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Abstract 

 
The so-called bottom-up colloidal synthesis of photonic band gap (PBG) materials or 

photonic crystals (PhCs) has attracted considerable interest over the top-down approaches 

due to the relatively simple processing steps involved, the potential for  large area sample 

production and the relatively low-costs associated with this approach for the fabrication 

of complex 3-dimensional (3D) structures. Accordingly, this thesis focuses on the use of 

this bottom-up approach in the fabrication of polymeric colloidal PhCs and their 

subsequent modification. 

Poly(methyl methacrylate) (PMMA) was used  both as a host material and  as a crystal 

template in order to produce opals,  inverse opals or 3D metallodielectric photonic crystal 

(MDPC) structures. The fabrication of MDPCs with Au nanoparticles attached to the 

PMMA spheres, referred to as PMMA@Au core–shell particles, is described. These have 

potential for use in the creation of sensors or so-called complete PBG materials. The 

incorporation of metallic nanostructures such as Au, is interesting because such 

nanostructures possess surface plasmon resonances (SPRs), which manifest as additional 

absorption bands, when the incident photon frequency is resonant with the collective 

oscillation of the conduction electrons. Various alternative procedures for the fabrication 

of PhCs and MDPCs are described and preliminary results on the use of an Au-based 

MDPC for surface-enhanced Raman scattering (SERS) are presented. These preliminary 

results suggest perhaps a threefold increase of the Raman signal with the MDPC as 

compared to the bare PMMA PhC. 
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The fabrication of PMMA-gold and PMMA-nickel MDPC structures via an optimised 

electrodeposition process is described. This process results in the formation of a 

continuous dielectric-metal interface throughout the 3D PhC structure from which the 

polymer host may be simply removed by solvent washing, leaving metal-air structures 

consisting of gold and nickel, which are shown to possess interesting optical properties. 

 

The fabrication of a robust 3D silica inverted structure with embedded Au nanoparticles 

(Au NPs) is described by way of illustrating a novel co-crystallisation method. This 

method is demonstrated to be capable of creating a SiO2/Au NP composite structure in a 

single step process, following which the corresponding inverted structure may be simply 

created by removal of the host PMMA spheres. Although this work focuses on the 

creation of photonic crystals, the simplicity of the approach described clearly makes it a 

candidate for the creation of other types of functional materials. 

 

A new method for the fabrication of inverted opals containing pre-formed ‘designer’ 

silicon nanoparticles using aerosol assisted chemical vapour deposition (AACVD) is 

described. Silicon is a relatively high dielectric material and nanoparticles of silicon are 

capable of improving the visible light band gap properties and absorption properties of 

the resulting structure, and therefore the approach described has the potential to be 

exploited in photovoltaic devices. Importantly, the AACVD process is shown to result in 
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the incorporation of the Si NPs without any evidence of additional oxidation- the 

particles are effectively Si, with a thin SiO2 shell, and are not all SiO2. 
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Thesis content 

This thesis reports a study on polymer and metallodielectric based photonic crystals. 

PMMA was used in all cases as the standard material, and as a crystalline template in 

producing inverse opals. This thesis also discusses the metallic components employed in 

the fabrication of metallodielectric photonic crystals. The content of each chapter is 

summarised below.  

Chapter 1 has presented a brief introduction to photonic crystals, with placing an 

emphasis on the previous work related to this thesis. It describes the effects of materials 

with interesting physical/chemical properties that can be incorporated into photonic 

crystals. Specifically, these are the structure-related optical properties of colloidal 

crystals, and surface plasmon resonance theory on spheres coated with metal/metal 

inverse opal. 

 

Chapter 2 describes the experimental techniques adopted. The experimental work in this 

PhD project can be divided into five parts: 1
st
, synthesis of the colloidal spheres 

(PMMA); 2
nd

, the preparation of colloidal crystal samples on substrate via self- assembly 

processes; 3
rd

, infilling metals (e.g Ni and Au) into the 3D PMMA crystal template via an 

electrodeposition process, and the subsequent conversion of the resulting structures to 

inverted structures; 4
th

, synthesis of Au nanoparticles and PMMA@Au core-shell 

particles; 5
th

, co-crystallisation of film involving PMMA spheres, Au NPs and hydrolysed 

TEOS to form metallodielectric photonic crystals (MDPC) and inverted MDPC and silica 
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inverse opals prepared for comparison; 6
th

, the characterization of samples by SEM, TEM 

and their optical measurement. 

 

Chapter 3 deals with the preparation of PMMA colloidal spheres via modification 

emulsifier-free polymerisation in a water based system. Parameters such as temperature 

of the reaction, concentration of monomer methyl methacrylate and initiator, were 

investigated to yield monodisperse PMMA particles of varying sizes. All particles were 

measured under SEM to determine the average particle size and to confirm their quality 

of mono-dispersion.   

 

Chapter 4 reports on the use of particles made from Au nanoparticles embedded onto the 

PMMA spheres, so called PMMA@Au core-shell particles. These colloidal PMMA@Au 

core-shell particles were then assembled by a controlled evaporation process onto glass 

substrates, and their optical properties measured.  

 

Chapter 5 describes the formation of a PMMA opal on a conductive substrate (e.g Au, 

ITO surface) followed by a metal infilling process (Au and Ni) via electrodeposition, and 

their conversion into inverse opal films 

 

Chapter 6 relates to co-crystallisation of PMMA, Au NPs and hydrolysed TEOS to 

fabricate a MDPC structure. The PMMA was removed to form a silica-Au inverse opal. 
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The optical properties of bare PMMA, silica inverse opal and MDPC are discussed 

further.      

 

Chapter 7 presents a paper published in Journal of Materials Chemistry C, entitled ‘A 

Bottom-Up Fabrication Method for the Production of Visible Light Active Photonic 

Crystals’. In this work, silica inverse opals were first prepared via co-crystallisation, and 

then silicon nanocrystals (ncSi) were integrated into the silica inverse opal template by a 

modified aerosol assisted CVD (AACVD) process.  

Chapter 8 summarises the thesis and provides an outlook of future research.  

Appendix A introduces preliminary studies of the use of metallodielectric photonic 

crystals as substrates for surface-enhanced Raman spectroscopy. 

Appendix B present a paper entitled “Preparation and Properties of Silica Inverse Opal 

via Self-Assembly’’. 

Appendix C gives Chapter 7, Figure 1 (f) and (h) enlarged for clarity.  

Appendix D is list of publications and conference presentations. 
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Chapter 1: Polymer and 
Metallodielectric Photonic 
Crystals (MDPCs) 
 

 
1.1 Introduction to Photonic Crystals 

Photonic crystals (PhCs) are periodic systems that consist of separate high dielectric and 

low dielectric regions which exhibit diffraction-based phenomena called stop bands. A 

PhC is said to be a “crystal” because it is formed by a periodic arrangement of basic 

building blocks. The term “photonic” is added since photonic crystals are designed to 

affect the propagation properties of photons. Depending on the periodic structure 

involved, photonic crystals may have a 1D, 2D or 3D framework. The dimensionality is 

based on how the differing refractive index materials align within the crystal. In a 1D 

photonic crystal the refractive index varies along one direction only, while in 2D and 3D 

photonic crystals the refractive index varies along two and three axes respectively. Figure 

1.1 illustrates the structures of one-, two-, and three-dimensional photonic crystals that 

can be engineered based on a conceptual view of this phenomenon using a simple cubic 

example [1]. 
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Figure 1.1 Schematics of (a) one-, (b) two-, and (c) three-dimensional photonic crystals. 

(Taken from [1]). (d) Incident light with a wavelength predicted by a modified Bragg 

equation (Eq.1.1) undergoes diffraction when propagating through a photonic crystal. The 

wavelength of light that is coherently scattered is centred on λ, and can be estimated from 

the angle of incidence, θ, the effective refractive index, ηeff, and the periodicity of the 

structure, d. 
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In particular, three-dimensional photonic crystals with a sufficiently high value of 

refractive index contrast, Δη between the constituent phases, may possess a full photonic 

bandgap, where light of a specific wavelength range is inhibited from propagating in all 

directions. 

In general, the propagation of a wave is affected when it enters into a material 

where some feature that concerns this wave is modulated. In the case of photons this 

feature is the RI. The wave scatters coherently at the interfaces between different featured 

regions. The behaviour of a photon with a certain frequency will depend on the 

propagation direction within the photonic crystal. The modulation of the RI will result in 

the observation that certain energies and directions, wave vectors, are forbidden for the 

photons in question. A region of energies where the photonic crystal does not allow 

photons to propagate regardless of their direction and polarization is called a complete 

photonic band gap (cPBG) [2-5]. Structures with sufficiently large variations in refractive 

index Δ η (>2.8) have been predicted to exhibit a complete band gap, which would stop 

the transmission of particular wavelengths of light through the crystal from any direction, 

allowing control over the location, direction, and emission of light [6-8]. However, 

significant reflection can be observed, even for lower values of the refractive index 

contrast. Inverse opals can illustrate this phenomenon, as they have a uniform 

arrangement of void spaces containing air (with a low refractive index of 1.000) and solid 

walls (with a higher refractive index, e.g. 1.455 for silica). A peculiar property of these 

materials is their ability to “filter” light. When white light, which contains all visible 



Chapter 1 

 

4 

 

colours of light, is incident on a photonic crystal, some wavelengths are forbidden from 

passing through the material, being reflected instead (Figure 1.2). The remaining 

wavelengths are unaffected by the photonic crystal, and they simply pass through. For 

complete reflection, the refractive index of the wall material must exceed a value of 2.8 

[9].    

 

Figure 1.2 Interaction of white light (which contains all visible colours) with an inverse 

opal photonic crystal. When white light impinges upon a photonic crystal, a range of light 

wavelengths is reflected, while the remaining light is transmitted. Taken from [9]. 

 

The term “Photonic Crystal” is therefore coined to signify the similarity between 

photonic crystals that act upon photons and atomic crystals that act on electrons therein. 

The periodicity of spacing determines the relevant light frequencies. Application of these 

properties to Bragg’s law of diffraction and Snell’s law which relates to refraction led to 

development of the modified Bragg-Snell law (Equation 1.1), which provides a useful 

means of explaining the position of the stop-band and for calculating the effective 

refractive index:  

𝝀 = 𝟐𝒅√(𝜼𝟐
𝒆𝒇𝒇

− 𝐬𝐢𝐧𝟐 𝜽)    Equation 1.1 
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Upon calculating the effective refractive index of the photonic crystal sample the 

refractive indices of the contrasting materials can be calculated separately via the 

following equation:  

𝜼𝒆𝒇𝒇  = √(𝛈𝟏
𝟐𝑽𝟏 + 𝛈𝟐

𝟐 𝑽𝟐)   Equation 1.2 

 

Where η is the refractive index of the respective materials and V is the volume fraction of 

the respective materials [10].  

Where the PhC is fabricated from layers of assembled particles which is the case for the 

materials described in this thesis 

d = periodicity or layer spacing = (D) * (2/3)
1/2

 for a face-centred cubic (FCC) structure, 

where D is the particle diameter 

 

From the modified Bragg-Snell equation, the position of so-called stop band (Bragg peak) 

can be changed by varying one of a number of factors, either: 

 D, the particle diameter: wavelength of Bragg peak increases with increasing 

particle size 

 θ, angle of incident: wavelength of Bragg peak decreases with increasing angle of 

incident  
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 d, lattice type: the Bragg peak can be changed by changing the lattice structure 

from FCC to another, e.g. hexagonal structure, diamond structure, etc; or by 

stretching / compressing the lattice structure 

 ηeff, effective refractive index: the position of Bragg peak can be changed by 

changing the construction materials of the photonic crystal 

 

Colloidal particle systems in general and opals in particular, have been shown to 

present photonic crystal properties. Artificial opals are most appreciated not for their own 

photonic properties, but for their use as hosts to other materials and especially, as 

matrices for the moulding of so-called inverse opals. The emergence of artificial opals 

that can be grown by self-assembly from a suspension of colloidal spheres is a typical 

approach for forming materials with periodic structures which offers a cheap and simple 

approach to fabricate 3D PhCs [11-14]. Monodisperse colloidal particles can readily 

assemble themselves to form an FCC crystal that will be discussed in greater detail later 

in this thesis. 

 

1.2 Colloidal Photonic Crystals  

So-called colloidal photonic crystals are made from monodisperse colloids during a 

process, in which the colloidal particles self-organize or are forced into long-range-

ordered crystal-like structures. Monodispersity of the colloidal particles is essential for 

the observation of effective ‘crystallisation’. A natural example of this phenomenon can 
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be found in the gemstone opal and certain butterfly wings. Opals are among the most 

colourful of all gems despite being composed primarily of silica, a colourless solid with 

the chemical formula SiO2 (opals have the same chemical composition as window glass 

and quartz). Their name comes from the Latin word opalus meaning “to see a change of 

colour” [9]. They exhibit a “play of colour” (opalescence), which consists of iridescent 

colour flashes that change with the angle at which they are viewed (Figure 1.3). In fact 

opals consist of spheres of amorphous silica spheres of diameters ranging from 100 nm to 

over 1000 nm, packed together in regular arrangements, which then display novel 

reflection and diffraction properties, in turn giving rise to the pleasing appearance of opal 

gemstones- opalescence. However, the structures present in natural opal gemstones are 

generally disordered because they are usually ‘polycrystalline’, but in the sense of a 

photonic crystal rather than a truly crystalline solid. This gives a beautiful appearance in 

gemstones, but it is not desirable for photonic applications. By borrowing from nature it 

is possible to create artificial opals and reduce the number of defects found in colloidal 

crystals by utilizing careful assembly methodologies. The self-assembly of colloidal 

crystals can be achieved by gravity sedimentation [15], crystallisation in physically 

confined cells [16], controlled evaporation method [12], vertical deposition [17], under 

oil crystallisation [18], spin coating [19], and other methods [20]. 
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Figure 1.3 Left, natural opals and right iridescent butterfly wings, are both examples of 

photonic engineering in nature 

Among the materials used to fabricate colloidal photonic crystals, the most 

commonly used are silica and polymers [21-25]. Owing to a higher surface charge to 

density ratio, polymer particles tend to behave better than silica ones for the purpose of 

colloidal crystallisation [26]. One disadvantage of using colloidal silica is the need to use 

an aggressive hydrofluoric acid (HF) etching process to remove the silica crystal template 

when attempting to produce inverse opals. Herein, the first part of this research focuses 

on the self-assembly of colloidal crystals from polymer colloids. Monodisperse polymer 

colloids, mainly poly(methyl methacrylate) (PMMA) and polystyrene (PS) microspheres 

have been prepared via a modified emulsion polymerisation technique developed in this 

work. There are many advantages in using polymer colloids as building blocks in the 

construction colloidal crystals, including multiple choices of chemical composition, 

tuneable particle size, low cost and the ability to change their shape [27]. In addition, they 

are easily removed by solvent dissolution or thermal calcination, when acting as template 
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structures for macroporous materials and inverse opals. The synthesis of PMMA particles 

is more economical than the synthesis PS particles, and hence led us to their use in the 

present study. The advantages of PMMA are; less complicated apparatus required for the 

synthesis, shorter reaction times, higher yield and the high degree of monodispersity of 

the particles. 

 

1.3 Self-Assembly of Photonic Crystals 

Colloidal self-assembly is one of the most efficient methods for the fabrication of 3D 

photonic crystals. In this method, predesigned building blocks (usually monodispersed 

silica or polymer nanospheres) spontaneously organise themselves into a stable structure. 

Self-assembly is considered to be a cost effective method, in comparison to “top down” 

assembly methods, such as lithographic and other mechanised techniques to make 3D 

ordered photonic crystals. Lithographic techniques are based on the approach followed in 

microelectronics to fabricate electronic chips. The first 3-dimensional photonic structure 

was produced by Yablonovitch and co-workers [3], who were amongst the first to suggest 

constructing artificial three dimensional periodic structures designed to manipulate the 

propagation of light. The structure he designed now goes under name of `Yablonovite' 

and was built on a length scale of millimetres and shown to have a complete photonic 

band gap, capable of prohibiting the propagation of microwaves in all directions for 

certain wavelengths. Later, lithographic methods were designed by Noda et al. [28] and 

Lin et al. [29, 30] and used for making 3D photonic crystals, often referred to as 

woodpile or layer-by-layer structures. Other techniques that have been used are 
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micromanipulation [31], and a holographic technique [32, 33]. These “top down” 

processes are generally complex, multi-step methods (Figure 1.4). They are also 

generally very expensive procedures that many research laboratories cannot afford. By 

contrast, the self-assembly of monodisperse submicron silica or polymer spheres into 

colloidal crystals provides a simple, fast, and cheap materials chemistry approach to 

producing photonic crystals [34]. Finally, it is noteworthy that at least in principle, the 

method is scalable such that large area PhCs could be fabricated. 
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Figure 1.4 Photonic crystals fabricated by (a) drilling (Yablonovite) [3] (b) wafer etching 

(woodpile structure) [28-30] (c) micromanipulation [31] (d) holography [32, 33] 

A number of techniques are available for colloidal self-assembly fabrication. The 

vertical deposition method or dip coating, is the most widely used technique for creating 

colloidal crystals to form high quality, large scale colloidal crystals with controllable 

thickness. In this project, in order to control the morphology and improve the quality of 

colloidal crystals, dip coating and controlled evaporation methods have been studied in 

detail in terms of conditions and parameters, such as temperature, solvent, humidity and 

the type of substrates.  
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Self-assembly techniques constitute the most popular approach to fabricate 3D 

photonic crystals. Since its introduction in 1999 by Jiang et al. [12] the vertical 

deposition method has become the most widely used method within the range of self-

assembly techniques employed in order to fabricate opal-based 3D photonic crystals. It is 

based on the convective self-assembly of colloids on a substrate by the action of a 

moving meniscus, which was described by Nagayama and co-workers [35]. Based on the 

natural tendency of monodisperse colloidal particles to organize into ordered arrays, this 

method represent the best option due to the ease of fabrication, producing larger areas 

economically. 

Gu et al. [17] used a dipping method for the fabrication photonic crystals from 

polystyrene particles, the film thickness being controlled by either the particle 

concentration or the lifting speed. 

Ye et al. [36] adapted the method from Gu to allow for the fabrication of opaline 

photonic crystals from large silica spheres (890 nm diameter) used a combination of 

“lifting and stirring” (where evaporation has only a minor influence on the speed of the 

moving meniscus). Khunsin et al. alternatively maintained 398 nm PMMA particles in 

suspension using noise vibrations, the acoustic vibration apparently giving the spheres a 

chance to move along the substrate and equalise the stress over the lattice, producing 

larger crystalline domain sizes [37]. 
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In the most favourable situation, an artificial opal will consist of a face-centered 

cubic (FCC) arrangement of spheres, which, for the appropriate refractive index contrast 

can develop a complete photonic band gap (cPBG) [9]. Complete photonic band gaps are 

easily destroyed by crystal imperfections, even from a moderate amount of disorder in the 

positions and sizes of the voids in macroporous inverse opals. Such defects arise from 

both the colloidal crystal template and from the infiltration and processing steps. Defects 

will significantly reduce the gap and may eventually close it [38]. However, even if a 

cPBG is absent, these structures are interesting in their own right as they represent a 

playground in which one may explore the optical properties of photonic crystals.  

 

1.4 Metallodielectric Materials and their Properties 

 

1.4.1 Metallodielectrics 

The concept of the incorporation of metals or metallic particles into PhCs has attracted 

interest ever since such composite systems were theoretically predicted to have potential 

in terms of opening up cPBGs [2, 39]. Another interesting and closely linked field that 

has attracted a lot of attention is plasmonics. Surface plasmons are characterized as 

surface bound waves that propagate at the interface between metals and dielectrics (the 

subject will be elaborated on more in the next section). The first three-dimensional 

metallic photonic crystal was proposed by the group of Yablonovitch [40]. This structure 

was made from metal wires based on a diamond lattice with centimetre-scale lattice 

spacing. A forbidden band below a cut-off frequency in GHz frequency range was 
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demonstrated. McCalmont et al. [41] proposed a simpler structure based on a metallic 

square mesh separated by dielectric. Their results were in qualitative agreement with the 

Yablonovitch structure, identifying a finite cut-off frequency below which no modes 

could propagate. In 1999 Moroz [2] suggested that it is possible to avoid constraint on the 

dielectric constant by using metallic spheres coated by a dielectric layer. His results 

showed that the gap width can increase up to 50% as compared to the same crystal made 

from simple dielectric spheres. He proposed to incorporate metals into a photonic crystal 

having a gap in a certain frequency window, in which the metal behaves as a 

conventional, and a highly dispersive, dielectric. Photonic crystals that contain metals, so-

called metallodielectric materials, are of additional interest because of the possible 

influence of the metal plasmonic resonances on the photonic band gap properties. When 

the metal film is corrugated, the surface plasmon experiences band gaps [42] in the same 

way as a mode does in a corrugated waveguide. Surface plasmons are usually associated 

with thin films, but they can also be observed in systems of small metal spheres [43]. The 

study of coupling of metal plasmonic resonance excitations with the PBG of the host opal 

in these structures has also gained enormous interest as they could lead to a wide range of 

new or improved devices including decorative coatings, sensors, photovoltaics, solar 

concentrators, passive optical components (filters, splitters). Chen et al. [44] mention that 

a mushroom-like composite metallodielectric nanostructure is shown to have improved 

characteristics for surface plasmon resonance (SPR) bio-sensing applications compared to 

conventional metallic nano-hole structures. 
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1.4.2 Surface Plasmon Resonance (SPR) 

Surface plasmon resonance was first observed in 1902 by Wood [45] when he recorded 

an “anomalous” pattern in reflected light from a mirror with a diffraction grating on it. In 

1958 Thurbadar noted a drop in reflectivity of thin metal films, which was later proven to 

be due to SPRs in 1968 via two separate observations- those of Otto [46] and those of 

Kretchmann and Raether [47]. Today we know that a surface plasmon band will be 

allowed and possibly observed in the presence of metals with free electrons. Free 

electrons at the junction of two materials are essential for surface plasmon to exist.  This 

implies that one of the materials will be a metal. Some metals e.g.: Ag, Au, alkali metals, 

can be considered as (nearly) free electron systems.  With sufficient free electrons the 

surface plasmon field intensity can be increased dramatically.  Surface plasmon in these 

systems can be considered as propagating electron density waves occurring at the 

interface between the metal and the dielectric.  When exposed to waves from an 

electromagnetic field the surface plasmon will oscillate in anti-phase with the 

electromagnetic field, Figure 1.5. 
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Figure 1.5 Schematic descriptions of electronic cloud displacements in nanoparticles 

under the effect of an electromagnetic wave. These oscillations give rise to so-called 

surface plasmon polariton resonances, more commonly referred to simply as SPRs, 

surface plasmon resonances. Taken from [25] 

 

The signal observed from an electromagnetic wave interacting in this fashion decays 

exponentially with distance from the metal surface which is why a plasmon resonance 

localized at a surface is important in terms of the optical response from the surface.  The 

position, shape and intensity of the surface plasmon resonance peak will depend upon 

several factors associated with the nanoparticles, namely: size, shape, monodispersity and 

dielectric constant of the material and the surrounding medium. The imaginary part of the 

dielectric constant increases with decreasing wavelength, and surface plasmon 

propagation decreases accordingly showing that the relationship relies on larger dielectric 

constants to work.  This observation explains why despite the fact that surface plasmon 

resonances are theoretically possible for all materials, they are only actually observed in a 

few, selected materials. Silver shows better surface plasmon resonances due to larger real 
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part of its dielectric constant, though its disadvantage is that it is not as chemically inert 

in comparison to gold. A plasmon will propagate until it reaches an irregularity in the 

system, such as a roughened surface; at such a time the plasmon may be re-emitted as a 

photon. Recent years have seen a strong revival of interest in exploiting the properties of 

surface plasmon polaritons, motivated by the possibility that they offer for realizing a 

strong spatial confinement of electromagnetic fields. Optical devices capable of 

simultaneous measurement of the SPR spectrum and SERS spectrum will play an 

important role in future integrated nano-optical devices [48, 49].  

 

1.4.3 Inverse Opals 

As well as making photonic crystals from PMMA spheres, we also infill the spaces 

between the spheres with a variety of other materials in order to modify the periodic 

variation in refractive index that gives rise to the photonic band gap. An artificial opal 

made of PMMA spheres does not present a complete photonic band gap (cPBG), because 

to obtain a cPBG from an FCC structure of spheres embedded in a high dielectric 

constant material it would be necessary to ensure that the ratio between the embedding 

material and that of the spheres were above 2.8, which is not a practical reality. For this 

reason opals are usually regarded as templates to load with high RI material. They are 

used as an intermediate step to obtain a structure with cPBG. Inverse opal structures are 

being considered as relatively inexpensive photonic crystal materials with potential value. 

This research has involved monodisperse PMMA spheres as the building blocks for 
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colloidal crystals, appropriate for producing inverse opals, which are inverse replicas of 

the original opals. Instead of consisting of regular arrangement of uniform spherical 

particles, inverse opals consist of a regular arrangements of uniform spherical voids 

surrounded by solid walls. Metallic inverse opals are made after deposition of the metal 

in the void spaces of the synthetic PMMA opals, and then removing the PMMA template 

by thermal processing, solvent extraction, or chemical etching. In the case of metal 

infilling, these materials also display novel plasmonic properties that are potentially 

useful for fabricating a range of novel devices, which extends to improved solar cells and 

surface enhanced Raman spectroscopy (see earlier). In some cases, particularly where we 

employ electro-deposition and co-crystallisation to infill periodic 3-D structures, we can 

remove the host spheres to produce an inverted photonic crystal or metallodielectric 

inverse opal (opal
-1

). The approaches presently being employed for the integration of 

metals into PhCs are chemical vapour deposition (CVD) [50], atomic layer deposition 

(ALD) [51], dipping processes [52] and electrodeposition [53, 54]. However, these 

techniques have their own restrictions, such as the fact that the preliminary infiltration of 

a layer of metal nanoparticles may form a barrier to subsequent deposition, thus 

preventing complete metal infiltration. Electrodeposition is a potential alternative 

approach where the barrier formation can be avoided by depositing the metals from the 

bottom (substrate) to top (surface of the opal film). In another approach, we have 

employed a new route involving bottom-up co-crystallisation in order to prepare 

metallodielectric inverse opals (Figure 1.6). We designed the composite microporous 
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metallic nanostructure using a combination of PMMA particles, hydrolyzed TEOS and 

Au nanoparticles. PMMA acts as the crystal template and colloidal gold nanoparticles 10-

25 nm were then slowly deposited in the interstices of the PMMA crystals. Hydrolyzed 

TEOS works as a cementing component that holds the Au NPs together on the PhCs 

backbone. The PMMA crystal template was removed to form a silica gold inverse opal. It 

is demonstrated that the optical properties of the silica–gold composite inverse opals can 

be engineered by varying the type of nano metals and/or the nanoparticle volume-filling 

ratio of the composite. The use of metal nanoparticles to form inverse opals offers a 

versatile approach to prepare photonic materials that may exhibit absolute band-gaps. 

This method is a new route to fabricate metallodielectric inverse opals with high quality 

ordering, into large areas, which is more cost effective as compared to processes that 

have been reported so far, such as ALD and CVD [55]. Such materials may well lead to 

more well-developed or more complete photonic band gaps. 
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Figure 1.6 Bottom-up co-crystallisation process for the fabrication composite 

metallodielectric 3D-structure 

 

1.4.4 Synthesis of Highly Monodisperse PMMA@Au Core-Shell Particles 

Colloidal particles surrounded with metal nanoparticles (NPs) have recently attracted 

considerable attention due to their topological complexity and their unusual optical 

properties, often consequent from the motion of surface plasmon (polariton) resonances. 

Among those fabricated particles, core-shell (CS) or core-shell-shell (CSS)-type 

structures, with metal nanoparticles (gold, silver) are of particular interest, since they 

provide the possibility of employing metal NPs and manipulating their properties easily 

and simply [56-60]. In our case, based on previous research, we chose to study Au NPs 

due to their stability against chemicals while retaining their plasmonic properties [61]. 

Caruso and associates have proposed that the creation of thin silica shells on Au NPs 

enhances the Au NPs loading onto PS spheres when depositing them by a layer-by-layer 

(LBL) deposition process [62-66]. Yau et al. have studied single electron tunnelling 
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through the silica shell of Au@SiO2 in an effort to use them for electronic devices [67]. 

These core-shell materials may also be appropriate for engineering metallodielectric 

photonic crystals (MDPC) [68-72], providing a comparatively novel class of 

metamaterials, when they are prepared as monodisperse particles with smooth, round 

outer silica shells [73]. Here the term metamaterial has been coined to describe 

exactingly-designed structures that have no analogues in nature. From previous studies in 

the literature it may be suggested that silica@Au core-shell constructions are less likely 

to form photonic crystal films [74]. This has then been the motivation behind our 

development of a process designed to form a concentric silica shell around the metal NPs 

as in the core-shell-shell (CSS) system. This should enable the establishment of a smooth 

and round outer silica@metal shell, making them more stable, and processable, for the 

formation of photonic crystal films. In this study we have focused on poly(methyl 

methacrylate) (PMMA) as a core material decorated with gold NPs. We demonstrate that 

our PMMA@Au core-shell particles are stable when immobilised into a photonic crystal 

film without any further encapsulating outer shell. Employing control over chemical 

reactions at the colloidal level has always been a challenge. With this in mind, various 

approaches have been employed to make dielectric@metal (Au or Ag) core-shell 

particles [74-80]. These will be discussed in Chapter 4. PMMA@Au composites are 

expected to have potential application in many technological areas such as surface-

enhanced Raman spectroscopy (SERS), catalysis, biochemistry and solar cells. 
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1.5 Objectives 

The main objectives of this research are: 

 To synthesise monodispersed polymer spheres of PMMA and fabrication of 

colloidal crystals from synthesized PMMA. 

 To demonstrate the potential of using various metals such as Ni, Au, deposited on 

PMMA colloidal crystal template via electrochemical processes and to generate 

metallodielectric inverse opals. 

 To prepare PMMA@Au core-shell particles and explore their use as dielectric-

coated metallic spheres for the creation of new PBG materials. 

 To utilise the ‘co-crystallisation’ approach to make novel nanoparticle-loaded 

inverse opals. 
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Chapter 2: Experimental 
Techniques 
 

2.1 Materials 

Methyl methacrylate (MMA) monomer and potassium persulfate (KPS) were purchased 

from Sigma Aldrich and used as supplied for the synthesis of PMMA spheres. 

Polyethyleneimine (PEI), poly(sodium 4-styrene sulfonate) (PSSS, MW ca. 70, 000 Da), 

sodium borohydrate (NaBH4) and chloroauric acid, (HAuCl4) were purchased from 

Sigma Aldrich and used as supplied for the synthesis PMMA@Au core shell.  Ultrapure 

water (18.2 MΩcm) was used directly from a Millipore water system as a medium of 

reaction, for cleaning substrates and for film fabrication. Standard glass microscope 

slides were cut to required sizes and used as substrates. Sulphuric acid (95-98%), 

ammonium hydroxide (25%), hydrogen peroxide (30%), were purchased from Sigma-

Aldrich, and used as received without further purification. Prior to rendering hydrophilic, 

substrates were ultrasonically cleaned in ethanol for 5 minutes, which also helped remove 

dirt and particulates from the cutting process.  
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2.2 Synthesis of Monodisperse PMMA Colloidal Spheres 

PMMA colloidal particles, 373 nm (relative standard deviation <5%) were prepared by 

an emulsifier-free emulsion polymerisation reaction in a water-based system in the 

presence of an initiator, potassium persulfate. Specifically, ultrapure water was bubbled 

with nitrogen gas for 20 minutes. After this, 15 ml MMA was added under nitrogen 

atmosphere and rapid stirring, followed by the potassium persulfate. The solution was 

heated to 80
o
C and maintained at this temperature for 40 minutes. After the 

polymerisation reaction, the colloid was centrifuged and washed in ultrapure water 5-6 

times. The apparatus for the preparation of monodisperse PMMA spheres is illustrated in 

Figure 2.1. The synthesis is summarised schematically in Figure 2.2. The procedure was 

repeated as necessary in order to investigate the influence of various parameters such as, 

concentration of monomer and initiator, temperature, and time of polymerisation, on the 

PMMA sphere size.  
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Figure 2.1 A schematic diagram showing the set-up of the polymerisation apparatus. A 

3-neck round-bottom flask was used to attach a nitrogen line and water cooling, while the 

remaining neck, which was covered by a stopper during the reaction, was used for the 

addition of reagents. 
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Figure 2.2 A schematic diagram of the process employed in order to synthesis colloidal 

PMMA 

 

2.3 Substrates Cleaning 

All substrates were cleaned with a mixture of water, ammonium hydroxide and hydrogen 

peroxide with volume ratio 5:1:1 respectively for 1 hour, or by piranha solution (a 

mixture of sulphuric acid and hydrogen peroxide with volume ratio 3:1) followed by 

rinsing in pure water and drying under nitrogen. The piranha mixture is a strong 

oxidizing agent and will remove most organic matter and also hydroxylate most surfaces 

(add OH groups) making them more hydrophilic. 
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2.4 Self-Assembly Evaporation Experimental 

Since its introduction in 1999 by Jiang et al. [1] the controlled evaporation deposition (or 

vertical deposition or convective assembly) method has become the most widespread 

self-assembly technique to fabricate opaline 3D photonic crystals. It is based on the 

convective self-assembly of colloids on a substrate by the action of a moving meniscus. 

 

In a typical experimental set up, a known concentration of PMMA colloidal particles was 

re-dispersed in water, with varying concentrations from 0.05 to 0.25 volume %, in 24mm 

diameter vials. Then, a cleaned substrate was settled in the PMMA suspension with a tilt 

angle of approx. 60
o
 and placed into an oven at 65

o
C for 2-3 days (Figure 2.3). Solvent 

flow towards the meniscus region due to evaporation (which is highest in the meniscus 

region), drags spheres from the suspension and these are incorporated into an ordered 

face centered cubic (FCC) structure [2, 3]. Therefore the optimal conditions for the 

growth of a film with good crystalline order include an optimum evaporation rate which 

allows for good ordering of the particles, as well as the presence of a reservoir of 

particles in the suspension to be incorporated into the ordered region. All films deposited 

in this manner exhibited brilliant colours that changed as the angle of observation 

changed as shown in Figure 2.4. 

 

Other parameters which are known to influence the growth of samples by the vertical 

deposition method are the diameter and concentration of the colloids, which are known to 

determine the thickness of the samples, and relative humidity. In general, higher 
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concentrations and smaller diameter colloids yield samples with a larger number of 

layers. It should be noted that these parameters are not independent from one another, and 

hence optimum values for each parameter may be different for different particle sizes [4].  

 

 

Figure 2.3 A schematic of the vertical deposition method. A substrate is placed in a 

colloidal suspension. The substrate is inclined at an angle θ. Ordering of the spheres takes 

place at the meniscus. Taken from [1]. 
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Figure 2.4 A photograph of opaline polymer film formed on a glass substrate (1cm x 

2.5cm).  

To smooth out temperature fluctuations inside the oven during deposition of the particles, 

and hence maintain a constant rate of evaporation, an aluminium block was introduced as 

a dry bath heat sink. The aluminium block was thermally stabilised in the oven for a 

minimum of 4 hours before deposition samples were inserted into the drilled holes, 

Figure 2.5. 
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Figure 2.5 A photograph of the aluminium block used to stabilise sample temperature 

during controlled evaporation 

2.5 Dip Coating 

A second method for producing high quality colloidal photonic crystal templates is the 

dip coating process [5]. A colloidal PMMA suspension was sonicated for 30 minutes in 

order to break up any agglomerated particles before use. A cleaned glass or ITO/gold 

substrate (conductive substrate for electrodeposition) was then settled vertically into the 

PMMA suspension (2%) and slowly drawn out at a rate of 0.1 mm h
-1

. The prepared 

template was then heated overnight in the oven at 70
o
C to enhance the adhesion of 

particles to substrate before electrodeposition. As reported in the literature [5], it was 

found that it was possible to control film thickness by either changing the particle 

concentration or the lifting speed (Figure 2.6). 
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Figure 2.6 A schematic representation of the dip coating process 

 

2.6 Synthesis of PMMA@Au Core-Shell Particles 

Au nanoparticles (NP) were incorporated onto the surface of PMMA spheres in the 

presence of polyethyleneimine (PEI) employed as a linker agent. PMMA spheres were 

synthesized as described in section 2.3. The synthesized spheres (10 mL of 4% 

suspension) and 50 mL of PEI were added into 1500 ml ultrapure water and stirred for 1 

day. The mixture of PEI-decorated PMMA spheres were then centrifuged and re-

dispersed with de-ionized water. This procedure was repeated 5-6 times and finally the 

particles were again re-dispersed in water and stirred. The Au nanoparticles used for the 

experiment were prepared separately using a NaBH4 reduction method. In order to 

prepare Au nanoparticles, 5 mL trisodium citrate dihydrate (Na3C6H5O7, TSC), 0.3 mL 

poly(sodium 4-styrene sulfonate) (PSSS, MW ca. 70, 000 Da) and 0.3 mL NaBH4 were 

added into a beaker containing 500 mL ultrapure water. 5 ml HAuCl4 (50 wt. % in water, 
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5 mM) was then added into this dropwise at a rate of 2 mlmin
-1 

while stirring. 3 mL TSC 

was added into the Au nanoparticle sol immediately after the addition of Au precursor 

and the mixture stirred for 1 min. After 1 min, the PEI-modified PMMA particles were 

added into the Au sol dropwise under stirring. The colloid was then stirred for further 2 h 

and then washed and centrifuged at least 5 times.   

 

2.7 Electrochemical Deposition of Gold and Nickel into PMMA 

Photonic Crystal Templates  

Infilling of gold and nickel into a PMMA template was performed electrochemically 

using a standard 3-electrode cell and a potentiostat (model CHI 660B), respectively [6]. 

The commercial aqueous gold solution was bought from AMI DODUCO and used as 

supplied. The aqueous solution used for Ni deposition [6] was composed of NiSO4 (2.13 

M), NiCl2 (0.35 M) and H3BO3 (0.43 M). The working electrode was a conductive ITO 

substrate (for gold filling) or Au substrate (for nickel filling) with a PMMA colloidal 

photonic crystal film deposited on it, respectively. A carbon rod and silver/silver chloride 

were used as the counter and reference electrodes, respectively. The extent of gold and 

nickel deposition was optimised against the current-time transient in order to obtain 

gold/nickel deposition into all the available voids. Inverse opals were then prepared by a 

combination of solvent extraction (acetone) of the PMMA spheres, and calcination (350-

400°C).  
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2.8 Co-Crystallisation of Silica Sol/Au NPs/PMMA and the 

Subsequent Inverted Structure 

The inverse opal MDPC was prepared by the controlled evaporation self-assembly of an 

aqueous colloidal suspension containing PMMA spheres, partially-hydrolysed silicate 

precursor – tetraethyl orthosilicate (TEOS) – and Au nanoparticles (NPs) followed by the 

chemical dissolution of the PMMA template. The PMMA spheres of ~373 nm diameter 

were synthesized by a surfactant free emulsion reaction as described in section 2.2. The 

Au NPs were prepared by NaBH4 reduction in presence of citrate functionality as 

reported in section 2.6. The citrate functionalization was added in order to make the Au 

NPs (~14nm) compatible with the colloidal suspension. An acid hydrolysed TEOS 

solution was then prepared separately and added to the suspension. The addition of TEOS 

was important as it works as the cementing component that holds the Au NPs to the 

photonic crystal backbone. The precursor TEOS solution used ethanol:HCl (0.1M):TEOS 

in a ratio of 8:1:1; respectively.The PMMA photonic crystal templates were removed 

with acetone, and by further calcining the sample at 350-400
o
C, in order to form the  

silica/gold inverse opal. 

2.9 Co-Crystallisation of Silica Sol/PMMA and the Subsequent Silica 

Inverted Structure 

Silica inverse opals were prepared as in section 2.9 but without the presence of the Au 

NPs, for comparison purposes. 
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2.10 Instrumentation and Characterisation 

2.10.1 Optical Characterisation 

 

Optical characterisation was performed using a Mikropack halogen HL2000 white light 

source, with a focussed spot size at the sample of approx. 1.5mm diameter. The 

transmitted or reflected light was collected via an optical fibre and directed into an Ocean 

Optics HR4000 spectrometer equipped with a detector suitable for wavelengths in the 

UV-visible range (Figure 2.7). Spectral analysis was performed using Ocean Optics 

software Spectra Suite. For angle resolved reflectance measurements, the sample, the 2
nd

 

focussing lens and detector lens were rotated around the axis of the sample to various 

reflectance angles from a minimum of 10
o
 to a maximum of 80

o
, while for transmission 

measurements, only the sample itself was rotated. In both the reflectance (R) and 

transmittance (T) mode the baseline correction was done with a bare glass substrate to 

eliminate the effects such as light reflection at the air-glass interface and substrate 

absorption, if any. 
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Figure 2.7 A photograph showing the optical set up used for determination of the 

spectral data; (1) light source, (2) focussing lens, (3) sample holder, (4) 2nd focussing 

lens, and (5) detector lens. 

 

2.10.2 Scanning Electron Microscope (SEM) 

 

High magnification images were acquired using a high resolution scanning electron 

microscope (HRSEM, Quanta FEG 650, FEI company). For the SEM investigations, 

specimens were gold-sputtered prior to examination in order to minimise charging 

effects. 

2.10.3 Transmission Electron Microscope (TEM) 

 

Transmission Electron Microscopy (TEM) images were acquired using a JEOL 2100 

electron microscope operating at 200 KV and equipped with a LAB6 electron source. 

TEM samples were prepared by depositing a number of aliquots of the silicon 
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nanocrystal dispersion, 300 µL in total, onto a carbon coated TEM grid.  The solvent was 

allowed to evaporate completely between successive depositions.  

2.10.4 UV Visible Absorption Spectroscopy 

 

The UV-visible absorption spectra were measured with an Agilent Technologies 8453 

Spectrophotometer using 1 cm path length quartz cells. 

2.10.5 Zeta Potential 

 

–potential measurements were performed using a Nano ZS Malvern Zetasizer. –

potential is related to the surface charge, a property that all materials possess, or acquire, 

when suspended in a fluid. It can therefore be used to indicate the stability of colloidal 

dispersions. 

2.10.6 Raman Spectroscopy 

The Raman spectra were recorded using an InVia Renishaw Raman microscope operating 

at room temperature. An argon ion laser operating at 514 nm was used to obtain the 

Raman spectrum of the metallodielectric photonic crystal, which was then compared to 

the Raman spectrum from a bare PMMA PhC. Typically the system was operated using a 

spot size of 1µm, at a power of 5mW, with signal acquisition times of 30 s.  
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Chapter 3: Synthesis of 
Poly(methyl methacrylate) 
Spheres 
 
3.1 Introduction 

 

Colloidal crystallisation of monodisperse spherical particles has been widely used in the 

fabrication of artificial photonic crystals [1]. The monodispersity of the colloidal spheres 

is important in this research field, as these are the basic elements for the bottom-up 

construction of  PhCs, where the size distribution of the spheres  can greatly affect the 

optical properties [1, 2]. Among the materials used for colloidal crystal, the most widely 

used are silica and polymers [1, 3-5]. Owing to a higher surface charge to density ratio, 

polymer particles  generally produce high quality PhCs more easily than silica particles 

[6]. Monodisperse polymer colloids, mainly poly(methyl methacrylate) (PMMA) and 

polystyrene (PS) microspheres have been prepared by modified emulsion polymerisation 

[7]. There are many advantages to using polymer colloids as building blocks for the  

construction of colloidal crystals, including multiple choices of chemical composition, 

tuneable particle size and low cost [2]. In addition, they are easily removed by solvent 
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dissolution or thermal calcinations, when acting as templates for macroporous materials 

and inverse opals. The ease of synthesis of PMMA compared to PS colloids led to their 

use in this study. Among the advantages for preparing PMMA particles shorter reaction 

times (40 minutes) and the high degree of monodispersity of the particles which can be 

obtained.  

3.2 Synthesis of Monodisperse PMMA Spheres 

 

In this study, uniformly sized PMMA spheres were prepared by a modified  emulsifier-

free polymerisation in water, which is more environmental friendly compared to other 

methods that use solvents such as toluene as the medium of reaction [8]. Several studies 

have been conducted on the polymerisation of MMA in the absence of an emulsifier 

agent to produce highly monodisperse particles [1, 7]. This is in contrast to the 

emulsifier-free polymerisation of styrene, where there is a considerable body of work [3]. 

Tanriseer et al. [9] reported the synthesis of PMMA using potassium persulfate as an 

initiator and their study on various parameters. In this study they highlight the parameters 

of interest, such as, reaction temperature, total reaction time, stirring speed, monomer and 

initiator concentrations. Their polymerisation reaction time took 2 hours to complete, 

which is three times longer than in this study. Despite a relatively low polydispersity of 

1.42%, when we compare their SEM images of PMMA particles (Figure 3.1) to those 

produced in this study, the particles made by Tanriseer et al. do not appear to be as 

regularly monodisperse as those produced during this study, as shown in Figure 3.6.   
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Figure 3.1 PMMA beads prepared by emulsifier-free polymerisation of MMA in the 

presence of potassium persulfate at 75°C for 2 hours. Taken from [9] 

 

The initiator used in our experiment is potassium persulfate (KPS) which decomposes 

with heat to produce a free radical initiator for the polymerisation reaction. There are 

three stages of polymerisation: initiation, propagation and termination. These stages are 

illustrated in Figure 3.2 for the synthesis of PMMA spheres. In the initiation stage, when 

an aqueous solution of persulfate is heated, it decomposes to generate sulfate ion radicals, 

which subsequently add to the double bond of the MMA monomer. Once initiated, 

successive addition of MMA monomers to the free radical end of the polymer chain 

causes the chain to grow (propagation stage). In each step the consumption of a free 

radical is accompanied by the formation of a new, larger free radical. Eventually, in the 

termination stage, the polymerisation stops by reaction which consumes, but do not form, 

free radicals, such as the combination of two free radicals.    
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Figure 3.2 The scheme shows a reaction mechanism of free radical chain-growth 

polymerisation of MMA using the potassium persulfate including initiation, propagation 

and termination. (Taken from Ref. [10] which uses different initiator) 
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As part of this study we established the optimum conditions for the emulsifier-free 

polymerisation of MMA. The parameters concerned are similar to those reported 

previously [1] albeit with slightly different concentrations of initiator and monomer, 

smaller overall reaction volumes and somewhat higher temperatures. In this synthesis the 

reaction conditions, monomer and initiator concentrations, and temperature, are key 

factors influencing sphere size, monodispersity and polymerisation efficiency. In order to 

synthesise monodisperse spheres with a narrow size dispersity and good repeatability, 

precise control over  all of these conditions is necessary [11]. For the synthesis of 

monodisperse spheres, the temperature is a critical factor. A uniform reaction temperature 

throughout the entire process is necessary to ensure spheres are produced with a narrow 

size distribution. Therefore, a precise temperature controller is generally necessary as a 

part of the synthesis apparatus. In addition, the solution should be stirred vigorously to 

ensure the temperature distribution is homogeneous, because the polymerisation is an 

exothermic reaction, which can raise the localized temperature of the solvent. Another 

critical component in the polymerisation process is to use an inert atmosphere. Molecular 

oxygen can capture free radicals during the polymerisation, preventing free-radical chain 

propagation. Therefore, oxygen needs to be completely removed from the reaction 

system.  

PMMA spheres of a number of different average sizes, from 290 to 763 nm were 

produced by either changing the monomer concentration (Figure 3.3), or changing the 

reaction temperature (Figure 3.4). Other parameters, such as amount of initiator, water 

volume and reaction time were kept constant. In Figure 3.3, smaller spheres were 
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obtained by using less MMA. Increasing the amount of monomer MMA from 5 to 25ml, 

increased the size of the spheres produced. Aggregation of the spheres occurred when the 

volume of monomer employed exceeded 25ml.  This is likely to be due to a viscosity 

effect, as the volume of water was held constant during these experiments. 

 

Figure 3.3 Showing varying PMMA sphere sizes with volume addition of MMA 

monomer at a reaction temperature of 90
o
C 

 

 Spheres produced from 15 ml MMA monomer at 90
o
C (diameter size 373nm) exhibited 

the highest uniformity of diameters, as shown in Figure 3.6 compared to the other 

samples. From this optimum volume addition, the effect of varying reaction temperature 

on particles size was also investigated. As can be seen in Figure 3.4, a decrease in the 
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diameter of the spheres was achieved by increasing the temperature of the system. This 

effect arises from the fact that higher temperatures enhance the reactivity of the initiator, 

which simultaneously initiates more polymerisation sites. As a result, there are more 

nuclei for polymer chain propagation and sphere growth when the synthesis is performed 

at the higher temperatures.  In this case, when the amount of monomer is fixed, the final 

size of the spheres decreases with the initial number of nuclei. This study confirms the 

work of Tanriseer et al. in 1996 [9] where they expected the initial rate of polymerisation 

to increase with increasing temperature.  

At 70
o
C it was found that 40 minutes was insufficient time for the reaction to go 

to completion. Unreacted monomer formed a visible oily residue in the reaction vessel, 

and it is therefore likely that a longer reaction time is required at this lower temperature.  
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Figure 3.4 Showing varying PMMA sphere sizes with reaction temperature 

 

The Arrhenius equation gives the quantitative basis of the relationship between the 

activation energy (Ea) and the rate at which a reaction proceeds. 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ≡ 1/𝑅𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

Which can be rewritten as 1/𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∝ 𝑘  

OR as    ln(1/𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟) ∝ ln 𝑘 

From the Arrhenius equation, the activation energy can be expressed as: 

𝑘 = 𝐴e−𝐸𝑎 𝑅𝑇⁄  
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Then,     ln 𝑘  = ln 𝐴 −
𝐸𝑎

𝑅𝑇
 

By plotting   ln 𝑘 𝑣𝑠.
1

𝑇
;  𝑠𝑙𝑜𝑝𝑒 ≈  −

𝐸𝑎

𝑅
 

i.e.   ln(1/𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ) 𝑣𝑠.
1

𝑇
 

where A is the frequency factor for the reaction, R is the universal gas constant, T is the 

temperature (in Kelvin), and k is the reaction rate coefficient which can be related to final 

diameter after a specific growth time. Thus, Ea can be evaluated from the reaction rate 

coefficient at any temperature (within the validity of the Arrhenius equation). 

Summarised data of measurement involved is presented in Table 3.1. By using calculated 

value ln[1/Diameter] versus 1/T gives Figure 3.5. 

 

Table 3.1 Diameter size spheres by increasing temperature after 40 minutes growth 

Diameter (nm) ln [1/Diameter] T (Kelvin) 1/T (K
-1

) 

- - 343 2.92 x 10
-3

 

475 -6.16 353 2.83 x 10
-3

 

398 -5.99 358 2.79 x 10
-3

 

373 -5.92 363 2.75 x 10
-3

 

 

As expected, the Ea as determined from Figure 3.5 is low suggesting that the reaction is 

occurring rapidly. 

http://en.wikipedia.org/wiki/Frequency_factor_(chemistry)
http://en.wikipedia.org/wiki/Gas_constant
http://en.wikipedia.org/wiki/Kelvin
http://en.wikipedia.org/wiki/Reaction_rate_constant
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Figure 3.5 Graph showing ln [1/diameter] vs. 1/T showing the relationship between a 

measure of the rate of reaction and temperature. From this graph the activation energy for 

the production of PMMA spheres is estimated to be on the order of 25 kJ mol
-1

, with the 

estimate being calculated from the slope which is equal to –Ea/R, where R is the gas 

constant. 

 

Figure 3.6 SEM image of colloidal PMMA drops on a silicon wafer for sample 373nm, is 

showing the high level of particle uniformity. 

y = -3000x + 2.3467 
(R² = 0.9453) 

-6.2

-6.15

-6.1

-6.05

-6

-5.95

-5.9

-5.85
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ln[1/Diameter] 
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Average particle sizes were determined by SEM measurements, approximately 60-70 

particles were measured as shown in Figure 3.7. The monodispersity of the colloidal 

particles was determined by calculation of the particle size distribution. 

 

Figure 3.7 SEM image of PMMA particles produced from at 15 mL MMA (Sk25) 

 

Table 3.2 shows the average diameter size of PMMA with varying concentration of 

monomer and with varying temperature at optimum concentration. Monodispersity needs 

to be <5% for high quality opal films formation. From the average diameter sizes given in 

Table 3.2, it is apparent that PMMA preparation at 90
o
C was not good for particles below 

373nm, and at 15ml of MMA monomer achieved <5% in all cases. Experimental 

parameters at 90
o
C need to be improved upon to create particles <5% when making 

particles of <373nm diameter. 
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Table 3.2 Average diameter size of synthesized PMMA 

Temperature MMA 

Avg. Diameter 

(nm) 

90
o
C 5 ml 290 ± 7% 

90
o
C 10 ml 342 ± 8% 

90
o
C 15 ml 373 ± 5% 

90
o
C 20 ml 563 ± 4% 

90
o
C 25 ml 763 ± 3% 

80
o
C 15 ml 475 ± 5% 

85
o
C 15 ml 398 ± 4% 

3.3 Conclusions 

The aqueous synthesis of PMMA sub-micron spheres is a simple, cheap and relatively 

quick preparation, typically 40 minutes to completion due to the higher temperatures used 

as compared to previous studies in literature, which is capable of producing highly 

uniform PMMA spheres. Synthesis at higher temperatures speeds up both the chemical 

reaction and physical diffusion, and as a result shortens the time for the formation of the 

spheres. This results in the formation of more spheres, with a consequent reduction in 

particle size. This effect may arise from the fact that at higher temperatures the reactivity 

of the initiator may be enhanced, such that more polymerisation sites are created. When 

the amount of MMA monomer increases, the particles size of PMMA also increases. 
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Further work is required in order to improve monodispersity at 90
o
C for particles below 

373nm. 
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Chapter 4: Synthesis of Highly 
Monodisperse Poly(methyl 
methacrylate)-Au Core-Shell 
Particles and their use in the 
Fabrication of 3-D 
Metallodielectric Photonic 
Crystals 
 
4.1 Introduction 

Bi-layered and multi-layered structural designs surrounded or covered with metal 

nanoparticles (NPs) have recently attracted considerable attention owing to their 

topological complexity and their optical properties, often resulting from the activity of 

surface plasmon resonances, which originate from the collective oscillations of 

conduction electrons in reaction to optical excitation. Among these core-shell (CS) 

structures having particles surrounded with metal nanoparticles (NPs) typically silver or 

gold are of particular interest, allowing one to manipulate and use the metal NPs in a 

much easier and convenient way [1-3]. The surface plasmon resonance (SPR) frequency 
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depends on the particle size, shape and the surrounding dielectric medium [4]. For 

example the SPR peak of 13 nm spherical gold colloids is around 520 nm and that of 5-6 

nm silver nanoparticles around 400 nm [2]. SPR has been explored for use in fabricating 

optical filters [5], active surfaces for enhanced Raman spectroscopy [2, 6, 7] fluorescence 

scattering [8], and chemical and biological sensors [6]. 

The composite NPs that consist of a dielectric core coated with a few nanometres 

of metal have shown tremendous promise for systematic engineering of SPR. The SPR of 

these NPs can be varied over hundreds of nanometres in wavelength, across the visible 

and into the infrared region of spectrum, by varying the relative dimensions of the core 

and the shell. In most studies involving surface plasmons, gold and silver are the most 

often used, because silver  produces a sharp resonance, and gold is more stable in air and 

is generally inert [8].  

Synthesis of gold NPs onto both silica (Si) and polystyrene (PS) cores has been 

reported [9, 10]. The advantage of using polymer colloids instead of silica is that they are 

easily removed by solvent dissolution or thermal calcination, when acting as templates 

for macroporous materials or inverse opals. It was reported that silica@Au CS particles 

were less stable to form a photonic crystals film [3]. The formation of a second silica 

shell around the metal NPs, often referred to as core-shell-shell (CSS) particles, makes 

silica@metal CS particles more stable, and easier to use when making photonic crystal 

films.  
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4.2 Preparation of Gold Nanoparticles 

Many chemical and physical techniques have been developed to prepare metal 

nanoparticles, such as chemical reduction using a reducing agent [5, 11], electrochemical 

reduction [12], photochemical reduction [13], and thermal evaporation (including 

chemical vapour deposition) [14]. Physical methods usually require high temperatures 

(>1000 °C), vacuum and expensive equipment. However, there are also easy and 

convenient chemical methods that use dilute aqueous solutions and simple equipment. 

In general, chemical reduction reactions involve reducing agents that react with a salt of 

the metal according to the following chemical equation: 

mMe
n+

 + nRed→ mMe
0
 + nOx 

Table 4.1 gives a list of reagents most commonly used in the reduction of gold with the 

appropriate conditions. Some chemical methods to prepare gold nanoparticles are also 

described. 
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Table 4.1 Guidelines for the choice of reducing agents and reaction conditions in the 

production of Au nanoparticles (adapted from Ref.[15]). 

Metal 

species 

 

E
0
/V Reducing agent Conditions Rate 

Au
3+

 ≥ + 0.7 Alcohol, polyols 

Aldehydes, sugars 

Hydrazine, H3PO2 

NaBH4, boranes 

Citrate 

≥ 70 
0
C 

< 50 
0
C 

Ambient 

Ambient 

> 70 
0
C 

Slow 

Moderate 

Fast 

Very fast 

Moderate 

 

Synthesis of gold nanoparticles by reducing agents such as sodium borohydride[16], 

ascorbic acid in presence of cetyltrimethylammonium bromide (CTAB) [17], sugars 

(glucose, fructose and sucrose) [18] have been reported. A common method used to 

synthesize gold nanoparticles is the reduction of chloroauric acid (HAuCl4) with tri-

sodium citrate, Na3C6H5O7. Kandimalla [8] reported stability of the nanoparticles can be 

achieved by the addition of a stabilizing agent like sodium citrate. Citrate-capped 

nanoparticles are negatively charged and attract positively charged particles from the 

solution, resulting in the formation of an electrical double layer and repulsive forces 

between particles, which prevent agglomeration [1, 9, 19, 20]. 
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Ho Youk [5] describes in-situ anchoring of Au NPs onto the surface of PMMA using 

surface-grafted poly(allylamine) (PAA). Au NPs were synthesized onto PMMA as shown 

in Figure 4.1. The concept was to produce PMMA decorated with the Au NPs onto the 

surface and is similar to this study. However reviewing their image TEM results it can be 

seen (Figure 4.2) that, the gold NPs coating is not homogeneous and the size of the 

polymer particles was not uniform. This could be due to the parameters (e.g. temperature, 

chemical composition, stirring speed etc.) during synthesis of the PMMA/PAA which 

could be refined to form uniform particles before grafted with Au NPs.   

 

Figure 4.1 Schematic representation of the formation of PMMA/PAA nanosphere and 

gold nanoparticles (adapted Ref.[5]) 
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Figure 4.2 TEM micrographs of gold nanoparticles on PAA/PMMA nanospheres (from 

Ref. [5]) 

 

4.3 Synthesis of PMMA@Au Core-Shell Nanoparticles 

This study focusses on the synthesis and characterisation of PMMA core particles 

decorated with gold NPs. To the best of our knowledge there have been no previous 

literature reports of gold NPs formed onto PMMA spheres using polyethyleneimine (PEI) 

as a linker. PMMA@Au CS particles were synthesised in order to investigate their 

usefulness in making photonic crystals and structures for Raman spectroscopy studies. 

These metallodielectric photonic crystals (MDPCs), which are a relatively novel class of 

metamaterials, may be prepared from monodisperse CS particles. In this project, a bi-

layer technique has been developed to prepare PMMA@Au CS particles using 

polyethyleneimine (PEI) acting as both a linker between the Au nanoparticles and the 

PMMA particles, and as a reducing agent in the formation of the Au NPs. 
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UV-visible absorption spectroscopy was employed in order to investigate both the 

gold nanoparticles and the PMMA particles coated with gold in terms of their plasmonic 

and combined plasmonic/photonic properties respectively. Metal surface plasmons, or 

more correctly surface plasmon polaritons, arise via the interaction of light with electrons 

in the surface of the metallic nanoparticle gold [2, 3, 21]. Most commonly observed for 

gold or silver nanoparticles, at a specific wavelength of light collective oscillations of 

electrons may be excited via a direct absorption process that often results in the 

appearance of intense colours.  The particular wavelength of light where this occurs is 

strongly dependant on nanoparticle size and shape. A shift to longer wavelengths of the 

absorption maximum occurs as the nanoparticle size increases.  

Here we focus on the use of gold nanoparticles since as noted earlier, these may be 

readily prepared and stabilised via surface treatment, while also being relatively inert. 

PMMA particles were prepared using the emulsifier-free polymerisation process (as 

described previously in Chapter 3) targeting sphere diameters of 373 nm. These spheres 

were then coated with Au nanoparticles (prepared as described in Chapter 2). The 

specific issue that was addressed in this work concerned the need to prepare an outer 

shell of gold nanoparticles. This required the identification of suitable chemical linker, in 

order to attach the Au nanoparticles to the polymer core particles which must be used in 

conjunction with the capping agent designed to prevent agglomeration.  
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Polyethylene (PEI) was selected for this purpose. Accordingly a method was devised in 

which a thin PEI shell was attached to the PMMA particles, which then facilitated 

attachment of the Au nanoparticles via reaction with the citrate-stabilised Au 

nanoparticles, as described in Chapter 2.   

The overall process is described in Figure 4.3. The electrostatic attraction between the 

negatively charged (citrate stabilized) Au NPs and the positively charged PEI chains on 

the surface of PMMA  results in a single layer of the Au NPs binding onto the PMMA 

cores, producing the PMMA@Au CS composite particles. Ho Youk [5] reported that 

microspheres having a net positive charge after protonation of surface amine groups 

exhibited excellent adhesion to gold colloids, and this appears to be the case here. 

 

Figure 4.3 Schematic diagram of the synthesis method to produce PMMA@Au core- 

shell nanoparticles  

 

The advantage of using PEI as compared to the frequently used silane coupling agents 

was threefold. Firstly the complexity in achieving a uniform surface coverage using 

silane coupling agents is avoided when using PEI. This is because the branches available 

from each PEI molecule, with multiple –NH2 end groups, are sufficient to achieve 
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complete surface coverage on the PMMA spheres [3]. Secondly the use of PEI as a 

surface primer results in the PMMA particles being separated electrostatically by a 

positive surface charge in the aqueous media. This also aids complete coverage of each 

PMMA particle with the Au NPs. The final advantage of using PEI is that stringent pH 

control is not required, unlike when using silane coupling agents. Mulvaney and Liz 

Marzan’s [1] group have demonstrated the importance of pH control involved in the 

silane coupling process,  In our experiments, after PEI treatment, the particles were 

washed at least three times with ultrapure water. At this stage the pH was in the region of 

8-9, and at this pH range the PEI modified PMMA particles will be electrostatically 

separated by their inherent positive charge.  

Zeta potential (-potential) is an indicator of the stability of colloidal dispersions. 

The magnitude of the zeta potential indicates the degree of electrostatic repulsion 

between adjacent, similarly charged particles in dispersion. For molecules and particles 

that are small enough, a high zeta potential will confer stability, i.e., the solution or 

dispersion will resist aggregation. When the potential is small, attractive forces may 

exceed this repulsion and the dispersion may flocculate. Accordingly, colloids with high 

zeta potential (negative or positive) are electrically stabilized while colloids with low zeta 

potentials tend to coagulate or flocculate. Table 4.2 presents the -potentials of the 

particles employed here at different stages of their preparation. The PMMA surfaces 

before PEI treatment show a negative -potentials (-52.7 mV) and the PEI modification 

resulted in a change in its -potentials to +54.5 mV as expected due to the positive charge 
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arising from the  PEI layer. The as-prepared citrate-stabilized Au NPs show a negative -

potentials (-34.2 mV), clearly indicating the difference in surface potentials. The 

PMMA@Au CS particles show a -potentials value of -42.1 mV. 

Table 4.2 -potentials data of colloids at various stages in the preparation of 

PMMA@Au core-shell particles. 

Sample -potentials (mV) 

PMMA -52.7 

Au sol -34.2 

PMMA@PEI +54.5 

PMMA@Au -42.1 

 

The Au nanoparticle shells were studied using TEM, Figure 4.4 clearly confirms 

the incorporation of Au nanoparticles onto the surfaces of the PMMA particles. An 

increase in the composite size was also observed. The particles remained spherical, 

however the surface roughness increased as compared to the PMMA spheres due to the 

existence of Au nanoparticles on the surface (Figure 4.4).  From Figure 4.4 it can be seen 

that the gold nanoparticles are attached homogenously onto the surface of all PMMA 

particles. 
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Figure 4.4 TEM images of PMMA@Au core-shell NPs at different magnifications. 

Figure 4.5 is a high resolution TEM image of the gold nanoparticles attached to the 

PMMA sphere, which reveals the presence of lattice fringes indicating that the material is 

crystalline.  
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Figure 4.5 A high-resolution TEM image of a PMMA@Au core-shell particle showing 

crystalline lattice planes in Au NPs 
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Figure 4.6 Absorption spectra of PMMA@Au core-shell and Au nanoparticles 

 

Figure 4.6 presents UV-visible absorption spectra of PMMA@Au CS and aqueous 

suspension of Au NPs. In the case of PMMA@Au CS particles, as the attached gold 

nanoparticles grew and merged, the surface plasmon resonance (SPR) systematically 

shifted, consistent with previous studies [21]. PMMA spheres decorated with gold NPs 

show a less intense absorption peak. As the coverage of gold NPs on PMMA increases, 

the SPR peak shifts to higher wavelengths (red-shift) to approximately ~540 nm. The 

slight red shift of the plasmonic bands occurring for the core-shell compare to the bare 

Au NPs may be attributed to the change in the dielectric environment of the Au NPs 
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although the possibility that some Au particles are sufficiently close to each other so as to 

effectively alter their size and hence the position of the SPR, cannot be ruled out.  

The selected area (electron) diffraction (SAED) pattern of the PMMA@Au CS NPs is 

presented in Figure 4.7. The pattern was fitted with powder X-ray diffraction (XRD) 

pattern of Au (International Centre for Diffraction Data (ICDD) reference code 98-005-

1004). This SAED pattern shows the various diffraction spots arising from the gold 

nanoparticles, which indicate that as expected, the crystallinity of the gold is retained 

after attachment to the PMMA spheres. The SAED pattern  fits well to the database XRD 

pattern and contains diffraction peaks associated with the (111), (002), (022) (113) and 

(222) planes. The particles exhibit preferential reflections associated with the (111) and 

(002) planes.   
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Figure 4.7 SAED image of PMMA@Au core-shell NPs overlaid with the XRD pattern 

of Au taken from the ICDD database. It may be seen that there is a reasonable alignment 

of the diffraction rings seen in the SAED pattern with the lines of the reference XRD 

pattern.  
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Table 4.3 List of diffraction peaks for the various planes of Au (by measuring the angles, 

2θ and intensities) that show a reasonable agreement with the SAED pattern of 

PMMA@Au core-shell as seen in Figure 4.8 

 

4.4 Fabrication of PMMA@Au Photonic Crystal Films 

PMMA@Au CS NPs were deposited on the cleaned glass substrate by controlled 

evaporation at 60
o
C. As shown in the Figure 4.8, the PMMA@Au CS film exhibited 

brilliant colours which can be observed by the naked eye and change with the angle of 

observation as expected.  

 

Figure 4.8 PMMA@Au core-shell film showing distinct colour to the naked eye, 

indicating the quality of the controlled evaporation photonic crystal film.  
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Figure 4.9 shows the close packed arrangement of the PMMA@Au CS NPs film as 

revealed by SEM. The Au NPs coating each PMMA particle are again visible and the 

SEM image again reveals level of Au coating on the PMMA core particles. 

 

 

Figure 4.9 Cross section SEM image of PMMA@Au core-shell film. 

 

4.5 Optical Properties of PMMA@Au Core-Shell Photonic Crystal 

Films 

In order to observe the optical properties of PMMA@Au CS films, reflection 

measurements were carried out using films made from both bare PMMA and Au:PMMA 

particles. Reflectance measurements were made at various angles of incidence. Figure 

4.10 a and b shows normalised reflectance measurements of a PMMA@Au CS photonic 

crystal film recorded at incidence angles of between 10
o
 to 40

o
 and 45 to 75

o
, 

respectively. The reflectance spectrum measured at an incident angle θ of 10
o 

shows a 
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broad band centred at 964nm, and shows an angle-dependent blue shift (shifted towards 

shorter wavelengths) with increasing angle of incidence up to 70
o
. This observation is 

consistent with the expected behaviour for a photonic crystal in terms of the Bragg-Snell 

relationship, see Chapter 1. 
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Figure 4.10 Angle-resolved reflectance spectra of PMMA@Au core-shell obtained at 

incident angles of 10
o
 to 40

o
 (a) and 45 to 75

o
 (b) with respect to the normal to the surface 

(parallel to substrate surface). Spectra were shifted in the Y axis for clarity. 
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The correlation with the Bragg-Snell relationship is further confirmed by fitting the data 

points obtained to a plot of the square of the wavelength maximum (λ
2

max) for the stop 

bands recorded at various angles of incidence, θ, against sin
2
θ. The linear fit shown in 

Figure 4.11 is in complete agreement with the Bragg-Snell relationship. Using the plot 

shown in Figure 4.11, ηeff can be calculated, and was found to have increased from 1.43 

to 1.51 due to the decoration of gold NPs. This may due to a contribution for the 

refractive index of the Au NPs although analysis of the data also suggests that some 

shrinkage of the spheres has resulted during the processing, from ca. 415 nm to 393 nm. 

This shrinkage could result in a slight densification of the PMMA particles, leading to an 

increase in the refractive index of said particles, and a consequent increase in the 

effective refractive index.   
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Figure 4.11 Plot of λ
2

max vs sin
2
θ showing a linear fit. After being decorated with gold 

NPs, the effective RI (ηeff) of the composite increased from 1.43 to 1.51. 

 

The influence of the Au NPs on the optical properties of the MDPC was then evaluated 

(Figure 4.12). The obvious changes in the spectra were, (i) a considerable reduction in the 

reflected spectral intensity, and (ii) the broadening of the stop band as compared to the 

PhCs made from uncoated PMMA spheres of similar size. Our findings suggest that the 

reduction in the reflected intensity is attributable to the metal plasmonic absorption and 

scattering. Figure 4.12 shows the reflection peak of PMMA bare opal and PMMA@Au 

CS at 10
o
. The Bragg peak wavelength for PMMA bare opal is located at ~964 nm. The 
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Au loading didn’t make any significant change to the Bragg peak wavelength. However, 

the percentage of reflectance for the PMMA@Au CS film is reduced to <10%, which is 

due to the voids being partly infilled with gold.  

 

Figure 4.12 Reflection spectra of PMMA bare opal and PMMA@Au core-shell under 

normal, s-polarised and p-polarised light respectively. 

 

Figure 4.13 shows a comparison of transmission spectra at 10
o
 between a PMMA bare 

opal and a PMMA@Au CS film. The PMMA@Au sample shows no transmission at 600 
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nm for all polarisations studied. This is most likely due to the Au nanoparticles absorbing 

via their SPRs. 

 

Figure 4.13 Transmission spectra of PMMA bare opal and PMMA@Au core-shell under 

normal, s-polarised and p-polarised light respectively. 

 

4.6 Conclusions 

We have established a simple reproducible method for the synthesis of highly 

monodisperse PMMA@Au CS particles using a linker agent which has not been 
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previously employed for PMMA particle decoration. We were able to use these particles 

to assemble into a reasonably high quality photonic crystal films.  

Optical data reveal a slight increase in effective refractive index along with a decrease of 

the particles size in the composite material. The refractive index acquires an imaginary 

component due to the presence of Au NPs and the SPR associated with these NPs 

dominate part of the transmission spectrum. The angle resolved optical reflectance 

spectra of this material built by assembling dielectric@metal core-shell particles show 

good agreement with the Bragg–Snell correlation.  

SPRs associated with Au NPs find use in many different sensing applications. It is 

quite possible that the added functionality associated with the photonic band gap which is 

also present in the composite material may enhance and improve such devices. A very 

preliminary study of the use of such materials for surface-enhanced Raman spectroscopy 

is given in Appendix A. 
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Chapter 5: Preparation of Gold 
and Nickel Metallodielectric 
Photonic Crystals (MDPCs) 
using PMMA Spheres via 
Electrodeposition 
 

 

5.1 Introduction 

The concept of incorporation of metal nanoparticles into PhCs has attracted 

interest ever-since such composite systems were theoretically predicted to have potential 

in opening up the PBGs [1]. Photonic crystals that also contain metals, metallodielectric 

materials, are of additional interest because of the possible influence of the metal 

plasmonic resonances on the photonic band gap properties [2]. Coupling of metal 

plasmonic resonance excitation with the PBG of the host opal structure in these structures 

could lead to a wide range of new or improved devices including decorative coatings, 

sensors, surface-enhanced Raman spectroscopy (SERS), photovoltaics, solar 

concentrators, passive optical components (filters, splitters), negative refractive index 
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media devices such as cloaking devices, perfect (aberration free) lenses and optical 

interconnect technologies.  

One of the bottlenecks that hinders the experimental demonstration of the optical 

properties of such MDPC structures is the attenuation of the incident light in the structure 

due to the high absorbance of the metal scatterers distributed in the voids of 3D PhCs 

structures. Preparation of their inverted structures has therefore been envisaged as an 

alternative way to investigate the optical properties of such 3D structures. Unfortunately 

successful experimental investigations of MDPC inverted structures are also hampered 

due to the difficulty in manufacturing robust 3D inverted MDPC structures with long 

range order. 

The methods currently being  investigated for the incorporation of metals in PhCs 

are chemical vapour deposition [3], dipping process [4] and chemical infiltration [5]. 

However these methods have their own limitations, the preliminary infiltrated layer of 

metal nanoparticles form a barrier to further deposition, thus preventing complete metal 

infiltration. Electrodeposition is a potential alternative approach where the barrier 

formation can be avoided by depositing the particles from the bottom to top.  

In this study, infilling metals such as gold and nickel with three dimensional (3D) 

well-ordered macroporous structures has been achieved via an electrodeposition process. 

Gold substrates, with a gold thickness of 50 nm on glass slides from PHASIS, were used 

for nickel infiltration, and indium tin oxide (ITO) substrates were used for gold 

infiltration, due to their transparency. Completely infilled MDPC allows for the 
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manufacture of robust inverse opal structures by removal of the crystal template. The 

morphological and optical properties of these structures are discussed.  

 

5.2 Preparation of Gold Infiltrated Opals and Inverse Opal 

5.2.1 Gold Infiltration  

The advantages of utilizing electrodeposition process is that the blocking of template 

surfaces can be avoided because gold is filling  the nanochannels from bottom to top as  

shown in Figure 5. 2.  

 

Figure 5.1 A schematic of the electrode arrangement for the deposition of gold into a 

PMMA colloidal crystal template 

In this process, gold ions from a gold bath are electrochemically deposited onto PMMA 

colloidal crystal template at -1.0 V (Ag/AgCl), toward complete impregnation of 

interstitial channels. The filling behaviour is in correlation with the current-time transient 
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for gold deposition into the colloidal crystal template with 373 nm PMMA sphere size. 

By increasing the time of the electrodeposition, the level of gold-infilling can be 

controlled until it reaches the surface of the PMMA colloidal crystal template. In the 

event of increased electrodeposition time, overfilling above the top surface of the PMMA 

opal can occur.  

 

 

Figure 5.2 A schematic diagram of metal infiltration into colloidal crystal templates  

 

5.2.2 Inverted Structure of Gold  

Well-ordered gold metal macroporous structures were formed on the conductive 

substrate, which exhibited strong opalescence under light illumination, confirming the 

success of the inversion procedure. Figure 5.3 shows SEM images of the top surface of 

an inverted gold structure on the ITO substrate produced using an electron potential of -

1.0 V (Ag/AgCl), for 1000s. During this process, gold ions in the electroplating solution 
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are induced to migrate by the applied potential and accumulate onto the working 

electrode (substrate) in 1000s. In this case 1000s was insufficient to completely infill the 

crystal template. From these surface views, the symmetry of the spherical holes in the 

crystal can be observed along the [111] direction. Typically within an FCC structure each 

cavity formed by the PMMA particles has three dark spots corresponding to the contact 

points with three particles in the layer below.  

 

Figure 5.3 SEM images of the upper surface of an inverted gold film on ITO substrate 

prepared at an electron potential of -1.0 V (Ag/AgCl) for 1000 s. Magnifications a) 

12,000x b) 40,000x 

 

 Figure 5.4 shows a cross sectional SEM image of a 3D ordered inverted gold 

structure produced using an electron potential of -1.0 V (Ag/AgCl) for 1500 s. It shows 

how increasing electrodeposition time to 1500s resulted in the formation of a gold over-

b) a) 
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layer above the template. In general, the height of gold-filling into the PMMA colloidal 

crystal template increases with increasing electrodeposition time.   

 

 

Figure 5.4 SEM images of a side view and surface of an inverted gold film on ITO 

substrate prepared at an electron potential of -1.0 V (Ag/AgCl) for 1500s, including gold 

over filling layer. 

 

5.3 Preparation of Nickel Infiltrated Opal and Inverse Opal 

5.3.1 Nickel Infiltration 

The experiment set up was the same as shown in Figure 5.1, but replacing the gold 

solution with a nickel solution previously described in Chapter 2.  

5.3.2 Inverted Nickel 

After the nickel electrodeposition process, the PMMA colloidal crystal template was 

removed by acetone, followed by calcination at 400
o
C. Finally, well-ordered nickel 

Side 
vew 

Top  
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macroporous structures with hollow sphere arrays were formed on the conductive 

substrate. All samples exhibited strong opalescence under light illumination, confirming 

the success of the inversion procedure. Figure 5.5 shows a monolayer of inverted nickel 

structure on the gold substrate was produced via electrodeposition process at -1.0 V 

(Ag/AgCl), for 100s. During this process, nickel ions in the electroplating solution are 

induced to migrate by the applied potential and accumulate onto the working electrode 

(substrate) in 100s. To produce thicker nickel inverted films, longer electrodeposition 

times were required. 

 

Figure 5.5 SEM surface images of an inverted nickel film on a gold substrate 

Figure 5.6 shows SEM images of the surface of a 3D ordered nickel structure 

formed by depositing at -1.0 V for 1000s, into a PMMA colloidal crystal template with 

diameter 373 nm colloidal particles using a gold substrate. From the top view, the 

symmetry of the spherical holes which are located above three neighbouring hollow sites 
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in the crystal can be observed along the [111] direction. Each cavity formed by the 

PMMA particles has three dark spots corresponding to the contact points with the three 

particles in the layer below.  

 

 

Figure 5.6 SEM images of the surface of a 3D ordered nickel macroporous structure 

Side views of the same 3D macroporous structure, consisting of several spherical 

void layers are shown in Figure 5.7. Each air hole is surrounded by six spherical voids 

showing a hexagonal close-packed network of circular holes. In general, the height of 

nickel-filling into the PMMA colloidal crystal template increases with increasing 

electrodeposition time.   
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Figure 5.7 SEM images of the cross section of a 3D ordered nickel macroporous 

structure 

 

5.4 Optical Properties 

Figure 5.8 presents the transmittance and reflectance spectra of three types of opal 

structures prepared. The behaviour of light in the gold infiltrated opal structure, and the 

inverted opal with air spheres surrounded by gold network is completely different 

compared to that of the original PMMA opal template. The PMMA template shows a 

definite PBG (transmittance minimum at 978 nm at normal incidence) corresponding to 

the first order (111) Bragg reflection. The infiltration of gold suppresses the Bragg 

reflections as compared to the bare template structure, possibly as a result of coupling to 

the gold plasmon resonances, although specific features that might be directly assigned to 

the plasmons are not obvious. It is possible that light may be emerging in directions that 

were not accessible using our normal sampling geometry. Only reflectance features could 
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be measured as a result of this, which shows only diminished diffraction resonance 

features compared to the template structure (Figure 5.8b) [6]. 

The gold inverse opal structure shows diminished but broad spectral bands 

spanning between 545 – 875 nm. The spectrum measured at 10
o
 incidence shows a broad 

band with two maxima at 715 nm and 640 nm (Figure 5.8c), which on increasing the 

incidence angle first shifts to lower wavelengths (until 35°) and then shifts to longer 

wavelengths. We believe this feature may be an indication of coupling of plasmonic 

resonances with the air opal photonic band gap. The band diminishes on increasing the 

angle of incidence and becomes almost unobservable above 55°. This is because the light 

is required to travel a longer path through the structure at the higher angles which results 

in more attenuation with the longer distances compared to the lower angles of incidence.   
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Figure 5.8 Angle-resolved spectra from (a) transmittance through the PMMA template 

on the ITO substrate, (b) reflectance from the gold infiltrated PMMA opal and (c) 

reflectance from the gold inverse opal. 



Chapter 5 

 

104 

 

 

Figure 5.9 Nickel inverted structure film on gold substrate 

 

Figure 5.9 shows an inverted nickel structure on a gold substrate. Opalescent 

colours are seen which is crucial to the applications of these materials. However, it 

proved very difficult to obtain the optical response from this nickel inverted film even 

though the opalescent colours are observable to the naked eye.  

 

5.5 Conclusions and Future Work 

In summary, we have prepared PMMA-gold MDPC structures with a continuous 

dielectric-metal interface throughout the 3D structure by an optimized electrodeposition 

process. While proving the effectiveness of the described method for the preparation of 

completely infilled 3D MDPCs, these robust MDPC structures present interesting 
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prototype structures for fundamental optical investigations. The optical properties, though 

not fully understood at this point of time, should be explored in more detail in any future 

work. 

 

Figure 5.10 SEM image of the unique morphology of gold inverse opal 

 

One of the main problems faced during gold  electrodeposition was that the films 

easily peeled from the substrate, and that in some cases the gold inverted structure 

showed a unique morphology, the gold tending to form ‘florets’, seemingly pulling the 

PMMA crystal template into these shapes during the electrodeposition process (Figure 

5.10). The origins of these structures are not clear. It may be that they arise from 

geometrical factors associated with the shape presented by the template or that the growth 

process is somehow influenced by factors such as gas evolution.  The gold films tended 
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to curl upon peeling from the ITO substrate, to the extent that opalescence was no longer 

visible. This effect has recently been described by Xu et al. [7] who concluded that it 

could be due to the greater malleability of gold relative to that nickel. Jiang et al. [8] 

reported the same situation in films made with an electroless method. Nickel in particular 

makes tough and sturdy free-standing films, while the gold films often curled and 

fragmented into smaller pieces. Alternatively, in order to fabricate high quality inverted 

gold structures focus could follow co-crystallisation processes. Co-crystallisation is a 

simple process whereby mixing Au NPs, hydrolysed TEOS and PMMA spheres co-

crystallise via evaporation deposition which is able to produce high quality long range 

ordered structures with greater strength.  Removal of the PMMA template would produce 

robust silica - Au NPs inverse structure. As a result, peeling from the substrate could be 

avoided compared to the electrochemical process presented here. Co-crystallisation 

would make a different material to the electrodeposition process, which is an inverted 

gold structure, whereas co-crystallisation is an inverted gold-silica structure, which is 

discussed in more detail in Chapter 6. 

 

FUTURE WORK 

Electrodeposition of gold onto gold substrates should be investigated. This would remove 

the ITO-Au interface and may help in preventing peeling of the deposited gold structures. 
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It might be of interest to grow gold inverse opal florets, and try to establish a growth 

mechanism whereby these structures are formed.  

 

A more complete study of the rate of electrodeposition should be undertaken to establish 

accurate timescales for electrodeposition into PMMA opals film (before overfilling 

occurs) 
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Chapter 6: Colloidal Co-
Crystallisation: A New Route to 
the Production of Three-
Dimensional Metallodielectric 
Photonic Crystals 
 

 

6.1 Introduction 

 

Bottom-up colloidal crystallisation is a cost effective alternative for the 

fabrication of sub-micrometre 3D PhCs [1-4]. Most of the sub-micrometric 3D 

metallodielectric photonic crystals (MDPCs) that have been reported thus far have been 

produced by depositing the metallic component into the voids of self-assembled opal 

templates by means of methods such as chemical infiltration [5], atomic layer deposition 

(ALD) [6], chemical vapour deposition (CVD) [7] or by electrodeposition [8]. These 

methods have allowed the experimental validation of some of the unique optical 

properties of MDPC. Chemical infiltration and CVD methods, however impose a 

geometrical limitation for a complete metal infiltration. The templates almost always 

seemed to develop a metallic skin on the (111) surface closing the pores and inhibiting 



Chapter 6 

 

111 

 

further metal infiltration. While the electrodeposition method described in Chapter 5 

allowed  for the near-complete void filling and formation of inverse metallic opals, the 

optical properties, the reflectance/transmittance features, were almost completely 

dampened due to the optical properties of the extensive metallic structure that resulted, 

potentially limiting the studies of such materials to either 2D monolayers  or just a few 

layers [8, 9].  

In this chapter we show how 3D MDPC can be fabricated, with plasmonic 

functionalities, by a bottom-up co-crystallisation method. In particular, we report the 

fabrication of inverse MDPC by self-assembling metal and dielectric components from a 

single suspension followed by selective removal of the sacrificial template and we 

describe their enhanced PBG properties. The advantage of these integrated plasmonic-

photonic materials stems from their  novel optical functionalities that could be realized 

from the fundamental optical interactions between the photonic bands and the localized 

plasmonic resonances in the PhCs, which cannot otherwise be achieved by any 

natural/bulk systems [10]. We propose the use of a colloidal crystal matrix, with 

randomly distributed gold nanoparticles as an effective model for investigating the 

interesting fundamental optical properties of 3D MDPC. Of particular importance to this 

chapter is the tuning of PBG properties by the integrated plasmonic functionality. We 

show that the observed PBG features are derived from the coupling between the photonic 

bands and plasmonic resonance features of the metal inclusions. The effective integration 

of plasmonic functionalities could also pave the way to the fabrication of novel/improved 
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surface-enhanced Raman scattering (SERS) [11], sensing [12], enhanced photovoltaic 

and energy harvesting modules, [13, 14] to list but a few applications. 

The inverse MDPC was prepared by controlled evaporation from an aqueous 

colloidal suspension containing the three components poly(methyl methacrylate) 

(PMMA) spheres, acid-hydrolysed tetraethylorthosilicate (TEOS) solution and pre-

formed Au nanoparticles, followed by the removal of the PMMA template to form an 

inverted opal structure. The PMMA spheres ~373 nm were synthesized as reported in 

Chapter 3. The Au NPs were prepared by NaBH4 reduction in the presence of citrate 

functionality as reported in Chapter 4. The citrate functionalisation was used to make the 

Au NPs (~20 nm) compatible with the colloidal suspension. The addition of TEOS 

produces the cementing component that holds the Au NPs together in the PhC backbone. 

This method could be extended to prepare almost any 3D composite PhCs that are active 

in the desired frequency window, provided the compatibility and size of the components 

are sufficiently controlled. The significance of the method is its ability to form robust 

MDPC structures over relatively large areas via a single self-assembly step.  

 

6.2 SEM of Silica-PMMA Composite, Silica Inverse Opal and 

Metallodielectric Inverse Opal 

SEM images of the fabricated 3D silica-PMMA composite and silica inverse opal 

are presented in Figure 6.1, while images of the MDPC are presented in Figure 6.2. The 

SEM images reveal the consistency of the inverse opal formed over large domain sizes, 
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and the cross sectional image (see Figure 6.2) shows the 3D connectivity of the photonic 

crystal backbone. Embedding PMMA spheres with hydrolysed TEOS prevents cracking 

within the film, as the deposited silica cements the structure together. Hatton et al.  [15] 

noted that cracking did begin to occur in these structures at approximately 20 layers 

thickness. By borrowing from this idea we have devised a new route for making MDPC 

by inclusion Au NPs into the TEOS sol as shown in Figure 6.2. 

 

Figure 6.1 SEM images of surface views of large domain silica-PMMA composite (left) 

and silica inverse opal structure (right)  

There are some areas that are cracked within these MDPCs, as shown in Figure 6.2 (left). 

This may be due to the inclusion of the Au NPs into PC backbone or because of the 

overall thickness [15]. 
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Figure 6.2 Top view of metallodielectric photonic crystal with 100 μm scale bar (left) 

and side view of the cross section MDPC with 4 μm scale bar. 

Figure 6.3 shows a cross-sectional TEM image. The presence of gold nanoparticles can 

be seen randomly scattered throughout the skeleton of the MDPC.  
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Figure 6.3 A TEM image of cross section of MDPC where the Au nanoparticles can 

clearly be seen.  

 

6.3 Optical Properties  

The optical properties of the 3D silica inverse opal were measured using an optical bench 

set-up for wavelengths ranging from 450 to 1100 nm. Figure 6.4 shows the anticipated 

shift in the Bragg peak that accompanies the increase in refractive index contrast upon 

inversion. The absolute reflectance and transmission spectrum of the metallodielectric 

inverted opal is presented in Figure 6.5 which shows the spectral data from two silica-Au 

inverse opal films (the second containing double the Au concentration of the first). The 

presence of a reflection band and corresponding transmission dip centred at 749 nm (less 

Au) is shifted to longer wavelengths, 779 nm for the higher gold concentration sample. 
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The reflection and transmission spectra of a bare PMMA opal (control sample) made of 

373 nm diameter spheres and the corresponding silica inverse opal (without Au NPs) are 

also presented for comparison. The bare PMMA opal shows a PBG centred at 964 nm 

and the silica inverse opal exhibits a stop band at 757 nm. While the PBG of silica 

inverse opal shifts to a shorter wavelength by 207 nm compared to the bare opal, the 

MDPC with less Au content shows a shift of 215 nm, while the higher gold concentration 

sample shows a shift of just 185. However, the silica inverse opal and MDPC both show 

an increase in the d spacing as compared to the PMMA bare opal with only 339 nm. This 

value is calculated from Figure 6.6 and given in Table 6.2. This is attributed to the co-

crystallisation of the silica backbone (and Au NPs). A slight blue shift occurs with the 

inclusion of Au NPs into the silica backbone, of about 8 nm, as compared to silica inverse 

opal without gold. This is possibly due to the action of the imaginary component of the 

metal refractive index in this spectral region. A red shift (∆30nm) was observed for the 

PBG for the MDPC with double the gold content (compared to the lesser gold addition 

MDPC) is therefore attributable to the increase in the lattice spacing as a result of the 

integration of Au NPs in the silica backbone.  
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Figure 6.4 Reflectance and transmission peaks of a bare opal and silica inverse opal 

 

Figure 6.5 Reflectance peaks of a silica inverse opal and MDPCs. 
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Table 6.1 Wavelength maximum value from Bragg peak, difference wavelength from 

bare opal and inverse SiO2  

Samples 

λmax measured from 

Bragg peak 

θ = 10
o
 

∆λ 

Change from 

bare opal 

∆λ 

Change from 

inverse SiO2 

PMMA bare opal 964 - - 

Silica inverse opal 757 207 - 

Silica-Au inverse opal 

(less Au) 
749 215 -8 

Silica-Au inverse opal 

(More Au) 
779 185 +22 
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Table 6.2 Calculated lattice d-spacings, diameters, D and ηeff from plotted angle-resolved 

optical spectra 

Samples 

d111 

calculated 

graph 

plotted (λ
2
 

vs Sin
2
θ) 

(nm) 

D 

*Calculated 

 

 

(nm) 

D 

SEM 

 

 

(nm) 

ηeff 

calculated 

Diameter 

calculated 

from 

Bragg 

peak & 

ηeff value 

PMMA bare 

opal 
339 415 373 1.43 415 

Silica inverse 

opal 
356 437 428 1.07 439 

Silica-Au 

inverse opal 

(less Au) 

343 420 470 1.12 414 

Silica-Au 

inverse opal 

(More Au) 

348 427 444 1.13 427 

*Diameter D is calculated from d111 = 𝐷√2
3 ⁄  ; the calculated D of the PMMA spheres is 

larger than the diameter obtained from SEM measurements. This is probably due to 

shrinkage of the PMMA spheres under the electron beam. 

 

Other notable features of the reflectance spectra are the difference in intensities amongst 

the samples. Comparing the 4 samples, the PMMA bare opal showed the most intense 

band of ~35% reflectance. In comparison the silica inverse opal had ~18% reflectance, 

and for the two MDPCs samples the reflectance values were both approximately ~8-9%. 
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It is known that the intensity of the Bragg reflection from a PhC depends directly on the 

structural ordering as well as the thickness (number of layers). The bare PMMA, silica 

inverse opal and MDPCs films were made with different thicknesses, 15-18 layers 

(calculated from Fabry-Perot fringes of the bare PMMA spectra, while the others were 

measured from SEM images). The relatively low reflection intensity of ca. 18% for the 

silica inverse opal illustrates the ability of the co-crystallisation process to prepare 

samples which display an easily observable Bragg peak, although the quality of the 

sample is far below that which can be achieved for other types of photonic crystal.  

Subsequently the incorporation of Au NPs appears to further degrade the quality of the 

structure and perhaps introduces a certain amount of disorder during the co-

crystallisation. The emphasis of this work was on the fabrication of MDPCs by a co-

crystallisation method, with incorporated nanoparticles. Pre-hydrolysed TEOS, in the 

colloidal suspension, does not significantly modify the crystallisation process, but enables 

the effective integration of the Au NPs into the photonic crystal backbone. This use of 

TEOS was examined by attempting to prepare photonic crystals without pre-hydrolysed 

TEOS (keeping all other parameters the same). We could not produce a robust 3D 

structure with significant ordering when assembling without the TEOS precursor 

solution. The role of the silica network in cementing the metal NPs also makes this 

method versatile since the process is more dependent on the thermodynamics of the 

particles in suspension rather than on their physiochemical properties allowing it to be a 

general strategy for making multifunctional interconnected porous structures.   
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Interestingly, approx. 8% reflectance was exhibited by the MDPC formed with 18 

layers thickness (measured from SEM images). This is consistent with the argument 

given above since it further suggests increased disorder in structures that contain the Au 

NPs as compared to the bare PMMA opal or the silica inverted structure. Structures 

possessing fewer layers would be expected to show lower reflectivity [16] but this is not 

the case here, as 18 layers should be more than enough for the completion of the photonic 

band structure. This considerable decrease in reflectance compared to the inverse opal 

may be attributed to Au NPs absorbing a part of the light. Metals are very absorptive, 

especially at optical frequencies. That is why the most early proposed metallic PhCs 

operated at microwave frequencies where absorption is smaller [17, 18]. This situation 

can be supported when characterising the MDPC sample with the addition greater gold 

content, the reflected light was difficult to observe during sample measurement. The 

reduction in intensity for the MDPC from that of silica inverse opal may be attributed to 

the presence of inherent disorder and Au plasmonic absorption. This leads us to 

hypothesize that the Au NPs may be distributed randomly throughout the photonic crystal 

backbone allowing the development of band gap in these structures, while also enabling 

possible weak plasmonic coupling between them. The TEM image presented in Figure 

6.3 appears to confirm this hypothesis, although some aggregation of the Au NPs cannot 

be ruled out. 

The evolution of the PBG developed in the silica-Au inverse MDPC seems to be 

determined by the interplay between the plasmonic absorption, scattering and the 
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plasmonic-coupling by the Au NPs distributed randomly throughout the structure, 

although clearly more work is required in order to confirm or deny this rather general 

statement.  

The reflectance of the PMMA opal, silica inverse opal and the MDPC measured at an 

incident angle, θ, of 10
o
 show an angle-dependent shift towards shorter wavelengths with 

increasing angle, to 90
o
. This observation is consistent with the expected behaviour for a 

photonic crystal in terms of the Bragg-Snell relationship. By altering the angle of 

incidence (θ), the effective refractive index (ηeff) and the inter planar spacing (d) can be 

determined as described in previous chapters [19, 20].                            

The correlation with the Bragg-Snell relationship is further confirmed by fitting the data 

points obtained to a plot of the square of the wavelength maximum (λ
2

max) for the stop 

bands recorded at varying angle of incidence angle, θ, against sin
2
θ (Figure 6.6). The 

linear fit shown in Figure 6.6 is in agreement with the Bragg-Snell relationship. Using the 

plot shown in Figure 6.6, ηeff can be calculated, and the silica inverse opal was found to 

have a reduced ηeff compared to PMMA opal, from 1.43 to 1.07. For the MDPC this was 

less reduced, to 1.12 most likely due to the presence of the Au NPs. However, a note of 

caution must be introduced here. While the plots appear to be linear, they are certainly 

not as linear as others obtained from simpler PhC systems. The R
2
 values for the lines are 

shown in Figure 6.6. These demonstrate a degree of departure from the Bragg-Snell law 

that needs further clarification via future studies.   
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Figure 6.6 Plot of λ
2

max vs sin
2
θ showing the roughly linear fits based on PMMA bare 

opal, silica inverse opal and MDPC reflectance measurements, respectively. A degree of 

departure from the Bragg-Snell law is implied from these data. 

 

6.4 Conclusions 

 

We have developed a simple method capable of producing MDPC structures via a co-

crystallisation deposition method. We have shown via preliminary experiments that 

different optical properties can be developed by tuning the concentration of Au NPs, 

where higher Au loading suppresses transmission dip and shifts the Bragg peak to higher 

wavelengths. Future work should also focus on the use of different metal nanoparticles to 
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suit the desired applications. This method is also used as a route to produce large crack-

free areas within these films (below a thickness level of approximately 20 deposition 

layers). Some degree of departure from the Bragg-Snell law is implied from the data 

presented which should be examined in more detail in the future. 
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A bottom-up fabrication method for the
production of visible light active photonic crystals†

Sibu C. Padmanabhan,*ab Keith Linehan,a Shane O'Brien,a Syara Kassim,ac

Hugh Doyle,a Ian M. Povey,a Michael Schmidta and Martyn E. Pemble*ab

A method which combines polymer particle assembly, chemical infiltration and etching with an aerosol

assisted deposition process is described for the fabrication of 3D inverse opal (IO) structures with sub-

micron periodicity and precision. This procedure not only overcomes limitations associated with slow,

expensive micro-fabrication methods but also permits the tuning of refractive index contrast via the

direct incorporation of photonically-active, preformed, tailored silicon nanostructures. It is demonstrated

that this approach can be used to modify the photonic band gap (PBG) by effectively depositing/

patterning optically active silicon nanocrystals (ncSi) onto the pore walls of a 3D inverse opal structure.

This simple, yet effective method for preparing functional complex 3D structures has the potential to be

used generically to fabricate a variety of functional porous 3D structures that could find application not

only in new or improved photonic crystal (PC) devices but also in areas such as catalysis, separation, fuel

cells technology, microelectronics and optoelectronics.

Introduction

Colloidal PCs, oen also referred to as synthetic opals due to
their resemblance to natural opal gemstones in certain cases,
are periodic dielectric structures that possess photonic stop-
bands which arise by virtue of their dielectric periodicity.1–7

Depending on the frequency range where the stop-band is
formed, photonic crystals can control the propagation of rele-
vant photons. While the propagation of photons of frequency
within the stop-band is forbidden, all other photons are allowed
to propagate.8–13 In an ideal case, the lattice spacing, and the
dielectric contrast of the composite determine the photonic
stop-band properties.14–16 Tuning of these parameters has been
shown to improve the stop-band properties to the extent to
which the stop-band formed is able to restrict photon propa-
gation within the whole of the optical Brillouin zone, i.e. irre-
spective of the propagation direction. Such a stop-band is also
known as full PBG in contrast to the more directional pseudo-
gaps which are oen observed for lower refractive index
contrast media.17–20 Although periodic structures with full PBGs
have been realized at the longer wavelength region (above near-
infrared) of the electromagnetic spectrum using 3D PC

structures,21–25 the realization of full PBGs at the visible light
frequencies still remains a challenge. The major bottlenecks
hindering its successful realization are (i), the inherent limita-
tion and high costs associated with the use of top-down micro-
fabrication approaches in creating 3D structures with precise
sub-micron periodicity and (ii), the unavailability of suitable
high dielectric materials having negligible absorption in the
visible frequency range.

The generic aim of most photonic crystals research is to
achieve control over the manipulation and utilization of
photons in order to enable novel technological platforms.26–34

While control over spontaneous emission is at the heart of
many potential photonic crystal-based technologies,3,25,35–37

more and more exciting avenues are driving the research into
new application areas.27,38–40 For example the use of photonic
crystals in solar cells and sensors, and also the effective utili-
zation of diffuse scattering by photonic crystals to enhance LED
lighting efficiency. This latter application is one example of this
technology where the formation of a complete PBG is not a
specic requirement.33,41

Of direct relevance to this type of application we show here
how the two-in-one functional properties of pre-formed silicon
nanocrystals – namely their high refractive index and tuneable
photoluminescence (PL) emission, can be effectively utilized to
improve rst the visible light PBG properties as evidenced by
the broadening of the stop-band and the overlap of specic
features in the reectance spectra and then to demonstrate the
modication of PL emission in the presence of the altered PBG.
The method presented here is straightforward and potentially
scalable to large area fabrication of robust 3D inverse opal
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structures. Importantly, the method described42,43 does not
require the use of any complicated deposition, annealing43 and
etching processes.

Experimental
Synthesis of PMMA colloidal particles

Methyl methacrylate (MMA) and potassium persulfate were
purchased from Aldrich. Millipore water (18.2 MΏ cm) was used
as the medium of reaction. The PMMA colloid of mean particle
size 290 nm (relative standard deviation < 5%) was prepared by
an emulsier-free emulsion polymerization in water in the
presence of the initiator potassium persulfate at a reaction
temperature of 80 �C. The reaction mixture was kept stirring
throughout the reaction at a speed of 500 RPM. Millipore water
was rst bubbled with nitrogen gas for 20 minutes. Aer this,
15 mL of MMA was added under nitrogen atmosphere followed
by 0.19 g of potassium persulfate. The solution was then heated
to 80 �C and maintained at this temperature for 40 minutes for
the completion of the polymerization. Aer the polymerization
reaction, the colloid was centrifuged and washed 5–6 times
using Millipore water and used.

Preparation of silica inverse opal (SIO) templates

The SIO templates were prepared by a controlled evaporation
self-assembly method, slightly modied from the previous
reports44,45 in order to combat the PMMA swelling issue, from a
colloidal dispersion containing PMMA particles and pre-
hydrolyzed tetraethyl orthosilicate (TEOS), onto a clean glass
substrate placed in a slanted position in a glass vial. Precisely,
0.1 V% (8 mL) of PMMA particles of mean particle size 290 nm
was allowed to evaporate at a temperature of 65 �C in presence
of 0.16 mL of pre-hydrolyzed TEOS precursor solution prepared
by mixing acetic acid, TEOS and Millipore water in the volume
ratio (1 : 1 : 8). Acetic acid here plays a dual role as chelating
agent and acid catalyst for the polymeric hydrolysis of the TEOS
precursor to form a homogeneous silica sol.46,47 The use of
acetic acid also helps to avoid the use of ethanol which induces
swelling of the PMMA particles. The formed opal is then
immersed in acetone for 2 h with changing the solution a
couple of times for a complete dissolution of the PMMA
template to obtain the inverse opals.

The opal templates were then characterized using a Perkin-
Elmer Lambda 950 spectrophotometer for their PBG properties.
Angle-resolved reection spectra of the samples were acquired
at varying angles of incidence, q, with respect to the (111)
surface normal from 8� to 65� for the wavelength range of 200–
2000 nm. For that, the samples were illuminated by a collimated
beam of UV/Vis/NIR light with a spot diameter of 5 mm � 5 mm
obtained from pre-aligned tungsten-halogen and deuterium
sources. A combination of high performance Peltier-cooled
InGaAs and PbS detectors were used for signal detection.

Chemical synthesis and purication of silicon nanocrystals

The synthesis of the Si nanocrystals is adapted from themethod
reported by Tilley and co-workers.48 All reagents and solvents

were purchased from Sigma-Aldrich Ltd. and used as received.
In nitrogen lled glove-box, 0.00274 mol of tetraoctylammo-
nium bromide (TOAB) was dissolved in 100 mL anhydrous
toluene. 1.0 mL (0.0087 mol) SiCl4 was added to the above
solution and the mixture was le to stir for 30 min. Si nano-
crystals were then formed by the drop wise addition of 6 mL of
1 M lithium aluminium hydride in THF over a period of 2 min.
The solution was then le to react for 2.5 h. The excess reducing
agent was then quenched with the addition of 60 mL methanol,
upon which the dispersion became transparent. At this stage of
the reaction, the silicon nanocrystals are terminated by
hydrogen and encapsulated in a TOAB micelle. Chemically
passivated nanocrystals were then formed by modifying the
silicon-hydrogen bonds at the surface through addition of
200 mL of a 0.1 M H2PtCl6 in isopropyl alcohol as a catalyst
followed by 6 mL of allylamine. Aer stirring for 2.5 h, the Si
nanocrystals were removed from the glove box and the organic
solvent was removed by rotary evaporation. The resulting dry
powder (consisting mainly of surfactant) was then redispersed
in 50 mL of distilled water and sonicated for 30 min. To remove
the surfactant, the solution was rst ltered twice using PVDF
membrane lters (MILLEX-HV, Millipore 0.22 mM), aer which
the doubly ltered solution was concentrated down to 1 mL and
puried via column chromatography using Sephadex gel LH-20
as the stationary phase. Fractions were collected every 50 drops
at a ow rate of a drop every 5 s. A hand held UV lamp (365 nm)
was used to check each fraction for Si nanocrystal lumines-
cence. The fractions were then combined and reduced to a total
volume of 20 mL.

Characterisation of silicon nanocrystals

PL spectra with an excitation wavelength of 325 nm were recor-
ded on a Perkin Elmer LS 50 luminescence spectrophotometer
equipped with a pulsed Xenon discharge lamp and Monk-Gil-
lieson monochromators. PL spectra of the silicon nanocrystal
dispersions were recorded at room temperature using a quartz
cuvette (1 cm), while spectra of the SIO and ncSi-SIO samples
were recorded using a custom-built front face illumination
insert. For that the opal sample was held at an angle of 22.5
degrees with respect to the excitation beam. The excitation and
detection pathways were kept at standard 90 degree angle.
Transmission Electron Microscopy (TEM) images were recorded
using a JEOL 2100 electron microscope operating at 200 kV and
equipped with a LAB6 electron source. TEM samples were
prepared by depositing evaporating aliquots of the silicon
nanocrystal dispersion onto a carbon coated TEM grid.

Aerosol-assisted inltration of silicon nanocrystals

A modied aerosol-assisted chemical vapour deposition
(AACVD)49 system consisting of a tubular quartz reactor con-
taining a graphite susceptor was used for nanocrystal inltra-
tion. 10 mL of nanocrystal solution (ncSis in water with a
concentration of ca. 30 � 10�6 M L�1 (30 micromolar)) was held
in a container above the metal diaphragm of a modied
commercially available ultrasonic humidier to form an aero-
sol. The aerosol generated was swept into the reaction zone
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using a nitrogen carrier gas (1.58 L min�1) metered from amass
ow controller. The sample was maintained at 200 �C during
exposure to the aerosol. The exposure time of the opal sample to
the aerosol was 45 minutes. This sample was named as ncSi-
SIO-1 and the sample prepared with double its concentration
(60 mM) ncSi as ncSi-SIO-2 in the following discussions.

Electron microscopy analysis of the opals

The top-view and cross-sectional scanning electron microscope
(SEM) images of the IOs before and aer ncSi deposition are
obtained using a FEI Quanta 650 FEG High Resolution SEM.
TEM cross section sample was prepared using Focused Ion
Beam (FIB) (FEI DualBeam FIB Helios Nanolab 600i). At rst,
the top of the opal sample was deposited/protected with layers
of carbon and platinum by electron beam induced deposition
(EBID) method. Aer depositing a thicker ion beam induced
(IBID) protection layer of platinum the lamellae is cut out and
attached to a TEM grid. Then the lamellae are thinned down to
approx. 300–500 nm using the FIB at 30 kV. The nal polishing
is done with 2 kV in order to minimize the FIB induced damage
to 2 nm per side. The targeted nal thickness is in the range of
200–400 nm to represent one opal layer thick sample. The cross
sections are analyzed at 200 kV with JEOL JEM-2100 TEM with
Oxford Inca EDX.

Results and discussion

In order to probe the structural periodicity as well as the extent
and consistency of the opal structures; and to compare the
micro structural change occurred for the IO before and aer
silicon nanocrystal incorporation, SEM top-view and cross-

sectional images were obtained. The SEM images are taken
from the same opal sample before and aer silicon nanocrystal
incorporation for an unambiguous comparison. Fig. 1 shows
SEM top-view and cross-section images of the SIOs before
(Fig. 1a and b) and aer nanocrystal incorporation (Fig. 1c and
d). As the SEM of the opal before nanocrystal incorporation was
recorded without the use of gold/palladium sputtering designed
to reduce charging effects, the image quality is a little
compromised as a result of charging effects. However, the SEM
images show the extensive 3D connectivity in the SIO structure.
The high quality of the inverse opal template can be appreciated
from the fact that the three-coordinate interconnects from the
second, third and the subsequent layers underneath can be
observed. The incorporation of ncSis can be appreciated from
the difference in surface texture of the silica skeleton (walls)
supporting the air spheres. While the SIO shows smooth silica
walls, nanocrystal incorporation made the walls thicker and
rougher. A corresponding reduction in the air sphere diameter
is also observed, where the air sphere diameter reduced from
295 nm for the SIO to 281 nm for the ncSi-SIO-2. The presence of
nanocrystals in the structure is further conrmed by TEM
analysis from a cross-section obtained by FIB slicing. The TEM
cross-section image presented in Fig. 1e, the selected area
electron diffraction (SAED) pattern obtained from the area
highlighted by a rectangular box in Fig. 1e (Fig. 1f) and the SAED
pattern of the pre-formed silicon nanocrystals (Fig. 1h) all
conrm the nature and presence of the nanocrystals in the
structure. The SAED patterns show the presence of {331} and
{113} planes of silicon. The diffuse nature of the ring patterns
indicates that the nanocrystal surfaces may be partially
oxidized, which is not surprising. The TEM image of the pre-
formed nanocrystals is presented in Fig. 1g. The particle size

Fig. 1 SEM top view image of SIO (a), and cross-section image of the same opal template (b). SEM top view image of opal infiltrated with silicon
nanocrystals (ncSi-SIO-2) (c), and cross-section image of the same sample (d). (e) TEM cross-section image of ncSi-SIO-2 prepared by FIB
milling. (f) SAED pattern from the area highlighted by a black rectangular box in image (e). (g) HRTEM image of ncSis used for deposition with its
histogram representing particle size distribution in the inset. (h) SAED pattern of preformed ncSi shown in image (g). The rings represent the {113}
and {331} planes of silicon.
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distribution tabulated from the TEM image (inset of Fig. 1g)
shows that ncSi particles are formed in the size range 2.5–5 nm
by the described method.

The robustness of the structure can be appreciated from the
fact that the 12 layer thick composite SIO structure remained
intact against collapsing even aer FIB slicing to just a thin
cross-section (Fig. 1e). This thin slice could withstand the
pressure applied from the protective carbon/platinum plating
employed prior to the FIB milling. We believe that the defor-
mation of the top four layers of the template from spherical
‘holes’ towards a more egg-like shape is due to the pressure
induced on from the platinum/carbon plating. The presence of
platinum can be observed as a black inltrate at the top layer
(on the right hand side) of the composite SIO. Furthermore, the
ability of the method to prepare robust large area, large domain
size composite SIOs and SIO opals can be appreciated from the
large area SEM images presented in the (ESI 1†).

The stop-gap properties of the samples were evaluated by
recording the reection spectra of samples at varying incidence
angles, q, 8� to 65� to the surface normal using a Perkin-Elmer
Lambda 950 spectrophotometer in the wavelength range 200–
2000 nm. The reection spectra were recorded from the same
SIO sample from almost the same spot before and aer silicon
nanocrystal incorporation. Fig. 2a shows the optical reection
spectra of SIO, modied ncSi-SIO-1 (deposited from 10 mL of
silicon nanocrystal solution of concentration ca. 30 � 10�6 M
L�1) and modied ncSi-SIO-2 (deposited from a 10 mL silicon
nanocrystal solution having twice the amount of silicon nano-
crystals) samples recorded at 8� incidence. Fig. 2b–d show the
optical reection spectra of SIO, ncSi-SIO-1 and ncSi-SIO-2

samples recorded at incidence angles 8� to 30� to the opal
surface normal.

As may be seen the incorporation of silicon nanocrystals
resulted in a 44 nm red-shi of the stop-band for ncSi-SIO-2
(lmax, 672 nm) and a 32 nm red-shi for the stop-band of ncSi-
SIO-1 (lmax, 660 nm) as compared to the bare SIO (lmax, 628
nm). In addition to the red-shi, both the rst order and second
order stop-bands of ncSi-SIO-2 (672 nm and 371 nm respec-
tively) show signicant band broadening compared to the bare
SIO (628 nm and 324 nm respectively). In contrast the reduced
level of silicon nanocrystal incorporation via inltration from
the more dilute solution (ncSi-SIO-1) resulted in only a
moderate band broadening for the ncSi-SIO-1 sample. As a
result, the gap-to-mid-gap ratio (Dl/l), which also represents
the strength of the PBG, has increased from �6.6% for SIO to
�7.3% for ncSi-SIO-1 and to �18.0% for ncSi-SIO-2 samples in
the incidence angle range 8� to 30�. The band broadening in
turn resulted in an enhanced spectral overlapping for the ncSi-
SIO-2 (Fig. 2d), for incidence angles 8� to 30�, as compared to
the more dispersive stop-bands for the bare SIO (Fig. 2b) and
ncSi-SIO-1 samples.

This result demonstrates the efficacy and tuneability of the
aerosol-assisted inltration method for the incorporation of
silicon nanocrystals into the SIO template. The effect of nano-
crystal incorporation can also be evidenced from the modi-
cation of the effective refractive indices (neff) for the ncSi-SIO-1
and ncSi-SIO-2 samples as compared to the bare SIO, as calcu-
lated from the plot of sin2 q vs. lmax

2 (Fig. 2e). The neff is
increased to 1.22 for ncSi-SIO-1 and further to 1.40 for ncSi-SIO-
2 from that of 1.12 for the bare SIO. The refractive indices of the

Fig. 2 (a) Reflection spectra of SIO, ncSi-SIO-1 and ncSi-SIO-2 samples recorded at an incidence angle of 8� to the opal surface normal. (b)
Angle-resolved reflection spectra of SIO (c) ncSi-SIO-1 and (d) ncSi-SIO-2 samples recorded at incidence angles 8� to 30�. (e) Plot of sin2 q vs.
lmax

2 of the three opals. (f) PL emission spectra of ncSi-SIO-1, SIO (both collected at 60� angle to the opal surface normal) and ncSi solution.
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composite silicon nanocrystal/silica backbone have increased to
1.69 and 2.16 for ncSi-SIO-1 and ncSi-SIO-2 samples respectively
from that of 1.40 for bare silica backbone of SIO. All of these
data were obtained from the optical data by solving the Bragg–
Snell relation for photonic crystals: l2max ¼ 4d2(n2eff � sin2 q);
where lmax is the wavelength maximum of the reectance band,
d is the lattice spacing, neff is the effective refractive index of the
photonic crystal, and q is the angle of incidence of the
impinging electromagnetic radiation to the photonic crystal
surface normal.50,51

Furthermore, above 30� incidence, the simultaneous
multiple Bragg diffraction-induced multiple Bragg-wave
coupling from the (111) and (200) planes of the inverse opal
resulted in the modication of the stop-bands52 (not shown
here). As a result the Dl/l further increased to >12% and >30%
for ncSi-SIO-1 and ncSi-SIO-2 respectively from that of �8% for
SIO. In addition, a less intense, almost non-dispersive band is
observed at the high frequency region (�230 nm) for the
modied SIO samples (Fig. 2a). This feature is assigned to be
due to the Van Hove singularities indicating the presence of
good periodicity in the 3D IO structure.53–55

Despite resulting in band broadening and some spectral
overlap, silicon nanocrystal incorporation has resulted in
enhanced stop-bands for the nanocrystal composite ncSi-SIO
samples as compared to the bare SIO, as evidenced from the
increase in the gap to mid-gap ratio. However the reectance
properties of ncSi-SIO sample is reduced over an order of
magnitude due to the loss mechanisms as discussed in the
following discussion.

The increase in refractive index contrast is modest – and not
as large as that which has been achieved previously in all silicon
inverse opals prepared by other methods.56 However, the signif-
icant red-shi (44 nm) in the stop-band as well as its reduced
dispersion, which reects its tendency to form a complete PBG,
as compared to the SIO sample, indicates the clear inuence of
the formation of a thin layer of silicon nanocrystals on the SIO
walls for the composite SIO samples. Although the near non-
dispersive nature of the stop-bands of composite SIO samples
theoretically suggests that nanocrystal inltration is isotropic
and occurs on all exposed walls of the SIO structure, it is possible
that the diminished stop-bands arise from enhanced scattering
effects and/or possible interference from the organics used for
ncSi synthesis and functionalization57 – in other words such
effects may arise because the nanocrystalline siliconmay contain
lower refractive index contamination.

The realization of ncSi patterning onto the walls of SIO
structure was further examined by PL emission studies. In
principle, the light emitted from the semiconductor ncSis should
be modied in presence of the dielectric periodicity of the ncSi-
SIO structure.29,30,58–65 Fig. 2f shows the PL spectra of ncSi prior to
deposition (blue line), SIO (black line) and ncSi-SIO-1 (red line).
Since in the PL measurements, the emitted light is collected at
60� angle with respect to the opal surface normal, the reection
and transmission spectra of ncSi-SIO-1 sample measured at 60�

incidence is also recorded and presented in ESI 2.† The ncSi
solution used here is characterized with a broad emission cen-
tred at�400 nm,66 possibly resulting from factors such as (i), the

excitonic emission of nanocrystals of diameter <5 nm67–70 (ii), the
modication of said emission by the amine surface passivation
employed and (iii), possible charge carrier recombination at the
oxidised surfaces.71,72 The modied emission of ncSis when
integrated into the SIO-1 structure shows almost similar spectral
features but with a comparatively lower intensity. The SIO
sample prior to deposition on the other hand exhibits a negli-
gible background emission. The fact that the PL emission does
not fall in the band-edge wavelength of the ncSi-SIO opal theo-
retically rules out the enhancement of PL emission. The slightly
attenuated/diminished PL emission in this case may be attrib-
uted to the effect of the diffuse scattering resulting from the
presence of disorder (dislocations, point defects and line defects)
inherent to the SIO structure, to possible absorption losses due
to the ncSis, as well as to a possible interference from the
roughened interfaces of the ncSi-SIO structure, which happens to
be higher at the higher energy region of the stop-band.73 Overall,
the observation of much of the ncSi PL emission spectrum
despite the presence of various loss mechanisms underlines the
efficacy of 3D patterning by the method presented here.

The method described here is signicant considering its
ability to integrate functional materials into complex 3D
structures by a simple process. Furthermore the preparation of
integrated-silicon inverse opals as described here may have
potential technological implications in view of the ability of
silicon to be integrated with many existing industrial
processes. For example as noted earlier silicon has already
been identied as one ideal material for the development of
complete PBGs in 3D photonic crystals22,54,55,74,75 although
germanium has also been used due to its similarities in
properties to silicon.20,76–79

Concerning the specic topic of optimising the PBG prop-
erties in silicon based photonic crystals previous reports have
focused on the fabrication of silicon inverse opals by means of
colloidal crystal templating,80 i.e. by rst depositing crystalline
silicon into a silica photonic crystal template using chemical
vapour deposition of a suitable precursor75 followed by removal
of the silica template by chemical dissolution.54 However, the
complexity of the method, involving as it does many intricate
fabrication steps, and in particular the harsh HF chemical
dissolution step, may pose serious limitations when it comes to
maintaining the robustness of the structure and the reproduc-
ibility and scale up of the process.

To the best of our knowledge, all previous silicon based
methods have demonstrated mostly near-infrared to infrared
PBG properties. The effective integration of silicon into the
photonic crystal template without compromising its structural
periodicity and robustness has been a challenge for the devel-
opment of visible light responsive photonic crystals. The
method presented here is simple, straightforward and clearly
addresses many of the limitations of the previously reported
methods. Firstly, the large area, robust SIOs can be prepared by
a mild chemical leaching method, just by immersing the PC in
acetone, which avoids the harsh HF etching processes as has
been used by the previously reported methods. The use of a
sacricial PMMA template is hence very signicant in this
method, because of its complete leachability in acetone.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C
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Secondly, the use of SIO as template allows an effective and
straightforward deposition of ncSi due to its highly accessible
interconnected larger spherical air spaces than just the narrow
and small void spaces in 3D PCs. The successful realization of
the 3D patterning of ncSi here is achieved by combining these
two straightforward processes, hence making it simple yet
scalable.

In addition previous methods adopted for the preparation of
sub-micrometric 3D inverse opals were based on the deposition
of the required dielectric/functional material into the voids of
self-assembled opal templates by means of chemical inltration
followed by reduction,78,81,82 electrodeposition,38,83–86 atomic
layer deposition (ALD)87–90 or by CVD.22,39,54,91 Although these
methods have enabled the experimental validation of some of
the unique optical properties of high dielectric contrast PCs, the
extensive use of themmay be limited due to a number of factors
such as the complexity of the steps involved, the structural
fragility of the opals prepared, as well as their limitations in
achieving a uniform inltration/deposition. Although ALD
enables an atomic level conformal deposition of functional
materials into the template void spaces,92 the lengthy cycles
(time and cost) needed is a matter of concern in many appli-
cation elds.

Conclusions

In conclusion, we have presented a simplied fabrication of
‘tuneable’93 silicon-silica inverse opals using a colloidal crystal
templating method combined with aerosol-assisted nano-
crystal inltration within the inverse opal. This method
enables the 3D patterning of ncSis into robust silicon-silica
inverse opals of larger areas and domain sizes. The highly
accessible and robust 3D air spheres facilitated an effective
deposition of ncSis onto all the available 3D silica walls in the
structure. The method offers a signicant advancement on the
effective integration of functional/high dielectric materials
into complex 3D structures. While the effective integration of
ncSis facilitates photonic stop-band broadening and subse-
quent spectral overlap in the visible light frequency region, the
exibility of tuning the ncSi PL emission by a pre-deposition
step should enable an effective control of light emitting
features with respect to the PBG, thus offering great promise
for future photonic technologies. Currently we are in the
process of tuning the template photonic stop-gap frequencies
and ncSi PL emission for the enhancement of the efficiencies
of LED devices. Finally we note that the method of introducing
the ncSi is quite generic and could also be used to incorporate
other nanostructured materials including plasmonically active
metal particles, biologically active nanoparticles or particles
having tailored catalytic activity.
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C. López, Adv. Mater., 2011, 23, 5219.

71 M. J. Sailor and E. C. Wu, Adv. Funct. Mater., 2009, 19, 3195.
72 S. Godefroo, M. Hayne, M. Jivanescu, A. Stesmans,

M. Zacharias, O. I. Lebedev, G. V. Tendeloo and
V. V. Moshchalkov, Nat. Nanotechnol., 2008, 3, 174.

73 J. Ma, B. R. Parajuli, M. G. Ghossoub, A. Mihi, J. Sadhu,
P. V. Braun and S. Sinha, Nano Lett., 2013, 13, 618.

74 A. Birner, R. B. Wehrspohn, U. M. Gösele and K. Busch, 13,
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Chapter 8: Summary, 
Conclusions and Suggestions 
for Future Work 
 

8.1 Summary and Conclusions  
A modified method for the synthesis of colloidal PMMA particles having a high degree 

of monodispersity (<5% PD) has been developed. This method has been used in the 

fabrication of high-quality PMMA-based photonic crystals using dip coating and 

controlled evaporation methods. 

 

Inverse metallic (Ni and Au) PhCs with near 100% void filling have been fabricated via 

an electrodeposition process. Increased metal deposition was achieved by increasing the 

electrodeposition time. 

 

Pre-formed Au nanoparticles having well-defined plasmon resonances have been 

successfully incorporated onto the surfaces PMMA spheres by the use of a PEI primer 

method. This is an improved coating method as compared to those previously described 

in the literature. 
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PMMA@Au core-shell particle PhC films were successfully prepared, without the need 

of a secondary shell, by controlled evaporation deposition. Films produced show 

photonic band gap effects. A study of the optical properties of the bare PMMA structure 

and the PMMA@Au structure reveals that the Au appears to effectively suppress much of 

the Bragg reflection seen for the bare sample. The angle resolved optical reflectance 

spectra of materials constructed by assembling dielectric@metal core-shell particles, 

silica-Au NPs and nanocrystalline silicon-silica inverse opal show good agreement with 

the Bragg–Snell correlation respectively.  

 

Co-crystallisation has been shown to be a simple and efficient method for making added-

value metallodielectric photonic crystals 

 

A new method for the fabrication of inverted opals containing pre-formed silicon 

nanoparticles using aerosol assisted CVD was successfully achieved. 

In conclusion, this work has studied a number of different PMMA- based colloidal 

photonic band gap systems and has demonstrated simple chemical procedures by which 

bare polymer materials may be enhanced either by subsequent processing or via the use 

of methods which induce changes during fabrication. The materials produced are of 

interest not only from the perspective of being templates for the formation of inverted, 

higher refractive index contrast materials, but also in their own right as materials which 
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can utilise the properties of pre-formed nanoparticles. These latter materials may find 

application in a range of devices including photovoltaics, filters and waveguides.  

 

8.2 Suggestions for Future Work  
 

There are several possibilities for future work based on an extension of the work 

presented in this thesis. Most of these would impact in terms of real, practical 

applications, which have really only been touched upon in this thesis. Some of them are 

outlined below: 

 A more detailed quantitative analysis on the effect of plasmonic–photonic mode-

coupling on the band gap properties should be studied in the future. In addition, the 

possible use of such structures for surface-enhanced Raman spectroscopy should be 

explored, see Appendix A. 

 The process of co-crystallisation, whereby added functionality is introduced into 

the photonic crystal during the assembly process has yet to be fully exploited. Typical 

additional applications of this approach could include the development of light-induced 

drug release materials possibly in the form of skin patches, novel photo-catalysts for air 

and water purification that display an advantage over conventional materials such as TiO2 

particles in that the efficiency of light coupling to the photocatalyst may be enhanced, 

novel sensor-based devices that exploit the optical properties of immobilised 
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nanoparticles and, as noted at various points in the thesis, improved photovoltaic devices 

possibly involving sensitisation using nanoparticles. 

 

 Plasmon-photonic band gap coupling effects implied by certain measurements 

made in this work should be the subject of a much more detailed analysis in order to 

verify or deny their existence. Such coupling provides a potential route to the directional 

extraction of light trapped within a photonic crystal, which may have many different 

applications if only it could be reproducibly controlled.  

 

 Finally, the use of roll-to-roll assembly methods for PMMA-based photonic 

crystals and the co-crystallised materials should be explored, since this could provide a 

means of fabricating large-area, high-volume based materials which would be cheaper 

and which would permit the development of a range of innovative new products. At the 

time of writing it is known that such experiments are underway in our laboratories. 
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Appendix A: Preliminary Studies of the use 

of Metallodielectric Photonic Crystals as 

Substrates for Surface-Enhanced Raman 

Spectroscopy 

 
A.1 Introduction  

Metal nanoparticles are well-known to possess interesting and useful electronic, 

magnetic, optical and catalytic properties which are different from those of their bulk 

counterparts. Nanoparticles of the noble metals (silver and gold) offer broad absorption 

bands in the visible region of the electromagnetic spectrum, and their solutions possess 

very intense colours which are absent in the bulk material [1]. This behaviour is 

attributed to the collective oscillation of the free conduction electrons when they are 

resonant with an applied electromagnetic field and these metals possess localized surface 

plasmon resonance (LSPR) properties. The LSPR frequency of the nanoparticles is a 

function of their shape and of the surrounding medium [2]. The unique characteristics of 

LSPR form the basis of a plethora of applications in diverse fields ranging from 

electronics and photonics [3], sensing and catalysis, [4, 5] to biology and medicine [6, 7]. 

Furthermore, LSPR is also responsible for the electromagnetic field enhancements that 
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lead to surface-enhanced Raman spectroscopy (SERS) and other surface-enhanced 

spectroscopic processes [8].  

It is well established that molecules adsorbed at certain (rough) metal surfaces and 

nanoparticles show strong SERS, a phenomenon which was discovered by Fleischmann 

et al. in 1974 [9]. This effect was observed whilst using Raman scattering to probe the 

electrochemical reaction of pyridine at roughened silver (Ag) electrodes, and is 

responsible for an enhancement of up to 10
16

 fold in Raman scattering from the adsorbed 

molecules. There are two sources of the SERS effect: electromagnetic and chemical. The 

latter is considered to arise from the effect of the metal on the bonding in molecules 

adsorbed at the metal surface. The electromagnetic SERS phenomenon is observed when 

incident light excites localized plasmons of the metal, increasing the electromagnetic 

field near the metallic surface and resulting in an enhancement of the Raman signal of 

nearby molecules by many orders of magnitude [10]. Because each molecule has a 

distinct vibrational spectrum, exploitation of the SERS effect allows molecules upon 

noble metal nanoparticles to be uniquely identified by Raman spectroscopy [11, 12].  

Baumberg et al. have clearly demonstrated [13] the resonant plasmon enhancement of the 

SERS signal by using nanostructured metal surfaces. Sharp enhancements occur when the 

laser is scanned through a plasmon resonance (ingoing) and also when individual Raman 

scattered lines coincide with plasmon resonances (outgoing). Mahajan et al. have 

presented [14] the fabrication of sphere segment void (SSV) substrates by colloidal 

crystal-templated electrodeposition in surface-enhanced Raman spectroscopy (SERS) 
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applications. SSV substrates support a variety of plasmon modes which scale with cavity 

dimensions and give rise to SERS enhancements of 10
6
 or greater.  

Gold (Au NPs) and silver nanoparticles (Ag NPs) have most notably been used in SERS 

applications because their plasmon resonance frequencies fall within the visible and near-

infra red regions of the electromagnetic spectrum, and are thus ideal to excite Raman 

modes. It is well known that Ag NPs possess an intense SERS enhancement; however, 

these species are prone to oxidation. Consequently, Au NPs are used in SERS 

applications on account of their stability, biocompatibility and scope for surface 

chemistry, although their SERS enhancements are not as significant as with Ag [11].  

In this Appendix, the work on our Au NPs described in previous chapters has been used 

in a series of preliminary studies aimed at identifying potential SERS-active structures. 

The essential proposition that is explored concerns (i), the possible enhancement of 

scattering intensity resulting from the Au NPs employed as part of the architecture of the 

materials and (ii), the possible use of the photonic band gap to capture Raman light 

scattered over 4 steradians and channel this light towards the detector. 

Although these initial experiments have not been entirely successful, they have revealed a 

possible SERS effect for one type of material produced here which may be accounted for 

using conventional SERS theory. The work also reveals which issues need to be resolved 

if such materials are ever to be used as cheap, reproducible substrates for SERS 

experiments.   
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A.2 Results and Discussion 

A.2.1 Optical Absorption from PMMA: Au Nanoparticle Composite Films 

Au NPs were utilized in this work since as shown in Chapter 4 they could be added to the 

surface of PMMA particles of diameter 373 nm to form a so-called core-shell system. 

This work was extended in Chapter 6 in order to fabricate silica-Au inverse opals. 

UV/Vis absorption spectra were recorded from both of these materials and are shown in 

Figures A.1 and A.2.  From Figures A.1 and A.2 it may be seen that the surface plasmon 

resonance (SPR) bands of the PMMA@Au core-shell material and the silica-Au inverse 

opal film appear at ca. 540 nm and 562 nm, respectively. The plasmon is much more 

clearly defined for the inverted sample as evidenced by the presence of a well-defined 

peak, as compared to the broad, weak feature seen for the core-shell sample. 

Possible reasons for the differences in the absorption spectra for the two types of samples 

are: 

(i) The inverted structure contains much more Au than the core-shell system, 

while the Au deposit in the inverted samples is also more random, consisting 

of more isolated nanoparticles as described in Chapter 6, suggesting that a 

degree of roughness comparable with the diameter of the NPs is preserved 

upon infiltration with the gold NPs. 
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(ii) The differences may arise from the change in composite dielectric function.  It is 

well-known [11] that the increase in the refractive index of the surrounding 

medium and the decrease in the inter-particle distance between neighbouring 

metal nanoparticles influence the spectral features of samples containing 

dispersed metal nanoparticles. 

From the point of view of a possible resonance effect arising from such materials, 

both samples would have some degree of overlap between the wavelength of the 

plasmon related feature and the laser line used to generate Raman spectra (514 nm) 

see next section.  

 

 

Figure A.1 Absorbance spectrum from a PMMA@Au film. 
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Figure A.2 Absorbance spectrum from a silica-Au inverse opal film. 

 

A.2.2 Surface-Enhanced Raman Spectroscopy (SERS) Effects  

 

Preliminary Raman studies were performed using the core-shell structure, Figure A.3.  

Not shown in Figure A.3 are the results obtained from an inverted structure and a plain 

Au film deposited onto glass and coated with a typical target analyte, 4-aminothiophenol 

(4-ATP). 

This ‘control’ sample showed no evidence of any SERS enhancement effect, possibly 

because the film was flat and smooth and hence would not be expected to have a plasmon 

resonance near the wavelength of the laser line [15]. 
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Concerning the samples evaluated here, Figure A.3 (a) is a typical Raman spectrum 

recorded from a bare PMMA opal film containing no Au NPs. This spectrum shows a 

number of features which are consistent with the structure of the PMMA. 

Figure A.3 (b) is then a Raman spectrum recorded from the core-shell sample. Clearly 

some PMMA features are apparent, but from a preliminary comparison of scattering 

intensities with Figure A.3 (a) one would conclude that the spectrum shown in Figure A.3 

(b) does indeed show some possible enhancement in intensity. Furthermore the more 

‘simple’ spectrum (fewer bands) that is observed (again in comparison to that shown in 

Figure A.3 (a)) is reminiscent of the type of SERS spectra reported previously, where 

only certain vibrational modes appear in the SER spectrum- i.e. the SERS process 

demonstrates the operation of some new ‘selection rules’[11].  

Further control samples demonstrate that as might be expected, neither the Raman 

spectrum from a silica inverted opal nor that from an inverse silica opal+Au NPs shows 

any molecular vibrations due to the absence of any molecular species other than the silica 

itself.  

Silica is a highly polar material and as such it gives rise to intense absorptions in the 

infrared region and only very weak Raman scattering [16, 17]. 

Thus it may be concluded that Figure A.3 (b) possibly represents a genuine example of a 

SERS signal, coming from the PMMA that is attached to, or very close to the plasmonic 

gold structure. Obviously further work is required in order to confirm or deny this 
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hypothesis, but this result could represent an example of the use of a simple, cheap, 

robust substrate that could be used in routine SERS investigations. 

Clearly if there is any enhancement of the Raman signal in Figure A.3 (b) the 

enhancement factor must be quite low, perhaps only between 3x  and 5x, as compared to 

the ‘normal’ Raman spectrum in Figure A.3 (a). This might be due to a lack of coupling 

of the incident radiation to the plasmon associated with the gold structure, which might 

be structural, or electronic in nature. 

Structural factors seem unlikely to play a role here since a reduction in the enhancement 

factor would imply that the PMMA is not ‘close’ to the gold structure. 

Alternatively a weak enhancement may arise because of the relationship between the 

exciting line and the electronic structure of the metal. It is known that the magnitude of 

the SERS effect can be affected by the wavelength of the laser used and the SPR 

wavelength of the metal nanoparticles, and thus some matching of the laser wavelength 

with the metal compositions is desirable. Wavelength-scanned SERS experiments by 

McFarland et al. [18] have shown that for a fixed Raman shift the surface plasmon 

wavelength should be roughly halfway between the incident laser wavelength and the 

Stokes shifted wavelength. They found that the SERS enhancement factor increases as 

the LSPR and laser wavelength are simultaneously shifted toward the red (up to a 

maximum wavelength of 785 nm).  
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Our data show that the enhancement in intensity of the Raman spectrum from the 

PMMA@Au core-shell material at the laser wavelength 514 nm, if indeed there is any, is 

quite weak. Where gold has been used previously for SERS experiments this 

phenomenon has been attributed to the presence of an inter-band transition near the green 

region of the spectrum for Au [19]. Indeed it has been found that efficient SERS from 

gold can only be observed when exciting with longer wavelength radiation, below the 

energy of the inter-band transition.  

Thus it is suggested that experiments should be repeated using longer wavelength 

exciting lines in order to fully test this hypothesis. 

 

 

Figure A.3  Raman spectra of a) PMMA bare opal film b) PMMA@Au core-shell film 

The excitation wavelength λ = 514 nm, diameter spot size = 1µm, laser power = 5mW 

and accumulation time = 30 s.  
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In terms of testing the ability of the photonic crystal to ‘focus’ the Raman scattered light 

towards the detector, it is not possible to comment on the efficacy or otherwise of this 

process for the samples shown here without considerably more experimental data. 

However, it is possible to speculate on the nature of an experiment that would allow 

spatial separation of the exciting line and the Raman line for the PMMA@Au sample. 

Firstly it would be necessary to shift the dispersion of the Bragg peak into an appropriate 

region of the spectrum. By trial and error, it may be shown that this would lie around 800 

nm, being a wavelength that is readily accessible using a Ti:sapphire laser for example 

[20]. 

For the purposes of this example it will be assumed that the most intense Raman feature 

occurs at ca. 1000 cm
-1

 Raman shift. In absolute terms this equates to an energy of the 

Raman photon arising from the 800 nm line of the laser of 12500 cm
-1

 - 1000 cm
-1

 

(Stokes shift) = 11500 cm
-1

. In turn this becomes equivalent to a photon of wavelength 

869 nm. 

Thus between the Rayleigh line scattering at 800 nm and the Raman scattering at 869 nm 

there is a shift equivalent to 69 nm in wavelength.                                                                                                                             

We can now apply the Bragg-Snell equation to calculate the difference between the 

angles at which the Bragg peak associated with each wavelength would be expected. 
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Taking the composite refractive index ηeff as 1.51 (see chapter 4) and assuming a layer 

spacing of 305 nm based on the diameter of the PMMA spheres, we obtain for the two 

wavelengths concerned: 

800 nm = 2 x 305nm ((1.51)
2
- sin

2
1)

1/2
 

869 nm = 2 x 305nm ((1.51)
2
- sin

2
2)

1/2
 

From these two equations the values of 1 and 2 are found to be 48.45 degrees and 30 

degrees respectively. Thus the angular separation between the exciting line (Rayleigh 

scattering) and the Raman line Bragg peaks is estimated to be 18.45 degrees.  Thus it may 

be seen that an experiment could be devised where the Raman scattered light could be 

preferentially reflected from the sample as compared to the Rayleigh line.  

 

A.3 Conclusion  

Although the evidence for a true SERS effect presented here is rather tenuous, the results 

are of sufficient interest to warrant further studies. In addition the potential use of the 

photonic crystal Bragg scattering to effectively separate Raman and Rayleigh scattering 

has been broadly demonstrated using a simple calculation. 
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Abstract. The bottom-up colloidal synthesis of photonic band gap (PBG) materials or photonic 

crystals (PC) has attracted considerable interest as compared to so-called top-down lithographic 

approaches due to the simple processing steps involved and the prospect of the economically viable 

production of complex 3-dimensional optical materials from simple colloidal particles. To date self-

assembly techniques constitute the most popular approach to fabricate 3D photonic crystals from 

colloidal particle suspensions. Based on the natural tendency of monodisperse colloidal particles to 

organise into ordered arrays, this method represent the best option due to the ease of fabrication, 

ability to produce larger area samples and cost. Here we report on the fabrication of long range 

three-dimensional (3D) ordered poly (methyl methacrylate) (PMMA)-silica PC structures and the 

subsequent fabrication of robust silica inverse opals using self-assembly methods. The optical 

properties of these materials are described and discussed in terms of potential applications of these 

materials. 

Introduction 

Photonic crystals (PC) are periodic structures that exhibit a spatial modulation in their dielectric 

function, with the periodicity of this modulation being comparable to the wavelength of light 

usually in the ultraviolet, visible or infrared region of the electromagnetic spectrum. Such materials 

are currently of high fundamental and technological interest owing to their ability to confine and 

control the flow of light [1]. The complex light-matter interactions in these materials produce 

modified wave propagation when the periodicity of the PC goes from one or two dimensions to 

three dimensions, where it is possible to create optical phenomena similar to those seen in natural 

opal gemstones, which are made from the natural assembly of colloidal silica particles. As such 3-D 

colloidal photonic crystals made in the laboratory are often referred to as artificial opals. The 

transport of electromagnetic waves in photonic crystals is determined by the so-called photonic 

band gap [2], which is the optical analogue of a directional band gaps for electrons that exist in 

semiconductors and insulators.  The unique properties of photonic crystals (PC) has attracted 

enormous interest as they could lead to a wide range of new or improved devices including 

decorative coatings, sensors, photovoltaic, solar concentrators, passive optical components (filters, 

splitters), negative refractive index media devices such as cloaking devices, perfect (aberration free) 

lenses and optical interconnect technologies [3-8].  

So-called ‘inverted opals’ are known to exhibit more complete photonic band gaps than 

conventional opals [9]. These materials are the negative replicas of direct opals and could be seen as 

an ordered array of communicating voids in a solid matrix. Preparation of their inverted structures 

has therefore been envisaged as an alternative way to investigate further the optical properties of 

such 3D structures. Unfortunately it is often the case that successful experimental investigations of 

inverted structures are hampered due to the difficulty in manufacturing robust 3D inverted PC 

structures with long range order. Infilling a second material into the interstitial lattice voids between 

the colloidal spheres of the opal followed by removal of the spheres is one popular way of creating 

the inverted structure. In order to achieve this, techniques such as chemical vapour deposition [10] 

and atomic layer deposition [11, 12] have been employed with a reasonable degree of effectiveness, 

yet these methods often require the use of potentially expensive specialist equipment. In this present 
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work we highlight the use of an alternative approach for the infilling of the voids in the parent 

material which is both simple and easy to perform, requiring no specialist equipment other than 

laboratory glassware. 

One useful method for the reliable production of colloidal silica based photonic crystals was 

first performed by Jiang et al. in 1999 [13]. This method employed a suspension of the silica 

particles in contact with a vertical substrate onto which the particles assembled as the solvent in the 

suspension evaporated. The method is often called “controlled-evaporation”, “vertical deposition” 

and even the “Colvin” method, after the head of the group at Rice University in the USA who 

demonstrated the particular approach. Easy and cheap to perform, this technique has rapidly 

attracted a huge amount of attention. The quality of the opal obtained with the controlled-

evaporation method depends on many parameters such as the sphere size and their size distribution, 

the volume fraction of particles, the relative humidity, the evaporation time and drying temperature 

[13-15]. The control of these parameters allows the control of the film thickness and quality. Films 

prepared in this manner form as a result of close packing which results in a face-centred cubic 

structure, similar to that found in natural opals, the alternative hexagonal close packed arrangement 

being much less commonly observed. 

By borrowing from a concept for the fabrication of large area 3D ordered colloidal arrays of 

nanoparticles reported elsewhere [16], we have infiltrated PMMA colloidal particles (475nm) with 

hydrolysed TEOS to form composite silica PMMA material. Following this the PMMA crystal 

template was removed by solvent dissolution to produce a robust silica inverse opal. This approach 

promises to yield high quality, large area samples that could be used in the fabrication of many 

types of optical devices.  

Experimental Section  

PMMA colloidal spheres (475 nm) were synthesised using a procedure that we have reported 

previously [17]. The composite silica-PMMA was prepared via controlled evaporation self-

assembly from an aqueous colloidal suspension containing the two components, namely 

poly(methyl methacrylate) (PMMA) spheres and tetraethylorthosilicate (TEOS) solution (Sigma 

Aldrich). A 0.15
 
volume percent PMMA suspension of the particles in Millipore water was 

prepared containing 0.12 ml TEOS sol. The sol made up from the hydrolysis of the TEOS in solvent 

medium (using ethanol : HCl (0.1 molar) : TEOS with ratio 8:1:1; respectively). A cleaned glass 

substrate was tilted in the mixture of the suspension (PMMA+TEOS). The addition TEOS was 

important as it acts as the ‘cementing component’ that holds the PMMA together in the PC 

backbone. The PMMA template was removed by using acetone and further calcined at 450
o
C on a 

hot plate to form a silica inverse opal. This film exhibited opalescence confirming the successful 

formation of a PC film. The morphology of the resulting films was studied using scanning electron 

microscopy (SEM). The optical properties of the 3D silica inverse opals were measured using an 

optical bench set-up for wavelengths, λ, ranging from 450 to 1600 nm. Collimated un-polarized 

white light from a tungsten lamp was focused onto the sample using an 8 cm focal length lens and 

the transmitted light was collected through an optical fibre to the spectrometer (Ocean optics) and 

the data processed by SpectraSuite software. In both the reflectance (R) and transmittance (T) mode 

the baseline correction was done with a bare glass substrate to eliminate the effects such as light 

reflection at the air-glass interface and substrate absorption, if any. For angle resolved transmission 

data collection, the sample mounted onto a rotational stage was rotated at angles, theta, ranging 

from 0 to 65
o
, measured from the surface normal of the (111) hexagonal plane grown parallel to the 

substrate surface. For reflectance measurements, the unit was rotated to collect the reflected signal 

at a range of angles from 10 to 65
o
. 
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Results and Discussion 

SEM images of the fabricated 3D silica inverse opals are presented in Fig. 1. The SEM top view 

images reveal the consistency of inverse opal formed over large domain sizes, >20 µm. The 

efficiency of the method can be appreciated from fact that the three-coordinate interconnects from 

the second layers of the (111) planes of the PC can also be observed.  

 

 

   a.                b. 

 

Fig. 1. Silica inverse opal structure with different magnifications. Scale bars are a.  20 µm, and b. 10 

µm 

   Transmission spectra recorded for the bare PMMA opal as a function of angle of incidence are 

shown in Fig. 2. The absolute reflectance and transmission spectra recorded from a silica inverse 

opal consisting of 3D air spheres supported by an SiO2 dielectric backbone are presented in Fig. 3. 

The presence of a reflection band, or so-called ‘stop band’ and a corresponding transmission dip 

centred at 864 nm reveals the formation of a PBG. The bare PMMA opal shows a stop band centred 

at 1108 nm. The PBG of silica inverse opal thus exhibits a blue shift in the position of the stop band 

of 244 nm as compared to that of the bare opal. This shift may be attributed to a combined effect of  

a small reduction in the effective refractive index of the material neff (composite SiO2: air as 

compared to composite PMMA: air) and a slight reduction in the lattice spacing between the layers 

of voids in the strucutre as compared to the spacing between the spheres in the parent strucutre, that 

arises because of the finite thickness of the SiO2 layer grown between the spheres. 
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Fig. 2. Transmission spectra of the bare PMMA opal recorded as a function of angle of incidence 

 

Fig. 3. Reflectance and transmission spectra recorded from the  silica inverse opal at an angle of 10
o
 

The reflectance spectrum of the silica inverse opal was also found to exhibit a shift in the 

position of the stop band as a function of angle of incidence, as expected for a PBG material. This 

observation is consistent with the expected behaviour for a photonic crystal in terms of the Bragg-

Snell relationship. By altering the angle of incidence (θ), the effective refractive index (neff) and the 

inter planar spacing (d) can be determined by the following equation [2, 18]:  

 

	 = 2 ( −	sin ).		                                                                      (1) 
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This equation is found to apply to most colloidal photonic crystals and their inverse analogues 

since the stop band is formed as a result of the diffraction resonance for light incident on the 

material surface arising from the (111) family of planes of the structure combined with refraction 

effects arising at the interface between the air and the material’s surface.  

The correlation with the Bragg-Snell relationship was further confirmed by fitting the data points 

obtained to a plot of the square of the wavelength maximum (λ
2

max) for the stop bands recorded at 

varying angle of incidence angle, θ, against sin
2
θ,  Figure 4. The linear fit shown in Figure 4 is in 

complete agreement with the Bragg-Snell relationship prediction for photonic crystals. Using the 

plot shown in Fig. 4, neff can be measured and silica inverse opal was found to have reduced from 

1.36 to 1.24 due to influence of filling fraction and change in materials. 

 

 
Fig. 4.  Plot of λ

2
max vs sin

2
θ showing a linear fit based on silica inverse opal reflectance 

measurenment. 

The SiO2 inverted structures were found to be quite robust and easy to handle, which suggests 

that the method presented here might make such materials genuinely accessable for applications 

where increased refractive index contrast is desirable. Such applications could include passive 

components such as mirrors and filters, or active components such as optical sensors where a high 

degree of discrimination between various wavelengths of light is required. 

Conclusion 

A simple and easy method for the infiltration of TEOS and its subsequent reaction to SiO2 in the 

interstitial voids of a PMMA opal is reported. The infiltration was carried out using the one-step 

method involving co-crystallization of both TEOS and the PMMA spheres during self-assembly via 

a controlled evaporation process. The silica inverse opal exhibits a blue shift in the stop band as 

compared to that of the bare PMMA opal which we attribute to a reduction in effective refractive 

index and a reduction in the effective lattice spacing of the layers of voids in the inverted structure 

as compared to that of the layers of spheres in the bare PMMA structure. Optical reflectance 

measurements were made at various angles of incidence show good correlation using Bragg-Snell 

equation.   
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Chapter 7, Figure 1 (f) & (h) enlarged 

for clarity. 

 

 
The rings represent the {113} and {331} planes of silicon. 
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