene-
ration using electro-optic EO materials. THz generation using optical rectification
involves difference frequency wave mixing between Fourier components of the same
optical pulse. The output THz power, P(wry,, L), in this case can be expressed

using the equation [137],
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o wrdep EGT 2 92 2

|E(wrn,, L)|” = WL exp (=7 way, /4) sinc®(Ak L/2) (8.1)

where wry, is the angular frequency of THz radiation, d, s is the effective second
order NLO coefficient (d.;; = x(?)/2), L is the film thickness and 7 is the pulsewidth.
Eq. 8.1 shows that the power of THz radiation generated using OR is proportional

to the squares of the thickness and the EO coefficient of the emitter. However, in
the presence of a phase mismatch (i.e. Ak # 0), for maximum output power the
thickness of the emitter is limited to the coherence length (L.). The coherence

length for THz generation using near infrared laser pulse is given by [34],

T e

L. =— = 8.2
¢ Ak WTHZ |ng - nTHz| ( )
where,
on,
c opt
Ng = o Nopt — >‘0pt (8)\> (8.3)
9 Aopt

In Eqgs.8.2 and 8.3, ¢ is the light velocity, wg is the frequency of pump beam,
Nopt is the refractive index at optical pump beam wavelength )‘opta and vy and ny,
are the optical group velocity and refractive index respectively.

If the refractive indices of the pump beams and the THz waves are identical, then
the bandwidth of THz radiation depends only on the pulse width of the incident
pump beams. The importance of considering the coherence length is related to
the fact that the THz amplitude generated through wave mixing increases with the
thickness of the nonlinear medium. The linear electro-optic effect experienced by
the pump signal is proportional to the film thickness. However, if there is a phase
mismatch, the resulting THz amplitude will drop considerably and this leads to
the importance of finding the material which provides a large coherence length and
hence efficient THz generation and detection [33, 34]. It can be shown that the
power will vary periodically and reach a maximum when the thickness of the film is
the same as coherence length.

It is noteworthy that in an electro-optic material, the THz emission strength
increases with increasing thickness of the material but due to the increase in phase
mismatch the bandwidth decreases with increasing thickness. Which means that the

bandwidth of THz signal has a reciprocal relationship with the THz power unless
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Ak =0[9].

8.1.3 Phase matching for THz detection

Electro-optic sampling is being used as an efficient technique for THz detection,
where an EO material is used as the active material. The change in phase of the
probe beam due to the THz electric field is used to detect THz radiation in this
technique. The prominent feature of this method is it can simultaneously measure
the amplitude and phase of the THz pulse. The electric field of the THz radiation
induces a change in the refractive index of the EO material through the EO effect
as on = —n3r33Fry,, where n is the refractive index for the probe beam in the
material, r33 is the EO coefficient of the material. Then the phase retardation can
be expressed as, ¢ x 5n§, where A is the wavelength of the pro beam and [ is the
thickness of the sensor. The sensitivity of the detector is thus directly proportional
to the EO coefficient of the detector as well as the thickness of the detector. That
is phase matching has to be satisfied in THz detection using EO sampling [34].

8.2 Properties of polymers in THz region

Amorphous polymeric EO materials are not prone to strong absorption or dispersion
of the refractive index associated with the lattice phonon resonance observed in
crystals. This property qualifies the polymer materials to be used in wide band
and gap-free THz generation and detection where many of the inorganic crystals
show poor performance [138]. Furthermore, the phase mismatch between the pump
and THz waves have been found very little in polymer materials leading to an
increased coherence length and thereby achieving powerful THz radiation. In this
work the APC polymer as well as the film made of APC and PYR-3 are analysed in
THz frequency regime. Experiments made to investigate the presence of any strong
absorption or index dispersion in chromophores are discussed. Polymer samples for
THz-TDS were prepared by solution casting technique as explained in Chapter 4.
Samples of higher thickness are preferred over thinner films mainly because the
Etalon effect due to the multiple reflection at the air/sample/air interface [9]. THz-
TDS data of polymer films is provided by the THz research group at the University
of Auckland. The time domain data was then converted into frequency domain
using the Fourier transform analysis using the procedure explained in the following

section.
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8.2.1 THz time domain spectroscopy

The concept of THz-TDS is collecting information about the materials dielectric
properties as the THz pulse passes through the material. The change caused to the
amplitude and phase of the sample data compared to the reference data is used to
extract the refractive index and the absorption spectrum of the material. For the
analysis of the polymer films Details of experimental set up of THz-TDS system
have been discussed in Ref. [9]. The basic principle of transforming the THz -TDS
data of a sample to the material properties such as refractive index as well as the

absorption coefficient is explained below.

d

-

~ ~

nair rlS 1’lair
tas tsa

Figure 8.1 — Scheme of THz-TDS in transmission mode.

Fig. 8.1 shows the schematic of a sample with thickness d and a complex refrac-
tive index m; placed on the path of a THz beam. Electric field of THz signal in
time domain E(t) can be transformed to frequency domain using the basic Fourier

transform method as:

Blw) = = / " exp(—iwt) E(t) dt (8.4)

—0oQ
Assuming the thickness of the sample is d, the electric field transmitted through

the sample and the reference can be written as,

Es(w) = E(w)¢s(w, d) tastsa (8.5)

Er(w) = E(w)¢(w, d) (8.6)

where ¢g is the phase retardation due to the sample, t,s and t,, are the trans-
mission coefficients at air/sample and sample/air respectively that can be related to

the complex refractive index of the sample ng(= n, + jn;) using the relation,
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Figure 8.2 — Time domain THz data collected for a 320 pm 5wt.% PYR-3/APC film
with air as reference. Time delays are relative to each another.

The phase delay of the THz pulse passing through the sample of thickness d in

frequency domain can be written as,

,ﬁs&)d

ds(w, ) = exp(—i

) (8.9)

Fourier transform of the data was done using a Matlab program and phase delay
due to the sample is obtained unwrapping the phase of the Fourier transform output
in frequency domain. The refractive index and absorption coefficient of the sample

can be estimated using the equations,

ny(w) =1+ éﬁbs (8.10)
and,
2
aw) =g ((”7"4(2‘53&)” %(g;e%(w)) (511

Fig. 8.2 shows the THz time domain data of a sample and the reference data

under investigation. The time delay and the change in amplitude between the sample
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and reference is due to the phase retardation due to the complex refractive index of

the material.

8.2.2 Absorption in the THz region

Absorption of NLO polymers in the frequency region is investigated to test the
interaction of the EO polymer with electromagnetic radiation in the THz frequency
range. THz-TDS have been made on films containing 5wt.% PYR-3/APC with
320 pm thickness. Results show no strong absorption in the THz region. Fig.8.3
show the absorption of EO polymers in THz frequency region measured using THz-
TDS and for wider frequency range collected using a FTIR spectrometer. The results
matches with the recent results reported in Ref. [10] based on the study of a number
of organic NLO materials in a range of polymer materials.

The offset in the FTIR absorption spectra is attributed to the frequency inde-
pendent absorption of APC. There is no strong absorption observed between 0.2
and 10 THz for this material. Strong absorption peaks observed above 10 THz is not

a problem because it is outside our frequency of interest.
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Figure 8.3 — (a) Absorption spectrum of a 5wt% PYR-3/APC film between 0.2 and
1.1 THz estimated from THz-TDS data (b) Absorption spectrum of a similar film bet-
ween 2 and 18 THz obtained using a FTIR spectrometer.

8.2.3 THz refractive index

The refractive index of film made of APC mixed with 5wt.% PYR-3 in the THz
frequency is shown in Fig.8.4(a). The short frequency range (0.2 to 1.1 THz) is
due to the small bandwidth of the THz system we have access to. Apart from

the expected noise fluctuations the data show no dispersion of refractive index in
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THz region. In general, the chromophores do not cause substantial change in the
refractive index of the host film, that is if the host polymer APC does not show any
strong refractive index dispersion, the same can be expected for the film containing
the chromophores for small loading percentages [10]. The refractive index estimated

for the THz frequency range is used to calculate the coherence length for THz

generation.
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Figure 8.4 — (a) Refractive index of a 5wt% PYR-3/APC for the range 0.2 to 1.1
THz. (b) Calculated coherence length for THz generation via optical rectification using
a femtosecond pulse centred at 1550 nm in a PYR-3/APC film using the THz refractive
index and optical group index at 1550 nm.

8.2.4 Coherence length for THz generation using PYR-3/APC

The refractive indices are measured for a set of wavelengths using the Metricon (see
Chapter 3) and the refractive index dispersion with wavelength is approximated
by the Sellmeier equation to estimate the optical group index using the data in
Fig.4.4 (in Chapter 4) where ng, = 1.528. The coherence length for THz generation
was then estimated using the THz refractive index and the optical group index.
The simulation of coherence length is based on the assumption that the material
shows no refractive index dispersion in the THz region outside the range we have
measured.

The coherence length is calculated for THz generation using a femtosecond beam
with centre frequency 1550 nm and using optical rectification technique is shown in
Fig.8.4(b). The result show that L. for THz generation of bandwidth up to 10 THz
using a 5 wt.% PYR-3/APC film is more than 150 ym. Such a large coherence length
together with a large EO coefficient show that EO polymers have potential to be
used for wideband generation and gap-free detection of THz radiation. Research

groups, for example as shown in Ref.[138] demonstrated high power, wide band
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generation and gap-free detection of THz radiation for the range of up to 10 THz.

There is a trade-off between THz power and bandwidth, that is a wider band-
width lead to a shorter coherence length and thus one may ends up with choosing
thinner EO material. This lead to a lower THz power. Very large EO coeflicient
of the EO polymers can also be a solution. It is because of two useful properties
of polymers. First is, the small dispersion of refractive index observed in polymer
EO materials and second one is the very large EO coefficient of the polymer EO
materials. It makes possible to get better power output by using thinner films and
thus better bandwidth [33].

8.2.5 Raman and IR on APC film

In most cases Raman scattering is sensitive to the degree of crystallinity in a sample.
Typically, a crystalline material yields a spectrum with very sharp, intense Raman
peaks, while an amorphous material show broader less intense Raman lines. Pure
amorphous, or pure crystalline can be considered as spectral extremes, and a Raman
spectrum from an intermediate state will have characteristics which are intermediate
in terms of peak intensity and width. Differences between intermediate states can
be subtle, and it is often useful to have high spectral resolution capability so that
minor spectral changes can be confidently characterised. Raman spectrum of APC
film is shown in Fig.8.5. The data shows a broad Raman response with no sign of
any strong lines in the THz region. This is useful to reconfirm the result observed
from the FTIR spectrum of APC.
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Figure 8.5 — Low wavenumber Raman spectra of APC.
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8.3 Low energy vibrational spectra of organic crystals

Benzoic acid crystals are being used extensively for investigating the properties of
intermolecular hydrogen bonds. This is because the molecules are planar with a
Cs symmetry group that crystallises into a monoclinic unit cell with a P2, /. space
group that has 4 molecules in the unit cell [139]. The crystalline form consists of two
monomers linked by hydrogen bonds leaving a centrosymmetric structure. Benzoic
acid and its derivatives generally exist in dimer form in crystals as shown in Fig. 8.6.
We report low wave-number Raman and the corresponding IR spectra in the THz
region for benzoic acid and two of its derivatives, 2-hydroxy and 3-hydroxy benzoic
acids. The experimental data were interpreted using the calculated literature values
as well as results from density-functional theory (DFT) calculations at the level of
B3LYP/6-31G* using the GAUSSIAN 09 [136] package.

8.3.1 Experimental details

Samples for the THz and FTIR spectroscopy measurements were prepared by mixing
5 - 20 wt% of the crystalline powders with a commercial polymer powder branded
as Polyblend 100XF (PB100XF) supplied by Micropowder Inc., USA. Polyblend
100XF (PB100XF)is a mixture of high density poly ethylene (HDPE) and poly
tetra fluoro ethylene (PTFE). The selection of PB100XF for preparing samples for
THz-TDS and FTIR spectroscopy was motivated by the recent report by Scherger
et al. [140] that pressed pellets of a mixture of PB100XF can be used to make low-loss
THz lenses [140]. Use of PB100XF for sample preparation instead of conventional
additives, such as polyethylene provided sturdy pellets compared to pressed pellets
of polyethylene. Also, there is no strong absorption or refractive index dispersion
for this material in the wider THz frequency range except for a relatively narrow
absorption band near 6 THz as shown in Fig. 8.8.

Pellets with a thickness of 1.0 to 1.5 mm and a diameter of 9 mm were pressed in
a die at 4500 psi for 30 seconds. THz spectra in the 0.5 to 2.5 THz frequency range
were collected using a Z-Omega (Z-3) THz system at University of Wollongong. The
system was purged with nitrogen gas. This THz system gave spectral features up to

L were collected

2.5THz (~ 80cm™1). Far-IR absorption for energies above 80 cm™
using a Nicolet FTIR Spectrometer at Massey University. The system has got a
smart purge system to reduce water vapour in the measurement chamber. This is

particularly important for low wavenumber region because of the strong absorption
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Figure 8.6 — Structures of the compounds considered for this study; Benzoic acid (a)
monomer and (b) dimer , (c¢) 2-hydroxy benzoic acid, and (d) 3-hydroxy benzoic acid.

band of water molecules in this frequency range.

Samples for Raman spectroscopy were prepared using standard procedures to
grow crystals from the compounds in powder form purchased from Sigma Aldrich.
The low wave-number Raman spectra of the crystals under study were investigated
using a Jobin-Yvon Horiba T6400 triple grating Raman Spectrometer integrated
with a confocal microscope with an objective set to 50x. The system was pumped
by a He-Ne laser at 633 nm. Low temperature Raman spectra were recorded using
the same spectrometer employing a computer controlled cooling system marketed

by Linkam scientific instruments that uses cooled nitrogen gas.

8.3.2 Spectrum of benzoic acid derivatives

Structures of the benzoic acid and its derivatives such as 2-hydroxy benzoic acid
(salicylic acid) and 3-hydroxy benzoic acid are shown in Fig. 8.6. Results from the
Raman experiment on benzoic acid derivatives is shown in Fig. 8.7. Data from THz
and FTIR spectroscopy for these compounds are shown in Fig.8.8. The calcula-
ted and literature values for the vibrational modes and the mode assignments are
summarised in Table 8.1 along with the results from our calculations using time
dependent density functional theory (DFT) at the level of B3LYP/6-31G* using
the package GAUSSIAN 09 [136]. The experimental values show a reasonably good
agreement with the calculated values from literature and our DFT calculations.
Results from the Raman and IR spectroscopy in THz energy region are compared.
The most exciting feature of this comparative study of benzoic acid derivatives

using both Raman and THz spectroscopy is that the spectra is more dense in the
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Figure 8.7 — Raman spectra of benzoic acid, 2-hydroxy benzoic acid, and 3-hydroxy
benzoic acid for energies corresponding to the THz region.

THz frequency regime for both Raman and IR spectroscopy. In addition, despite
similar structure, these materials have well differentiable spectral features making
fingerprint of the material mostly between 1 and 3 THz. This is an example for the
use of THz spectroscopy for identification of materials. Mode assignment shows that
the vibrational modes of benzoic acid derivatives follow the general selection rule of
spectroscopy, that is, in a centrosymmetric material both Raman and IR modes are
not allowed simultaneously. However, because of the density of the spectrum the

modes are observed close to each other.

8.3.3 Spectrum of aspirin

Acetylsalicylic acid (Aspirin) is a salicylate drug, often used to reduce fever, and as
an anti-inflammatory medication. Salicylic acid has been found as one of the major
impurities in Aspirin, this is because Aspirin is rapidly hydrolysed to salicylic acid
which is also an active component [144, 145]. Though Salicylic acid is responsible for
some of the beneficial properties of aspirin such as its anti-inflammatory action, pre-
sence of salicylic acid in aspirin often cause adverse effects such as gastric irritation
during oral aspirin administration. It has long been a interesting subject of interest

to detect the salicylic acid impurity in aspirin. That involves, high performance



178 Chapter 8. Material Characterisation at THz Frequencies

Table 8.1 — Summary of the experimental and calculated (in brackets) vibrational
modes of benzoic acid (BA), 2-hydroxy benzoic acid (3-OH BA) and 3-hydroxy benzoic
acid (3-OH BA). The calculated values were obtained from our DFT calculations and
literature values [135, 139, 141, 142, 143]. The modes are assigned based on the simu-
lation as well as the available literature values; 7: torsion, mr: monomer rocking, v:
stretching, §: shearing, 7: torsion, 3: in-plane bending and ~: out-of-plane bending.

BA 2-OH BA 3-OH BA Approximate Active
(em™1) (em™1) (em~1) description in
17 (21) 20 (21) 18 (21) butterfly IR
27 (21) 27 (21) 27 (21) butterfly Raman
34 (32) 34 (32) 34 (32) torsion ‘twist’ IR
A1 (40) 40 (40) 41 (40) mr ‘oop’ IR
47 (45) 42 35 mr ‘oop’ Raman
49 (51) 52 49 v (OH---0) IR
58 (59) 66 (68) 58 (59) cogwheel IR
68 (68) 50 (68) 61 (60) cogwheel Raman
71 (68) 76 71 cogwheel IR
82 (85) - 82 (85) 7(-COOH) IR
91 (87) - - v(OH---O) ‘in-plane’ Raman

108 (103) 109 (103) d(OH---0) Raman
109 (105) 106 (103) 105 (105) §(OH---0) IR
114 (111) 112 (111) - §5(OH: - - 0) Raman
121 (122) 126 (126) 122 (122) v(OH- -- O) Raman

- 163 (168) 162 (168) v (Ph---COOH) IR

- 174 (175) - ~(Ph---COOH) IR

— 179 (175) — ~(Ph--- COOH) Raman

- - 165 (170) v(CH) Raman
191 (196) - 198 (196) T(CC) Raman

- 257(336)  245(336) 7(CC) Raman

- 284 (283) - v(CO---0)+ 8 (CC) Raman
288(283) - 295 (283) wv(CO---0)+ B (CC) IR
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Figure 8.8 — Infrared absorption spectra of benzoic acid, 2-hydroxy benzoic acid, and
3-hydroxy benzoic acid for the THz region. Also shown is the spectra of PB100XF
(dash-dotted curve). The FTIR, spectroscopy data were translated vertically to match
the THz-TDS.

liquid chromatography (HPLC)[146]. THz spectra of these two materials have al-
ready been discussed elsewhere and more advanced THz spectroscopic techniques on
the investigation of the fingerprints of these compounds are discussed in Ref. [147].
In this section Raman spectra of aspirin and salicylic acid in the THz energy region
is compared to investigate the fingerprint of these two materials in THz frequency
range. Fig.8.9 shows the Raman spectrum of Aspirin in the low wavenumber region.
A clearly identifiable Raman signature observed in the THz region is an example

for the use of THz frequency range for material characterisation.

8.3.4 Spectrum of nitro derivatives of toluene

Aromatic compounds containing nitro (NO,) groups are sensitive to the THz fre-
quency range because the vibrations associated with the benzene ring such as the
information shown in Table 8.1 are present with substantial shifting of the vibrations
due to the nitro group. In additions to that the torsion of the nitro group as well as
the intermolecular modes leaves fingerprint of nitro- containing aromatic group in
the THz frequency region. In this section two of the nitro derivatives of toluene, na-
mely 4-Nitrotoluene (4-NT) and 2,4-Dinitrotoluene (2,4-DNT), are studied to show
their Raman fingerprints in THz region. THz spectroscopy of these materials have

been discussed in articles such as, for example, Ref. [148]. Low wavenumber Raman
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Figure 8.9 — Low wavenumber Raman spectrum of Aspirin and Salicylic acid. Struc-
ture the monomer units of both compounds are shown inset.

spectroscopy of 4-NT and 2,4-DNT shown in Fig.8.10 are compared to show the

signatures of these compounds in the Raman spectrum in the THz frequency range.
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Figure 8.10 — Low wavenumber Raman on 4-nitro toluene (4-NT) and 2,4-dinitro
toluene (2,4-DNT) in the THz frequency range.

8.4 Temperature dependence of low energy vibrational

modes

Temperature dependent vibrational spectra at low wavenumber are considered to
be particularly useful in understanding the complex inter- and intra- molecular vi-
brations and the role of hydrogen bond interactions. For example, temperature

dependent low energy far-IR studies of the vibrational modes in carboxylic acids
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and benzoic acid by Takahashi et al. [149] showed that there were additional ab-
sorption peaks that cannot be observed or resolved at room temperature. While THz
measurements have been made on 2-hydroxy benzoic acid at 13 K, 80 K, and room
temperature [150], there are no reports of temperature dependent Raman spectra
in the low energy region. Also we have investigated the effect of temperature of the
low energy Raman spectrum of 2,4-DNT. Experimental results from the temperature

dependent low energy Raman spectroscopy are discussed in following section.

Frequency (THz)
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Figure 8.11 — Raman spectra of 2-hydroxy benzoic acid (Salicylic Acid) for energies
in the THz region and at 138 K (solid curve), 213 K (dashed curve), and 288 K (dotted
curve). The spectra have been scaled to the same peak height at 68 cm™!.

8.4.1 Temperature dependence in salicylic acid

The Raman spectra at 138 K, 213 K and 288 K are shown in Fig. 8.11. It can be
seen that there is a shift in the Raman peaks to lower wave-numbers (red shift) as
the temperature is increased. This was also observed in a recent THz study at 13 K,
80 K and 295 K [150]. There is also a broadening of the vibrational modes at higher
temperatures that suppresses some of the modes. For example, the 288 K peak at
112 ecm ™! corresponds to hydrogen bond shearing and it is difficult to see because of
the more intense 106 cm™! (hydrogen bond shearing) and 126 cm™! (hydrogen bond
stretching) peaks. The temperature dependent broadening of vibrational modes can
be attributed to a change in the length and strength of hydrogen bonding with
temperature due to the symmetry induced breakdown of the Born-Oppenheimer
approximation as discussed in detail in [151] and references therein. Broader peaks

were also observed at room temperature from THz measurements on polycrystalline



182 Chapter 8. Material Characterisation at THz Frequencies

salicylic acid samples [150] where more peaks are observed at 13 K. However, the
temperature dependent broadening is not as dramatic in our Raman data when
compared with the THz data. This may be due to the use of single crystals in our

study when compared with powders in the THz study.

8.4.2 Temperature dependent Raman in 2,4-DNT
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Figure 8.12 — (a) Temperature dependent low wavenumber Raman spectrum of 2,4-
DNT; Temperature ranges from 88K to 288K. (b) Temperature dependence of the
energy of Raman lines indicated as 1 and 2 in (a).

Temperature dependence of Raman spectra have been studied in 2,4-DNT for
the temperature ranges from 88 K to 288 K. The results are shown in Fig. 8.12(a).
We have used a wider temperature range compared to the experiments performed
on salicylic acid as shown in previous section.

The effects of temperature we observed on the low energy Raman spectrum of
2,4-DNT can be summarised as follows: (1) A line broadening with increasing tem-
perature. (2) Red-shift with increasing temperature as summarised in Fig. 8.12(b).
The line broadening with temperature can be attributed to the distribution in the
distance between monomers. The red shift appears due to the thermal expansion of
the hydrogen bonding that leads to a reduced bond strength resulting in a red-shift

of the corresponding Raman peak.

8.5 Conclusions

A systematic scheme for the evaluation of EO polymers in THz frequency region is
discussed. The EO polymer made of APC and an organic NLO chromophore, PYR-

3, has a large coherence length for THz generation through optical rectification of
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a near IR pulse. Also, the polymer shows no strong absorption in the wider THz
region. A THz system using the EO polymers discussed in this study is being
developed in our group in IRL.

Raman and IR infrared spectra in the THz frequency range were measured for
some organic compounds. The experimental data show good agreement with the
theoretical calculations and reported literature values. The low energy Raman spec-
tra of 2,4-DNT was measured down to 88 K,we find that there is a broadening
of the vibrational modes when approaching room temperature. Using recrystallised
compounds for Raman spectroscopy helped us experimentally find some of the theo-
retically expected modes of 2,4-DNT that were not reportedly found experimentally.
Temperature dependent Raman on salicylic acid is consistent with a previous tem-
perature dependent THz study. However, the Raman spectra are not as broadened
by temperature when compared with the THz spectra, which is likely to be due to
the use of single crystals in our study. We find that that PB100XF (by Micropowder
Inc., USA) is an efficient, cost effective and stable additive for sample preparation

for THz spectroscopy.
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Chapter 9
Summary

The motivation of this study was to research and develop new materials for THz gen-
eration and detection. Properties of electro-optic (EO) polymers containing organic
nonlinear optical (NLO) chromophores have mainly been investigated in this thesis.
This includes fabrication of polymer EO films, general quantitative analysis, mea-
surement of their electro-optical and photo-chemical properties, and investigating

their properties in the terahertz (THz) frequency range.

The results from measurements of the EO coefficient, rss, on polymers based on
chromophores synthesized from our group are discussed in Chapter 5. Experiments
have been made on a range of chromophores to estimate their r3s in poled polymers.
Structural modifications made on the chromophores have been demonstrated to
lead to a large and stable EO effect. One of the key findings is the effect of bulky
substitution. This leads to a significant enhancement of the efficiency of the NLO
chromophores with a large EO activity together with a long term stability of the
EO activity. Further experiments to investigate the effect of photostability of this
structural modification have demonstrated that the large EO activity was achieved
without compromising any other qualities. There is a large difference between the
the measured value of r33 at 1kHz and the theoretically calculated value from the
first hyperpolarisability. This effect is discussed based on the contribution from
effects other than the individual NLO response of chromophores. A low rs3 at high
frequency makes the EO polymers studied in the thesis not particularly useful in
THz applications. However, a large EO activity at low frequency may allow them
to be used in low frequency applications such as EO modulators and wavelength

shifters.

185
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Modulation of diffraction efficiency in a grating using the NLO chromophores
using a static electric field was demonstrated in Chapter 6. This method is based
on the modulation of the refractive index by the applied field. The motivation for
this technique is to estimate the EO coefficient at zero applied field and to compare
the resultant rgz with that estimated from the Teng man method. It was found that
the measured EO coefficient is not purely due to the contribution from individual
chromophores. The measured EO effect is over-estimated due to the modulation of
film thickness by the inverse piezoelectric effect and thin film interference.

Photostability experiment was made on a range of NLO chromophores in differ-
ent physical conditions and the results reported in Chapter 7. A photodegradation
model based on multiple photodegradation quantum efficiencies has been developed.
This shows good agreement with the experimental data. The photodegradation
quantum efficiency of the chromophores at different chromophore concentrations
as well as light intensities were measured and the mechanism of enhanced pho-
todegradation quantum efficiency at high optical intensity is explained using a oxy-
gen mediated photodegradation model. The effect of chromophore concentration on
photostability is explained using the inter-chromophore energy transfer mechanism.
Methods to enhance optical stability via quenching of singlet oxygen and also by
quenching of triplet excited state of the chromophore are investigated using beta-
carotene. Effects of structural alterations on the photostability of chromophores was
also investigated. The addition of a bulky group for enhanced EO response showed
no reduction in optical stability demonstrating an over-all efficiency by the bulky
substitution. A paradoxical result from ring-locking in two different chromophores is
explained using the bond length alternation (BLA) parameter. A trade-off between
the NLO property and photostability is observed in the chromophores of a given
donor-acceptor pair when tuning the BLA parameter for high molecular nonlinear-
ity.

A systematic scheme for the evaluation of EO polymers in THz frequency region
is discussed in chapter 8. Simulations demonstrated the polymer films made using
our NLO chromophores in APC showed excellent phase matching for THz genera-
tion. A large coherence length is important for the generation of high power and
wide-band THz radiation. The importance of low energy vibrational spectroscopy
for material characterization and identification is discussed. The Raman and IR
spectrum in the THz region are compared for a set of carboxylic acid dimers. A

new host matrix was used to perform THz spectroscopy. It is found that PB100XF
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is an efficient, cost effective and stable additive for sample preparation in THz spec-
troscopy. Temperature dependent low wave number Raman studies were made to
investigate the effect of temperature on low energy vibrational modes. Inhomo-
geneous line broadening and red shifts are the two major effects observed when
the temperature increases from low temperature to room temperature in low wave

number Raman spectroscopy.

Future prospects

The EO materials have turned out to be showing less EO activity at high frequencies.
However, the high r33 show that it can be used in low frequency applications. The
resonance observed in Teng-Man ellipsometry is not favored when the polymers are
used for switching in that frequency range. So the thickness effect on this resonance
needs to be performed before using these materials for applications such as low
frequency optical switching devices. The effects of interference on the measurement
of EO coefficient can be significantly reduced by using thin films. The modulation of
the film thickness by the electric field and a resulting modulation of the interference
can be used in diffraction grating to make low frequency modulators.

Further studies need to be done on the relationship between BLA and photo-
stability. Currently the studies have been done only on two types of two different
chromophores. Also, two of the chromophores did not give good crystals that made
the crystallography study difficult. To extend this study, experiments need to be
done on more chromophores derived from the same donor-acceptor pair but having
different BLA values obtained by ring-locking or changing conjugation length. This
can help to develop a general relationship between BLA and photostability simi-
lar to the relationship between the BLA and the molecular NLO property of the
chromophores.

The temperature dependent vibrational spectra needs to be done by THz and
Raman measurements to get a complete temperature dependence of the low energy
vibrational modes of the compounds that have been studied in this thesis. The
vibrational modes are relatively close in the low energy region and this can be used
as a tool to investigate Fermi resonances and inhomogeneous broadening that are

observed in the compounds investigated.
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