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Abstract

Polymer composites are materials in which nano- and/or micro-sized particles of inor-

ganic materials (e.g. semiconductors, metal, air) are dispersed in a polymer host. Such

materials are of interest to combine the optical properties of the inorganic materials

with the easy processing of polymers, hence extending the functionality and proper-

ties of polymer-based optical devices. The main challenge with polymer composites

is their optical loss, resulting from scattering caused by the inclusions and often also

absorption due to the host and/or particles. Polymer composite materials can be either

weakly or highly scattering media, and can be useful from the optical to the terahertz

regimes, depending upon the size and the refractive index of inclusions and the host

polymer. Although scattering is usually considered an unwanted property, it is possible

to overcome and/or make use of the scattering in polymer composite materials designed

for specific applications. For example, it is shown through numerical simulation and

experiments that weakly scattering nanocomposites with optical gain are feasible, and

highly scattering media may be useful as a THz diffuser and/or depolariser.

Modern optical telecommunication systems operate around 1.5 microns, however

the loss in the polymer at these wavelengths is significantly larger than in glass-based

devices. The question therefore arises how one might reduce the optical losses in poly-

mers at telecommunication wavelengths, e.g. by introducing optical gain. A detailed

model of optical gain in polymers containing highly doped glass nanoparticles was

developed, taking into account the effects of scattering at both pump and signal wave-

lengths, and used to optimise the material parameters. It is shown that optical gain

is feasible at 1.55 µm in a poly(methyl methacrylate) host containing 10% by volume

of erbium-ytterbium-doped phosphate glass nanoparticles 100 nm in diameter when

pumped at 980 nm with intensity 1 mW/µm2.

It is often necessary in communication and sensing systems to collect or radiate

energy over a wide range of directions, though most coherent sources are highly di-

rective. A numerical model was developed based on a Monte-Carlo algorithm which
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xii Abstract

was extended to include the effects of both losses and boundaries on the propagation

of electromagnetic (EM) waves through composite materials. Moreover, we fabricated

a variety of composite materials, such as air-polymer dielectric composites and two-

dimensional (2-D) polymer microstructures, and investigated numerically and experi-

mentally the scattering and diffusion of THz radiation in such materials, e.g. for use

as THz diffusers. The results showed that THz polymer microstructures with an inho-

mogeneous structure can redistribute the incident THz radiation over a wide range of

angles off-axis from the incident beam.

The numerical model was further extended to determine the effects of multiple

scattering on the polarisation of EM waves escaping from the composite materials, es-

pecially at large scattering angles. The propagation of THz pulses through polyethylene

containing gold-coated silica microspheres was investigated experimentally, to deter-

mine the angle- and frequency-dependent depolarisation in a medium with high scat-

tering and low absorption loss. The results showed that depolarisation increases with

angle off-axis from the incident beam at high frequencies. The prediction of Monte-

Carlo modelling was found to be in good agreement with the experimental data.
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1
Introduction

This chapter provides general information concerning the optical properties of polymer

composite materials from the optical to the terahertz (THz) domains, from the active

to the passive materials, and reviews potential optical devices based on composite

materials. It separately gives an overview of the historical developments and the recent

state of technology in polymer composite materials and the generation and detection of

the terahertz radiation as well as the basic principles of THz time-domain spectroscopy

to highlight how technologies in these fields have progressed up to now. The aims,

motivation and thesis outline are also included.

1.1 Introduction

In recent years, there has been growing interest in the development and exploitation of

new materials based on polymers for a new generation of integrated optic devices and

systems [1, 2]. Compared with semiconductors, polymers have significant advantages in

terms of low-temperature processing, low-cost materials, and easy fabrication with high

precision [3]. However, optical components such as switches, waveguides, couplers, and

filters require materials with specific properties, such as transparency, nonlinearity,

and high refractive index [1–6]. Therefore, a key challenge is how to enhance the

1
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performance and/or tune the properties of polymers to meet different application needs.

Composite materials (i.e. a substance composed of reinforcement embedded in a

matrix) can be promising to add new functionalities and design new polymeric materials

with tailored physical, optical and chemical properties [6–9]. A problem with polymer

composite materials is their optical loss, resulting from scattering and absorption at

1550 nm. To compensate for the latter and intrinsic losses, optical amplifiers can

be fabricated by incorporating active elements such as rare-earth ions [10]. However,

the doping of polymers with rare-earth ions is much more complicated than that of

semiconductors and glasses [11]. In terms of fabrication, highly photosensitive polymers

should be employed to structure waveguides and/or to post-process optical devices.

Due to the lack of attention to the effects of scattering and also increasing attention

to terahertz technology, it is also important to investigate terahertz scattering, partic-

ularly characteristics such as spatial and spectral intensity distributions. This study

may lead to new components based on highly scattering media in the THz region.

1.2 Motivation and Scope of the Thesis

The research reported in this thesis is focused on four major themes: a) synthesis of

polymer composite materials and investigation of their optical properties, b) design

optimisation of optical amplifiers made using polymer nanocomposites doped with

rare-earth ions, c) numerical modelling of scattering media including boundaries, and

d) numerical and experimental studies of THz scattering.

1.3 Background

The electromagnetic spectrum (shown in Fig. 1.1) is classified into radio, microwave,

terahertz, infrared, ultraviolet, X-ray and gamma rays. For certain applications, the

wavelength range of interest depends on the structure of the matter and the energy

of the photons. For example, most polymers (such as poly(methyl methacrylate)) are

transparent at visible wavelengths, and can be used to fabricate optical devices such as,

waveguides, amplifiers, optical switches, etc. [12]. At short wavelengths, Rayleigh scat-

tering diminishes the performance of polymer optical waveguides, and in the infrared

range strong molecular absorption becomes important to the efficiency of polymer-

based optical devices [13]. Another interesting regime is at terahertz (THz) frequencies

because it bridges the gap between electronic and photonic regimes. THz technology
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has been opening new and interesting applications in the field of THz communication,

sensing, non-destructive testing, and high-resolution imaging [14–17].

Figure 1.1: The electromagnetic spectrum.

It is important to be able to predict and control the optical properties of materials

at the wavelength range of interest. The optical characteristics are mainly related

to absorption, scattering, and transmission of electromagnetic(EM) wave propagating

through a medium, and photorefractive and photosensitive mechanisms of materials.

Light is absorbed by two basic mechanisms: (i) the promotion of an electron to a

higher energy state if the photon energy is greater than that of the band gap, and (ii)

molecular vibrations, in particular at IR wavelengths, which do not have the energy to

induce an electronic transition.

Light scattering is the dispersal of an incident beam from the original direction of

propagation as a result of changes in the refractive index of the propagation medium.

Single scattering prevails in optically thin and weakly scattering media, as incident

beams have a high probability to propagate out of the medium before being scattered

again. In the case of multiple scattering, the light may undergo many changes in di-

rection, polarisation state, phase, and amplitude as it interacts with highly scattering

and weakly absorptive media [18]. The regimes of particle scattering are shown in

Fig. 1.2, depending on the particle size, and the light wavelength. The scattering

crosses over from the Rayleigh regime to the Mie regime when the particle size be-

comes larger than around 10% of the wavelength of the incident beam. In the case of

multiple scattering, the latter regimes become more complicated than single scatter-

ing, depending on the optical loss resulting from both scattering and absorption, the
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volume fraction of particles, and the refractive index. The transmission of EM wave

propagating through a multiply scattering medium can be separated into two compo-

nents: (i) ballistic photons, and (ii) diffuse photons. The ballistic photons scatter only

in the forward direction. The diffuse waves comprise multiple-scattered photons, which

randomise their polarisation.

In photorefractive materials, the beam interacts with a medium and produces a

non-uniform space-charge configuration. The resulting carriers drift and diffuse and

hence an internal electric field variation is formed which modifies the refractive index

of the material through the electro-optic effect [19]. In contrast, the refractive index of

photosensitive materials can be permanently changed by, for instance, UV-irradiation

to fabricate waveguides and optical components such as a Bragg grating [20]. One

technique to design and rapidly fabricate planar waveguides is the direct laser writing

method [21], shown in Fig. 1.3.

Figure 1.2: Light scattering regimes.
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Figure 1.3: Direct writing system.

It is difficult to find a single and homogeneous material that possesses the required

characteristics (optical, thermal, and mechanical properties) for a given application.

Therefore, developing new materials with desirable properties is deemed necessary.

Different materials exhibit a different dependence on the wavelength of the EM wave.

Metals, for instance, are strongly absorptive throughout the entire visible spectrum

but are reflective in the THz range. On the other hand, some dielectric materials are

transparent in both the visible and the THz range with low and/or high refractive

indices. Therefore, it seems that composite materials, including both nano- and micro-

structures, are a promising new class of materials which provide a new perspective

on the design of materials with optimised properties or with tailored multi-functional

properties.

A composite material can be defined as a combination of two or more constituent

materials with different properties, resulting in a material with characteristics unattain-

able by the individual components. Although many studies have focused on the prepa-

ration and the characterisation of composite materials, much progress has also been

made in improving the mechanical and thermal properties of polymer materials. How-

ever, investigation of the optical properties of composite materials and study of optical

devices based on polymer composite materials is still a developing area.
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1.4 Polymer Composite Materials

1.4.1 History

For the first time, Carter et al. (1950) fabricated polymer composite materials by com-

pounding a polymer with layered silicate [22]. They showed that the resulting product

modified the hardness, modulus and tensile strength. In 1959, R. Feynman declared

“there is a plenty of room at the bottom” and described the possibility to create nano-

sized products [23]. In the 1960s, Nalsia studied the combination of organoclay and

thermoplastic polymer matrix and provided tough solvent resistance and large tensile

strength organoclay composites by irradiation-induced cross-linking [24]. Blumstein

(1965) found an improvement in the thermal stability of poly(methyl methacrylate)

(PMMA) by combining it with montmorillonite clay [25]. In 1974, Taniguci introduced

the term of nanotechnology as a new field of science to describe semiconductor pro-

cesses such as thin film deposition on the order of nanometres. In 1976, Fujiwara and

Skamoto demonstrated the first organocalys hybrid polyamide nanocomposite to study

the flame-retardant properties of these materials [26].

In 1981, A. Ekimove discovered nanocrystalline, semiconductor quantum dots in

a glass matrix and characterised their optical and electrical properties [27]. For the

first time (according to [28]), a polymer inorganic nanocomposite was reported by

Ludersdorf in 1986; he showed interesting optical properties such as dichroism by co-

precipitation of gum arabic and a gold salt in ethanol. In 1991, carbon nanotubes were

discovered by S. Iijima. In the nineteenth and early twentieth, Faraday, Fischer, Mie

and Zsigmondy realised the size-dependent properties of particles; the surface density

(i.e. surface area per unit volume) in nano and micro scales is inversely proportional

to the size of the particles [28]. Typical nanoparticles which are currently under in-

vestigation mainly include semiconductors (e.g. PbS, ZnO, CdSe, CdS) and metal

nanoparticles (e.g. Au, Ag, Cu, Ge, Pt, Fe), oxides (e.g. TiO2, SiO2), carbon-based

materials such as nanotubes, and nanowires [8, 29–36].

All mentioned nanomaterials provide their own advantages and challenges depend-

ing on their potential applications for polymer-based devices. For example, polymer

nanocomposites can be used in electrical and thermal applications in which carbon

nanotubes are used as nano-fillers to enhance both the electrical and thermal conduc-

tivity of the polymer matrix [34]. Such materials can be useful for electronic devices.

Metal nanoparticles (e.g. gold, silver) can be used in polymers for sensor applications

including gas and chemical sensors [37]. For magnetic applications, metal oxides are

used as inorganic inclusions [38]. In order to achieve high-refractive-index polymers,
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semiconductor nanoparticles (e.g. ZnO and TiO2) can be incorporated into the organic

materials [39]. Recently, polymeric nanocomposites of gold and iron oxide nanoparti-

cles have been frequently used for bioimaging agents [40]. High UV absorbing inclusions

such as ZnO and TiO2 have a long-term UV stability which makes them suitable as

additives to polymers to prepare a UV protective coating [41]. In 2009, Yordanov et al.

reported photoluminescence materials comprised of core-shell CdSe/CdS as inorganic

nanofillers and poly(buthymethacrylate) as the polymer matrix [42].

Figure 1.4: Nanostructures: (a) nanoparticles (0-D), (b) nanowires (1-D), (c) thin films
(2-D), and (d) nanocomposites

As shown in Fig. 1.4, nanomaterials can be classified into four groups on the basis of

the number of dimensions, zero- (0-D), one- (1-D), two- (2-D) and three- dimensional

(3-D) nanomaterials. Zero-dimensional materials have nano dimensions in all three

directions, e.g. nanoparticles. One-dimensional materials such as nanowires, nanotubes

or nano rods have two dimensions in the range of nanometres. In 2-D structures, two

dimensions are beyond the nanometre range, such as thin films. 3-D structures are the

bulk nanomaterials which are not confined to be nanoscale in any dimension, such as

nanocomposites, micro structures and mesoporous and organic-inorganic hybrids.

1.4.2 Nanocomposite Materials

Nanotechnology deals with characteristic lengths in the nanometre range 1-100 nanome-

tres (nm=10−9m). Nanocomposite structures are comprised of the host (e.g. polymers)

and inclusions (e.g. silica) in which their size is comparable to and/or smaller than

the wavelength of the light [7]. The idea of using nanocomposites is to combine the

desirable properties of the organic polymers (i.e. easy processing, flexibility) and the

inorganic materials (i.e. inert, very low loss, thermal stability). A high surface-to-

volume ratio of nanoparticles leads to a dramatic increase in the inter-facial region

between the host and the inclusions, resulting in different optical, thermal and me-

chanical properties from the bulk polymers even at a relatively low volume fraction of



8 Introduction

nanoparticles [43, 44].

A wide variety of nanoparticles can be added to tune the thermal properties of

nanocomposite materials, such as the thermo-optic coefficient, and/or to change the

optical properties of polymers, such as absorption, luminescence, refractive index, and

electro-optic coefficient [45–49]. Therefore, such materials have the potential to further

improve these properties of polymer-based optical devices, including planar waveguides,

optical fibres and amplifiers, etc. The properties of polymer nanocomposites strongly

depend on the size and volume fraction of the nanoparticles, the wavelength of the

light, and the refractive index of inclusions and host [50].

Interactions between particles induce aggregation in which nanoparticles tend to

aggregate into clusters up to several microns in size [51] and hence dramatically in-

crease the size of inclusions; the state of the dispersion of inclusions in the host has

a significant influence on the properties of nanocomposites such as the scattering loss

[47]. Therefore, to optimise the effects of nanoparticles, they should be well dispersed

in the polymer matrix. Moreover, the same polymer nanocomposite materials prepared

using different techniques can exhibit a large variation in their properties due to the

grafting densities (i.e. attaching polymer chains to the surface of nanoparticles), the

type of initiators (photo and/or thermal initiators), transfer agents, and chain termi-

nating materials. So the main challenge in the preparation of nanocomposite materials

is to control the dispersion and aggregation of nanoparticles.

Polymer nanocomposites can be formed by either solution mixing or in-situ poly-

merisation [52, 53]. In solution mixing, first polymers are synthesised and then compo-

nents are combined by blending of solutions. Although solution mixing is a relatively

easy method, it has yielded low grafting densities, because polymer chains populate

the surface and then it becomes hard for them to react with the surface of nanoparti-

cles. Furthermore, this method impacts the effective size of the nanoparticles, as the

dispersion of inclusions is difficult and thus they aggregate. In contrast, in the in-situ

method, the surface of the nanoparticles is modified by a functional group of monomers

followed by the polymerisation process, leading to an enhanced dispersion of inclusions

[54]. The presence of the nanoparticle surface also contributes to the rate of chain

transfer and chain termination.

Among the numerous inorganic nanoparticles, silica has attracted considerable in-

terest for use in different applications, in particular optical devices [55]. The refractive

index of silica is closely matched to that of the polymers, so that it is possible to achieve

a highly transparent nanocomposite material, which is a prerequisite for a majority of
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Figure 1.5: Schematic illustration of the preparation of polymer nanocomposites via in
situ polymerisation or solution mixing

optical devices. Moreover, silica is also known to be a suitable host for the rare-earth

ions, applicable in planar-waveguide amplifiers to reduce the optical loss [10]. A signif-

icant problem with polymers is their optical loss at NIR wavelengths, mainly caused

by the molecular vibrations of the polymer at telecommunication wavelengths, e.g. 1.5

microns [56]. If polymers are to be useful in this wavelength range, it is important to

compensate for the loss by amplifying the light. Although the nanoparticles embedded

in the host result in a scattering loss due to the refractive-index mismatch between the

inclusions and the host, the scattering loss can be minimised by decreasing the size of

the inclusions, to significantly below the wavelength, and by refractive-index matching.

Although scientists have made remarkable progress in the preparation of polymer

composites as well as in their mechanical and thermal properties, there has been limited

research on the application of these materials in polymer-based optical devices. Our

aim is to synthesise polymer composite materials, to investigate their optical properties.

1.5 Rare-Earth Doped Materials

1.5.1 History

The discovery of the black mineral ”Ytterbite” by C. Arrhenius in 1787 was the origin

of rare-earth ions, and then the J. Gadolin analysis on ytterbite yielded an unknown

oxide (earth) that he called ytteria [57]. J. Berzellius obtained a white oxide from an
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iron-tungsten mineral and called it ceria [58]. By 1803 there were two known rare-

earth elements, yttrium and cerium. In 1839, C. Mosander separated ceria by heating

the nitride and dissolving the product in nitric acid [58]. The resulting material was

isolated into two new elements, lanthanum and didymium. In 1842, Monsander also

separated ytteria into three oxides, ceria, terbia and erbia. In 1885, A. Welsbach

showed that didymium was twin elements: neodymium and praseodymium [59]. Berlin

called the earth giving pink salt erbium. In 1959, N. Bloembergen proposed a photon

upconversion (UC) process in which the absorption of photons leads to the emission of

light at shorter wavelengths than the excitation wavelength, as shown in Fig. 1.6 [60].

Figure 1.6: Spontaneous emission of erbium.

In 1963, Koester and Snitzer demonstrated the first rare-earth doped fibre ampli-

fier using neodymium-doped fibre amplifiers with a net gain of 47 dB [61]. The first

Er3+-doped glass laser was also demonstrated by Snitzer and Woodcook in 1965. In

1985, neodymium-doped silica fibre was used to build a single-mode CW fibre laser.

The development of semiconductor lasers in the 1980s provided sufficient light sources

for fibre amplifier devices [62]. After the demonstration of Nd doped single-mode fibre

amplifiers by D. Payne and et al. (1986), rare-earth doped optical fibres were consid-

ered to be a feasible media for making practical optical amplifier devices [63]. Er3+ and

Nd3+ were mostly used, as they have transitions coinciding with the low-loss telecom-

munications windows [64]. Although rare-earth ion doped fibre amplifiers are the most

commonly used amplifier, they are incompatible with integrated optical devices due

to their geometric structure which restricts their further application. The concept

of integrated optics was proposed by Miller in 1969 [65]. Yajima and his colleagues

demonstrated the first Nd3+ doped glass thin-film waveguide [66]. The waveguide op-

erated at 1060 nm with an optical gain of 0.36 dB/cm. There then followed a continual

progress and development in planar waveguides to increase the gain and reduce the loss

through modifying the glass and doping with different rare-earth ions. However, the
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optical communication wavelength was around 1300 nm in the early 1970s, so that the

latter waveguide was not acceptable. Kitagawa et al. demonstrated erbium doped silica

waveguides (1992) with a total gain of 21 dB in a 2.4 cm long thin film, followed by the

phosphate modified silicate glass waveguide amplifiers (1993-1994) [67–69]. Since then,

different materials have been studied for optical amplifiers, including glasses, crystals,

and organic materials. Table 1.1 shows recent materials, with the type of preparation,

and their applications.

1.5.2 Optical Gain

In order to achieve optical gain in a medium at a given wavelength, different types of

rare-earth ions are doped into the medium. By absorbing a photon, the ion is excited

from the ground state to an excited state. Electrons in the higher state can either relax

spontaneously to a lower energy state by emission of a photon, or a photon may force

an excited atom to decay by emitting another photon, i.e. stimulated emission. If the

pump rate is large enough, population inversion between the two levels is achieved and

hence stimulated emission can be a dominant factor over absorption and thus signal

amplification can be obtained in the medium.

Since the position of the energy levels of the rare-earth ions is independent of

the host materials, then in principle any weakly absorptive material at the pump

and emission wavelengths can be used as a host. However, polymer-based optical

waveguides and devices are of interest in optical communications and sensing due to

their ease of fabrication and low cost. Most telecommunication systems operate at

1.5 microns, and the loss in the polymer at these wavelengths is significantly larger

than in glass-based devices, and consequently optical amplification is desirable. Whilst

substantial progress has been made in highly doped rare-earth inorganic materials

for applications in compact amplifiers and integrated optics [88–93], relatively few

materials for optical amplifiers at 1.5 µm based on rare-earth-doped polymers have

been demonstrated [11, 94–98]

The primary difficulties in achieving optical amplification in rare-earth-doped poly-

mers are: i) the insolubility of rare-earth inorganic salts in polymers, and ii) hydrogen

groups quench the radiative transitions of the rare-earth ions [97]. A promising ap-

proach to avoiding the latter difficulties is to embed rare-earth based inorganic nanopar-

ticles into the polymer host. In this way most of the rare-earth ions are isolated from

the organic host. A simple approach that we have been investigating to achieve this
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Table 1.1: Rare-earth ions doped in a range of host materials.

–

Inclusions Type Host application

SiO2:Er3+ [70] glass glass optical fibre amplifiers

Si:Er3+ [71] semiconductors glass

porous silicon:Er3+ [72] semiconductor glass

TiO2:Er3+ [73] semiconductor glass

GaN:Er3+ [74] semiconductor glass optical amplifier

GaAs:Er3+ [75] semiconductor glass light-emitting diodes

ZBLAN:Er3+ [76] glass glass laser

TeO2:Er3+ [77] crystal glass

PSG:Er3+ [78] glass glass

Al2O3:Er3+ [79] metal metal

LiNbO3:Er3+ [80] crystal crystal

YAG:Er3+ [81] crystal crystal

LiYF4:Yb3+, Er3+ [82] crystal polymer polymer waveguide

BaYF5:Yb3+, Er3+ [83] crystal polymer polymer waveguide

NaYF4:Yb3+, Er3+ [84] crystal polymer polymer waveguide

β-NaLuYF4:Yb3+, Er3+, Tm3+, Ho3+ [85] crystal polymer

α-NaLuYF4:Yb3+, Er3+, Tm3+, Ho3+ [85] crystal polymer

Y2O3:Yb3+, Er3+ [86] crystal polymer

LaF3:Er3+, Yb3+, Eu3+, Tb3+, Ce3+ [87] crystal polymer polymer waveguide

NaGdF4:Eu3+, Yb3+ crystal polymer polymer waveguide
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Figure 1.7: P2O5:Er3+/Yb3+ nanoparticle-doped PMMA.

is to disperse Erbium-Ytterbium (Er+3/Yb+3) co-doped glass nanoparticles into the

polymer as shown in Fig. 1.7. However, a potential problem is scattering loss, which

acts in addition to rare-earth absorptions in the inclusions, and loss in the polymer

host. Furthermore, scattering depends strongly on the size of the inclusions relative to

the wavelength, and so in an amplifier scattering will affect pump and signal intensities

differently. Many parameters must therefore be taken into account in the analysis and

design of nanocomposite-based optical amplifiers, including the size of the nanopar-

ticles, their Er+3/Y b+3 concentration, and their volume fraction within the polymer

host. The values of the latter parameters are often constrained in practice (e.g. mini-

mum size, maximum volume fraction), raising the question of whether optical gain is

even possible in a given length of material with a feasible pump power.

1.6 THz Propagation in Highly Scattering Com-

posite Materials

1.6.1 THz History

Rubens and his colleagues measured the emission spectrum of a blackbody down to the

THz region [99]. The main problem was that the blackbody spectrum drops rapidly

at low frequencies, except at T=2.7 K. A powerful arc lamp produces enough THz

light to do spectroscopy. Terahertz Fourier Transform spectroscopy was also used to

produce a very broadband 0.25-30 THz source using a Hg arc lamp with bolometer at

T=4 K. However, as the bolometer relied on temperature, the response was very slow

and also required liquid cryogens. In 1964, Gebbie et al. generated terahertz gas lasers

by electrical discharge [100]. In the 1970s, Hartwick used CW THz gas lasers in THz

imaging systems [101]. The gas lasers can produce high-power pulses, however, their
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main problems are discrete tuning, low efficiency and expensive.

As the THz regime (i.e. 300 GHz-10 THz) lies between the photonic and electronic

regions, it can be generated in both ways. In the 1980s, G. Mourou et al. and D.

Auston et al. fabricated photoconductive switches [102, 103]. Then, THz pulses were

generated by ultrafast switches. A femtosecond (fs) pulse optically excites the gap

region, producing charge carriers. The charge separation is induced by an applied

bias voltage. The resulting short current pulse generates the THz pulses by coupling

to an antenna as shown in Fig. 1.8. To detect the THz pulses, the semiconductor

material used for antennas needs to have a short carrier life time. In 1996, Auston

used a femtosecond laser to detect the THz pulses [104]. The detection is similar to

the generation scheme, however the charge separation is induced by the incident THz

field in which a fraction of the THz pulse separates charges and hence detects current

in the order of nano amperes, shown in Fig. 1.9.

Figure 1.8: Terahertz generation by ultrafast photoconductive switches

The energy of the THz pulses based on photoconductive switches is only around 500

nJ. However, high energy THz ultrashort pulses are necessary for some applications

such as imaging and nonlinearity terahertz spectroscopy. The crucial parameter is

how to match between the optical group velocity and the THz pulse velocity, which

can be achieved in some materials with an appropriate pump wavelength. The THz

pulses can also be generated and detected by nonresonant nonlinear optics for optical

rectification. Typical nonlinear materials used for this purpose are ZnTe, GaP, LiNbO3.
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Figure 1.9: Terahertz detection by ultrafast photoconductive switches

In the early 1970s, Y. R. Shen et al. and D. H. Auston et al. generated THz pulses

using picosecond pulses in LiNbO3 [105]. Because the process is non-resonant, the

life time of the photogenerated charge carriers is not relevant. Therefore, electro-optic

(EO) based THz systems have superior spectral bandwidth with high THz pulse energy

compared to systems based on photoconductors. In 2007, Yeh et al. generated very

high THz pulse energy, up to 10 µJ, using MgO doped LiNbO3 [106].

Ultraband (> 10 THz) combined with a very high intensity (MV/cm) THz wave

can be generated and detected using air photonic techniques, air being used as the

emitter. First, single-wavelength optical excitation is used to create a plasma and

then THz pulse generation is attributed to the ponderomotive force (i.e. a nonlinear

force that a charged particle experiences in an homogeneous oscillating electromagnetic

field) [107, 108]. Another way is to generate a second-harmonic beam by focusing a

fundamental beam through a crystal such as beta barium borate. The third case

is to combine the second-harmonic beam with the fundamental beam using a dichoric

mirror and control the amplitude, phase, and polarisation of the beam individually. M.

Clerici et al. in 2013 achieved high-power THz pulses up to 4.4. MV/cm by nonlinear

generation in air [109]. The detection of the THz electric field (amplitude and phase)

is based on the intensity of the THz-filed-induced second-harmonic signal as shown in

Eq. 1.1 [110].

I2ωα
(
χ(3)Iω

)2
ETHzEDC (1.1)

where ETHz and EDC are the electric-field amplitudes of the THz pulses and the DC
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bias. The mentioned recent high-tech progress in THz generation and detection are

really complicated and are not commercially available.

A standard THz time-domain spectroscopy (TDS) is demonstrated in Fig. 1.10

[111]. A TDS simplifies measuring the THz spectrum for a reference scan of the system

without the sample present to eliminate external influences on the system. The optical

detection pulse in time allows for scanning the THz pulse and sampling its electric field

as a function of time, indicated in Fig. 1.11. The temporal resolution of the detected

THz-induced currents is inversely related to the carrier life time. The optical delay of

emitter to receiver pulse can be introduced by a motorised stage that displaces a retro

mirror installed in the path of the beam directed to the receiver. It should be noted

that for a coherent detection the same laser pulse generating the THz pulse has to be

used for sampling. Photoconductive sampling is a coherent detection of the electric

field and therefore it can be Fourier transformed to provide both the amplitude and

the spectral phase. A major challenge is presented for application of THz spectroscopy

at a long distance, mostly due to water vapour in the atmosphere. However this is

highly frequency-dependent. For the first time, in 2014, S. Koenig et al. presented a

wireless communication system at 237.5 GHz for transmission data over 20 m [112].

Figure 1.10: General configuration of a time-domain spectrometer.
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Figure 1.11: Measuring THz pulses using photoconductive sampling

1.6.2 Highly Scattering Composite Materials

According to the early sections, scattering has been considered an unwanted property

in many optical applications, however it can potentially be useful for developing com-

posite materials to introduce new functionalities which can open up new applications

in telecommunication systems, sensing, imaging and spectroscopy [113–116]. Scatter-

ing in random media is known to modify the spectral content, degree of polarisation

and spatial distribution of electromagnetic wave propagating through such materials

[117–119]. Consequently, strongly scattering media offer new direction to light sources,

imaging, and new matter-radiation interactions to explore. An example is that of a

random laser obtained from porous glasses and laser crystal powders, in which photons

bounce among particles long enough for amplification to occur with a duration on the

scale of nanoseconds and in a narrow spectrum of about 0.1 nanometres [120]. The

characteristic of most interest in the opaque materials depends upon multiple scatter-

ing (shown in Fig. 1.12), in which the distance between two scattering events is much

smaller than the dimension of the medium. For example, the propagation of polarised

light in highly scattering media results in a loss of initial polarisation and/or changing

randomly the polarisation state of an incident wave caused by multiple scattering [121].

The transport properties based on diffusion theory can be classified into four char-

acteristics: reduced scattering coefficient, transport mean free path, diffusion length,

and optical penetration depth. The fundamental parameters describing the properties
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of highly scattering media are shown in Table 1.2.

Figure 1.12: Multiple light scattering by a random collection of microspheres.

Table 1.2: Optical and transport properties of a random medium

Quantity Symbol units

Absorption coefficient µa cm−1

Scattering coefficient µs cm−1

Anisotropy of scattering g -

Refractive index n -

Reduced scattering coefficient µs
′
= µs(1-g) cm−1

Transport mean free path l∗=1/(µs
′
+µa)

cm

Diffusion length D=l∗/3 cm

Optical depth Od=
√
D/µa

cm

Although multiple scattering is a random process, its effects (such as depolarisation)
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can be controlled by the specific properties of the scattering medium, i.e. the effect of

boundaries, the size of particles, the volume fraction and the refractive index.

Numerous studies have investigated the degree of polarisation of the light. How-

ever, previous studies predict and evaluate the depolarisation ratio of only backscat-

tered light in semi-infinite samples, especially at optical wavelengths [122, 123]. Highly

scattering media from a foamed polycarbonate rod were fabricated; it has a simple ge-

ometry with air bubbles randomly distributed in the slab. Compared with the studies

on THz scattering described in different reports, our scatterers are low-index bubbles

in a high-index host, and the bubbles are inhomogeneous in size. We also fabricated

different highly scattering media made by dielectrics and metals, as most of the latter

materials are transparent and/or reflective at THz frequencies and may can be used

in THz sensing and short-range communications. The measurements were taken using

terahertz time-domain spectroscopy (THz-TDS) with a goniometer, giving both the

spatial and the spectral distribution of the THz radiation transmitted through com-

posite materials, shown in Fig. 1.13. We also measured the polarisation dependence of

Figure 1.13: Terahertz diffuse scattering from a highly scattering medium

THz scattering. The results are compared to values predicted by numerical modelling,

developed using a Monte-Carlo algorithm to calculate the propagation of polarised light

through micro-structured materials, and to properly account for the effect of both loss

and boundaries. The aim is to determine the depolarisation of linearly polarised and

circularly polarised light escaping from the sample at different boundaries, especially

at large scattering angles.
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1.7 Thesis Overview

1.7.1 Structure of the Thesis

This thesis is organised as follows:

Chapter 1 gives an introduction to the optical properties of composite materials in

both optical and terahertz ranges. It also presents a comprehensive study of recent

developments in these fields.

Chapter 2 reports on detailed theoretical studies of the optical properties of PMMA

containing various types of nanoparticles. Experimental work on PMMA/Silica nanocom-

posites is described in Appendix A, including material synthesis and characterisation.

Chapter 3 presents a detailed theoretical analysis based on a three-level system

to describe the optical gain properties of polymer nanocomposites. In order to under-

stand the luminescence properties of doped glass at the nano size scale, the doped-glass

nanoparticles were made by high-energy wet-ball milling to provide useful guidance for

future improvement of the gain properties of nanocomposites.

Chapter 4 describes an algorithm based on a Monte-Carlo method and its applica-

tion to modelling THz scattering, including the effect of boundaries on the spectral and

spatial distribution of THz pulses propagating through highly scattering composite ma-

terials. Composite materials were made by forming air bubbles in polycarbonate rods

and two different types of 2-D polycarbonate microstructures, and used in experiments.

Chapter 5 describes the measurements of polarisation-dependent diffuse THz scat-

tering in composite materials. It discusses the frequency- and polarisation-dependent

spatial distribution and spectrum of THz pulses scattered with off-axis angles from the

incident light, as well as the loss characteristics.

Chapter 6 summaries the conclusion of the thesis with recommended future work

which can be important for the development of polymer-based optical devices, including

planar waveguides, optical fibres, depolarisers, and diffusers.
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1.7.2 Contributions of This Thesis

• A new method for obtaining optical gain at NIR wavelengths in polymers was

proposed based on top-down particle synthesis and it is shown that gain is possible

with practical parameters.

• Monte-Carlo modelling of highly scattering composite materials was extended to

include boundary effects and it was shown that the boundaries can modify the

distribution of EM radiation around scattering objects.

• The latter model was further extended to include polarisation effects off axis

and shown to agree with polarisation- and angle-dependent measurements of

scattering in highly scattering composite materials.
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2
Optical Properties of Polymer

Nanocomposite Materials

In this chapter we review and present calculations of the total loss in transmission (i.e.

due to absorption plus scattering) as a function of wavelength for nanocomposites with

various nano-sized inclusions (SiO2, TiO2, air [39, 124, 125]). The aim was to determine

the practical constraints on particle size and volume fraction, and the associated change

in refractive index, and the thermo-optic coefficient achievable in such nanocomposites

with limited transmission loss.

2.1 Introduction

In the optical properties of composite materials, low loss is usually required if they

are to be useful in optical applications. High transparency in polymer nanocomposite

materials may be hindered by light scattering, resulting from the refractive-index (RI)

mismatch between the inclusions and the polymer matrix [39]. Refractive index is an

intrinsic material property and, in general, the RI of inorganic nanofillers is greatly

different from that of pure transparent polymers, causing light scattering which can

result in opaqueness, even with a low nanoparticle content. However scattering effects

23
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can be minimised by making a trade-off between particle size and refractive mismatch

between the host and the inclusion.

The transparency of polymer nanocomposites may also be significantly affected by

the absorption loss of the host and/or the inclusion, which restricts the range of useful

wavelengths. For example, polymers such as poly(methyl-methacrylate) (PMMA) has

strong optical losses caused by C-H and O-H vibrational absorption in the near infrared.

The incorporation of the inorganic moiety into a polymer matrix can decrease the C-

H and O-H bonding density and thus reduce the absorption loss. Besides, the large

polarisability difference between the inclusions and the host moieties possibly induces

an increase of the anharmonicity of the C-H and O-H bond, so that the NIR spectra

could be shifted into the optical window of the used light [124, 126, 127].

2.2 Scattering Regimes

When a photon encounters a particle, a portion of the photon energy is scattered and/or

some is absorbed by either the host or the particle. Describing the optical loss (i.e the

sum of absorption and scattering) has been the subject of many text books. Here we

present a summary of these descriptions in order to identify applicable theories for our

modelling and to enable comprehensive analysis using wavelength, volume fraction,

and size of particles as parameters.

2.2.1 Rayleigh Scattering

A formal solution of Maxwell’s equations with appropriate boundary conditions is

required to find the scattering amplitude function (i.e. the energy of the scattered

wave), and the scattering cross-section (i.e. the total energy scattered in all directions

to the area of the particle). Rayleigh scattering describes a type of scattering with

large wavelengths and/or particles with size much smaller than the wavelength of the

light [40]. The Rayleigh Law describes the transmittance (T) and the scattering cross-

section (σs) of the particles, given by:

T =
I

I0
= exp

−32π2fLr3n4
m

λ4

[
(np/nm)2 − 1

(np/nm)2 + 2

]2 (2.1)

σs =
8

3
πk4 |α|2 (2.2)
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in which I and I0 are the intensities of the transmitted and incident light, r the radius

of the spherical particles, L the optical path length, and nm and np the refractive index

of the matrix and the particles. k = 2π/λ is the wave number and α is the polarisability

of a sphere with radius r and volume fraction, given by:

α =
3 (m2 − 1)

4π (m2 + 2)
f (2.3)

in which m is the refractive index of the particle relative to the host and f the volume

fraction. The Rayleigh law indicates that the scattering of light propagating through

composite materials is dependent on a variety of factors including i) the size of the

scatterer relative to the wavelength, ii) the volume fraction of the particles, iii) the

refractive index of the inclusions.

The large refractive-index mismatch can be compensated for by reducing the radius

of the nanoparticles, provided particle agglomeration becomes severe and deteriorates

the particle dispersion in the polymer matrix as the particle size decreases. When the

size of the particle is very large compared to the wavelength, incident light upon the

particle is either refracted into the particle or reflected from the surface. In this case,

an area of the incident beam, equal to the geometrical cross-section of the particle, is

modified by the particle due to refraction, reflection, and absorption of light. According

to the Huygens-Fresnel principle, the total energy extinguished corresponds to a total

cross-section of σt = 2σg, where σg is the geometrical cross-section of the particle [128].

2.2.2 Mie Scattering

Mie theory determines the scattered field and cross-section when the size of the scat-

terer is comparable to the wavelength of the light. By contrast, Rayleigh scattering is

strongly wavelength dependent (λ4) and can be extended to scattering from particles

with diameters up to one tenth of the wavelength of the light; moreover, the scattering

intensity is almost equal in all directions as shown in Fig. 2.1, whereas large particles

(Mie regime) scatter the light mostly at small scattering angles, i.e. in the forward

direction. The Mie equation solves Maxwell’s equations with boundary conditions for

the scattering of a homogeneous sphere and can be found in books by Huffman [129]

and van de Hulst [130]. The scattering amplitude functions are given by [129]:

S1 (θ) =
∞∑
n=1

2n+ 1

n(n+ 1)
[anπn (cosθ) + bnτn (cosθ)] (2.4)
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(b)

Direction of
incident beam

(a)

Figure 2.1: Scattered photons in (a) Rayleigh, and (b) Mie regimes.

S2 (θ) =
∞∑
n=1

2n+ 1

n(n+ 1)
[bnπn (cosθ) + anτn (cosθ)] (2.5)

where:

πn(cosθ) =
1

sinθ
P 1
ncosθ (2.6)

τn(cosθ) =
d

dθ
P 1
ncosθ (2.7)

and P 1
ncosθ is a Legendre polynomial. As found by Wiscomb, a sufficient number nmax

of terms is integer (x+x1/3 +1) for x < 8, in which x is the size parameter, and x = ka

[131]. The complex coefficients an and bn are the expansion of the TE and TM modes

of the scattered wave given by:

an =
Ψ

′
n(mka)Ψn(ka)−mΨn(mka)Ψ

′
n(ka)

Ψ ′
n(mka)ζn(ka)−mΨn(mka)ζ ′

n(ka)
(2.8)

bn =
mΨ

′
n(mka)Ψn(ka)− Ψn(mka)Ψ

′
n(ka)

mΨ ′
n(mka)ζn(ka)− Ψn(mka)ζ ′

n(ka)
(2.9)

where m is the refractive index of the particles relative to the host (m=np/nh, here np,

and nh are refractive index of the particle and host, respectively.). The functions ψn

and ζ are the spherical Riccati-Bessel functions, given by:

Ψn(x) = (πx/2)1/2Jn+1/2(x) (2.10)

ζn(x) = (πx/2)2H
(2)
n+1/2(x) (2.11)
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where Jn+1/2 and H
(2)
n+1/2 are Bessel functions of the first and second kind, respectively.

Using the above equations, the extinction cross-section, i.e. the total scattering and

absorption cross-sections, σs and σa respectively, can be calculated by:

σs =
2π

k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (2.12)

σext = σa + σs =
2π

k2

∞∑
n=1

(2n+ 1)Re(an + bn) (2.13)

and the extinction coefficient kext (cm−1) can be expressed by:

kext = σext
fπa2

V
(2.14)

where V is the volume of particles (cm3).

2.2.3 Multiple Scattering

The transport of waves through random media and/or a composite material is a subject

of interest in many applications such as imaging, communication systems, and sensing

[132–135]. For example, the transport of light through tissue may be used for disease

diagnosis [132]. For our purpose, we are interested in composite materials, including

randomly distributed particles with a high volume fraction in order to redistribute

the incident wave. Randomly distributed particles in a medium can result in multiple

scattering. The transport of light propagating through highly scattering materials

can be characterised by three regimes: the diffusion, the absorption, and the ballistic

regimes, shown in Fig. 2.2 [136, 137].

For example, Fig. 2.3 shows the transmission as a function of sample thickness

along with the three scattering regimes (the model will be explained in Chapter 4).

In the ballistic regime, the transmission decays exponentially, i.e. with an exponential

attenuation law with a decay constant of the extinction coefficient, because of photons

being scattered from the incident light direction. The decay rate defines the scattering

mean free path (λs), which is the average distance between scattering events. Diffused

light propagating through a slab of length L undergoes multiple scattering and changes

in direction. The contribution of the diffusion regime to the transmitted radiation is

governed by a decay rate of 1/(L+L0) which is much slower than an exponential decay.
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Figure 2.2: The types of scattered photon that exit from a highly scattering medium.
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Figure 2.3: The transmission of light propagating through a highly scattering medium
with length L, scattering coefficient of 16 cm−1, absorption loss of 1.5 cm−1.

The diffused component dominates when the sample thickness increases. However, it

should be noted that if the wavelength is on the order of the size of the particles then

forward scattering predominates. Consequently, the critical parameter is no longer the

mean free path, but the transport mean free path (i.e. the distance travelled to leave
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the forward direction) which can be given by [138]:

λtr = λs/ (1− < cos(θ) >) (2.15)

where < cos(θ) > is the average cosine of the angle of scattering (it will be explained

in Chapter 4). After further increasing the thickness, the absorption regime can be

encountered, and has an exponential decay of the transmission coefficient. In terms of

spherical scatterers, multiple scattering not only differs in transmission characteristics,

but also changes the degree of polarisation. Multiple scattering can randomise the

polarisation of light as the photons can encounter many scattering events resulting in

random transformation of the polarisation.

2.3 Effective-Medium Theory

The optical properties of some composite materials can be described by an effective-

medium theory. Examples parameters include the refractive index and dielectric be-

haviour, the conductivity, and the nonlinear response of composite materials. The basic

definition of an effective medium is that the extinction coefficient of the composite ma-

terial should be the same as if it were replaced with a material characterised by the

effective dielectric constant, and hence the scattering amplitude should vanish in the

forward direction (S(0)=0). At θ = 0 equations (2.4) and (2.5) can be written as series

expansions to find the appropriate effective-medium theories (it should be noted that

the coefficients an and bn are defined differently for different structures and different

theories). Two effective-medium theories (EMT) have become particularly popular:

the Maxwell-Garnett and Bruggeman theories. They are demonstrated in Fig. 2.4 and

described by equations (2.16) and (2.17) [139].

εeff − εh
εeff + 2εh

= f
εp − εh
εp + 2εh

(2.16)

f
εp − εeff
εp + 2εeff

+ (1− f)
εh − εeff
εh + 2εeff

= 0 (2.17)

where εp and εh are the dielectric permeabilities of the particle and the host, respec-

tively. εeff indicates the effective dielectric permeability of a composite material. The

effective refractive index can be calculated by neff =
√
εeff .
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As shown in Fig. 2.4, the Maxwell-Garnett theory assumes a separated-particle

structure in which particles are surrounded by a shell, i.e. host materials, so that the

average volume fraction corresponds to the volume fraction of the concentric particles.

The aggregate structure can be represented by the Bruggeman theory which guarantees

the structural equivalence of the two constituents with probability f of being A and

probability 1−f of being B. The latter theories can be affected by the size of particles

and a high fill factor (i.e. more than 30%). The reason is that higher-order terms in

the expansion series of S(0) begin to play a role when the particles are much larger

than the wavelength and hence the theories can be extended by considering the higher

terms in S(0).
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, ε
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ε
eff

ε
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Figure 2.4: (a) and (b) depict the corresponding random media used to derive the effective
refractive index within the Maxwell-Garnett and Bruggeman theories.

2.3.1 Total Differential Effective-Medium Theory

Although effective-medium expressions have been derived in many different ways, it

has been also attempted to predict the differential effects of inclusions on a medium.

For example, the refractive index of a polymer depends strongly on temperature, i.e.

the thermo-optic effect which plays a vital role in device performance. The large

thermo-optic effect of polymers enables much lower power consumption in thermo-

optic switches (i.e. low switching power) and thus saves energy. On the other hand, it

causes a poor of thermal stability in some devices such as waveguide gratings. Whilst

silica and many other important materials show an increase in the refractive index, i.e.

a positive thermo-optic coefficient, polymers exhibit a lower refractive index at higher

temperatures, i.e. a negative thermo-optic coefficient. The availability of materials

with opposite thermal behaviour allows for design of thermal properties of optical

systems.
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We considered differential-equation theory to predict thermo-optic and electro-optic

coefficients of nanocomposites. The general form of the effective refractive index is:

nc = F (np, nh, f) (2.18)

where nc, nh, ni are the refractive indices of the composite, host and inclusion, respec-

tively, and f is the volume fraction of the inclusion. Differentiating equation (2.18)

with respect to any applied influence, X, we obtain:

dn

dX
=
∂nc
∂nh

.
∂nh
∂nX

+
∂nc
∂np

.
∂np
∂nX

+
∂nc
∂nf

.
∂nf
∂nX

(2.19)

For the thermo-optic coefficient dn/dT , changes in volume fraction are taken into

account using the coefficients of thermal expansion of both the host and inclusion,

giving [140]:

df

dT
= 3(f − f 2)(αh − αi) (2.20)

where αh and αi are the thermal expansions of host and inclusion, respectively. The

temperature variation of the refractive index results from the entangled change in

polarisability of the electron cloud and the density of the material. The model here

assumes that the materials do not undergo any phase changes, and neglects the effects

of stress. This is applicable to inorganic inclusions in a polymer host operating below

their glass transition temperature.

2.4 Prediction of Optical Properties of Composite

Materials

We separately calculated the extinction coefficient (Kext) for spherical particles of TiO2,

air-bubbles, and SiO2 in PMMA as a function of wavelength, particle size, and volume

fraction. For example, Fig. 2.5 (glass in PMMA) clearly shows that a smaller volume

fraction and smaller particle size lead to lower loss. Figs 2.6-2.8 highlight the differences

between the different nanocomposites studied to date, and the range of parameters

which results in materials with usefully low loss. From Fig. 2.6 we see that TiO2

nanoparticles in PMMA with a volume fraction of less than 20% ensure an extinction

coefficient of less than 1 cm−1 at wavelengths of interest. The rapid reduction in loss
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with increasing wavelength in the visible region is due to reduced scattering. Loss then

increases again at longer wavelengths due to absorption, e.g. on reaching a maximum

value Kext is 1.8 cm−1 when λ = 1200 nm and f = 20%.
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Figure 2.5: Optical loss for glass nanoparticles embedded in PMMA vs particle size and
volume fraction at λ=1350 nm.
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Figure 2.6: Extinction coefficient spectrum for nanocomposite with 20 nm diameter
titanium dioxide particles in PMMA for various volume fractions.
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Fig. 2.7 provides the spectral dependence of the extinction coefficient of air bubbles

in PMMA; the loss is generally lower than in the TiO2 nanocomposite. For example,

for the same size and volume fraction of inclusions Kext is 0.98 cm−1 when λ = 1220

nm. This difference is due to smaller refractive index mismatch between the PMMA

host and air inclusions than is the case for TiO2.
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Figure 2.7: Extinction coefficient spectrum of nanocomposite with 20 nm diameter air
bubbles in PMMA for various volume fractions.

Fig. 2.8 shows the extinction coefficient of glass nanoparticles in PMMA. For the

same particle size as in the previous two examples, the scattering losses of SiO2 in

PMMA are significantly lower, due to the much smaller difference in refractive index

between host and inclusion, and host absorption makes a more significant contribution

to the total loss. Fig. 2.9 shows the transmission spectra of a glass-PMMA nanocom-

posite for various particle sizes with a 10% volume fraction. The latter calculations

were repeated over a range of particle sizes and volume fractions to identify limiting

values of the inclusion parameters resulting in nanocomposites with useful optical prop-

erties with transmittance of at least 80 cm−1. The results are summarised below in

Table 2.1.

Some studies have shown the relation between the refractive index and volume frac-

tion of inclusions [141, 142]. Fig. 2.10 shows a comparison between Maxwell-Garnett
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Figure 2.8: Extinction coefficient spectrum of nanocomposite with 20 nm diameter glass
particles in PMMA for various volume fractions.
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Figure 2.9: Transmission spectra through 1 cm of PMMA-SiO2 nanocomposite with 10%
SiO2 by volume.

and previous studies to verify our prediction for SiO2 refractive indices [143, 144]. TiO2

nanocomposites have a higher effective index than a PMMA host, whilst glass reduces

the effective index. The range of volume fraction achievable with limited loss depends

on the refractive index of the inclusion and the particle size, as demonstrated above.
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Table 2.1: Limiting values for polymer nanocomposites with 80% cm−1 transmittance.

Limiting Values for Inclusions

Inclusions f r (nm) λ (nm)

SiO2 10% 10-50 800-1140, 1270-1350, 1570
TiO2 5% < 10% 1330, 1580
Air-bubbles 5% < 10% 900-1180, 1250-1380, 1520-1670
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Figure 2.10: Comparison between Maxwell-Garnett and measured refractive index of
different nanoparticles (SiO2, ZnO, and TiO2 with 50 nm, 25 nm, and 30 nm in radius)
embedded in PMMA vs volume fraction at λ=750 nm.

Consequently the maximum change in effective refractive index that can be realised

with minimal loss, even with relatively small inclusions, is limited to volume fractions

of less than approximately 10%. Hence polymer nanocomposites may have their re-

fractive index changed by up to approximately 3% before scattering losses significantly

limit the transmittance. To investigate the accuracy of our calculations, we compared

experimental results [145] with the simulations shown in Fig. 2.11. The results show

that the theoretical values are in good agreement with the experimental values, except

that the predicted absorption spectrum of PMMA/TiO2 is slightly different from its

experimental value.

The effective index of the nanocomposites studied was typically limited to the

range 1.43-1.58, with a relative index change of up to 3%. The predicted thermo-optic

coefficient of some composites with a PMMA host is shown as a function of volume
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fraction in Fig. 2.12. Note that, although the thermo-optic coefficient of a 90:10

glass:PMMA composite would theoretically be zero, it would be difficult to realise

such a large volume fraction in practice.
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Figure 2.11: Comparison between Mie theory and measured absorption of TiO2 nanopar-
ticles embedded in PMMA with 30% volume fraction.
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2.5 Summary

The optical loss coefficient and effective refractive index of three different polymer

nanocomposites have been calculated using Mie theory and Maxwell-Garnett theory,

respectively. Calculations were performed for a wide range of parameter values to assess

suitable and/or limiting parameter values for the inclusions to keep loss within useful

limits whilst also maximising the change in effective refractive index of the nanocom-

posite relative to the host material. Scattering losses were found to dominate the total

loss coefficient, except for glass-polymer composites in which the polymer absorption

dominated the loss. It was also found that to ensure 80% cm−1 transmittance at wave-

lengths of interest required inclusions smaller than 10 nm (or 50 nm for silica), and/or

volume fractions less than 5% (or 10% for silica). Consequently the effective index of

the nanocomposites studied was typically limited to the range 1.43-1.58, with a relative

index change of up to 3%.
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3
Optical Gain in Polymer Nanocomposites

In this chapter we report the results of extensive numerical investigations in which the

total small-signal optical gain of the nanocomposite material (i.e. Er/Yb-doped glass

nanoparticles dispersed in PMMA) was calculated as a function of distance for a variety

of launched pump intensities. In particular, we identify the optimal device length to

maximise the optical gain in nanocomposites with practically feasible parameters.

3.1 Introduction

Polymer-based devices are potentially important and useful components in integrated

optical applications, with many applications in optical communications and sensing at

around 1.5 µm [146]. Although many polymers are attractive candidates for fabrication

of optical devices because of their advantageous material properties - such as ease of

processing, tunability and low cost-, they suffer from loss at λ = 1.5 µm which is

significantly larger than glass-based devices. Thus, some improvements through the

optimisation of polymer-based materials are deemed necessary to lower the limit for

optical losses, for example, by introducing optical gain into the polymer.

Whilst developments continue to be made on optical materials based on rare-earth

doped inorganic materials, such as silica and ceramics [88, 147–149], there has been

39
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relatively little progress on solution-processible organic-inorganic hybrid materials for

optical amplifiers, such as rare-earth doped polymers [97, 149]. The primary problem is

how to incorporate the rare-earth ions into organic hosts. Compared to inorganic host

materials, there are two key obstacles to the development of optical amplifiers based

on polymers: (i) it is relatively difficult to dissolve the rare-earth ions into polymers

as they come in the form of inorganic salts, and (ii) hydrogen groups in the polymer

partly quench the radiative transitions of rare-earth ions at around 1.5 µm [11, 150].

A variety of organic-inorganic hybrid materials have been investigated in attempts

to incorporate rare-earth ions into polymer whilst minimising quenching interactions

[97], including encapsulating the rare-earth ions in a poly-dentate cage-like complexes

[150], or embedding the ions in colloidal silica [11]. Rare-earth doped sol-gel materials

showed some early promise and planar waveguides with optical gain were demonstrated

[151, 152]. Waveguide amplifiers incorporating rare-earth organic complexes and fab-

ricated by solution processing have also been reported [96, 153, 154]. More recently

optical amplifiers fabricated from doped nano-crystals dispersed in sol-gel or polymer

have been coming to the fore [84, 87, 95, 155–158]. For example, Zhao et al. re-

ported an optical gain of 10.4 dB gain in an 11 mm long SU-8 waveguide containing

Er:Yb-doped BaYF nano-crystals [84].

In the latter approaches the doped nano-crystals were chemically synthesized, and

hence were quite small (typically 10 nm in diameter), offering a relatively large surface-

to-volume ratio for a given concentration of dopant ions. Here we propose a potentially

simpler approach which is to break down bulk glass with a high concentration of rare-

earth ions and then disperse the resulting nano-particles (typically 100 nm in diameter)

into the polymer in solution before standard wet-processing and printing to fabricate

thin-film waveguides for optical amplifiers.

As in the doped nano-crystals, the doped glass nano-particles serve to isolate the

rare-earth dopants from the polymer host, however the larger nano-particles produced

by top-down processing will offer a lower surface-to-volume ratio. Consequently, when

the glass nano-particles are dispersed into the polymer host a lower proportion of the

rare-earth ions will be exposed to quenching by the polymer, but on the other hand

the larger particles may increase scattering losses within the composite.

In calculating the optical gain achievable in such materials one must therefore take

into account not only the concentration of rare-earth ions in the particles and their

volume fraction within the polymer host, together with the absorption loss of the host

at both pump and signal wavelengths, but also the size and refractive index of the

nano-particles and associated scattering losses.
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Furthermore, it should be recognised that the scattering losses will affect the pump

and signal wavelengths quite differently; scattering is strongly dependent on the re-

fractive index mismatch between the inclusions and the host, and on the size of the

nano-particles relative to wavelength. Lastly, the material parameters will often be

constrained in practice (e.g. minimum particle size, maximum volume fraction), rais-

ing the question of whether optical gain is even possible in a given length of material

with realisable dopant concentration, particle size, volume fraction of inclusions, and

pump power.

3.2 Interaction of Light and Matter

When matter is exposed to light, in principle, the interaction may yield either radiative

or non-radiative processes, depending on whether the light encounters a single ion

and/or between two or more ions, the structure of the matter, and on the wavelength

of the light. In the case of radiation, interaction occurs via absorption or emission

processes, while the non-radiative process describes a phonon-assisted transition.

3.2.1 Basic Mechanisms of Rare-Earth Ions

3.2.1.1 Spontaneous and Stimulated Emissions

In the rare-earth ions, a number of energy states is included in the 4fN configuration

with the ground states (the lowest energy level) and excited states (higher energy

states). The 4fN level is split into many sublevels due to atomic interaction and a

crystal field environment, shown in Fig. 3.1 [10, 159]. The working principle of optical

amplifiers is based on population inversion, in which the number of electrons in the

higher energy level is more than the number of electrons in the terminal state. When a

photon is absorbed by an ion, electrons are excited to a higher energy level. Afterwards

two processes can happen: (i) they can release their energy and relax to the ground

states automatically, called spontaneous emission, (ii) another photon forces excited

electrons to relax to the terminal state, resulting in releasing another photon with the

same energy as the passing photon, known as stimulated emission. These processes are

shown in Fig. 3.2.
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Figure 3.1: Schematic of the energy state of 4fN electrons. S is the total spin angular
momentum of all electrons in the system, and L is the total orbital angular momentum.

Figure 3.2: Absorption, spontaneous, and stimulated emission.

3.2.1.2 Radiative Transfer

Rare earth ions are classified into two groups on the periodic table: lanthanides (ele-

ments 57-71) and actinides (elements 89-103). Their optical properties (e.g. lumines-

cence properties) are characterised by the partially filled 4fshell which is well shielded

by the 5s2 and 5p6 orbitals. Using optical pumping, the ions are excited to a higher

level energy and hence a large number of transitions between the different energy lev-

els is possible. The electrons in the 4f levels can only be excited inside the 4f states

and they weakly interact with the electrons in other ions due to the parity selection

rule; the energy levels of the 4f shell have equal parity and electric dipole transitions

are forbidden. The f -f transitions yield sharp lines in the optical spectra. Table 3.1

provides the luminescence wavelength of different rare-earth ions.

The characterisation of ions with a 4f configuration is based on the transition

probabilities which related to the Judd-Ofelt intensity parameters (Ω2, Ω4, Ω6). The

Judd-Ofelt theory can be used to calculate and predict the oscillator strength for each
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Table 3.1: Luminescence wavelengths of rare-earth ions.

Rare-earth ions Radiative transition Luminescence
wavelength (nm)

Er3+ 4I13/2 → 4I15/2 1550

Yb3+ 2F5/2 → 2F7/2 1020

Tm3+ 3H4 → 3H6 1900

Nd3+ 4F3/2 → 4F9/2,
4F3/2 → 4I11/2,

4F3/2 → 4I13/2

880, 1060, 1330

Eu3+ 5D1 → 7F3 615

transition as follows [160, 161]:

f =
4ε0mc

2

3hn2e2λ (2J + 1)
(χedSed + χmdSmd) (3.1)

where Sed and Sem are the strengths of the electric dipole and magnetic dipole transi-

tions, and χed=n(n2+2)2/9 and χmd=n3. C is the velocity of light, e and m charge and

mass of electrons, h Planck’s constant, J the angular momentum, N0 the density of

ions, and n the refractive index of the host materials. The electric dipole and magnetic

dipole transitions are defined as [162, 163]:

Sed = e2
∑

t=2,4,6Ωt

∣∣< α
∥∥U (t)

∥∥ b >∣∣2
Smd =

(
eh

4πmc

)2 |< α ‖L+ 2S‖ b >|2
(3.2)

Using Weber [164] the reduced matrix (
∣∣< α

∥∥U (t)
∥∥ b >∣∣2) can be calculated.

|< α ‖L+ 2S‖ b >|2 can be determined by Carnall [165]. The experimental strength

of the band can be calculated using the integrated absorption cross-section of the

transition between different states using the following equation:

Smeas =
27chn (2J + 1)

8π3λe2N0 (n2 + 2)2

∫
α (λ) dλ (3.3)

where α is the absorption coefficient at a wavelength of λ. Combining Smeas and
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equations 3.3 and 3.2, the intensity parameters can be obtained. From S, the individual

radiative transition rate from the excited state (J
′
) to state (J) can be expressed as

follows:

A (J ′ → J) =
16π3

3ε0hλ3 (2J ′ + 1)
(χedSed + χmdSmd) (3.4)

The radiative time life is given by:

τrad =
1

A (
∑
J ′ → J)

(3.5)

The fluorescence branching ratio can be expressed by:

β = A (J ′ → J) τrad (3.6)

3.2.1.3 Non-Radiative Transfer

In a non-radiative process, rare-earth electrons relax to the next lower lying level by

emitting multiple phonons, which is an undesirable process for application as ampli-

fiers. Radiative transitions are sensitive to the host materials due to f − f transitions;

rare-earth ions can interact with vibration of the host material, resulting to emission of

phonons. A non-radiative process includes ion-ion interactions and multi-phonon emis-

sion depending on the number of phonons required to bridge the energy gap. In the

case of phonon emission, multiphonon relaxation theory can be given for both glasses

and crystals as follows [10]:

Wmp = B (n (T ) + 1)p exp (−α∆E) (3.7)

and

n (T ) =
1

exp (hω/kT )− 1
(3.8)

where B is the Bose-Einstein occupation number, ∆E the energy gap between two

electronic states, α=-ln/}γ is correlated with the coupling constant with interaction γ.

} is the reduced Planck constant, h/2π, K Boltzmann constant, ω the phonon angular

frequency. p is the phonon number required to bridge the energy gap, given by:

p =
∆E

hω
(3.9)
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In practice, p and α are usually used to describe non-radiative decay and can be

obtained by fitting equation 3.7 to experimental data for variety of measurements. The

ion-ion interactions also reduce the quantum efficiency (i.e. the ratio of radiative to

non-radiative transitions) of amplifiers which depend on rare-earth ion concentrations

and energy transfer between the same rare-earth ions or different ions. The energy

transfer between the same types of rare-earth ions is expressed as cross-relaxation

process. In this case, an excited ion transfers a proportion of its energy to a nearby ion

and then relaxes to a lower level, followed by a decay to the ground state nonradiatively

(shown in Fig. 3.3).

Figure 3.3: Schematic of the cross-relaxation process.

3.2.1.4 Upconversion

Besides the transitions between energy levels due to absorption and stimulated emis-

sion, two or more photons can be absorbed sequentially rather than simultaneously.

Electron is excited to a higher level and a second photon then promotes it to an even

higher level. Therefore, it can lead to the emission of photon at shorter wavelength

than the excitation wavelength. This process is defined as upconversion, shown in Fig.

3.4.

3.2.1.5 Quenching

Quenching in amplifiers is associated with different factors including: (a) energy trans-

fer between ions as a result of high rare-earth ion concentrations, particularly when



46 Optical Gain in Polymer Nanocomposites

Figure 3.4: The schematic of the up-conversion process.

clustering of ions occurs, (b) temperature quenching caused by multiphonon transi-

tion to lower electronic revels, (c) quenching process resulting from host molecules

such as C-H and O-H groups. To reduce the quenching process at high concentration,

rare-earth ions should be isolated properly from each other.

3.3 Rare-Earth Ion Doped Polymer Amplifiers

Photon absorption and emission cross-sections of a medium are dependent on the host

material in which the rare-earth ions are doped, and mainly dependent on the rare-

earth ions. Among various rare-earth ions, Er3+ and Yb3+ions have high absorption and

emission at 1550 nm and 980 nm, respectively, making them one of the most promising

active dopants for optical amplifiers in telecommunication systems. As shown in Fig.

3.5, the proposed nanocomposite material has the advantage of glass as a host for the

rare-earth ions and the polymer as a host for phosphate glass. In order for the amplifi-

cation, erbium-ytterbium ions are suitable active dopants for the optical amplifiers as

erbium ions provide emission at around 1.5 µm and ytterbium ions increase pump ab-

sorption and allow the absorbed energy to be transferred to erbium ions. In this work,

we focus on PMMA as a host material because the refractive index of phosphate glass

is close to PMMA. Consequently, a higher rare-earth concentration can be achieved by

larger nanoparticles with small changes in the scattering loss. Mie theory was used to

calculate the scattering and absorption cross-sections, and hence optical extinction of

the glass nanoparticles in PMMA as a function of wavelength and fill factor [129].

In the theoretical description of optical amplification of P2O5:Er3+/Yb3+ in PMMA,

a model of the Er/Yb system was used to calculate the pump and signal evolution along

the direction of propagation, taking into account scattering and absorption by the host
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Figure 3.5: P2O5:Er3+/Yb3+ nanoparticle-doped PMMA.

and doped particle inclusions at both the pump and signal wavelengths. We use 3-

level rate equation model, which Yb3+ ions on the level 2F7/2 absorb the energy of the

pump and transit up to the excited level 2F5/2, and then quickly transfer their energy

to nearby Er3+ ions on the fundamental level 4I15/2 to promote them to excited level
4I11/2. Since this excited level 4I11/2 is unsteady, Er3+ ions decay to the metastable

level 4I13/2. We neglect back transfer process from erbium to ytterbium ions due to

very small life time of the 4I11/2 and the channel for energy transfer is the one where

an excited electron in Yb3+ gives its energy to an electron in the ground state of Er3+.

Energy-level diagram of the Yb-Er is shown in Fig. 3.6.

Figure 3.6: Energy scheme of Er and Yb ions; arrows with dotted line indicate sponta-
neous emission.

On the basis of the energy level diagram, the rate equations for Er3+ and Yb3+
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population densities are given by [166–169]:

∂n1

∂t
= −W12n1−W13n1 +A21n2 +W21n2−Ccrn1n4−Ccrn1n6 +Cupn

2
2 +Cupn

2
3 (3.10)

∂n2

∂t
= W12n1 − A21n2 −W21n2 + A32n3 + 2Ccrn1n4 − 2Cupn

2
2 (3.11)

∂n3

∂t
= W13n1 − A32n3 + A43n4 + Ccrn1n6 (3.12)

n1 + n2 + n3 + n4 = NEr (3.13)

∂n4

∂t
= W56n5 − A65n6 +W65n6 + Ccrn1n6 (3.14)

n5 + n6 = NY b (3.15)

Wij =
σij

hυs,pAeff
Ps,p (3.16)

where n1, n2, n3, and n4 are the population of Er3+ levels 4I15/2,
4I13/2,

4I11/2, and
4I9/2, respectively, and n5, n6 the population Yb3+ levels 2F7/2 and 2F5/2, respectively.

The Wij terms represent stimulated transition rates between level i and j, A21 and A56

are spontaneous transition rates, A32 and A65 nonradiative relaxation rates, Ccr the

cross-relaxation coefficient governing the energy transfer between Er3+/ Yb3+, NEr and

NY b erbium and ytterbium concentrations, and h Planck′s constant. σij is the pump

absorption cross-section or the signal absorption and emission cross-sections. Aeff is

the effective area, and Ps,p represents the signal and pump powers, respectively. The

intensity can be defined as:

Ip,s =
Ps,p
Aeff

(3.17)

in which Ip and Is are the pump and signal power intensities. Table 3.2 lists the

parameters used in the optical gain/loss calculation in the nanocomposite polymer

amplifiers [170, 171]. The following coupled signal and pump differential equations are
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Table 3.2: Parameters used in the optical gain calculation for the P2O2:Er3+/Yb3+

/PMMA nanocomposite optical amplifier.

Emission and
Absorption Cross

Sections

σEr21(λs = 1550 nm) = 9× 10−25 m2

σEr12(λs = 1550 nm) = 6.5× 10−25 m2

σEr13(λp = 980 nm) = 2.58× 10−25 m2

σY b56(λp = 980 nm) = 1× 10−25 m2

Cross Relaxation Ccr = 0.7× 10−22 m3s−1

Upconversion Coefficients Cup = 1× 10−22 m3s−1

Lifetime τ21 = 10× 10−3 ms, τ65 = 2× 10−3 ms

numerically integrated through a Runge-Kutta algorithm:

dpp
dz

= −pp (σEr13 n1 + σY b56 n5)− αppp (3.18)

dps
dz

= −ps (σEr13 n2 + σEr12 n1)− αsps (3.19)

Finally, equation 3.19 can be defined in terms of the normalized signal gain, s(z)=Ps(z)/Ps(0)

(here Ps(0) is the launched signal power), and the gain function along the direction of

propagation can be expressed as:

dg(z)

dz
= −αs − (n1)σEr12 + n2σEr21 (3.20)

The gain calculated using equation 3.20 determines the signal gain, according to

g(z)=ln[s(z)], here s(z) is the signal gain.

A flow chart of optimisation of optical amplification in polymer nanocomposites is

shown in Fig. 3.16.

3.3.0.6 Synthesis of Phosphate Glass Doped Nanoparticles

Synthesise of specific nanoparticles, in particular, doped inclusions by a simple and

low cost has been a great challenge. Various bottom-up approaches, such as sol-gel

process, have been developed. In our experiment, we used a high energy ball mill, i.e.
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a top-down approach, to break highly doped glass into nanoparticles with mean radius

of 50 nm. The final size of nanoparticles depends on the size and size distribution of

the balls, dry or wet milling and the duration of milling. For example, dense packing

of balls reduces the mean free path of the ball motion, resulting in maximising collision

frequency. The bulk commercial available phosphate glass doped rare-earth [172] ions

was first milled in a ball mill with a stainless steel ball of 2 cm in diameter at 200

rpm milling speed for 10 min to make the powder with size of 1 micron. Doped P2O5

powder and distilled water were sealed in a stainless steel vial with balls to mixture

weight ratio of 25:1. For the optimisation of the milling conditions, the size of stainless

steel balls was varied between 5 mm and 1 mm, and the rotation speed varied between

400 and 600 rpm, depending on the size of balls. The ball milling process was carried

out for 40 hours, running for 5 minutes followed by 2 minutes break. After milling, the

color of them changed from white into green as shown in Fig. 3.7. We also replaced

water with ethanol as ball-milling dispersant for the surface functionalisation of the

nanoparticles using monomers such as MPTS.

Figure 3.7: Synthesis process of doped glass nanoparticles.

The average particle size was measured by Dynamic Light Scattering system (DLS)

using nano-Zetasizer at 25oC under a scattering angle of 175o at the wavelength of 633

nm. Fig. 3.8 shows a wide size distribution with a proportion of particles over 100 nm;

the maximum density of particles with a size of less than 100 nm is around 20%. To

purify the nanoparticles, the dispersion diluted with distilled water and centrifuged at

4000 rpm for 1 hour. Then the solution was passed through a 0.1 µm filter to separate

nanoparticles with diameter in the range of 70-100 nm. Although Fig. 3.9 shows that

the particles aggregated, they can be well dispersed in monomer using high-energy ball

milling and/or using ultrasonic bath.
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Figure 3.8: Size distribution of doped-glass nanoparticles into distilled water, measured
using Zetasizer.

Figure 3.9: SEM picture of nanoparticles after filtration.

3.3.0.7 Material Parameters

We considered effective medium theory to calculate and predict the effective dopant

concentration in the glass doped nanoparticles, which is the glass concentration mul-

tiplied by the fill fraction. Mie theory was then used to calculate the scattering cross-

section of the inclusions and the absorption coefficients of the host and inclusions, and

hence optical extinction of the glass nanoparticles in PMMA as a function of wavelength

and fill factor.
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3.3.1 Optical Loss and Gain

In the following section we analyse the optical gain at 1.55 µm in an Er/Yb-doped

glass nanocomposite with PMMA host pumped at 980 nm for a parameter space.

The first aim is to calculate the optical gain as a function of Er/Yb concentration to

identify the limiting values of the particle size and the volume fraction resulting in a

necessary rare-earth concentration to obtain gain. The second is a trade-off between

the scattering loss caused by nanoparticles and the optical gain by an appropriate

choice of the inclusion parameters and the optimal length. Other than optical losses,

the energy transfer between the gain materials plays an important role for optical gain.

To identify this condition, the strong influence of the Yb/Er concentration on gain

and optimal length can be understood in Fig. 3.10 and 3.11. Fig. 3.10 indicates that
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Figure 3.10: Dependence of the optical gain on Yb3+/Er3+ concentration for a device
length of L=1 cm and different pump intensities.

gain is considerably sensitive to variation of the Yb/Er concentration at very low pump

intensity for a length of 5 cm. The rapid reduction in optical gain at 0.4 mW/µm2 is due

to inefficient energy transfer between Yb3+ to Er3+ because the pump light is scattered

and absorbed by doped nanoparticles as it travels through the amplifier. However, the

dependence of gain on length allows the amplifier to be designed for a maximum gain

even at a low pump intensity for a wide range of the Yb/Er concentration as shown

in Fig. 3.11. Fig. 3.12 shows the gain for different pump intensities; the gain reduces
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rapidly with length for the pump intensity less than 1 mW/µm2. For the highest gain

the radius must be enough to include a proper Er/Yb concentration.
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Figure 3.11: Optimal length obtained by maximising the gain P2O5:Er3+/Yb3+ as a
function of Yb3+/Er3+ concentration.
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Figure 3.12: Optical gain for various pump intensities versus the length of amplifier
including 10% nanoparticles with 100 nm radius.
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Numerical calculation of gain for different radius shown in Fig. 3.13, confirms

that the high gain can be obtained by operating at the pump intensity of 1 mW/µm2

and the radius less than 50 nm. However, for nanoparticles with radius larger than

50 nm, the rare-earth concentration is higher but the scattering loss dominates over

short-range interactions. The optical gain was calculated as a function of fill fraction,

amplifier length, and launched pump power for phosphate glass nanoparticles with

100 nm radius and doped bulk glass with Er and Yb concentration of 1026 m−3 and

5×1026 m−3, respectively. The latter parameters were chosen based on commercially

available highly-doped bulk glass [172] and the typical particle size achievable by wet

ball milling. Variations of the optical gain versus the nanocomposite polymer amplifier
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Figure 3.13: Optical gain as a function of length with pump intensity Ip=1 mW/µm2 and
signal intensity Is=1 µW/µm2 for nanoparticles with different radii, r, and volume fraction
of 10 % .

length are shown in Fig. 3.14 for three values of the volume fraction, f=5%, 10%, and

15%. The range of Er/Yb concentration achievable with limited loss depends on the

particle size and volume fraction. So, the optical gain increases faster as the volume

fraction increases. The reduction in optimal length is due to increasing optical loss.

Fig. 3.15 shows the dependence of the optical gain on the pump power for the same

value of volume fraction and calculated optimum length; the saturated gain decreases

as the volume fraction increases.
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Figure 3.14: Signal gain versus length with launched pump intensity Ip=1 mW/µm2,
launched signal intensity Is=1 µW/µm2 for different volume fractions of nanoparticles with
100 nm radius.
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Figure 3.15: Dependence of the optical gain on pump power with launched signal intensity
Is=1 µW/µm2 and length 5 mm for different volume fractions of nanoparticles with 100 nm
radius.
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3.4 Summary

We have proposed a novel way to overcome the insolubility of rare-earth ions into

polymer based on a polymer nanocomposite material. We have then demonstrated the

possibility of optical gain in polymer-based amplifiers incorporating doped phosphate

glass as gain material. The gain of the proposed material depends strongly on the

scattering loss caused by nanoparticles and often also absorption due to the host and/or

particles. A detailed model for the optical gain of such materials incorporating the

effects of scattering loss was described, and used to determine optimal material and

device parameters within practically achievable ranges. It was predicted that useful

optical gain is achievable in such materials.
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Figure 3.16: Flow chart of optimisation for maximising optical amplification in polymer
nanocomposites.
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4
EM Waves in Strongly Scattering

Composite Materials with Boundaries

A question addressed in this Chapter is to explore the extent to which the effects of mul-

tiple scattering can be controlled by the specific properties of the scattering medium,

i.e. the size (relative to wavelength), relative refractive index and volume fraction of

scatterers, and also the shape and effects of boundaries to convert a directional beam

to an isotropic source.

4.1 Introduction

The study of light propagating through a highly scattering medium is of interest for

a wide range of applications such as optical communications, material identification,

spectroscopic measurements, biomedical diagnostics, etc. [118, 173–175]. In such me-

dia, characteristics such as depolarisation, attenuation are affected by multiple scatter-

ing [173, 174]. Although the multiple scattering distorts the propagating wavefront of

an incident wave, it also modifies the spatial and spectral distribution of transmitted

light [118, 119, 175, 176]. The design of components with tailored scattering proper-

ties is facilitated by numerical modelling tools which take into account properties such

59
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as the size and the volume fraction of scatterers, relative refractive index, and etc.

[113, 177, 178].

In the field of biology, Wilson et al. applied a Monte-Carlo algorithm to study

photon transport in turbid tissues [179]. It has since been widely used to simulate the

behaviour of light in tissue [178, 180]. Moreover, a variety of experimental techniques

have been used to investigate scattering-induced effects in random media [173–175,

181–184]. In previous reports, the THz scattering impacts have mainly been studied

in on-axis THz transmission and/or in the backscattering direction in semi-infinite

samples. The latter measurements were taken to determine the properties associated

with multiple scattering, including ballistic transport, statistics of the amplitude and

phase distribution of the diffuse wave, and depolarisation of the light. These effects are

of great interest to obtain information on the nature of the random medium, applicable

in imaging and/or structural identification.

For example, Pearce et al. [181] studied on-axis transmission through thin slabs of

mono-dispersed Teflon spheres to determine the scattering mean free path in a random

medium. The same authors measured the diffusion of the THz pulses focused into

a random medium at an angle of 90o to describe the statistics of multiple-scattered

THz pulses [185]. Recently, THz scattering from rough surfaces has been examined in

the context of indoor and short-range THz communications [186–189]. For example,

Jansen et al. demonstrated communication channels at THz frequencies using diffuse

scattering from randomly rough surfaces [186]. Priebe and Kurner represented the

stochastic modelling of THz indoor channels based on specular reflection for future

THz communication links [187]. In some other work, authors tried to address the

problem of scattering, for example using a wavefront shaping technique to guide light

through dense media [190].

THz scattering at angle off-axis THz transmission have not been studied. These

measurements could be useful in THz sensing and telecommunications in which signals

must be detected and/or measurements progress independent of the direction of the

incoming THz radiation. Highly scattering materials can be used to purposely scatter

light many times in order to generate a light-driven random walk; the light becomes

diffuse. Therefore, multiple scattering could modify the spectral content and spatial

distribution of the electromagnetic wave scattered out of such materials [119].

First, we have developed a numerical modelling tool using Monte-Carlo simulation

of scattering events that also takes into account propagation loss and reflection and

refraction at boundaries of finite samples. The aim is to determine ways in which to
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Figure 4.1: Geometry of a multiple scattering event in an air-polymer composite material
(photons are launched at a single point of entry).

apply control over the spectral, and spatial distribution of light escaping from strongly

scattering but weakly absorbing composite materials. We have applied the tool to

the modelling and design optimisation of simple scattering objects, such as a slab

of polymer containing a random array of air bubbles as shown schematically in Fig.

4.1 (photons are launched at a single point of entry). Using the tool we are able

to determine the intensity of highly scattered photons escaping from the object as a

function of wavelength and direction.

The measurements were taken using a time-domain spectrometer with a goniome-

ter. Our method offer advantages over other experimental techniques, including the

detection of the THz scattering at angle off-axis from the incident beam, giving both

the spectral and spatial distribution of the THz radiation. With these results, we can

evaluate how the effect of multiple scattering contributed to the redistribution of the

THz pulses. Moreover, the measurements provide the possibility to discriminate the

absorption and the scattering effects which is an important factor in some applications

such as imaging and/or material identification.

4.2 EM Wave Propagation

Various aspects of electromagnetic wave propagation in highly scattering media have

been studied by numerous modelling and theoretical studies. The choice of the appro-

priate model to assess light propagation in such media depends on the structure of the

medium, including a medium with continuous or discrete scatterers as shown in Fig.

4.2, type of light (e.g. polarised), type of scattering, and absorption coefficient (weakly
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or strongly absorptive). In this section a brief overview of the major approaches is

presented.

Figure 4.2: (a) random spatial and temporal fluctuations of refractive index, (b) randomly
distributed scattering and absorption scatterers.

4.2.1 Electromagnetic Theory

The propagation of electromagnetic wave through a medium can be described using

Maxwell’s equations. In the framework of electromagnetic theory, reflection, absorption

and transmission can be described when the scattering is low (wavelengths are much

greater than particle diameters). However, for an inhomogeneous structure where the

size of the particles is comparable to the wavelength, the propagation of light in a mul-

tiply scattering medium in terms of Maxwell’s equations becomes complex because the

medium permittivity experiences random fluctuations. Therefore, this theory provides

the characteristics of a medium with uniform absorption and scattering parameters,

or a non-scattering medium with random and discrete scatterers. In an isotropic and

nondispersive medium with a permittivity ε+ε1(r), the average electromagnetic energy

can be written as:

〈U (r)〉 =

∫
Q (r, s) dΩ (4.1)

where Q is the angular component of the average energy in the direction s. The energy

which is transferred across a surface element dA onto the solid angle dΩ in a time dt

is expressed by:

dW = I (r, s) (s.n) dAdΩdt (4.2)

where n is the unit normal to dA and I is the radiance, expressed by:

I (r, s) = υQ (r, s) (4.3)
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where υ is the propagation speed in the medium.

4.2.2 Radiative Transfer Theory

In radiative transfer theory, light propagation is considered as a flow of discrete photons.

Although power and intensity are considered, the phase and amplitude are ignored.

The propagation of photons in a turbid medium is formalised by the radiative photon

transport equation (RTE). The RTE relates the gradient of the radiance to losses

resulting from absorption and scattering:

1

υ

∂

∂t
I (r,Ω, t) +Ω.5r I − σs

∫
4π

p (Ω′, Ω) I (r,Ω′, t) dΩ′+

σtI (r,Ω, t) = F (r,Ω, t)

(4.4)

where I is the radiance, σt the total loss, µs the scattering coefficient, p the phase

function, and F the source of power generated at r in direction s. One way to find

a solution for the RTE is to represent it as a pair of coupled differential equations

by approximating the radiance with a function series. This method is known as the

Diffusion approximation.
1
υ
∂φ(r,t)
∂t

+5J (r, t) + µaφ (r, t) = S (r, t)

1
υ
∂J(r,t)
∂t

+ 1
3
5 φ (r, t) + µtJ (r, t) = 0

(4.5)

where φ and J are the fluency rate and flux rate at (r, t), respectively. S(r, t) represents

the photon source given by:

φ (r, t) =
∮
4π
I (r, s′, t) dΩ′

J (r, t) =
∮
4π
S ′I (r, s′, t) dΩ′

S (r, t) =
∮
4π
Q (r, s′, t) dΩ′

(4.6)

The radiance in the diffusion approximation is defined as follows:

I (r, s, t) =
1

4π
φ (r, t) +

3

4π
J (r, t) s (4.7)

A number of solutions for the RTE can be found in the literature such as Adding-

Doubling, and Flux theory [191, 192]. However the main problem is that the latter



64
EM Waves in Strongly Scattering Composite Materials with

Boundaries

methods assume that the internal radiation is nearly isotropic, hence they are inaccu-

rate when scattering is comparable with absorption. Statistical methods, such as the

Random Walk and Monte Carlo methods, are alternatives to model the propagation of

light in a randomly scattering medium. In the latter methods, the interaction between

individual photon and random scatterers is simulated. In the case of the Random Walk

theory, the statistical behaviour of photons in a medium is described within a cubic lat-

tice consisting of adjacent points. The photon step size is inversely proportional to the

scattering coefficient and the propagation of photons is isotropic (good agreement with

the Diffusion approximation). However the Random Walk approach is restricted to the

multi-layered structures and the number of possible photon directions. By contrast,

the Monte-Carlo method calculates intensity with index mismatching and anisotropy

of scattering. Moreover, it is a flexible method which allows for: (i) following the op-

tical path of photon transport in a medium, (ii) intensity beam distribution, (iii) 3D

representation of the medium, (iv) a multi-layered scattering medium with inhomo-

geneities, and (v) calculating the actual parameters of the medium such as absorption,

scattering, and refractive index.

4.3 Modified Monte-Carlo Modelling

The model reported here is generally applicable, however, for the purpose of demon-

stration we consider its application to THz scattering. The sample is described by

the following parameters: the thickness, the length, and the refractive index ratio of

inclusions to host (m).

• Launching Photons

A coordinate system is defined to represent the position of a photon packet,

r(x,y,z), and the direction of the photon propagation as shown in Fig. 4.3. The

components of the vector a is expressed by:

a = sinθcosϕâx + sinθsinϕây + cosθâz (4.8)

The initial polar angle θ and azimuthal angle ϕ define the current direction of

the incident photons. Each photon is also initially assigned a weight (w).The

interaction point between a photon and scatterers is defined by probability den-

sity function (PDF). If x, for instance, is a random variable characterising the
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Figure 4.3: Photon packet’s position in the scattering medium with the direction of
propagation defined by the polar and azimuthal angles.

interaction, the PDF p(x) is given by:

F (x) = P (x ≤ a) =

∫ a

−∞
p (x) dx (4.9)

where F(x) is the cumulative probability function (CPF). A random sample can

be obtained from P(x≤ a) using a random number, ς, distributed between 0 and

1.

• Scatterer Specifications

The absorption coefficient µa (cm−1) and the scattering coefficient µs (cm−1) of

the sample are calculated using Mie theory and/or Rayleigh scattering, depending

on the size of the scatterers and the wavelength. The scattering anisotropy (g)

factor indicates forward directed scattering (0 < g < 1), backscattering (g=0)

and isotropic scattering (−1 < g < 0), given by:

g =

∫ π
0
S11 (θ) cos(θ)2πsin(θ)dθ

S11 (θ) 2πsin(θ)dθ
(4.10)

where S11(θ) is the scattered intensity from the inclusions. The scattering anisotropy
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factor (g) can be calculated using Mie theory as follow:

g = 〈cosθ〉 =

4πa2

x2σs

[∑
n

n (n+ 2)

n+ 1
Re
{
ana

∗
n+1 + bnb

∗
n+1

}
+
∑
n

2n+ 1

n+ 1
Re {anb∗n}

]
(4.11)

• Moving Photon

A photon is launched at an initial position. Before being scattered, the photon

moves to the new position with a path length. The photon path length distribu-

tion can be expressed by:

p (s) = µte
−µts (4.12)

where µt is the total loss that is sum of scattering and absorption. By substituting

equation 4.12 into 4.9, the free path length is calculated by:

s = − ln(ς)

µt
(4.13)

Once the photon has taken a step in the sample, it drops part of its energy by:

∆w = w × µa
µt

(4.14)

• Photon Scattering

The probability distribution of the scattering angle described by the Henyey-

Greenstein function, equation 4.15, was used to determine each photon’s direction

following each scattering event.

p(cosθ) =
1

4π

1− g2

(1 + g2 − 2gcosθ)3/2
(4.15)

The polar and azimuthal angles can be obtained by taking the inverse Fourier

Transform from equation 4.9 as follows:

cos(θ) =

 1
2g

{
1 + g2 −

[
1−g2

(1−g+2gζ)

]2}
if g 6= 0

2ζ − 1 if g = 0
(4.16)

ϕ = 2πξ (4.17)
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• New Position

The new position of photon after it has been scattered depends on whether the

photon has reached the boundary along the x, y, and z axises. So, the updated

position is: x
′

y
′

z
′

 =

xy
z

± s
sin(θ

′
)cos(ϕ

′
)

sin(θ
′
)sin(ϕ

′
)

cos(θ
′
)

 (4.18)
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Figure 4.4: A new direction of photon after being scattered.

4.3.1 Reflection

Tests are performed to ascertain whether a ray has reached the boundaries (X0, X1,

Y0, Y1). If it has, the incident angle will be calculated using the position of the photon

(X, Y) and be compared with the critical angle determined by Snell′s law. If it is

internally reflected, the reflection will be determined by the Fresnel function (equation

4.19), otherwise it is recorded as a transmitted photon.

R(αi) =
1

2

[
sin2(αi − αt)
sin2(αi + αt)

+
tan2(αi − αt)
tan2(αi + αt)

]
(4.19)

R =
(n2 − n1)

2

(n2 + n1)
2 if αi = 0 (4.20)



68
EM Waves in Strongly Scattering Composite Materials with

Boundaries

where αi is the angle of incidence, and αi the angle of transmission given by:

nisinαi = ntsinαt (4.21)

where ni and ni are the refractive indices of the medium that the photon is incident

from and transmitted to, respectively. To determine whether the photon escapes the

sample or is internally reflected, the internal reflectance is compared with the random

number, i.e. if ζ 6 R(αi), then the photon is internally reflected, otherwise it escapes

the medium. All photons are tracked until absorbed (i.e. the photon weight falls

below a minimum threshold) or they cross one of the boundaries. Escaped photons

contribute to the transmittance. Upon reaching a boundary, the diffuse transmittance

(Td) is incremented by the weight of the escaping photon:

Td = Td + w (4.22)

4.4 Discussion

After a certain value of the dimension, the boundaries affect the shape of the light

distribution as the incident light can be scattered at different directions due to the

multiple scattering. Table 4.1 summarises the results for increasing slab thickness

Y1-Y0 (the length, X1-X0, remained 10 mm). As the medium became thicker than 3

mm the diffuse transmittance from the top boundary (Y1) decreased. The results also

show that the angle of strong scattering from the direction of the incident beam is

generally higher than in thick samples. Fig. 4.5 and Fig. 4.6 show strong scattering

of the incident photons in a 1 mm-thick sample from the Y1 and X1 boundaries over

approximately 60 and 15 degrees, respectively.

4.5 Experiments

In order to understand how scattering and boundaries can affect the spatial distribu-

tion of the light, we measure a fibre coupled THz-TDS set up with a goniometer to

investigate the angular and frequency dependence of the THz scattering. The receiving

antenna was placed on a goniometer arm, allowing angle-dependent measurements. To
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Table 4.1: Values for diffuse transmittance from the top (Y) and end (X) boundaries of
an air-polymer composite slab.

Sample
Dimensions
(Y×X
mm2)

Photons
Transmitted
From Y1

Angle of Main
Lobe Transmit-
ted at Y1 (i.e.
θy Shown in Fig.
4.1)

Photons
Transmitted
From X1

Angle of Main
Lobe Transmit-
ted at X1 (i.e.
θx Shown in Fig.
4.1)

1×10 30.3% 0 < θ < 60o 2.38% 0 < θ < 15o

2×10 33.3% 5 < θ < 45o 5.58% 0 < θ < 30o

3×10 40.5% 5 < θ < 30o 22.24% 0 < θ < 45o

4×10 21% 25 < θ < 60o 18.67% 0 < θ < 65o

5×10 12.2% 35 < θ < 70o 25.91% 0 < θ < 70o
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Figure 4.5: Simulated light transmission from the surface of X1 after propagation of a
120 GHz beam through a Y×X= 1×10 mm2 slab of air-polymer composite. Escaped photons
contributed to the transmittance pattern, i.e. intensity per solid angle.

suppress the measurement of cross-polarised radiation, two wire-grid polarisers were

placed in front of both the receiver and transmitter antenna. Fig. 4.7 shows the mea-

surement principle. The diffuse scattering was measured at different angles between

-90 to 120 degrees.
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Figure 4.6: Simulated light transmission from the surface of Y1 after propagation of a
120 GHz beam through a Y×X= 1×10 mm2 slab of air-polymer composite. Escaped photons
contributed to the transmittance pattern, i.e. intensity per solid angle.

Figure 4.7: Experimental arrangement for measurements of angle- and frequency-
dependent THz scattering in a strongly scattering medium.
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4.5.1 Data Analysis in THz Spectroscopy

A THz-TDS spectrometer permits to determine the temporal waveforms of the THz

pulses by measuring the field strengths of the short electromagnetic pulse in time

domain. The temporal shape of the THz pulse changes during propagation through a

sample material. This change depends on the linear response of materials associated

with the optical properties of the materials; complete information of the dielectric

function can be determined. The detailed frequency dependence of optical properties

can be obtained by Fast Fourier Transformation (FFT), and a comparison of this pulse

with a reference pulse. Consider a plane wave with angular frequency ω propagating

through a medium in z direction:

E (z, t) = E0exp
(
i
nω

c
z
)
exp

(
−kω
c
z

)
(4.23)

To get the frequency information, we take Fourier transform of equation 4.23:

E (ω) = 1
2π

∫∞
−∞ e

−iωtE (t) dt

= E0 (ω) exp
(
in(ω)ω

c
z
)
exp

(
−k(ω)ω

c
z
) (4.24)

where n and k are real and imaginary part of the refractive index. When the THz

pulse passes through a sample, there are some reflection losses at the medium bound-

aries. The Fresnel equations can be used to calculate the reflection and transmission

amplitude of normal incident without scattering at each interface as follows:

T = Tair→sample.Tsample→air = 4
n (ω)

(n (ω) + 1)2
(4.25)

For the reference pulse, the pulse only propagates through an empty spectrometer:

Eref (ω) = E0 (ω) exp
(
i
ωz

c

)
(4.26)

The transfer function (i.e. the relative amplitude and phase of the sample and the

reference wavefronts) of the system determines the complex transmission coefficient of
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the system, given by:

H (ω) =
Esam
Eref

=
4n (ω)

(n (ω) + 1)2
exp

(
i
n (ω)− 1

c
ωz

)
exp

(
−k (ω)

c
ωz

)
(4.27)

The transfer function is a complex number which can be written as:

H (ω) = |H| eiφ(ω) (4.28)

Therefore the THz-TDS provides both the phase and the amplitude. Consequently,

the index of refraction can be extracted from the phase as:

n (ω) = 1 +
φc

ωd
(4.29)

where d is the sample thickness. The complex index and the absorption coefficient can

be evaluated from the frequency dependent amplitude and phase:

k (ω) = − c
ωd
ln
(

(n(ω)+1)2

4n(ω)
|H|
)

α (ω) = 2k(ω)ω
c

(4.30)

4.5.2 Dynamic Range

Jepsen et al. have described a quantitative method to identify the fundamental limits of

the measurable absorption coefficient in transmission and reflection of THz-TDS [193].

Due to the typical single-cycle nature of the THz pulse, the amplitude is strongly

frequency dependent; at high frequencies the spectrum exhibits intensity dependent

roll-off, before reaching to the noise floor. It should be noted that fluctuations in the

THz pulse are caused by laser intensity fluctuations, whilst the noise floor is normally

independent of frequency and corresponds to an electronic nature. Fig. 4.8 shows the

dynamic range (DR) that is the signal above the noise floor where the noise floor level

is set to 1, giving an upper limit to the detectable absorption coefficient of samples.

Jepsen showed the largest absorption coefficient that measured with a given dynamic

range and sample thickness d:

αmax (ω) =
2

d
ln

(
DR

4n

(n+ 1)2

)
(4.31)
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The absorption features above the value of αmax can not be detected and are saturated

by the value of αmax.
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Figure 4.8: Dynamic range is defined relative to the noise floor.

4.5.3 Etalon Reflection

When a THz beam with the wavelength comparable to the size of the sample penetrates

the interface between two media, multiple reflections can happen; a part of beam

refracted into the medium reaches the interface, and hence it again undergoes reflection

and refraction as shown in Figs 4.9 and 4.10. Therefore, the multiple reflection within

the sample splits the wave into a number of intermediate paths. The phase retardation

associated with each intermediate component can be given by:

∆φ =
2d1nω

c
(4.32)

In the case of ∆φ = π, the signal attenuates due to a negative interference. The

signal loss can be determined by the maximum absorption observed at phase velocity

(equation 4.33) and its odd multiples.

υ =
c

4πd1n
(4.33)

The multiple reflection effects leads to a periodic structures in the frequency domain.
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The Etalon echoes in the data can corrupt the extracted optical constants, in particular,

in thick samples with high absorption. To avoid the etalon features, the data in time

domain can be simply cut off without losing significant information to remove unwanted

responses in the frequency domain.

n
Sample

THz
pulse

Etalon
effect

d

Figure 4.9: The Etalon effect caused by multiple reflections.
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Figure 4.10: THz pulses transmitted through an air-polycarbonate composite material
with 20 mm thickness.
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4.6 THz Interaction with Composite Materials

We study the frequency-dependent THz scattering and transmission loss due to the

combined effects of scattering and absorption in foamed or porous air-polycarbonate

composite materials and 2-D polymer microstructures which are strongly scattering,

but only moderately absorptive, at THz wavelengths.

4.6.1 Measurements

Air-Polycarbonate Composite Materials:

4.6.1.1 Sample Preparation

As indicated in Fig. 4.11, we fabricated a highly scattering composite material of

air bubbles in polycarbonate to evaluate its performance at THz frequencies, and to

predict its behaviour in the presence of THz absorption and scattering losses. Poly-

carbonate is a proper material for our study as its absorption coefficient is quite low

at terahertz frequencies. The bubbles were formed by thermal processing of the poly-

mer (i.e. randomly distributed) and estimated to have a diameter of 200 µm with a

fill-factor of 50%. The size of inclusion can be controlled by the temperature, time,

and vacuum. For our purpose, the size of scatterers needs to be comparable to the

wavelength of THz radiation to incur enough scattering events and exhibit Mie effects

in the frequency spectra. It is well known that many polymers absorb moisture, e.g.

from the atmosphere. If the moisture is not removed from the polymer prior to ther-

mal processing then bubbles may form in the material as the polymer softens and the

water boils. So, heating commercially supplied polycarbonate (PC) resulted in a dense

array of small bubbles distributed randomly in both size and position throughout the

polymer. We baked the solid polymer for approximately 1 hour at 180 oC to form air

bubbles inside the polymer.

A fiber-coupled THz-TDS setup was used to measure the transmission of a colli-

mated broadband THz beam through “foamed” polycarbonate (PC) pucks (i.e. 14 mm

diameter by 1 or 5 mm thick). The resulting material was estimated to have scattering

and absorption loss coefficients of 0.5 mm−1 and 0.1 mm−1, respectively, at 300 GHz.

Fig. 4.12 shows the total loss coefficient in transmission as a function of frequency

for the two pucks. There was good agreement between the experiment and numerical

calculations of the loss coefficient, independent of sample thickness, especially at low
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Figure 4.11: Foamed polycarbonate materials.

THz frequencies where scattering was relatively weak. Differences between the mea-

surements and simulations above 800 GHz were likely because the scatterers (i.e. the

bubbles) in the polycarbonate were not monodisperse in size.

The path length for the ballistic photons equals the sample thickness and conse-

quently for thin samples (i.e. with thickness similar to or less than the inverse of the

scattering coefficient, as in the 1 mm thick puck) loss will primarily be due to absorp-

tion. Conversely, as the sample thickness increases, scattering is expected to dominate

in the transmission loss, with radiation being redirected into off-axis directions relative

to the incident beam. Whilst it is difficult to differentiate the ballistic and scattered

components in the time-domain signals shown in Fig. 4.13, they are clearly evident in

the frequency domain spectra shown in Fig. 4.14. At low frequencies (∼200 GHz) the

loss is dominated by absorption, consistent with simulation results shown in Fig. 4.12,

and increases as one would expect with sample thickness. At high frequencies (>500

GHz), the attenuation due to scattering dominates, with most of the short wavelength

components of the incident pulse being scattered away from the direction of incidence.

Consequently the apparent bandwidth of the THz signal is reduced to 1.1 THz and 700

GHz as the sample thickness increases from 1 mm to 5 mm, respectively. The scat-

tering out of high frequency components is also partially evident in the time-domain

signal, as the signal transmitted through 5 mm sample appears broader in time (i.e.

low-pass filtered) with respect to the signal transmitted through the 1 mm sample and
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Figure 4.12: Experimental and simulated total attenuation coefficient (absorption plus
scattering) for air-polycarbonate composite material with thickness 1 mm and 5 mm.
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Figure 4.13: Time-domain THz waveform measured with THz-TDS for samples with 14
mm diameter by 1 and 5 mm thickness.
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the reference signal.
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Figure 4.14: The spectrum of the THz pulse transmitted by taking the Fourier transform
of the time-domain THz waveform for the samples.

The spatial distribution of the scattered THz radiation is expected to vary with

both the scattering coefficient and sample thickness. Fig. 4.15 illustrate the expected

impact of puck thickness on the spatial distribution of transmitted radiation at 300

GHz, i.e. where the loss coefficients due to scattering and absorption were similar in

magnitude. The increased number of scattering events in the thicker puck resulted in

a significantly broader spatial distribution of the scattered radiation.
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Figure 4.15: Simulated radiation pattern at 300 GHz following transmission through (a)
1 mm, and (b) 5 mm thick pucks of air-polymer composite materials, 14 mm in diameter.
The radial scale is in decibels.

2-D Scatterers:

We represent results of measurements of THz pulses propagating through two-

dimensional (2-D) polymer microstructures. We fabricated two different types of poly-

carbonate microstructures: i) a microstructure made by a suitable stacking pattern of
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microtubes, ii) solid rods inserted to randomly distribute the microtubes in size and

position. The measurements were taken using a time-domain THz spectrometer with a

goniometer, giving both the spectral and the spatial distribution of the THz radiation

transmitted through the samples.

4.6.1.2 2-D Diffusers Fabrication Process

An efficient multiply scattering medium requires two conditions: i) structures with

subwavelength features at the frequency range of interest from 300 GHz to 1 THz,

which corresponds to wavelengths between 1 mm-300 µm, and ii) a weakly absorbing

randomly-inhomogeneous structure. Therefore, a fabrication technique is required to

provide randomly distributed 2-D scatterers with a size comparable to the wavelength

of the THz radiation, which can result in a strong 2-D scattering medium.

The 2-D THz polymer microstructure is fabricated using polycarbonate rods with

an outer diameter of 6.5 mm. The fabrication of the randomly distributed polymer

microstructures was carried out by capillary stacking in the ANFF fiber-draw tower

facilities at the University of Sydney, Australia. First, a polycarbonate tube with an

outer diameter of 6.5 mm was pulled down to 300 µm outer diameter and cut into

two hundred pieces with a length of 20 cm. An outer jacket was introduced to reduce

the inner diameter of the preform and to limit the volume fraction of microtubes to

around 30%. Afterwards, the stacked preform was drawn to about 6.5 mm outer

diameter, resulting in microtubes with a diameter of 450 µm, shown in Fig. 4.16.

During the pulling process low-pressure was applied to prevent the inner microtubes

from collapsing. The second sample with 10% polycarbonate solid rods with 400 µm

diameter was fabricated to randomise the 2-D scatterers in size and position, resulting

in an inhomogeneous microstructure as shown in Fig. 4.17.

In order to model total loss (absorption plus scattering) and the spatial distribu-

tion of incident radiation in 2-D scatterers, we extend a numerical model based on

a modification to a conventional Monte-Carlo method and applied to polycarbonate

2-D microstructures; the scattering cross-section (σs) associated with a microtube is

calculated using the infinite cylinder approximation technique (Appendix B) because

the length of the microtubes is much greater than the diameter [194]. As shown in Fig.

4.18, the model deals with a two-layered structure; microtubes distributed in air are

surrounded by polycarbonate rod. The sample is described by the following parame-

ters: the thickness of layers, the radius, the refractive index ratio of inclusions to host
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Figure 4.16: Optical images of polycarbonate microstructures: (a) microstructure fabri-
cated by stacking microtubes, (b) magnified top view. Scale bars show 500 µm resolution.
As a result of cutting, the inner tubes appear closed.

Figure 4.17: Optical images of polycarbonate microstructures: (a) stacking solid rods
between microtubes, and (b) magnified bottom view. Scale bars show 500 µm resolution. As
a result of cutting, the inner tubes appear closed.

(m) the absorption coefficient µa (cm−1) and the scattering coefficient µs (cm−1) of the

sample. The scattering coefficient of 2-D scatterers can be then expressed by µs=σsN.

Here N is the number density which can be determined by the ratio of the number of

2-D scatterers (i.e. the number of stacked microtubes) to the volume.

4.6.1.3 Terahertz Diffuse Scattering

The transmitted signal from a strongly scattering medium can be considered as hav-

ing two components, a ballistic (i.e. non-scattered), and a diffuse transmittance (i.e.

scattered light). Both components are attenuated by absorption, depending on path
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Figure 4.18: Monte-Carlo model for polymer microstructures with infinite height, mod-
elled using a Monte-Carlo algorithm.

length. The path length for the ballistic photons equals the sample thickness. How-

ever, the diffused photons are also affected by multiple scattering which depends on

the scattering length. The scattering length (ls) is related to the transport mean free

path by:
ltr
ls

=
1

1− 〈cos (θ)〉
(4.34)

where ltr is the transport mean free path which is inversely proportional to the reduced

scattering coefficient. The diffusive propagation requires a path length much larger

than the scattering length; the photons are completely randomised and only multiply

scattered photons are propagated through the sample.

Fig. 4.19 shows the THz electric field received from the samples at on-axis from the

incident beam (zero degree). The main amplitude of the received pulse from samples

decays by 10% as the path length increases because of multiple scattering events.

Consequently, the pulse takes longer to propagate through and/or out of samples, hence

its amplitude decreases. THz intensity propagated through polymer microstructures

with rods decreases more than that of micro tubes, which indicates that the THz pulse

followed a larger number of possible scattering paths. For example, Fig. 4.20 illustrate

the intensity for polymer microstructures at 60 0.

Fig. 4.21, shows the dependence of the received THz pulses on the angle of arrival.

Compared to the microtube structure, the diffuse-scattered signal from the structure

with solid rods exhibits a higher intensity at |θ| >60o. This probably is related to

solid rods being present, which makes the distribution pattern more inhomogeneous.

Therefore, it seems that the diffuse intensity is the dominant factor in determining
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Figure 4.19: THz waveforms transmitted through randomly distributed polymer mi-
crostructures (blue), and solid rods (red). The reference waveform (green) has been reduced
by a factor of 10.
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Figure 4.20: THz waveforms transmitted through randomly distributed polymer mi-
crostructures (red), and solid rods (blue).

the transmitted intensity, due to the random walk. The results are obtained in the

frequency domain using a Fast Fourier Transform (FFT) of the time-domain data.

Fig. 4.22 demonstrates the effect of the boundaries, and the structures (polymer mi-

crostructures with microtubes and/or solid rods) on the transmission spectrum. The
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Figure 4.21: The amplitude of the received THz pulse as a function of angle of arrival
for polymer microstructures with microtubes and with solid rods.

transmission of the beam varies exponentially with scattering and absorption loss ac-

cording to equation 4.27, here ls is related to the scattering cross-section by ls=[Nσs]
−1,

and N is the number density of 2-D scatterers. For example, the scattering path cal-

culated by Monte-Carlo simulation is 1.9 mm at 500 GHz. The absorption loss is the

dominant factor at low frequencies (∼200 GHz), consistent with the results shown in

Fig. 4.23. At high frequencies (>500 GHz), the pulse attenuated rapidly, as scatter-

ing loss dominates. However, it appears that the presence of solid rods increases the

radiation scattered away from the direction of incidence, even at 120 degrees. This

can be due to the increased number of scattering events caused by solid rods and to

inhomogeneity in size.



4.6 THz Interaction with Composite Materials 85

Frequency (GHz)
(a)

0 500 1000 1500

In
te

ns
ity

 a
.u

. (
dB

)

-240

-230

-220

-210

-200

-190

-180

-170

reference

0 0

60 0

Frequency (GHz)
(b)

0 500 1000 1500

In
te

ns
ity

 a
.u

. (
dB

)

-240

-230

-220

-210

-200

-190

-180

-170

reference

0 0

120 0

Figure 4.22: The spectrum of the THz pulse transmitted by taking the Fourier transform
of the time-domain THz waveform for: (a) polymer microstructures without solid rods at 0
and 60 degrees, (b) the structure with solid rods at 0 and 120 degrees. [Note the weak signal
transmitted from sample (a) at obtuse angles]. The dashed lines show the noise floor.
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Figure 4.23: Experimental and simulated total attenuation coefficient, i.e. absorption
plus scattering, for polycarbonate microstructures comprised of microtubes and solid rods.

Figs 4.24 and 4.25 show the radiation patterns of the THz pulse propagated at

perpendicular incidence through the 2-D polymer microstructures. The results show

strong scattering of the incident wave over approximately -90 to 120 degrees (angle off-

axis was limited due to insufficient SNR). The high off-axis THz transmittance indicates

that most photons have been scattered out of the samples, especially from the inhomo-

geneous structure (polymer microstructures with rods). Inserting solid rods increases

the effective refractive index of the 2-D structures, hence increases the scattering with

the incident pulse being scattered away at a wide angles.

For comparison, we modelled the polycarbonate microstructures in a Monte-Carlo

algorithm. The results are shown in Fig. 4.26. The simulations demonstrate a relatively

good agreement with the trends observed in the angular- and frequency- dependent

measurements shown in Figs 4.23, 4.24 and 4.25; most light being scattered out of the

sample at large angles for high frequency components. Measurements were also taken

for lower frequencies (<200 GHz). Here the scattering is predominantly in the forward
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Figure 4.24: Measured transmission pattern following propagation of (a) a 300 GHz and
(b) a 500 GHz beam through the polymer microstructures without solid rods. The sample
was located in the vertical direction. -210 dB shows the noise floor.

direction as the size parameter decreases, and hence the transport paths involve a small

number of scattering events; most light is propagated outside of the sample in a narrow

angle.
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Figure 4.25: The scattering radiation of (a) a 300 GHz and (b) a 500 GHz beam by a
2-D polymer microstructure with 10% solid rods. -210 dB shows the noise floor.

4.7 Summary

A numerical model based on a Monte-Carlo algorithm has been developed to study the

THz scattering in polymer composite materials. The results were in good agreement

with experiments which air-polymer composite materials and 2-D polymer microstruc-

tures were used as scattering media. Measurements were taken with a THz-TDS to
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Figure 4.26: Simulated transmission pattern after propagation of (a) 300 GHz and (b)
500 GHz beams through polymer microstructures containing solid rods (NB: data are shown
between -90 and 120 degrees to be comparable to measurements).

describe the angular- and frequency- dependent regime of THz scattering in highly

scattering media.

The results show the dependence of the diffuse transmittance on various param-

eters, including loss, shape of boundary, reflection and refraction at boundaries. For

example, 2-D polymer microstructures distributed a broadband source at a wide range

of angles, over -90 to 120 degrees, while the air-polymer composite material was direc-

tive. Such a material can be useful as a THz diffuser, applicable in next generation to

the short-range THz wireless communication systems. The off-axis THz transmission
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in highly scattering media is also important for understanding the ratio of non-diffusive

absorption and diffusive scattering length in order to reconstruct the absorption loss

in the interior of materials, e.g. applicable in material identification and/or sensing.



5
Polarisation of EM Waves in Strongly

Scattering Composite Materials

THz scattering is a key factor affecting the characteristics, i.e. amplitude, phase and

depolarisation, of THz pulse propagation in a multiply-scattering medium. We in-

vestigate the angle- and frequency-dependent polarised radiation propagated through

composite materials. We also extend the numerical method developed in Chapter 4 to

properly account for the prediction of the polarisation states of THz pulses in dense

media.

5.1 Introduction

THz technology has been opening many new and interesting applications in the field of

THz communications, sensing, non-destructive testing (NDT), imaging, and medical

sciences [17, 195–197]. The benefits of THz radiation help to overcome restrictions of

common techniques in terms of power level and bandwidth in strongly scattering media

[198]. In such media, observing transmission or reflection of THz pulses can capture

the sample features [199]. Scattering of the electromagnetic wave may randomise the

polarisation state and direction of the incident beams [134, 200]. The transmitted

91
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energy can be in general regarded as comprised of a ballistic (i.e. non-scattered) com-

ponent, and a diffuse (i.e. scattered) component [201, 202]. The diffusive propagation

depends on the transport mean free path (i.e. the photon travels an average distance

ltr before it is scattered) and the scattering length (ls, i.e. the characteristic distance

between random scattering events). In the weakly scattering regime, ltr∼=ls and hence

the ballistic paths involve few scattering events[177]. In a strongly scattering medium,

the incident wavefront encounters many scattering events, so the polarisation of the

wave can become completely random.

In particular, we present a new experimental technique for studying the frequency-,

and angle-dependent depolarisation of THz pulses propagating through polymer com-

posite materials. Our aim is to investigate the impact of multiple scattering on the

intensity and polarisation states of the THz pulses which are diffusely propagated out

of a strongly scattering medium as a function of direction. We compare experimental

results to numerical simulations based on a Monte-Carlo algorithm which incorporates

polarisation and the effects of loss on the propagation of THz light through scattering

media.

5.1.1 Polarisation of Plane Waves

The general form of the polarisation for transverse waves is represented by a Jones

vector of the polarised light. The polarisation of the light travelling in the z-direction

can be determined by two components of the time-varying behaviour of the electric

field with angular frequency (ω) and wavevector (k) as follows:

E =

(
Ex

Ey

)
=

(
Ex0cos (kz − ωt)

Ey0cos (kz − ωt+ δ)

)
(5.1)

From equation 5.1, Ey can be expanded by an elementary transformation:

Ey = Ey0cos (kz − ωt+ δ) = Ey0cos (kz − ωt) cos (δ)− Ey0sin (kz − ωt) sin (δ) (5.2)

which leads to the following equation for an ellipse:(
Ey
Ey0

)2

+

(
Ex
Ex0

)2

− 2

(
Ey
Ey0

)(
Ex
Ex0

)
cos (δ) = sin2 (δ) (5.3)



5.1 Introduction 93

By grouping equation 5.3, the following equation is obtained:

(
E2
x + E2

y

)2 − (E2
x − E2

y

)2 − (2ExEycosδ)
2 − (2ExEysinδ)

2 = 0 (5.4)

The four Stokes vectors can be expressed as:

S =


E2
x + E2

y

E2
x − E2

y

2ExEycosδ

2ExEysinδ

 (5.5)

Hence E is linearly polarised if δ = 0 or π; if δ = π
2

or δ = 3π
2

, the light is circularly

polarised. In an experiment, S0 corresponds to the sum of the measurements with a

horizontal and with a vertical polariser (i.e. the total intensity), S1 is the difference

between the horizontal and vertical polarisation intensities. S2 defines the difference

between the linear polarisation at ± 450, and S3 is the difference between the left

and right circularly polarised light. According to the above equation, it is possible to

convert circularly polarised light into linearly and/or elliptically polarised light, if the

electric field is redirected, i.e. phase changed, by a strongly scattering medium. The

azimuth ψ and ellipticity χ angles in the Poincaré sphere are defined as:


tan (2ψ) = 2ExEycosδ

E2
x−E2

y

sin (2χ) = 2ExEysinδ

E2
x−E2

y

(5.6)

Depolarisation refers to the variation of the electric field (E) intensity and the

change in the degree of polarisation at a given point in space. The direction of E

may differ and/or rotate as the wave passes through a highly scattering medium; any

state of polarisation can be represented by various points on the surface of the Poincaré

sphere as shown in Fig. 5.1. The coordinates of the points are the last three normalised

Stokes vector, {S1, S2, S3}, describing the degree of polarisation (DOP). The degree of

polarisation, regardless of whether the light is linearly and/or circularly polarised, is

given as:

DOP =

√
(S2

1 + S2
2 + S2

3)

S0

(5.7)
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Figure 5.1: Helicity of circularly polarised light changes when the photon is scattered.
As a possibility, the plane of S1-S3 can change to S1-S2 (blue signal)

.

The degree of linear (DOPL) and circular polarisation (DOPC) can be expressed as:

DOPL =

√
(S2

1 + S2
2)

S0

, DOPC =
S3

S0

(5.8)

where DOP=1 indicates completely polarised light; DOP<1 means the light is par-

tially polarised; DOP=0 corresponds to unpolarised light. The number of scattering

events and the path length associated with single and/or multiple scattering should

be evaluated in order to determine how depolarisation proceeds as the size of the par-

ticles varies. For example, the contribution of single scattering is predominant for a

medium with a rather small dimension of scattering volume and small particles, i.e.

the Rayleigh scattering regime. The angular dependence of single scattering in a highly

scattering medium is shown in Fig. 5.2.

The scattering is highly anisotropic for a large size parameter (x> 1) and hence the

transport mean free path (l∗) is much larger than the scattering length (l = 1
σsf

). The

distribution of scattering path lengths (s) can be obtained using the Green’s function of

the diffusion equations, and the degree of polarisation can be expressed by [113, 173]:

P ≈
∫∞
0
ρ (s) f (s) ds∫∞
0
ρ (s) ds

(5.9)

where ρ is the probability density of the optical path and f(s) the dependence of DOP
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Figure 5.2: A series of Henyey-Greenstein functions for different anisotropy factors (g).

for a number of scattering (n). In the large n-limit, f(s) can be expressed as:

fL(n) ∼=
3

2
exp [−n (l/ζ)] (5.10)

where ζ defines the characteristic length of depolarisation for incident linearly polarised

light (ζL = l/(ln10
7

)) and for circularly polarised light (ζC = l/(ln2)). From equation

5.9 the degree of polarisation of the transmitted light is given by:

Pi =
d

l

sinh
{

l
ξi

}
sinh

{
d
ξi

} (5.11)

where d is the slab thickness, ξi = (ζil/3)1/2 with i=L, C. The probability density

function is:

p(s) = µt exp (−µts) (5.12)

As Fig. 5.3 shows, in the case of large particles the circularly polarised light ex-

hibits a high degree of polarisation memory compared with linearly polarised light.

By decreasing the size parameter, the number of scattering event increases in which

an asymmetry between forward and backward scattering directions can appear (i.e.

Rayleigh regime); the direction and the helicity of circular polarisation are randomised

and hence its characteristic length of depolarisation is greater than that of linearly
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Figure 5.3: The ratio of the degree of polarisation as a function of d/l, for three values
of size parameter (x).

Although the Jones vector can express the polarisation, it cannot deal with depo-

larising interaction and partial polarisation because the light cannot be traced due to

spatial inhomogeneities Therefore, it is not suitable for multiply scattering media. In

such case, Muller matrix can be used to describe the effect of scattering on the observed

polarisation.

5.2 Polarisation Model for Monte-Carlo

Hielscher et al. introduced a Stokes vector/Mueller matrix approach into the method

to calculate the complete polarisation properties of light [203]. Afterwards, several

techniques based on the Monte-Carlo technique have been developed to model polarised

light propagation in turbid media [204–207]. The Mueller matrix was used to express

the effects of a scattering system on the polarisation of light, represented by the Stokes

vector [208–210]. Each photon is initially assigned a value of arbitrary polarisation

state in the Stokes vector, S=[S0, S1, S2, S3]. The Stokes vector is defined by the
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components:

S0 = I

S1 = I cos2θ cos2ϕ

S2 = I cos2θ sin2ϕ

S3 = I sin2θ

(5.13)

where θ is the polar angle, and ϕ is the azimuthal angle. I is total intensity, S1

polarisation at 0o or 90o to the scattering plane, S2 polarisation at ± 45o, and S3 left

or right circular polarisation. In the case of polarised light:

S2
0 = S2

0 + S2
1 + S2

2 (5.14)

Equation (5.14) defines a sphere which is known as the Poincaré sphere (shown in Fig.

5.4).

S
3

I
S

2

2ψ

2χ

S
1

Figure 5.4: Poincaré sphere with the three Stokes parameters.
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5.2.1 Polarisation

A fundamental problem in Monte-Carlo with polarisation information is the choice of

the angle of rotation into the scattering plane. In a scattering event, a polar angle (ψ)

and scattering angle (using equation 4.16 must be determined to calculate the state

after scattering. To determine ψ, the phase function (θ,ψ) of spheres for an incident

with a Stokes vector is used:

ρ(ψ, χ) =
a(ψ) + b(ψ) [S1cos(2χ) + S2sin(2χ)]

S0

(5.15)

When the scattering angle (ψ) is known, the azimuthal angle (χ) can be calculated

using the probability density function (PDF):

ρ(χ) = 1 +
b(ψ)

a(ψ)

[
S1cos(2χ) + S2sin(2χ)

S0

]
(5.16)

χ is calculated by integrating the above PDF from 0 to χ:

P =
1

2π

{
χ+

b(ψ)

a(ψ)

[S1sin(2χ) + S2 (1− cos(2χ))]

S0

}
(5.17)

The Stokes vector of the photon after scattering is then given by:

Snew = R(−χ)M(ψ)R(χ)Sold (5.18)

where

R(χ) =


1 0 0 0

0 cos(2χ) −sin(2χ) 0

0 sin(2χ) sin(2χ) 0

0 0 0 1

 (5.19)

and



5.3 Discussion 99

M(ψ) =


a(ψ) b(ψ) 0 0

b(ψ) a(ψ) 0 0

0 0 d(ψ) −c(ψ)

0 0 c(ψ) d(ψ)

 (5.20)

where

a(ψ) = 1
2

(
|S2|2 + |S1|2

)
b(ψ) = 1

2

(
|S2|2 − |S1|2

)
c(ψ) = 1

2
(S2S

∗
1 + S1S

∗
2)

d(ψ) = i
2

(S2S
∗
1 − S1S

∗
2)

(5.21)

R is the rotation matrix and M is the single scattering event matrix calculated from

Mie theory, S1 and S1 can be found in reference [128]. In our Monte-Carlo algorithm,

S1 and S1 for every scattering event are obtained from Mie scattering theory. Snew

and Sold are the Stokes vectors before and after the scattering event, respectively. The

Stokes vectors for states of circularly and linearly polarised are as:

SL =


1

±1

0

0

 , SC =


1

0

0

±1

 (5.22)

Fig. 5.5 shows the M matrix for an air bubble with a radius of 200 µm in polycarbonate

at 500 GHz. The main steps to the simulation shown in Fig. 5.28.

5.3 Discussion

The light depolarisation process through the highly scattering medium depends on

whether the light is circularly or linearly polarised. Moreover, scattering events can be

governed by the geometry of sample, the size of air bubbles, and their volume fraction

(e.g. forward scattering dominates as the number of scattering events decreases as the

size parameter decreases) [121, 211–213].

The degree of polarisation is calculated using the mean value of the Stokes param-

eters of photons escaping from boundaries (X1 and Y1). For example, Fig. 5.6 shows

the effect of size parameter, x=ka where k is wave number and a is radius of inclusions,
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Figure 5.5: M matrix for an air bubble with radius 400 µm in polycarbonate.

on the polarisation ratio of light transmitted from Y1. While the degree of polarisation

(DOP) for a circularly polarised (CP) source tends to decrease slowly with increasing

size parameter, the DOP from a linearly polarised (LP) source comes mainly from low

scattering. So, the circularly polarised light can survive from multiple scattering events

as shown in Figs 5.7 and 5.8. The difference between the two types of behaviour cor-

responding to ka>1.6 comes from the anisotropy (g) property of the scattering. The

strong scattering reduces the anisotropy coefficient, so that the circular character is

affected by the scattering directions.

The last three components of the normalised Stokes vector (S0, S1, S2, S3) of photons

leaving the top and bottom surfaces as calculated by our model are shown in Figs 5.9,

5.10, 5.11, and 5.12 for a 120 GHz circularly and linearly polarised source, respectively,

through a 3×10 mm2 slab. Degree of polarisation of the transmitted light from the

sample is also summarised in Table A.1, which shows the number of scattering events

at 120 GHz is insufficient to randomise the direction and helicity of circularly polarised

light.
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Figure 5.6: Effect of size parameter with the same volume fraction in a sample with
Y×X= 1×10 mm2 dimension on DOP of linearly polarised and circularly polarised light
transmitted vertically from Y1.
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Figure 5.7: DOP statistics of the sample described in the text after propagation of
circularly polarised light at 120 GHz. The light transmitted from Y1.

Fig. 5.9 and 5.10 show that the light remains largely linearly polarised (LP) though

the angle of LP source is randomised. However, from equation 5.4 the expression for
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Figure 5.8: DOP statistics of the sample described in the text after propagation of linearly
polarised light at 120 GHz. The light transmitted from Y1.

Table 5.1: DOP of linearly and circularly polarised light transmitted at orthogonal bound-
aries. Their normalized Stokes vectors are Shown in Figs 5.10 to 5.13

Boundaries (Sam-
ple dimension:
3×10 mm2)

DOP of linearly polarised
light at 120 GHz

DOP of circularly po-
larised light at 120 GHz

X1 0.61 0.985

Y1 0.68 0.95

circularly polarised source is:

E = E0

[
cos (ωt− kz + δ) a

′

x + sin (ωt− kz + δ) a
′

y

]
(5.23)

which shows that the circularly polarised light depends on the direction of the field.

Combining equations 5.18, 5.19, 5.20 5.21, and 5.22 shows that for a polar angle
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Figure 5.9: The Stokes parameters of transmitted light from the surface of X1 after
propagation of a 120 GHz linearly polarised beam through a Y×X= 1×10 mm2 slab with
randomly distributed air bubbles in polycarbonate.
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Figure 5.10: The Stokes parameters of transmitted light from the surface of Y1 after
propagation of a 120 GHz linearly polarised beam through a Y×X= 3×10 mm2 slab with
randomly distributed air bubbles in polycarbonate.
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χ=π
2
, the circularly polarised light may change to a linearly polarised wave. This con-

dition can be met by a large number of scattering events as the polar angle depends on

the direction of the electric field, hence the Poincaré sphere of circularly polarised light

markedly depends on the direction of scattering as shown in Figs 5.11 and 5.12. For

example, when circularly polarised, the light that is forward scattered preserves the

original polarisation states; the polarisation states of the photons transmitted from X1

remain clustered around the S3-axis as shown in Fig. 5.11. However, Fig. 5.12 illus-

trates multiple scattering randomly changes the polarisation states at the Y1 boundary.

To further illustrate the changes in circular polarisation induced by multiple scatter-

ing; Fig. 5.13 shows the Poincaré sphere for output light from Y1 at 500 GHz. From
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Figure 5.11: Dependence of the transmitted light for a circularly polarised beam on
the transmission direction from the surface of X1 after propagation of a 120 GHz circularly
polarised beam through a Y×X= 3×10 mm2 slab with randomly distributed air bubbles in
polycarbonate.

this figure the flip in the plane of the circularly polarised light can clearly be seen as

the polarisation vectors transit to the S1-S2 plane; the degree of polarisation of the

transmitted wave is 0.48. Therefore, two mechanisms control the polarisation state of

circularly polarised light: the randomisation of the direction and the helicity of the

field [207, 212, 213].
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Figure 5.12: Dependence of the transmitted light for a circularly polarised beam on
the transmission direction from the surface of Y1 after propagation of a 120 GHz circularly
polarised beam through a Y×X= 1×10 mm2 slab with randomly distributed air bubbles in
polycarbonate.
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Figure 5.13: The Poincaré sphere of transmitted light from the surface of Y1 for 500
GHz circularly polarised light through a Y×X= 1×10 mm2 slab with randomly distributed
air bubbles in polycarbonate.
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5.3.1 Polarisation Dependant THz Scattering

Air-Polycarbonate Composite Materials:

To evaluate the effect of the polarisation on the THz diffuse scattering time-domain,

the THz pulses were recorded with both angle on- and off-axis from the incident beam.

The type of polarisation noticeably affects the amplitude of the detected pulses. Fig.

5.14 shows that the amplitude of the diffused THz pulse received from the thin sample

(i.e. L=1 mm) for the linearly polarised light. There is an increasing time delay for

x polarisation which indicates that the x-polarised light followed a larger number of

possible scattering paths than the y-polarised light, and thus the total scattering loss

increases by launching x-polarised light into the sample; the main amplitude of the

received pulse for the x-polarised light is decayed by 10 than the y-polarised light.

As shown in Fig. 5.15, the difference is due to the fact that multiple scattering in
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Figure 5.14: Time-domain THz waveform measured with THz-TDS for the thin sample,
L=1 mm, for the linear polarisation components: (a) y-polarisation, and (b) x-polarisation.

the sample sequences favor the vertical (y) polarisation light, because the scattering

angle is mainly restricted to a narrow angle about to the incident light (horizontal)

and thus the paths of length contribute differently to each linear polarisation. When

the frequency increases, the size parameter increases and thus the scattering becomes

highly anisotropic. In this case, the transport path is longer than scattering length,

so that the scattering events increases in which multiple scattering leads to a high

depolarisation ratio and then reducing the effect of polarisation-dependent scattering.
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Figure 5.15: Intensity for x- and y-polarised light propagating through the sample (L=1
mm).

2-D Scatterers:

Measurements were also repeated for different linear polarisation, by rotating the re-

ceiver antenna and the corresponding wire-grid polariser by 90o to understand whether

the structures give polarisation-dependent THz scattering. To determine the polarisation-

dependent scattering in the samples, we also measured the transmission spectra for the

orthogonal polarised light. However, the two linear polarisation components propagat-

ing through the samples exhibit no received signal, implying no change in polarisation

during propagation as shown in Fig. 5.16.

Gold Coated Silica Microspheres:

In this section, we study angle-dependent measurements of polarised THz radiation,

propagated through a gold coated silica-polyethylene composite material. The aim is

to show how depolarisation changes with angle off-axis and frequency. The number of

scattering events and then path length associated with single and/or multiple scattering
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Figure 5.16: Depolarisation ratio for linearly polarised light as a function of frequency
for angles of 0o and 60o.

should be evaluated in order to determine how depolarisation proceeds as the size

parameters varies (i.e. x = 2πa/λ, a is radius of spheres). For example, the contribution

of single scattering is predominant for a medium with low volume fraction of scatterers

and small particles, i.e. the Rayleigh scattering regime [200]. Scattering is highly

anisotropic for a large size parameter (k > 1) and hence the transport mean free path

(l) is much larger than the scattering length (ls).

5.3.1.1 Experimental Method

Gold-coated silica microspheres (provided from Cospheric company) with diameter in

the distribution 30-300 µm were dispersed with 30 % volume fraction in polyethylene

nanopowder. The resulting material was contained in a round polyethylene cuvette

with a diameter of 1 cm. Gold and polyethylene are excellent materials for THz scat-

tering studies because of their very low absorption coefficients at terahertz frequencies,

resulting in a strongly scattering medium with long transport paths. The experimen-

tal set up is illustrated in Fig. 5.17. The THz pulses were focused into the random

medium, and the emerging radiation was measured over -90 to 120 degrees relative

to the incident beam. The THz scattering were detected with a 2o resolution for the

sample, empty cuvette and a reference to correct the variation of the transmission as
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a result of the cuvette thickness. To suppress the measurement of cross-polarised ra-

diation, wire-grid polarisers were placed in front of the receiver and emitter antennas.

To measure the depolarisation ratio, two sets of measurements were taken with the

receiver antenna and the corresponding polariser turned by 90o relative to the source.

Figure 5.17: The experimental arrangement for measurements of angle-dependent THz
scattering in strongly scattering media.

5.3.2 Results

Fig. 5.18 indicates the diffusion regime in the sample, predicted by the Monte-Carlo

algorithm. It shows that the scattering length dramatically decreases with frequencies

higher than 500 GHz because of the scattering loss; ls is less than 0.1 of the transport

length (10 mm).
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Figure 5.18: Scattering length and total loss predicted by the developed Monte-Carlo
model. The dashed line shows the diffusion regime.
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Figure 5.19: Time-domain THz waveform measured with THz-TDS for the sample at
different angles .
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The magnitude of equation 4.27 gives the frequency-dependent THz scattering for

different angles as shown in Figs 5.20 and 5.21. At high frequencies(>200 GHz), the

scattering loss increases, with most of the short wavelength components of the incident

pulse being diffused. The attenuation due to scattering dominates at negative angles

relative to the incident beam; the bandwidth of the THz signal is reduced to 800 GHz.

This can be due to the inhomogeneity of scatterers in their distribution and size.
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Figure 5.20: THz signals transmitted through a random medium consisting of gold coated
silica microspheres at positive angles and (b) negative angles from the incident beam. The
dashed lines show the noise floor.

We also determine the spectral phase, shown in Fig. 5.22, to extract the refractive

index shown in Fig. 5.23. The phase function at on-axis THz transmission shows

nonlinear behaviour because the THz pulses experienced more scattering events at

narrow angles. Fig. 5.22 also indicates the angle and frequency dependence of the mean

free path. For example, the spectral phase at -45o between 200 to 700 GHz is linear

whilst the linear behaviour for -20o shifts to 300-500 GHz. These measurements allow

to distinguish the effects of multiple scattering in the depolarisation and attenuation

of the THz signal at the frequency and angle of interest.

At frequencies less than 700 GHz, the refractive index exhibits a high dispersive

effect due to multiple scattering. The scattering loss in the medium calculated using

equation 4.27 determines the scattering path, according to ls = 1/(σsN). Here N is
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Figure 5.21: THz signals transmitted through a random medium consisting of gold coated
silica microspheres at negative angles from the incident beam. The dashed lines show the
noise floor.

the number density which can be calculated by the volume fraction and mass density

of the scatterers. The measured values of the scattering length are shown in Fig. 5.24.

The scattering length for the chosen scattering angles are significantly different, the

difference being caused by the scattering anisotropy. For on-axis THz transmission, ls

varies from ∼10 to ∼1 mm. ls for large angle off-axis (>20o) does not vary significantly

from its average, i.e. 1-2 mm. The large difference in measured intensity with frequency

between -20o and 20o directions off-axis can be due to the non-uniformity of the sample,

resulting from the blending process. The characteristic length of the depolarisation

varies between 28-2.8 mm at 0.2-1 THz, indicating that the characteristic length is

generally comparable to the scattering length and hence more than one scattering

event is required to randomise the polarisation.

Fig. 5.25 shows that the depolarisation ratio increases with the angle off-axis be-

cause the average number of the scattering events is increased with these angles, and

the mean transport path is significantly greater than the scattering length. Therefore,

it is possible to distinguish ballistic (i.e. non scattered) and diffusive photons (scat-

tered) from depolarisation ratio. The depolarisation ratio also varies dramatically

within the frequency THz pulses, by a factor of 10. We also compared the numerical

simulation with the experimental data. For numerical purpose thousands polarised
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Figure 5.22: Phases of the Fourier transforms of the THz transmission at different angles.

photons were launched into the sample and photons transmitted from different bound-

aries were recorded with their polarisation states. We averaged the depolarisation ratio

of the photons at emerging angles. Numerical results are in a good agreement with

experimental data. Different values are corresponding to the randomness from the

scattering and statistic operation of the program. Figs 5.26 and 5.27 show the

spatial distribution of the THz radiation for linearly polarised light at 300 GHz and

500 GHz. The results show a strong scattering of the incident beam over -90o to 120o

for the parallel polarisation; the sample scattered the radiation uniformly with 10-20

dB attenuation. Photons being partially or completely depolarised were detected by

the receiver antenna. Fig. 5.27 shows an increased electric field amplitude with the

angle off-axis from the incident beam. This is consistent with the fact that the medium

scatters more light away from the straight direction because of a lower scattering length
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Figure 5.23: The effective refractive index of the composite material at 0 degrees.
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Figure 5.24: Scattering length as a function of frequency and angle of arrival.

relative to mean free path, its polarisation being rotated.

5.4 Summary

This chapter describes experimental results for the THz scattering in a composite ma-

terial made by metal particles, namely gold-coated silica-polyethylene. The THz scat-

tering of the proposed materials depends strongly on multiple scattering. The angular
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Figure 5.25: The depolarisation ratio for linearly polarised light as a function of frequency
for different angles, 0o and 45o.

and frequency dependence of the THz scattering were measured to determine multi-

ple scattering effects on the characteristic length of the depolarisation, depolarisation

ratio, effective refractive index of the material, and scattering length at off-axis THz
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Figure 5.26: The THz scattering radiation of (a) 300 and (b) 500 GHz beams by the
composite material. -210 dB shows the noise floor.

transmission. The numerical model described in Chapter 4 was also further extended

to study the polarisation state of THz pulses propagating through a random medium

and determine the degree of polarisation.

The results show that the depolarisation increases with both angle off-axis and

frequency, and the proportion of the intensity received by antennas is relatively low
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Figure 5.27: The THz radiation received in the direction orthogonal to the incident
polarised light at (a) 300 and (b) 500 GHz. -220 dB shows the noise floor.

at large scattering angles. However, the received intensity can be compensated using

strong enough sources and/or detectors. Consequently, such materials may be useful

to increase the availability of a polarised source to the several receivers, e.g. applicable

in THz or coherent optical wireless communication systems.

It was also shown that the polarisation state depends on the reflection and refrac-

tion at boundaries of finite samples. For example, scattering medium caused the degree

of circular polarisation of a 500 GHz wave to decrease from 0.95 to 0.48 at orthogonal

boundaries. In contrast, the degree of polarisation of the linearly polarised light trans-

mitted from various directions remained roughly constant. Tailoring of the spatial and

spectral distribution of light in the proposed microstructure is possible by varying the

size of the scatterers, the length and width of the microstructured materials.
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Conclusion and Future Work

6.1 Summary of Results

The focus of this thesis is the optical properties of composite polymer materials, in

particular how to deal with or utilise, scattering in such materials. The optical prop-

erties of polymer composite materials were modelled using a variety theoretical and

numerical techniques. It was predicted that an index change of up to 3% is achievable

without excessive loss in the nanocomposites studied, which is relatively large com-

pared to the index change typically achievable in bulk materials, e.g. by UV exposure,

stress, etc.

A challenge for polymer optical devices for telecommunication applications in the

NIR is loss in the organic host. Here, a novel technique based on polymer nanocom-

posites was proposed, in which doped nanoparticles (produced top-down) are dispersed

into the polymer host, isolating most of the rare-earth ions from the organic host. The

question of whether sufficient gain could be achieved to overcome the scattering and

absorption losses in such a material was answered through detailed numerical mod-

elling and optimisation. It was shown that an optical gain of 10 dB is feasible at 1.55

µm in a poly(methyl methacrylate) host containing 10% by volume of Er/Yb highly

doped phosphate glass nanoparticles 100 nm in diameter when pumped at 980 nm with
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intensity 1 mW/µm2.

In many applications scattering is a problem, however a second focus of this research

has been to investigate how scattering may be useful, e.g. in randomising the direction

and the polarisation of incident EM radiation.A numerical model based on a Monte-

Carlo algorithm was developed to properly account for the effect of both loss and

boundaries. In microstructured materials, the model was used to study the spatial and

spectral distribution of EM waves after propagation through strongly scattering media

with boundaries. For example, a thick multiply scattering sample (∼ 3 mm) comprising

of low-index scatterers redirected the radiation into an off-axis direction relative to the

incident beam. The thin sample absorption was dominated in the transmission loss due

to the path length for the ballistic photons equalling the sample thickness. The model

was further extended to also study the effects of multiple scattering on the polarisation

of EM waves exiting highly scattering composite materials.

To confirm the model, measurements of the angle-,frequency-, and polarisation-

dependent THz scattering were performed using a THz-TDS with goniometer, giving

both the spatial and spectral distribution of the THz pulses. It was shown that 2-D

polymer microstructures distributed a broadband source at a wide range of angles,

from -90 to 120 degrees, while the air-polymer composite material was directive. THz

scattering at an angle off-axis from the incident beam is important to reconstruct the

absorption loss in the interior of materials, particularly applicable in material identifi-

cation and/or sensing. The results showed that the mean transport path is significantly

greater than the scattering length, hence the characteristic length decreases; the de-

polarisation ratio increases with the angle off-axis due to an increase in scattering

events.

Given the good correspondence between the developed model and the experimental

results, the model was used to investigate the dependence of circularly polarised light

on boundaries and multiple scattering. As an example, it was shown that the degree

of a circularly polarised wave emerging from the orthogonal boundaries decreases from

0.95 to 0.48 as the wave experiences more angle rotation compared with a linearly

polarised wave. Such materials may be useful as a depolariser, e.g. to increase the

availability of a polarised source to several receivers.

6.2 Future Work

Future directions include the application of different polymer nanocomposite materials

in polymer microstructured optical fibre to meet requirements of specific applications in
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optical components. This may include sensors and optical switches based on polymers.

The choice of inclusions has a significant influence on the potential of polymer-based op-

tical devices to improve thermal properties, e.g. PMMA has negative thermo-optic and

positive thermo-expansion coefficients, hence the polymer microstructures′ behaviour

may be designed to be independent of temperature and/or can be tuned thermally at

wavelengths of interest.

The feasibility of writing planar waveguides on polymer composite materials with

P2O5:Er3+/Yb3+ co-doped nanoparticles, and their characterisation, including mea-

surements of loss and gain are of interest. It could also be interesting to make use of

highly scattering materials to create useful optical components. An example is a ran-

dom laser, where laser action can be generated by the diffusion of light from a strongly

scattering medium with powders and porous doped glass inclusions. Highly scattering

media can provide many useful practical applications in wireless THz communication

systems. They can provide a coherent source to different receivers for short-range THz

communication. Another topic could be the study of the polarisation of a coherent

depolarised source propagating through a highly scattering medium. Recently it has

been shown that a strongly scattering medium can also increase the polarisation of

incident depolarised light [214].
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A
Materials

A.1 Properties of Materials

A.1.0.1 PMMA

Organic materials (such as PMMA) have been investigated as an alternative to inor-

ganic materials (such as glasses) for fabricating optical devices such as optical fibers

and waveguides. This has been due to their straightforward and cost effective process-

ing. Most organic materials consist of a chromophoric group (such as C-C), C-H, and

C-O bonds which cause absorption at short UV and at NIR wavelengths, respectively.

Fig. A.1 shows the chemical structure of PMMA.

A.1.0.2 SiO2 Nanoparticles

Silicon dioxide nanoparticles are the basis for a great deal of photonic research due to

their stability, and ability to be functionalised with a range of monomers and polymers.

The silica has an extremely large surface area which can promote strong chemical

reactions and physical contact between the inclusions and the polymer matrix. The

structure of silica nanoparticles exhibits three different networks including free silanols,

hydrogen-bonded and geminal silanols as shown in Fig. A.2. The latter groups on the
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Figure A.1: Chemical structure of Poly(methylmethacrylate).

silica surface lead to hydrophilic nature of the particles and thus cause formation of

aggregates. Surface modification can be achieved by either chemical modification or

physical methods such as a high-energy ball-milling process.
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Figure A.2: Schematic illustration of three types of Silanol groups on the surface of silica
nanoparticles.

A.1.0.3 3-(Trimethoxysilyl)Propyl Methacrylate (MPTS)

Fig. A.3 shows the chemical structure of MPTS as a modifier agents. The structure

can be represented as RSiX3 in which R is a hydrolyzable group such as methacryloxy

and X is an organofunctional group such as methoxy groups. The hydroxyl groups on

the silica surface reacts with organo group and the alkyl chain reacts with the polymer

and thus hydrophobic silica can be obtained.

H3CO Si

OCH3

OCH3

O

O

CH2

CH3

Figure A.3: Molecular structure of 3-(Trimethoxysilyl)Propyl Methacrylate (MPTS).
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A.1.0.4 2,2-Dimethoxy-2-phenylacetophenone (BDK)

Various kinds of polymers can be synthesised by light-induced chemical processes.

Radical polymerization can be photoinitiated, provided that suitable photoinitiator is

employed. Photoinitiators such as BDK are compounds that are thermally stable with

relatively high absorption coefficients in the UV and/or visible regions and thus exhibit

a large photo-induced change in optical properties of polymers. Under UV exposure,

BDK molecules are decomposed into two radicals, so the decomposition molecules

can attach to methacrylate groups and/or to the decomposed radicals. The chemical

structure and bond cleavage of BDK are shown in Fig. A.4.

C

O

C

OCH3

OCH3

(a)

C

O

+ C

OCH3

OCH3

(b)

Figure A.4: Molecular structures of BDK: (a) before, and (b) after UV illumination.

A.1.0.5 Azobisisobutyronitrile (AIBN)

The polymerization of MMA can be initiated by thermal initiators such as AIBN. Ther-

mally initiated polymerization of AIBN are usually performed for emulsion, solution

and bulk polymerizations. The chemical structure of AIBN is shown in Fig. A.5.
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Figure A.5: Decomposition formula of AIBN upon heating.

A.1.0.6 9-Vinylanthracene (9-VA)

There are substances, such as anthracene groups, that are transformed from one form

into another form upon irradiation with particular wavelength of light and that return

to the initial state either by the absorption of light or thermally. This phenomenon is

termed photochromism. In order to enhance the photosensitivity of polymers, we use

anthracene derivatives as photosensitisers that absorb light strongly at UV/Vis wave-

length. During the photopolymerisation of monomers, the sensitisers is co-polymerised

with the main monomer. Fig. A.6 shows the molecular structure of 9-VA. Upon light

exposure, anthracene photodimerisation takes place, forming the carbon-carbon bonds

which can be co-polymerised with methyl methacrylate. Photodimerisation results in a

variety of products in which molecules can align head-to-tail or head-to-head, depend-

ing on the proximity of the alkenes. Moreover, 9-VA is also thermally active which

may promotes the thermal stability of polymers.

CH2

Figure A.6: Molecular structures of 9-Vinylanthracene (9-VA).
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A.1.1 Surface Modification of Silica Nanoparticles

The surfaces of the silica nanoparticles are typically terminated with silanol groups

(Si-OH), leading to hydrophilic particles and hence formation of aggregates in a dis-

perse medium. A good dispersion can be achieved by surface modification of the

nanoparticles using a chemical reaction and/or a physical process such as high energy

ball-milling. The surface of the silica nanoparticles, with a diameter of 7 nm and the

phosphate glass particles was modified with MPTS, as the silanol coupling agents of

MPTS result in increasing the hydrophobicity of the silica nanoparticles and thus a

strong covalent bonding between the particles and the monomer. As shown in Fig.

A.7, MPTS reacts with the hydroxide groups on the surface of silica nanoparticles and

then provides methacrylate terminal groups for polymer grafting. First, 300 mg silica

nanoparticles were dispersed in 10 mL ethanol into a round-bottom flask by ultrasonic

bath for 30 min, then 240 µL MPTS was added drop-wise to the solution and sonicated

for 2 hours [215]. The resulting suspension was centrifuged at 4100 g-force for 80 min

and the precipitates were redispersed into 10 mL ethanol. Purification with ethanol

was repeated three times. Finally, the product was dried at 70 oC for 24 hours in an

oven.

SiO2 OH
MPTS→ SiO2 O Si

OH

OH

O

O

+

CH3OH

Figure A.7: Surface modification of silica with MPTS.

Fig. A.8 shows the FTIR of unmodified silica nanoparticles and functionalised silica

nanoparticles. The carbonyl vibration band at 1700 cm−1 clearly suggests the presence

of methacrylate groups on the silica surface. Moreover, it indicates that the O-H groups

were removed from the surface of bare silica, as the intensity of their absorption in the

range 3200-3700 cm−1 have been removed by functional group.
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Figure A.8: FTIR of unmodified and functionalised silica nanoparticles.

A.1.2 In Situ Polymerisation

A.1.2.1 Removal of Inhibitor

MMA is highly reactive and can form polymer during storage and/or transportation.

Therefore, the monomer is maintained in an inhibited condition. To initiate poly-

merisation, the monomers should be purified either by the distillation process or by

running the monomers through the small column containing Alumina. The diagram

of the distillation of MMA is shown in Fig. A.9. The vacuum flask was placed into

an preheated hot water at 55oC. Then, the vacuum was increased until the monomer

began to boil gently. Afterwards, the vapor passed through the condenser. The heat

level and vacuum were adjusted to the point where one drop per second was falling

into the collection flask in order to obtain a highly purified monomer. The distillation

process was continued until the inhibitor (yellowish substance) was left in the boiling

flask, shown in Fig. A.10.

A.1.2.2 Thermal Polymerisation

The modified silica nanoparticles were dispersed in MMA using a high energy ball

milling for 20 h. The ratios of silica to MMA were 2, 5, and 10 percent. The AIBN was
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Figure A.9: Purifying methyl methacrylate using a vacuum distillation.

Figure A.10: Inhibitor remaining in the bottom of the flask.

added to MMA in a molar ratio of 1:100 and the reaction flasks then fitted with rubber

septum and stirred for 2 hours to obtain homogeneous solutions. As the presence of

molecular oxygen could act as an inhibitor, the solutions were degassed using nitrogen

in which the needle connected by tubing to the nitrogen line was inserted to the solution.
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Nitrogen was then bubbled through the solution for 20 min. Another needle was

inserted through the septum to purge oxygen. The flask was placed in a constant

temperature bath maintained at 70oC. The MMA monomer was co-polymerised with

MPTS on the surface of silica nanoparticles in the presence of the initiator. The

polymer were precipitated out as a white fluffy solid by dropping into methanol. They

then filtered with suction, washed with methanol and dried at 40 oC.

A.1.2.3 Photo-Polymerisation

The main advantage of photo polymerisation over thermal polymerisation is the con-

trol of initiation in terms of photo-induced refractive index changes. Although a major

problem with photo polymerisation is the penetration of light through a thickness of

material, it is well suited for thin-layer applications. The appropriate amount of mod-

ified silica nanoparticles was added to 100 g MMA and ultrasonically dispersed. Then,

the required amount of photoinitiator (BDK:MMA:0.1:1) were dissolved in the solution.

The polymerisation was conducted for the different exposure times to the UV source

(i.e. 1000 W high intensity mercury lamp). We tried to increase the photosensitivity

of PMMA/SiO2 by doping 9-Vinylanthracene (9-VA) as the photosensitive species. A

key advantage of anthrance components is that they are optically active in which en-

ables 9-VA to become photodimer under UV/vis radiation. 9-VA also has C-C groups

which are thermally active and thus 9-VA can be copolymerised with MMA and may

enhance thermal stability of PMMA/Silica nanocomposite. The images of polymer

nanocomposites after exposing to UV lamp are shown in Fig.A.11. During the poly-

merisation process, the volume deforms due to material shrinkage and the refractive

index changes.

(a) Before UV ex-
poser (right bottle)
and after 10 min ex-
posure (left bottle).

(b) After 20 min. (c) After 40 min (d) After 60 min

Figure A.11: Changes in the refractive index of polymer doped with BDK under UV
irradiation at various exposure times.

Fig. A.12 shows the FTIR of a PMMA-silica nanocomposite with 5% silica. The
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vibration absorption of the Si-O-Si groups at 1140 cm−1, CH, and CO stretching vi-

bration indicates that PMMA has been grafted onto the surface of SiO2 successfully.
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Figure A.12: FTIR of PMMA-silica nanocomposite with 5% silica.

A.1.3 Solution Blending

Solution mixing is the most common method for preparing polymer nanocomposites

in which the components (host and nanoparticles) are dissolved and/or dispersed in

a suitable solvent. Since the dispersion depends on the solvent and its recovery, the

main difficulty is to properly disperse the nanoparticles into the polymer. Different

polymer/silica nanocomposites were prepaid as follows. One gram of PMMA pellets

was dissolved in 3 mL of toluene under stirring at 40oC. Depending on the required

mass fraction of silica nanoparticles in the polymer, the particles were suspended in

toluene by sonication for 1 hours. The particles suspension was drop wisely added to

the polymer solution and the mixture was sonicated for another 2 hours. The mixture

was placed in a vacuum oven for 24 h to evaporate the solvent.

A.1.4 Polymer Nanocomposite Thin Films

Thin films of polymer nanocomposites were prepared by spin-coating of the solution

onto quartz slides. The polymer nanocomposites with different solution concentrations



132 Materials

were spun at speeds ranging from 500 to 5000 rpm to form the most uniform ultra-thin

film. Acceleration times were less than 5 s and spin times were 30 s. The roughness

and thickness of the thin layers were measured by Tencor.
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Figure A.13: Thermo gravimetric analysis (TGA) of SiO2, SiO2-MPTS, PMMA,
PMMA/SiO2, and PMMA/SiO2-MPTS; TGA was performed in nitrogen at a heating rate
of 10oC/min.

To validate the hypothesis that a chemical reaction occurs we performed thermo-

gravimetric analysis (TGA) with a heating ramp of 10 oC/min up to 900 oC under

nitrogen, as shown in Fig. A.13. The weight loss observed for SiO2-MPTS is at-

tributed to the MPTS attached to the surface of the particles. The initial weight

loss at around 100 oC correlates with the evaporation of solvent and/or water in the

sample. As for PMMA/SiO2, a rapid weight loss at around 270 oC corresponds to the

degradation of PMMA grafted onto the surface of the silica nanoparticles. By contrast,

PMMA/SiO2-MPTS shows a higher degradation temperature, so the thermal stability

of the nanocomposite is improved.

Table A.1 shows the thickness, the average surface roughness (Ra) and the root-

mean-square roughness (Rq) of the thin films. Embedding untreated silica nanopar-

ticles in the polymer matrix significantly changed the morphology of the thin films,

implying the formation of aggregates of nanoparticles in the polymer matrix. How-

ever, pretreatment of the silica with MPTS resulted in lower cluster formation, and

consequently the surface roughness decreased substantially compared to bare silica in
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Table A.1: Tencor Data of the Prepared PMMA, PMMA/SiO2, and PMMA/SiO2-MPTS
thin films spin-coated at 2000 rpm for 30 sec.

Sample Thickness
(µm)

Ra (nm) Rq (nm)

PMMA 1.75 1.38 1.05

PMMA/SiO2-
MPTS

1.044 3.2 3.8

PMMA/SiO2 1.418 34.3 16.2

PMMA.

The optical loss of PMMA/SiO2-MPTS was approximately 25% lower than that of

PMMA/SiO2 at visible wavelengths, as shown in Fig. A.14. The reduction in loss is

attributed to the improved dispersion of the SiO2-MPTS nanoparticles in the PMMA

matrix, resulting in less aggregation and hence lower scattering loss.

Figure A.14: Optical loss spectra of PMMA, PMMA/SiO2, and PMMA/SiO2-MPTS.
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B
Mie Scattering for Infinite Cylinder

The Mie equation solves Maxwell’s equations with boundary conditions for the scat-

tering of a infinite cylinder is as follow [194]:

σs =
2π

k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (B.1)

The coefficient of scattering series are:

an =
CnDn − EnFn
GnDn + iF 2

n

(B.2)

bn =
GnDn + iFnCn
GnDn + iF 2

n

(B.3)

Cn = n cosθ η Jn (η) Jn (β)

(
β2

η2
− 1

)
(B.4)

Dn = β
[
m2βJ

′

n (η)H(1)
n (β)− ηJn (η)H(1)′

n (β)
]

(B.5)

En = β
[
m2βJ

′

n (η) Jn (β)− ηJn (η) J
′

n (β)
]

(B.6)
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Fn = n cosθ ηJn (η) H(1)
n (β)

(
β2

η2
− 1

)
(B.7)

Gn = iβ
[
ηJn (η)H(1)′

n (β)− ηJ ′

n (η)H(1)
n (β)

]
(B.8)

β = x sin (θ) (B.9)

η = x
√
m2 − cos2 (θ) (B.10)

where Jn and H
(1)
n are Bessel functions of the first and the third kind of n order,

respectively. m is the relative refractive index, x the size parameter, a the radius of

the infinite cylinder, and θ the angle formed between the incident beam and the axis

of cylinder [194].



List of Acronyms/Abbreviations

AIBN Azo-bisisobutyronitrile
Ag Silver
Au Gold
BDK 2,2-Dimethoxy-2-phenylacetophenone
C Circularly Polarised Light
CdS Cadmium Sulfide
CdSe Cadmium Selenide
Cu Cooper
D Diffusion Length
DOP Degree of Polarisation
dB Decibels
EO Electro-Optic
Er Erbium
Fe Iron
FFT Fast Fourier Transform
f Volume Fraction
G Green’s Fraction
Ge Germanium
g Anisotropy Factor
g Gain Function
k Wavenumber
I Intensity
Ip Pump Intensity
Is Signal Intensity
L Linearly Polarised Light
l Optical Length Path
M Muller Matrix
MMA Methyl methacrylate
MPTS 3-(Trimethoxysilyl)Propyl Methacrylate
MS Multiple Scattering
m Refractive Index of Particle to Host
N Concentration
NDT Nondestructive Testing
Nd Neodymium
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138 List of Acronyms/Abbreviations

NLO Nonlinear Optical
NP Nanoparticles
Od Optical Depth
SNR Signal to Noise Ratio
PbS Lead Sulfide
Pc Polycarbonate
PDF Probability Density Function
PMMA Poly(methyl methacrylate)
Pp Pump Power
Ps Signal Power
Ps Polystyrene
Pt Platinum
QD Quantum Dot
R Reflection
RI Refractive Index
S Stokes Vector
SiO2 Silica
T Transmittance
TDS Time Domain Spectroscopy
THz Terahertz
TiO2 Titanium Dioxide
W Photon Weight
x Size Parameter
Yb Ytterbium
ZnO Zinc Oxide



Symbols

a Particle Radius
B Bose-Einstein Occupation Number
α Absorption Coefficient
Ccr Cross Relaxation
Cup Upconversion Coefficient
χ Azimuth Angle
dn/dT Thermo-Optic Coefficient
γ Coupling Constant

H
(1)
n (x) Hankel Function of the First Kind of Order n

Jn(x) Bessel Function of the First Kind of Order n
K Boltzman Constant
kext Extinction Coefficient
ls Scattering Length
l∗ Transport Mean Free Path
λ Wavelength
nh Refractive Index of Host
ni Population Levels
np Refractive Index of Nanoparticle
Ω Solid Angle
P 1
ncosθ Legendre Polynomial
ψ Polar Angle
ψn Spherical Riccati-Bessel Function
S1,2 Scattering Amplitude Functions
σs Scattering Cross-Section
σa Absorption Cross-Section
σext Total Attenuation
Td Diffuse Transmittance
τ Life Time
θ Scattering Angle
Wij Transition Rate
ζ Characteristic Length
ζ Spherical Riccati-Bessel Function
9− V A 9-Vinylanthracene
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