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ABSTRACT 

Over the last two decades three dimensionally ordered macroporous (3-DOM) 

materials have turned out to be very promising in many applications ranging from optics, 

plasmonics, to catalyst scaffolds. The thesis presents a systematic study on formation and 

characterisation of 3-DOM metals as photonic crystals. Metals are nearly perfect reflectors 

with low adsorption at microwave or millimetre wavelengths. Meanwhile they generally 

absorb visible light because of their negative imaginary part of the dielectric constant that 

could destroy the band gap in the visible though they. Howevers, for noble metals such as 

gold, silver and copper, considering the Drude-like behaviour, the adsorption will be small 

enough to achieve a complete photonic band gap for optical or even shorter wavelengths, 

with silver performing the best.  

In order to fabricate the 3-DOM metallic nanostructures, template-directed 

electrochemical deposition has been employed in which, initially a highly ordered film of 

submircon sized colloidal spheres is deposited on to electronically conducting substrates, for 

instance, indium-tin oxide (ITO) coated glass substrate, through evaporation-induced self-

assembly; and subsequently it is infiltrated with metallic elements electrochemically reduced 

from corresponding electrolytes; fiannly removal of the colloidal templating film reveals a 

metallic film comprised of periodically arranged spherical voids. Field Emission Gun 

Scanning Electron Microscopy (FEGSEM) was used to examine the surface morphology and 

periodicity of the 3-DOM metallic films. It revealed that highly ordered structures are 

homogenous and uniform over a large scale for both the original colloidal templates and 
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metallic inverse structures. However for silver electroplated from either silver thiosulfate or 

silver chlorate bath, voids in the template are fully infiltrated, including both the interstitial 

spaces between the colloidal spheres and any cracks between film domains, forming a 

complete solid network over large length scales; for copper the filling factors are strongly 

dependent on the bath chemistry and in copper sulfate bath isolated macroporous domains 

can be formed due to those in the cracks will be dissolved back to the solution while those 

reduced from copper glycerol bath resulted in fully infiltrated structures. Moreover, angle-

resolved reflectance spectroscopy has further confirmed the three-dimensional periodicity 

and indicated the inverse structures have stop band properties in the visible wavelength 

region, consistent with variation in the effective refractive index of the films. 

In addition, surface enhanced Raman scattering (SERS) spectroscopy has been used to 

evaluate applications of the inverse metals as SERS-active substrates. SERS has nearly 

exclusively been associated with three noble metals copper, silver (by far the most important) 

and gold. The 3-DOM metallic thin films possess excellent features for SERS detection 

arising from their long range periodical void geometry, which gives significant enhancement 

to Raman intensity. Preliminary measurements have demonstrated the 3-DOM metallic 

structures are well suited for SERS enhancement. Series spectra from different points of each 

specimen have given reproducible intensities. Variables associated with Raman intensity such 

as pore size, dye concentration, and film thickness, have been tuned to achieve maximal 

enhancement for visible and near-IR wavelengths.  
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1 INTRODUCTION 

This chapter is to introduce fundamental concepts of the three-dimensionally 

ordered macroporous (3-DOM) materials and the motivation of the research. The 

outline of the thesis will also be described. 

1.1 Introduction to 3-DOM materials 

Photons and electrons can be treated analogously as they both simultaneously 

exhibit particle and wave behaviour. One considerable difference between them is the 

wavelength scale - the wavelength of electrons is shorter than that of photons. A 

consequence derived from this feature is that the confinement effect of the photons 

taken place at larger scales than that of the electrons [1,2]. A crystal lattice of periodic 

arrangement of atoms or molecules presents a periodic potential to propagate 

electrons. As for the propagation of photons, the lattice will be replaced by materials 

with periodic dielectric contrasts varied in micron or sub-micron range, usually 

termed photonic crystals [3-9]. For example, woodpile stack with micro-scale lattice 

constant, as illustrated in Figure 1-1(a), can be used as optical filters in infrared or 

microwave wavelengths [10-14]. The lattice was consisted of one-dimensional rods in 

ABCDABCD…sequences, in which the orientation of layer A and B are orthogonal 

while C and D are layers offset to A and B respectively by half of the horizontal 

spacing. On the other hand, in an artificial crystal made of micron sized column arrays, 

a linear defect is designed by removing a sequence of nanopillars, as shown in Figure 

1-1(b). Light can be guided from one location to another along the defect or be 
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confined in the defect. The structure can find applications in optical waveguides or 

other optoelectronic devices [15-18].  

    

Figure 1-1 Photonic crystal structure with three-dimensional periodicity (a) layer by layer of one-

dimensional rods with a stacking sequence that repeat itself every four layers [12]; (b) a 

waveguide carved by introducing linear defect in crystalline array [17]. 

The challenge of producing the photonic crystals with lattice constant in 

microns or below has led nanolithography to be routinely employed [10,19-30]. 

However, formidable processing difficulties limited the formation of more than a few 

layers. Templating technique has thus been employed to grow multi-layered photonic 

crystals [31-37]. It involves firstly the formation of a temporary medium, which is 

typically made of easily removable liquid droplets [7,36-40] or solid particles [41-46] 

[32,34,47-50]. The template spheres are monodisperse at the requisite scale and can 

be assembled into a crystalline array usually face-centred cubic (f.c.c) spontaneously, 

see Figure 1-2(a). The interstitial spaces of such artificial crystal will be infiltrated 

with another material. Subsequently the template is removed and leaves behind an 

inverse replica - close packed spherical voids embedded in a solid matrix. Since the 

resulting architecture is a three-dimensional arrangement of highly ordered pores, as 

illustrated in Figure 1-2(b), it is known as three-dimensionally ordered macroporous 

(a)                                                                 (b) 
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(3-DOM) material.  

 

Figure 1-2 Structural features of 3-DOM materials (a) top surface SEM image of polymer 

crystalline array and (b) corresponding inverse 3-DOM copper, consisted of highly ordered pores 

in solid copper matrix (present work). 

1.2 Research motivation  

The dielectric contrast of the 3-DOM materials varies periodically, which 

enables them manipulate the photons in the same way that semiconductors control the 

electrons. According to theoretical studies, to exhibit a photonic band gap (PBG) that 

forbid the propagation of photons from all directions, the threshold value of the 

dielectric contrast must be over 2.8 [51-53] for close packed f.c.c lattice of air spheres 

with high index material in the interstitial space. From a practical point of view, this 

means that the PBG is not achievable other than in semiconductors of high refractive 

index. Silicon, for example, has a very high refractive index of ~3.50. It is an 

excellent candidate for the manipulation of photons in the infrared (750 nm to 100 

µm) and microwave (1 mm to 1m) ranges [11,54-61].  

The dielectric function ε is composed of both real (εre) and imaginary (εim) 

parts: 



 

4 

 

imre i   (1.1) 

The real part εre represents scattering properties of the material while the imaginary 

part εim contains adsorption of light. In general metals have high real part of dielectric 

function, as illustrated in Figure 1-3, silver has the highest reflectance of any metal 

from 400 nm (3.10 eV) to 50 µm (0.02 eV). The reflectance of silver in the 

ultraviolet, visible, and infrared portion of the spectrum is approximately 99%, but the 

reflectance drops off sharply below 400 nm in the ultraviolet. Gold and copper exhibit 

reflectance as high as 98-99% before drop off below ~520 nm (2.38 eV).  
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Figure 1-3 Spectral reflectance of silver, gold and copper as a function of the radiation energy at 

normal incidence [62]. 

However, both semiconductors and metals strongly absorb visible light due to 

their negative imaginary part in the visible wavelength range. There seems unlikely to 

to find an appropriate material in the visible or near-infrared (380 to 750 nm) regime 
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with f.c.c lattice. It was not until 1999 theorists predicted that in three dimensional 

metallic artificial crystals, the imaginary part of certain noble metals such as gold, 

silver and copper could be negligible in a certain frequency window, in which they 

behave as a conventional dielectric [63-65]. According to a Drude-like dielectric 

function, the dielectric function of the metallic matrix εm is determined by [63]  

2

2

1)(





p

m   (1.2) 

where ωp is the Plasma frequency. Since εm(ωp) = 0, the dielectric contrast of the 

structure εδ = max (εm/εair, εair/εm) becomes extremely large for frequencies around ωp. 

And thus 3-DOM materials made of noble metals would be ideal candidates to 

overcome the limit of manipulating wavelengths, among which silver performs the 

widest range in the visible frequencies [65]. Additionally surface enhanced Raman 

scattering (SERS) has almost been found exclusively in the noble metals. Such 3-

DOM metallic structures can also be used as robust SERS-active substrates.   

We chose to study 3-DOM silver and copper as an attractive alternative to 

gold which has been the subject of investigation in the past a few years [66-72]. These 

are cheaper alternatives of the 3-DOM gold in most applications and especially silver 

is predicted to have higher dielectric contrast. However porous structured silver or 

copper can only been seen on very limited reports to date [73,74], among which only 

two-dimensional monolayer film has been presented.  

1.3 Thesis outline 

As the title states, the thesis is concerned with the preparation and 

characterisation of 3-DOM metals such as silver and copper through electrochemical 

deposition. The first chapter gives the basic concepts of the 3-DOM materials and 



 

6 

 

introduces the motivation of the research.  

Chapter 2 reviews the origins of photonic band gap, especially the band gap in 

the f.c.c arrangement 3-DOM materials. Surface enhanced Raman scattering is 

reviewed from origination, enhancement mechanism to geometry of the SERS-active 

substrates. A range of fabrication strategies for the colloidal crystals and subsequent 

inverse metallic structures – the 3-DOM metals are described and compared, among 

which evaporation-induced self-assembly and template-directed electrochemical 

deposition are highlighted respectively.  

Chapter 3 reports the main characterisation techniques that have been used in 

the thesis. The structures were examined using optical microscopy and scanning 

electron microscopy (SEM); the optical properties were studied using reflectance 

spectroscopy; the surface oxidation were analysed by X-Ray diffraction (XRD) and 

Energy dispersive X-rays (EDX); and the application of the prepared structures as 

plasmonics was evaluated using Raman spectroscopy.   

Chapter 4 describes the preparation of monosized polystyrene spheres and thin 

polystyrene films. Three different sphere sizes in sub-microns were employed and the 

quality of the films was monitored through controlling the growth parameters such as 

substrate, sphere polydispersity, incubator temperature and relative humidity. Optical 

properties of the polystyrene template films were analysed as well.  

Chapter 5 demonstrates the electrochemical deposition technique for growing 

3-DOM silver and copper films directed by the polystyrene template films. The aim 

was to form uniform macroporous structure over large length scales. The experiments 

associated with a range of bath solutions are discussed to develop a greater 

understanding of the growth process. In addition, preliminary measurements on the 3-
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DOM metals used as SERS-active substrates are discussed. 

Chapter summaries are presented at the end of each chapter but Chapter 6 

concludes the thesis with an overall conclusion and a discussion on possible future 

work.  
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2 LITERATURE REVIEW 

In this chapter we will review the origins of the photonic band gap and 

characteristics of the band gap in 3-DOM materials. Surface enhanced Raman 

scattering (SERS) will be reviewed to demonstrate the mechanism of the 3-DOM 

materials used as plasmonics. A variety of fabrication strategies assisting colloidal 

crystal templating are described, among which colloidal convective self-assembly and 

electrochemical infiltration will be highlighted. 

2.1 Photonic band gap  

2.1.1 Origins of photonic band gap 

Interaction of electromagnetic waves with periodic structures follows Bragg‟s 

law, as illustrated in Figure 2-1, in which planes of atoms act as perfect mirrors to 

beams of electromagnetic waves when Bragg condition is met, 

   sin2d  (2.1) 

where λ is resonant wavelength, governed by the crystal plane spacing d and angle of 

incidence light θ. In fact, the perfect mirror behaviour holds over a range of angles, 

±determined by how strongly the atoms scatter photons. As a consequence, light is 

forbidden in certain range of angles. A crystal contains many possible Bragg planes 

reflecting light from different directions, as shown in Figure 2-2(a); when the 

scattering is strong enough to overlap different Bragg planes, see Figure 2-2(b), the 

light will be reflected whatever the incident angle. The certain frequency range in 
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which Bragg reflection forbids photons propagate through is called a photonic band 

gap, analogous to the electronic band gap in semiconductors.  

 

Figure 2-1 Bragg reflection occurs when resonant wavelength matches lattice spacing and 

incident angle. 

 

Figure 2-2 Bragg scattering in crystals (a) each set of planes acts as a mirror in a small range of 

angle; (b) each set of planes acts as a mirror in a large range of angles which overlap completely.  

The concept of Bragg‟s reflection in crystals can be applied equally to 

(a)                                                                 (b) 
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artificial crystals that are periodic on the scale of sub-microns. In 1887 Lord Rayleigh 

described the propagation of electromagnetic waves in a one dimensional periodic 

structure, which was later identified as an angle-dependent band gap in his paper „On 

the maintenance of vibrations by forces of double frequency, and on the propagation 

of waves through a medium endowed with periodic structure [75]. Such one 

dimensional systems continue to be studied extensively, and have found industrial 

applications from layered optical interference filters reflective coatings to distributed 

feedback lasers [76-79]. It was not until a century later, in 1987, that  two- and three-

dimensional (2-D and 3-D) photonic band gaps were proposed by Yalblonovitch [80-

85], and independently by John [86-89], each with a different motivation.  

Yalblonovitch, then at Bell Communications Research in New Jersey, was 

looking for an efficient communication laser that suppresses electric current waste as 

spontaneous light emission and suggested that the photonic band gap in a three 

dimensionally periodic dielectric structure can inhibit spontaneous emission [82].  A 

few years later [80], Yablonovitch and co-workers produced the first photonic crystals 

by mechanically drilling holes a millimetre in diameter into a block of material with a 

refractive index of 3.6. The structured material, known as „Yablonovite‟, prevented 

microwaves from propagating in any direction – in other words, it exhibited a 3-D 

photonic band gap. His proposed architecture was an arrangement of dielectric cubes 

in a face-centred cubic (f.c.c) lattice, producing a 3-D chequerboard structure. In later 

experiments, the cubes were replaced by spheres
 
[83]. The first experimental structure 

with a photonic band gap consisted of air spheres on the sites of an f.c.c lattice in a 

dielectric background. The structure, however, had a pseudo-gap rather than a 

complete photonic band gap for the range of frequencies examined [85]. 

John, from a pure theoretical view, hypothesized that the photonic band gap 



 

11 

 

was able to localize photons [87]. He stated that strong localization of photons may 

occur in certain disordered super lattice microstructures of sufficiently high dielectric 

contrast. These materials are the photonic analogue of amorphous semiconductors, in 

which the interplay between order and disorder leads to the restriction of coherent 

back-scattering to certain Bragg resonance channels. 

2.1.2 Photonic band gap in 3-DOM materials 

As described above, a photonic band gap (PBG) is a range of frequencies in 

which the propagation of light is forbidden. If the width of the band gap is large 

enough to overlap those of any other directions, then no light will propagate through. 

It is called a complete PBG [60,63,90]. Strictly speaking a complete PBG only exists 

in three-dimensional structures. One or two dimensional structures cannot define sets 

of lattice planes leading to Bragg reflection in directions where it is not periodic, as 

illustrated in Figure 2-3 [3,26,91-95]. 

 

Figure 2-3 Real space schematic representation of (a) one-dimensional; (b) two-dimensional; (c) 

three-dimensional photonic crystals. 

In principle, the existence of a photonic band gap in the 3-DOM materials 

depends on several parameters of which the most important are lattice symmetry, 

dielectric contrast and filling fraction [96,97]. The symmetry of a lattice is represented 
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by its Brillouin zone which is defined in the reciprocal lattice as the fundamental 

periodic region. In an example illustrated in Figure 2-4, the higher symmetry of the 

hexagonal lattice is reflected by the fact that the Brillouin zone is closer to circular 

than the square lattice. When the Brillouin zone becomes as close as possible to a 

circle, the interference occurs along all directions for the same wavelength. 

 

 

Figure 2-4 Real and reciprocal space representation of two-dimensional  (a) square lattice and (b) 

hexagonal lattice [3,98]. The left images are real lattices, the middle ones are corresponding 

reciprocal lattices, and the right ones are construction of first Brillouin zone (yellow regions).  

3-DOM materials consist of f.c.c arrangement of air spheres in a dielectric 

matrix while the Brillouin zone of an f.c.c lattice is the most spherical one of all 

possible 3-D lattices, as shown in Figure 2-5, in which the interference will occur 

along nearly all spatial directions. The f.c.c lattice is therefore initially favoured to 

yield a complete photonic band gap [80,81,99,100]. However the farthest symmetry 

point W is 29% farther from the origin than the closest point, the L point. For a gap to 

open along every direction, the gaps at W and L must be large enough to overlap 

(a)                                                                

(b)                                                               
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[101].  At the W points, the conduction and valence bands cross each other indicated 

that an f.c.c lattice geometry only possess a pseudo PBG between the 2
nd

 and 3
rd

 

bands even for arbitrarily high dielectric contrast [97,102]. Computational simulations 

predicted that the complete PBG of the f.c.c structure exist actually between the 8
th

 

and 9
th

 bands [99,103].  

 

       

Figure 2-5 Bravais lattices and their corresponding first Brillouin zones (a) simple cubic; (b) 

face-centred cubic [104]. 

In addition, filling fraction is another crucial parameter to achieve a complete 

PBG [105,106]. It is the ratio between the volume occupied for each dielectric 

material with respect to the total volume of the composite. Theoretically in an inverse 

opal of f.c.c lattice, the filling fraction is 26%. However, the air voids can be isolated 

or interpenetrated, and consequently the filling fraction decreases while the contact 
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area of the templating spheres increases, as illustrated in Figure 2-6. The decrease of 

the filling fraction will shift the band gap edge to lower frequencies [13,98] and 

correspondingly the low filling fraction inverse structure (Figure2-6(b)) presents 

wider band gaps than the inverse replica shown in Figure 2-6(a).  

 

Figure 2-6 A lattice may present different topographies here take f.c.c for example. (a) isolated 

dielectric spheres in air and corresponding inverse structure - isolated air spheres in a dielectric 

solid; (b) interpenetrated dielectric spheres in air and corresponding inverse structure - 

interpenetrated air spheres in a dielectric solid. 

2.2 Surface enhanced Raman scattering 

2.2.1 Brief history of SERS 

When a molecular system is illuminated by a laser beam, the photons may be 

scattered or adsorbed, or may not interact with the system but pass straight through. If 

the energy of an incident photon matches an energy gap between the ground and 

(a)                                                                

(b)                                                                
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excited states of a molecular, the photon will be absorbed and the molecule is 

promoted to an excited state. The adsorption is called infrared adsorption and can be 

detected by measuring the loss of the radiation energy. However, photons may scatter 

from the molecule. If only electron cloud distortion is involved in the scattering, the 

photons will be scattered with little frequency changes. This process is regarded as an 

elastic scattering and is called Rayleigh scattering. However, a very small fraction 

(about 1 out of every 10
7
) undergoes inelastic scattering, in which the nuclear motion 

is induced and energy transfers either from the incident photon to the molecular or 

from the molecule to the scattered photon. This process is inelastic and is called 

Raman scattering [107,108]. 

The inelastic scattering was first experimentally observed by Indian physicist 

C.V. Raman in 1928 [109]. He used a narrow band photographic filter to run sunlight 

into a monochromatic light. It was then focused by a telescope objective onto a 

sample which was either a purified liquid or a dust-free vapour. A system of crossed 

optical filters was used to block the monochromatic light but Raman found that light 

of changed frequency passed through the crossed filter. 

Figure 2-7 shows that the basic scattering process. The photon interacts with 

the molecule and polarizes the electron cloud around the nuclei. At that instant, the 

energy is transferred to the molecule but the nuclei do not have time to move 

appreciably. This results in a high energy form of the molecule without any large 

nuclear movement. The state is not stable and the photon is released immediately as 

scattered radiation. Such interaction between the photon and the molecular can be 

considered as the formation of a short-lived state, which is called virtual state of the 

molecular. The Rayleigh scattering does not involve any energy change and 

consequently the molecular returns to the same energy state. If the molecular adsorbs 
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energy and is promoted from ground vibrational state m to a higher excited vibrational 

state n, this is called Stokes scattering. However due to the thermal energy, a few 

molecules may be present in an excited state n. Energy can be transferred to the 

scattered photon and the molecular returns the ground state m. This process is called 

anti-Stokes scattering. 

 

Figure 2-7 Diagram of Rayleigh and Raman scattering. The letter m represents ground vibration 

state and n is for a higher excitation state.  

In many applications, Raman scattering has very low detection sensitivity. A 

Raman technique with enhanced sensitivity would be valuable. In 1974 surface 

enhanced Raman scattering (SERS) was discovered to give an enhancement up to 

about 10
6
 in scattering efficiency over usual Raman scattering [110]. The initial 

observation was made by Fleischman et al. who reported strong Raman scattering 

from pyridine molecules on a roughened silver electrode. They attributed the effect to 

an increase in the electrode surface area and therefore a larger amount of pyridine 

molecules to be absorbed. However in 1977 Van Duyne et al. [111] and 

independently Creighton et al. [112] recognized that the enhancement could not be 

attributed to the high surface area alone. The increase of Raman signal from roughed 
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surfaces would be less than a factor of 10, whereas the enhancement was of the order 

of 10
6
.  

2.2.2 Enhancement theory 

Before going to the theory, it is necessary to understand the nature of the 

metallic surface. The surface is covered by electrons. They are conduction electrons 

and being hold by positive charges on the metal side. The electron density extends a 

considerable distance from the surface to the space. When a photon interacts with 

these electrons, they begin to oscillate as a collective group across the surface. The 

oscillations are termed surface plasmons. On a perfect smooth surface the oscillation 

occurs along the surface plane and no photon will be scattered. Therefore the surface 

is roughened to realize an oscillation perpendicular to the surface.  

Many theories have been proposed, particularly in the early days, to interpret 

the SERS. However, the exact mechanism of the SERS enhancement is still a topic of 

current debate. It is generally accepted that there are two primary contributions to 

SERS - a chemical enhancement and an electromagnetic enhancement [4,113-117].  

2.2.2.1 Chemical enhancement 

The chemical enhancement is arising from charge transfer between the metal 

and chemisorbed molecules at the surface of the metallic nanostructure. It involves 

the formation of a molecule-metal complex. The molecular orbitals will be broadened 

by an interaction with the conduction band of the metallic surface. The new electronic 

state is believed to be a resonant intermediate in the Raman scattering. In contrast to 

the radiation being adsorbed or scattered through the plasmons on the surface, the 

radiation is absorbed into the metal, creating an electron-hole pair inside. The energy 
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is transferred via the hole to the molecule-metal complex, the Raman process then 

occurs - excitation is transferred back into the metal and re-radiation occurs from the 

metal surface. However the chemical enhancement only applies for molecules which 

have formed a bond with the surface and clearly cannot explain the observed signal 

enhancement in those cases where the molecular is only physisorbed to the surface. 

The quantitative estimation of the chemical enhancement factors ranges from 10 to 

10
2
 [118].  

2.2.2.2 Electromagnetic enhancement 

The electromagnetic enhancement originates from the strong interactions 

between the molecules and the surface plasomons. When the molecular is adsorbed 

onto the metallic surface, it is surrounded by the free surface electrons. The intensity 

of Raman scattering I is proportional to the square of the magnitude of the 

electromagnetic field E incident on the molecular,  

2EI   (2.2) 

As stated above, the collective oscillation of the surface electrons is a surface plasmon 

while surface roughness or curvature is compulsory for the plasmon excitation. The 

energy of the surface plasmon is delocalized in the direction parallel to the surface but 

localized in the perpendicular direction, leading to the magnitude of electromagnetic 

field E on the surface greatly enhanced. In addition, the surface electrons are loosely 

held and are free to couple with adjacent curvatures so that the plasmon can be arising 

from more than one curvature
 
[115,119]. The touch point of the two curvatures will 

generate enormous electric fields so that it will give particularly effective SERS. The 

maximum enhancement factors from the electromagnetic effects have been reported 

to be 10
6
 to 10

7 
[113,120]. 
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2.2.3 3-DOM metals as SERS substrates 

SERS has been observed from a limited number of metallic surfaces. It was 

primarily from coinage metals such as gold, silver and copper, with excitation 

wavelength near or in the visible region [121-125]. Other metals, such as palladium, 

rhodium or platinum, exhibit enhancement of about 10
2
 -10

3
 for excitation in the near 

ultraviolet [126-128]. Alkali metals have also been reported to have high 

enhancements but they are over active in chemistry [129]. It is well known the 

enhancement is a direct consequence of presence of microscopic metallic domains, 

which can be developed in a number of ways, such as roughened metallic electrodes 

[110,111,130,131], metallic nanoparticle arrays [91,132-137], metallic gratings 

[134,136,138-140], metal colloids or nanoclusters [27,113,119,141-150], and ordered 

macroporous metallic thin films [67,68,135,151-155]. 

In the case of the 3-DOM metals, recent reports demonstrated that they 

possess excellent features - robust, reproducible, and easy to fabricate that are 

particularly well suited for SERS detection [66-68,72,121,128,153,156-159]. 

Although the physics of the electromagnetic enhancement effect remains substantially 

the same when a molecule is adsorbed near a nonspherical metal particle, ordered 

porous metallic nanostructures possess several advanced features that are particularly 

well-suited for a SERS signal enhancement. Firstly, a long-range periodicity has been 

demonstrated to improve their performance as SERS substrates. According to 

Gaponenko [160,161], the photon density of states redistribution may readily occur in 

periodic porous metal nanostructures, which leads to an increase of the density of 

optical modes and thus to a superior enhancement of the Raman intensity of the target 

molecules. Secondly, SERS is a very local phenomenon occurring inside the pores. 

The electromagnetic enhancement has been regarded as a direct consequence of 
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localised surface Plasmon excitation. Importantly, a large electric field enhancement 

can also occur between these neighboring macropores, allowing for a further increase 

of SERS signal intensity. Thirdly, porous structures can provide high surface areas 

that allow more analytes to adsorb and thus an increasing the number of target 

molecules.  

2.3 Fabrication strategies of colloidal crystal templating 

Colloidal crystals are crystalline arrays formed spontaneously from 

monodisperse colloids such as silica or polymer nanoparticles [162-167]. They only 

possess partial photonic band gaps due to the low dielectric contrast (typically 1.4 - 

1.6) between the colloidal spheres and the surrounding medium. Promisingly, there 

are regular interstitial spaces between the colloidal spheres, for instance, the free 

space of an f.c.c or h.c.p lattice is 26%, and another material can incorporate into the 

interstices. The colloidal particles can be removed, either chemically or thermally, 

resulted in an inverse replica of the colloidal crystals. Colloidal crystal templating has 

the advantage of being able to create large area crystals at a low cost. 

 

Figure 2-8 Schematic process for colloidal crystal templating. 

The 3-DOM metallic photonic crystals are predominantly fabricated through 
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the colloidal crystal templating approach. The procedure is illustrated in Figure 2-8. 

Briefly, monodisperse colloidal particles are assembled into a colloidal crystal on a 

substrate; the free spaces between the particles are subsequently infiltrated with the 

desired metal elements by an appropriate technique, for instance, electrochemical 

plating or nanoparticle infiltration; finally the colloidal particles are selectively etched 

away, leaving behind a periodic arrangement of spherical voids embedded in a solid 

macroporous matrix. 

2.3.1 Self-assembly techniques of colloidal crystals  

Several methods have been developed for crystallizing spherical colloids into 

ordered lattices, including sedimentation, spin-coating, patterned deposition and 

convective assembly, all of which will be discussed here. 

2.3.1.1 Sedimentation 

Colloidal crystallization by sedimentation, one of the most common 

techniques to form self-assembled layers of colloidal spheres, involves natural 

gravitational settling [168-173] and electrophoretically [174-176] controlled settling. 

While sedimentation relies solely on gravity to settle colloidal particles down 

to a substrate, the procedure is conceptually straightforward and simple. However, it 

has some inconveniences. Firstly, there is very little control over the morphology of 

the top surface and the number of layers in the crystalline arrays. Numerous defects 

such as stacking faults, dislocations, grain boundaries and vacancies may be formed 

during gravitational sedimentation [170]. Layered sedimentation may occur, which 

usually leads to the formation of a number of layers of different densities and orders 

along the direction of the gravitational field [175]. Secondly, the sedimentation time 
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depends strongly on the sphere size. Particles of small sizes (< 300 nm) require weeks 

or months to settle because the gravitational forces of the particles are compensated 

by their thermal agitation according to the Boltzmann‟s distribution function. About 

three weeks were needed to form a 10 mm high colloidal crystal for 330 nm and 460 

nm spheres and at least six weeks were needed for 200 nm spheres [165,177]. On the 

other hand, the gravitational energy of large spheres (> 550 nm in diameter) is much 

larger than the thermal energy so that the sedimentation occurs far from equilibrium 

and non-crystalline sediment is obtained and it becomes completely impossible to 

achieve an ordered array if the diameter is further increased. Therefore, the 

sedimentation growth is practically limited to particles of diameters in the range of 

300 to 550 nm. 

In the electrophoretic deposition (EPD) vertical electrical fields are applied 

across a suspension of spheres in which charged colloidal particles are attached to and 

deposited on to an oppositely charged conducting substrates such as indium tin oxide 

(ITO) or gold coated glass slides, as shown in Figure 2-9 [175,176]. Depending on 

field direction, the field guides the growth and accelerates the speed of small particles 

while inhibiting the large ones. It offers a good solution for the natural sedimentation 

problem mentioned above. The order in artificial opals can be improved by adjusting 

the sedimentation rate and the film thickness can be controlled by changing the EPD 

time. However, care has to be taken to avoid electrolysis, which is a main problem of 

carrying out the EPD in aqueous suspension is the decomposition of water,  

  egOaqOHlOH 4)()(4)(6 232  (2.3) 

The bubbles of oxygen formed at the anode may penetrate through the deposited 

compact, which subsequently prevents the formation of ordered crystalline arrays.  
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Figure 2-9 Experimental setup of electrophoretic cell [175].  

Despite their advantages and disadvantages, both sedimentation methods 

generally result in polycrystalline lattice domains [178,179], which is caused by 

simultaneous nucleation in different locations of the sample surface.  Subsequent 

growth of crystalline domains in various directions leads to the formation of random 

orientation in the crystalline grains. If the process is considerably slow, the colloidal 

spheres concentrated at the bottom will undergo a hard-sphere disorder-to-order phase 

transition to form a three-dimensionally ordered lattice [180]. The resulting domains 

have various sizes but predominantly face-centred cubic (f.c.c) packing or random 

hexagonally close packed (rh.c.p) planes.  

2.3.1.2 Spin-coating 

In order to accelerate the crystal manufacturing process, spin-coating of the 

latex particle suspension has been investigated [181-183]. An excess of colloidal 

suspension is dispensed on a hydrophilic substrate which is then accelerated to a fixed 

rotation rate. Initially most of the suspension is cast off the substrate due to 

centrifugation, leaving behind a film that thins continuously due to radial outflow and 
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solvent evaporation. As the suspension becomes more concentrated and viscous, the 

film continues to thin until all the solvent has evaporated thoroughly leaving a “dry” 

film of the suspended material. A schematic of this procedure is shown below in 

Figure 2-10. The colloidal particles organize themselves into an ordered array more 

rapidly compared to sedimentation so that the close-packed arrays can be obtained in 

hours. 

 

Figure 2-10 Illustration of producing 2D colloidal crystal by spin-coating [182]. 

Spin-coating is a method to produce thin, uniform films of precise thickness. 

Several factors known to affect the polymer film thickness include the concentration 

of the polymer and spinning speed.  Spin-coating is the preferred method when multi-

layers need to be sequentially deposited. As an example of sequential production, 

Mohwald et al. [182] fabricated a well-ordered binary colloidal crystals by the spin-

coating of latex particles with large diameter ratios. The approach is fast and simple 

while exhibiting tolerance to the polydispersity of the spheres. In addition, the spin 

speed provides another parameter for controlling over the structures of the resulting 

binary colloidal crystals. 

2.3.1.3 Convective self-assembly 
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The convective self-assembly technique relies on capillary forces to organize 

colloidal spheres [92,95,184-187]. Figure 2-11 shows this process whereby a 

hydrophilic substrate is dipped in a suspension, drawing a wet film upward along the 

substrate, forming a water-air interface highly inclined toward the substrate. Thus, the 

induced capillary force arises and pushes particles out of the meniscus. The ordering 

process starts when the thickness of the liquid layer becomes smaller than the 

diameter of the particles due to the evaporation of the liquid. Continuous evaporation 

results in a convective flow of the surrounding suspension. The successive inflow of 

the colloidal particles is sustained until the liquid has completely evaporated. 

 

Figure 2-11 Sketch of particles and water fluxes in the vicinity during convective self-assembly 

[92]. 

Convective self-assembly has the advantage of producing well-ordered films 

on planar surfaces quite rapidly. The array has a uniform orientation over centimetre 

length scales and can be fabricated with thicknesses ranging from two layers to 

several hundred layers (up to hundreds of microns). The resulting planar colloidal 

crystals are highly ordered, and evaporation of the solvent leaves a latex-air array with 
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good optical contrast and mechanical stability. In convective self-assembly the 

colloidal spheres are brought together by inter-particle capillary forces in the 

meniscus to form into an ordered close-packed array that is generally a face-centred 

cubic (f.c.c) lattice [46,188,189].  

Moreover, the thickness of the resulting sample can be precisely dictated 

through control of sphere size and solution concentration. The thickness of the film is 

given by [92], 
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where k is the number of layers, β is the ratio between the velocity of a particle in 

solution and the fluid velocity (a constant depending on particle-particle and particle-

substrate interactions, taken as a value of 1 for non-absorbing particles and dilute 

suspensions [186]), l is the height of the meniscus,  is the colloid volume fraction, je 

and vc is the particle and colloid velocity, respectively, and d is the diameter of the 

colloid spheres. From Equation 2.4, when conditions such as the sphere size, the 

evaporation temperature, and the relative humidity are certain, the number of layers 

can be precisely adjusted by the volume fraction of colloid suspensions. 

2.3.1.4 Patterned deposition 

The self-assembly process typically forms close-packed two-dimensional or 

three-dimensional arrays of colloidal particles but restricts more complex geometries. 

In order to induce growth along a specific crystal plane, patterned substrates have 

been used [20,190-194]. In a typical process, a substrate is initially patterned 

chemically, electrically or physically. The suspension of the colloidal particles is then 

confined in a purpose-built cell whereby it slowly evaporates and the meniscus moves 



 

27 

 

across the patterned substrate. Thus the spheres self-assembly and fill the patterns. 

The ordering quality and stacking sequence can be controlled by changing the ratio of 

the particle size to the feature size of the patterned geometry. The efficiency of the 

assembly process is determined by the gravitational force, the substrate-particle 

electrostatic interaction, and the capillary forces [193].  

2.3.2 Infiltration techniques 

Uniform deposition of metal into the interstitial spaces of the colloidal spheres 

is challenging because the interstitials are constricted and not readily accessible. In 

addition, colloidal spheres are soft and fragile that can withstand neither mechanical 

disruption nor the vigorous evolution of gases that often accompany reduction of 

metal ions. However years of hard work have developed a variety of incorporation 

techniques such as electrochemical plating, electroless plating, nanoparticle 

infiltration, precipitation/chemical conversion, which have been successfully applied 

in the fabrication of metallic inverse opals. 

2.3.2.1 Electrochemical plating 

Among all these infiltration techniques, electrochemical plating is a relatively 

simple method with significant advantages. It reduces metals from corresponding 

electrolytes and the reduction starts from the surface of the conductive substrate 

usually gold or indium tin oxide coated glass. Then the metal grows outwards to the 

exposed surface of the template thus fills the entire voids of the template and leads to 

a volume-templated growth, referring to Figure 2-12(b), which ensures a high filling 

fraction and a high density so that no shrinkage occurs when the template is removed. 

The resulting structure is therefore a true cast of the original template and the size of 
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the spherical voids within the metal is directly determined by the size of template 

spheres used. Moreover, the metals fill the interstices of the spheres, as well as gaps 

and cracks in the templates, which makes the original domains jointed, hence 

enhances mechanical strength of the macroporous frameworks, allowing the 

processing photonic crystals with large areas. On the other hand, in the surface-

template growth process, the precursors penetrate interstials by capillary forces, 

coating the surface of the colloidal spheres but this may cause pore blockage, 

resulting in small vacancies in the middle of each triangular intersection of the desired 

solid, as marked by arrows indicated in the arrow in Figure 2-12(a). For example, it 

has been reported that macroporous carbon prepared by the sol-gel process contains 

small voids in the triangular intersections of the carbon walls which could not be 

completely filled although the pyrolysis time was prolonged and infiltration cycles 

were repeated [195]. Also, when macroporous titania was fabricated by the liquid-

phase chemical reaction with dilute ethanolic solutions of titanium tetrapropoxide and 

cycles of penetration, reaction and drying were repeated, however, small openings 

were observed in the middle of each intersections of the titania walls [196]. 

Additionally electrochemical plating allows precise control over the mass and 

composition of the deposited material by control of the plating parameters such as the 

potential or current density and there is no limitation to the thickness of the template 

that can be filled through. Most deposits are grown as thin films adherent to the 

conductive surfaces under appropriate conditions, facilitating ready handling of the 

product solids for the film applications. Also, there is no need of critical conditions 

such as high temperature or high vacuum etc, or complicated facilities. Due to these 

advantages, electrochemical plating has been recognized as an efficient and 

inexpensive technique ideal for industrial applications.  
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Figure 2-12 Schemes of (a) surface-templated infiltration, which will leave voids (marked by 

arrows) in the middle of each intersections; (b) volume-templated infiltration resulted a complete 

filled structure. 

   

Figure 2-13 SEM images of three-dimensional gold film shown in early work (a) made with a 

silica template, reveals porous structure with gold flakes between domain boundaries; (b) made 

with a polystyrene template, demonstrates gold was grown in form of flakes and ordered porous 

structure within each flake [71]. 

Noble metals gold, silver and copper are the most interesting candidates for 

synthesis. In early work, macroporous gold showed uneven nucleation and non-

uniform growth with flat flakes growing between domain boundaries and over the top 

 (b)  (a) 
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of the colloidal silica template [71], as shown in Figure 2-13(a). Those templated by 

polymer spheres showed even worse highly random porous microstructures, as shown 

in Figure 2-13(b). The authors claimed that dissolving the template in organic 

solvents led to swelling of the polymer which, in turn, damaged the macroporous 

metal films. Thus they removed the polystyrene spheres by calcination at 450 ºC. 

  

Figure 2-14 SEM images of 3-DOM gold film made with polystyrene templates (a) surface view, 

reveals ordered spherical voids (b) side view, presents flat smooth surface [70]. 

It was not until 2002 that well-ordered gold structure consisting of 

interconnected spherical voids arranged in a metallic framework was first presented, 

as shown in Figure 2-14 [70]. The interstitial spaces of highly ordered polystyrene 

spheres were electrochemically infiltrated with gold and subsequently the colloidal 

template was removed by dissolution in toluene. In contrast to the previous report the 

authors did not find evidence for disruption of the macroporous metal film caused by 

polymer swelling in organic solvents. As for 3-DOM silver and copper, there are few 

reports other than a couple on monolayer structures [73,74] Meanwhile monolayer 

macroporous platinum and palladium have also been electrochemically prepared 

[70,73,197]. The metallic frameworks were dense and free from defects, consisting of 

spherical voids arranged in a highly ordered f.c.c lattice. The void sizes were reported 

 (a)  (b) 

 1 µm 
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comparable to the diameter of latex template spheres and the film thickness could be 

adjusted from tens to hundreds of nanometers. Magnetic metals nickel and cobalt 

have presented well-ordered macroporous structures [69,197-200]. In addition, it was 

hypothesized that the current oscillation was related to the changing cross-sectional 

area of the interstitial voids as the nickel metals grew from the bottom to the top of 

the template, as shown in Figure 2-15, the coincidence of the total number of the 

valleys equaled to the average number of the layers of the macroporous nickel. 

 

Figure 2-15 SEM images of 3-DOM nickel films made with polystyrene templates and 

corresponding current - time curves. (a) 7 layers; (b) 4 layers [198]. 

Other metals including zinc [201], iron [202], ruthenium [203], rhenium [203], 

osmium [203], have also been reported, as summarized in Table 2-1. In all cases, the 

spherical voids within the metal films are not isolated, but rather are interconnect by a 

network of smaller pores. The surface topography of these films is determined by the 
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blocking effect of template spheres on the growing metal film. However, while the 

quality of these macroporous films appears reasonable, it should be noted that they are 

typically only a few sphere layers thick. 

Table 2-1: Summary of electrodeposited macroporous metals 

Metal Metal source Inversion procedure References 

Zn Zn(O2CCH3)2 Oxygen Plasma etching [201] 

Cu n/a Ch2Cl2 dissolution [74] 

Ag AgCN Tetrahydrofunan (THF) dissolution  [73] 

Au [AuCl4]
-
 THF or toluene dissolution [70,73,157] 

Ni Ni
2+

 Calcination or toluene dissolution  [33,69,198,199] 

Pd [PdCl4]
2-

 THF or toluene dissolution [128,197] 

Pt [PtCl6]
2-

 THF or toluene dissolution [70,73,128,197] 

Co Co
2+

/ Co(O2CCH3)2 Toluene dissolution [197,200] 

Fe Fe
2+

 Toluene dissolution [202] 

Ru [Ru(NO)]
3+

 n/a [203] 

Os [OsCl6]
2-

 n/a [203] 

Re [ReO4]
-
 n/a [203] 

 

  

Figure 2-16 SEM images of 3-DOM thin film made from electrochemical plating. (a) cuprous 

nickel film [198],  showing the porous domains are connected by dense solids; (b) zinc film, 

showing isolated porous domains [201]. 

One of the main features of the electrochemical plating is that all the 

interstitial spaces of the template are completely filled, including both the interstices 

 (a) 

 10 µm 

 (b) 
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between the colloidal spheres and cracks between the domains. The surface 

morphology of the 3-DOM structures will be porous-structured domains connected by 

a dense metallic network [198,204], as shown in Figure 2-16(a). In contrary, a couple 

of reports have shown isolated porous domains [201,205], as an example given in 

Figure 2-16(b), but the authors didn‟t comment on such a surprising surface 

morphology.   

2.3.2.2 Precipitation/chemical convection        

A precipitation/chemical convection process is illustrated in Figure 2-17: a 

solution of metal acetate in either acetic acid or an ethanol/water mix impregnates the 

colloidal crystal through capillary forces; subsequently the metal acetate/polystyrene 

composite is soaked in a solution of oxalic acid for a second impregnation step to 

precipitate a metal oxalate salt into the voids, building up a pre-arranged inorganic 

precursor skeleton, which is then chemically converted to the three-dimensional 

macroporous metal by calcination in flowing nitrogen or hydrogen to prevent 

oxidation. 

Stein et al. [206] exploited the preparation of macroporous nickel through the 

precipitation/chemical convection process. Polystyrene colloidal crystals were soaked 

in a solution of nickel acetate followed by a saturated solution of oxalic acid to 

precipitate an insoluble nickel oxalate salt in the interstitial spaces between the latex 

spheres with diameters ranging from 420 ± 50 nm to 660 ± 30 nm. Subsequent 

calcinations at  300 ºC in flowing nitrogen decomposed the nickel oxalate to nickel 

and carbon dioxide and removed the polystyrene spheres, leaving a nickel 

macroporous structure with a monodisperse void size ranging from 250 nm to 500 

nm. Later they successfully extended this method in fabrications of macroporous 
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magnetic alloys of NixCo1-x and Mn3Co7. For instance, to prepare macroporous 

NixCo1-x alloy, they impregnated a poly (methyl methacrylate) (PMMA) colloidal 

crystal with a mixture solution of nickel acetate and cobalt acetate followed by an 

oxalic acid solution. The metal oxalates were then hydrogen reduced to a 

macroporous alloy after thermal decomposition of the PMMA template. 

 

Figure 2-17 Schematic process of precipitation/chemical convection [206]. 

Although the precipitation/chemical convection method is effective in the 

fabrication of macroporous metals there are several disadvantages to be noted. Firstly, 

there is significant shrinkage (up to 50% or even more) and cracking of the structure 

because the metal precursor salts occupy a greater volume than the final metals. Stein 

et al. reported that an average pore size of 200 nm was obtained with 410 nm PMMA 

spheres [206]. Secondly, it is limited to metals whose precursor salts are easily 

reducible and whose melting points exceed the decomposition temperature of the 

template. Thirdly, it is not suitable to prepare films of controlled thickness.  

2.3.2.3 Nanoparticle infiltration       

Nanoparticle infiltration is simple one-step deposition process. As illustrated 
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in Figure 2-18, a glass substrate is placed in a suspension of colloidal metal 

nanoparticles mixed with sub-micron sized latex spheres. The latex spheres are 

packed into a crystalline array on the glass substrate through convective self-

assembly. Meanwhile the metal nanoparticles aggregate around each polymer sphere. 

As a result, all void spaces between the latex spheres are filled with the metal 

nanoparticles, forming a metallic skeleton in the colloidal crystal, which is preserved 

as a porous nanostructure when the polymer is removed. 

 

Figure 2-18 Schematic process of nanoparticle infiltration. 

Velev et al. reported the fabrication of macroporous gold through the 

nanoparticle infiltration process [121,207]. They created the colloidal crystal from 

polystyrene spheres with diameters from 200 to 1000 nm and gold nanocrystal (15-25 

nm in size) in the interstices of the colloidal spheres. Removal of the polystyrene 

spheres was accomplished by calcination or chemical means, such as oxidation by 

concentrated sulphuric acid or dissolution in trichloromethane, yielding macroporous 

gold. Pore size can be controlled by varying either the size of the nanogold particles 

(smaller particles yield thicker walls and smaller pores) or the chosen method of 

template removal (oxidation produces thicker walls than dissolution). This technique 
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may be adaptable to other nanocrystalline metals.  

Though the nanoparticle infiltration method is simple and straightforward, the 

metal wall exhibited textural mesoporosity. The wall structure depended on the 

template removal technique. If latex spheres were removed by oxidation with acid or 

dissolution in chloroform, colloidal gold particles were still discernable in the walls. 

Calcination could produce a smoother gold structure but resulted in significant 

shrinkage (up to 30%) [207].  

2.3.2.4 Electroless plating 

Electroless plating is a simultaneous reduction process in an aqueous solution 

without external electrical energy supplies. The reaction is driven internally by a 

chemical reducing agent in solution and is essentially constant at all points of the 

surface, provided agitation is sufficient to ensure a uniform concentration of metal 

ions and reducing agents. Electroless deposits are therefore very uniform in thickness 

all over the part‟s shape and size.  

Many metals including nickel [194,208,209], cobalt [210,211], copper [212], 

silver [212,213], gold [214] and platinum [215,216] have been produced through this 

approach. Typically the colloidal spheres modified with thiol surface groups were 

deposited as close-packed arrays on glass substrates. The colloidal crystal was 

immersed into a colloidal gold solution. The gold particles were attached to thiol 

groups and could act as catalysts for the electroless deposition. The composite 

material was calcined at 575 ºC for 8 h to strengthen the colloidal crystal and to 

remove organic residues. It was then immersed in electroless deposition baths to 

deposit the metal film. Finally the colloidal spheres were removed by dissolution to 

reveal the porous structure.  
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In contrast to those samples prepared by precipitation/chemical convection or 

nanoparticle infiltration, little shrinkage occurred with the deposited metals and the 

pores were similar in size to the templating spheres. Moreover, electroless plating 

doesn‟t require a continuous conductive path for plating onto - plating can be done 

straight onto plastics and other substrates regardless the surface of the substrate is 

conductive or not. However the reduction process is simultaneous but not 

controllable. Its application is limited by the short lifespan: initial deposition is rapid, 

process does however slow down after a certain thickness is reached for example, a 

few hundreds of nanometres for silver, a few microns for copper [212]. 
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3 INSTRUMENTATION 

In this chapter, the main experimental techniques used in the project are 

described. Optical microscope, scanning electron microscope (SEM), optical 

spectroscopy, surface enhanced Raman spectroscopy (SERS), and X-ray diffraction 

(XRD) are employed to understand the structural and optical properties of the 

prepared the 3-DOM thin films.  

3.1 Optical microscope 

In 1873 German optician Abbe stated that the minimum distance, d, that can 

be distinguished in a specimen was given by [217] 





sin

61.0

n
d   (3.1) 

where λ is the wavelength of the illumination, θ is the half angle subtended by the 

objective lens at the specimen and n is the refractive index of the space between the 

objective lens and the specimen. The minimum distance, d, is the theoretical 

resolution limit of microscopes. 

Usually, the refractive index is well below 2 and the maximum value for sinθ 

= 1, consequently the resolution that can be achieved by a microscope using visible 

light (λ = 550 nm is assumed, corresponding to green light) is limited to 200 nm.  

The optical microscope is used in this work to characterize the surface 

topography of samples, providing an initial evaluation of the quality of the samples. 

As examples given in Figure 3-1, polystyrene films were prepared with increasing 
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colloidal volume fractions from (a) to (d), but with all other conditions the same. 

When the concentration of the colloidal suspension was very low, the resultant film 

was quite non-uniform, as illustrated in Figure 3-1(a), in which the different color 

represents the different film thickness. With the increasing of the colloidal 

concentration, the surface of the films has become more uniform, and the domain size 

was enlarging as well. However, when the concentration was too high (in practice, 

thick films are normally fabricated by successive coatings
 
[186] instead of simply 

increasing the volume fraction to get higher thickness), the film started to delaminate, 

referring to Figure 3-1(d). 

 

Figure 3-1 Optical microscope images of polystyrene films with increasing film thickness from (a) 

to (d). 

3.2 Scanning electron microscope 
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3.2.1 Basic principles of SEM 

As stated in Equation 3.1, the resolution of a microscope, d, is restricted by the 

wavelength of illustration of microscopes. While de Broglie related that the 

wavelength of an electron, λ, is inversely proportional to the momentum, p, by the 

following equation [218]: 

p

h
  (3.2) 

where h is the Planck‟s constant and the value is 6.6  10–34 J Hz–1. 

In the electron microscope, the electrons of charge e, are accelerated by 

potential U, the kinetic energy of the electrons can be found as, 

2

2

1
mveU   (3.3) 

where m is the rest mass and the value is 9.1  10
-28

 g. and v is the velocity of the 

electron respectively. 

Hence  

meU

h

2
  (3.4) 

For instance, the wavelength of the electron is 0.0049 nm when the 

accelerating voltage is 60 kV. Consequently the scanning electron microscope (SEM) 

has been developed and uses accelerated electrons that have much shorter de Broglie 

wavelength than that of photons to form an image, resulting in a high spatial 

resolution. According to Equation 3.1, SEM is capable of examining features down to 

nanometre scales whilst optical microscopes can only reach ~ 0.2 mm in practice. 

The essential components of an SEM are schematically illustrated in Figure 3-



 

41 

 

2. The electrons are emitted by either a thermionic cathode made of a tungsten 

filament or Lanthanum Hexaboride (LaB6) single crystal or a field emission gun made 

of a pointed tungsten tip.  The beam of electrons is accelerated by an anode at a 

voltage up to 100 keV with respect to the cathode and condensed to a fine electron 

probe by using a set of magnetic lenses, scanning over a specimen in a two-

dimensional raster. Interaction between the incident beam of electrons and electrons 

in the specimen generates various signals, most commonly are secondary electrons, 

backscattered electrons, or characteristic x-rays. The signals are detected, amplified, 

and mapped onto a cathode-ray-tube (CRT) display for observation.  

 

Figure 3-2 Schematic diagram of a scanning electron microscope. 

3.2.2 Image mechanisms of SEM 

Elastic and inelastic scattering are the elemental interactions between atoms. 

Figure 3-3 shows the most important interaction processes and their information 
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volumes. Secondary electrons arise due to inelastic collisions between the incident 

electrons and electrons bound in the specimen. If energy transferred to the specimen 

electrons is sufficient to overcome the work function that binds them to the solid, they 

are ejected as secondary electrons. Incident electrons may interact with the nucleus of 

atoms in the specimen and be reflected back out of the specimen as backscattered 

electrons. The rate for energy loss is very low so that most of the secondary electrons 

typically have energy between 5 to 10 eV [219]. 50 eV is a conventional cut-off 

value, below which they are said to be secondary electrons and all of the escaped 

electrons with energy above 50 eV are called backscattered electrons. Auger electron 

production is an alternative to characteristic X-ray emission after ionization of an 

inner shell. The de-excitation energy released when an electron from an upper shell 

fills the vacancy in the ionized shell can be converted to an X-ray quantum of energy 

hυ = E2-E1 or the energy may be transferred to another atomic electron, which leaves 

the specimen as an Auger electron.  

  

Figure 3-3 Generalized illustration of interaction volumes. 
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3.2.2.1 Secondary electrons (SE) 

Due to the low energy of the secondary electrons, only those excited a few 

nanometres in depth to the surface can be detected [220], as illustrated in Figure 3-3. 

This allows a resolution as high as 1-10 nm. The secondary electrons are used to 

image the surface topography. In general, areas that have more secondary electrons 

collected by the detector will appear brighter than those have fewer electrons 

detected. For example, certain areas are not reachable for the incident beam and no 

secondary electrons will be generated. They thus appear dark in the images. Some 

areas such as area A in Figure 3-4 are able to generate secondary electrons, however, 

they face away to the detector and fewer electrons will be collected and then they will 

appear less bright. The dependence of the secondary electrons generation on the tilt 

angle of a surface element, the enhanced emission at edges and small particles and the 

shadow contrast that results from incomplete collection can all contribute to the image 

contrast. 

 

Figure 3-4 Schematic diagram of secondary electron generation. 
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In this thesis, microstructural features of interest include sphere or pore size, 

domain size/shape, volume fractions, and defects such as cracks or stacking faults. 

The information is obtained primarily from secondary electron images. An example of 

a polystyrene film is shown in Figure 3-5. The top surface is close packed polystyrene 

spheres with each sphere having six neighbour spheres, corresponding to either a (111) 

plane of a face centred cubic or a (0001) plane of a hexagonal close packed structure. 

The dark area is a drying crack where the secondary electrons are not detectable. 

Defects such as voids are randomly distributed and stacking faults are running 

perpendicular to the drying crack. 

 

Figure 3-5 SEM surface view of a polystyrene film obtained in present work. 

3.2.2.2 Backscattered electrons (BSE) 

Backscattered electrons, as mentioned earlier, are elastic scattered electrons 

that have nearly the same energy levels as the incident beam electrons. Unlike 

secondary electrons, the backscattered electrons would not be affected by electrostatic 

collection field and travel in a straight path that is almost the same direction as the one 

they come from so that the backscattered electron detector is placed below the 

objective. Since the quantity of electrons backscattered is proportional to the atomic 
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number, the backscattered electrons are to illustrate chemical contrast of the specimen 

- the higher atomic number area, the brighter it appears. However, the resolution of 

backscattered electron images is not as good as that of the secondary electron images 

because the signals come from a depth of up to half of the electron penetration depth, 

referring to Figure 3-3. The backscattered electron is also angle dependent and a weak 

topographical contrast is superimposed on the chemical contrast. Generally the 

backscattered electron images are better suited for smooth specimen surfaces to avoid 

excessive surface roughness interfering with the discrimination of the specimen.  

3.2.2.3 Characteristic X-rays 

When electrons of the specimen atom are ejected as the secondary electrons, 

electrons from outer shells drop into the inner shells to replace the vacancies. As 

illustrated in Figure 3-6(a), a K shell electron is kicked out by the incident electron. 

This leaves a vacancy in the K shell. To keep the energy of the atom the lowest, an 

electron from outer shell e.g. L shell falls into the vacancy. The difference of the 

energy between the K and L shells will be emitted as x-rays. The wavelength of the x-

rays is characteristic of, not only the elements, but also the element shells that have 

lost and gained electrons. However, the energy difference can be absorbed by a outer 

shell electron, as illustrated in Figure 3-6(b), an electron in the M shell accepts the 

energy and leaves the atomic orbit. Such an electron is called Auger electron and this 

process is competitive to X-ray emission.  

An SEM may be equipped with an energy dispersive X-ray (EDX) analysis 

system in which a detector collects the characteristic x-rays and separates them 

according to the energy. The window of the detector is usually made of beryllium so 

that X-rays from all elements in the periodic table above beryllium (atomic number = 
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4), if present sufficient quantity, can be presented in spectral forms. The main 

advantages of EDX are its speed of data collection and the ease of use. In this thesis, 

EDX analysis is distinctive in identifying the elements of the specimen or 

contaminants, as well as estimating their relative concentrations.  

 

Figure 3-6 Classical models showing the production of (a) characteristic X-rays and Auger 

electrons  

3.3 Reflectance spectroscopy 

In this thesis, reflectance spectroscopy was employed to investigate the stop 

band properties of photonic crystals. As stated in Section 2.1.1, when the incident 

radiation satisfies the Bragg condition, it will not able to propagate through the 

sample and the radiation is detected as a peak in the reflectance spectra.  

3.3.1 Instrumental setup 

The experimental setup for measuring angle resolved reflectivity spectra was a 

Bentham 200 Series optical bench which consists of a white light source - 100W 
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quartz halogen lamp, a triple grating monochromator (TM 300V series) and a set of 

focusing lenses, a goniometer and a silicon photodiode detector, schematically shown 

in Figure 3-7. The light passes through the monochromator to obtain a beam with a 

fixed wavelength in the range between 300 and 1100 nm. The monochromic light is 

focused on a sample in a spot with 1.0 mm in diameter. The sample is mounted on a 

goniometer, which is capable of moving from 0° to 75° so that incident light at 

various angles can be measured. The reflected light is collected by a detector and 

amplified and finally the intensity is recorded as a function of incident wavelength by 

the computer. 

 

Figure 3-7 Schematic setup for measuring angle-resolved reflectivity, adapted from BENTHAM 

200 series user handbook. 

3.3.2 Spectral analysis 

A typical series of angle resolved reflectance spectra of the polystyrene thin 

film is shown in Figure 3-8. The reflection peaks are Bragg refraction from 
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consecutive (111) planes [173] and they shift to higher frequency with increasing 

angle of incidence.  
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Figure 3-8 Angle-resolved reflectance spectra of polystyrene film. 

An approximate calculation for the diameter of the polystyrene spheres can be 

obtained from the combining Bragg‟s law and Snell‟s law to obtain [221,222] 

 22 sin2  effhkl nd  (3.5) 

where dhkl is the lattice constant or the distance between two diffracting (hkl) planes 

for the sample, θ is the angle of the incident to the normal surface, λ is the peak 

wavelength, and neff is the effective refractive index of the structure.  

Ploting sin
2
θ vs λ

2
 gives a straight line with intercept (b) and gradient (m),  

2

2

4

1
;

hkl

eff
d

mnb   
(3.6) 

Therefore neff and d111 can be obtained with 
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m
dbn hkleff

4

1
;   (3.7) 

As for a face-centered cubic structure  

hkldD
2

3
  (3.8) 

where D is the diameter of polystyrene spheres. In the case of the reflectance spectra 

shown in Figure 3-8, the fitting value of for neff and sphere diameter D were 

determined to be 1.54 and 334 nm respectively. 

Thin films display some characteristics that cannot be observed on thick opals. 

The interference of light reflected by the top and bottom surfaces causes the well-

known Fabry-Perot fringes. Though such interferences exist in all films, the 

interferences of thick opals form a continuous background and only in thin films can 

the oscillations be clearly observed. As shown in Figure 3-9, the Fabry-Perot fringes 

can be seen on both sides of the Bragg peak and they can therefore be used as a non-

destructive measure for the film thickness (t). According to [223] 







 



1

11
22

)
11

(
sin2 reffn

r
t  

(3.9) 

where neff is the effective refractive index of the structure, θ is the angle of the 

incident to the normal surface, r is the Fabry-Perot fringe order (r = 1,2 3,4, ….), λr is 

the wavelength of the r
th

 fringe, δ is the phase change upon reflection (a constant that 

can be ignored in most cases).
 
 

Plotting r vs. )(sin2
11

1122






r

r
effn




 produces a straight line of film 

thickness as gradient. An example is given in Figure 3-9. From the information of FP 

fringes (marked with red arrows in the inserted picture in Figure 3-9) of the 

reflectance spectrum obtained from the incident angle of 10°, the thickness of the film 
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is calculated to be 4.68 ± 0.35 μm, corresponds to 14 sphere layers. 
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Figure 3-9 Linear fit to determine the thickness of the film from Fabry-Perot fringes obtained at 

10° incident angle (inset), in which numbers 1 to 7 are the orders of the fringes.    

3.4 Surface enhanced Raman spectroscopy  

Metallic macroporous structures have been used as stable surface enhanced 

Raman spectroscopy (SERS) substrates whilst the void geometry and uniform surface 

are proposed to give reliable Plasmon signals. In the project SERS was measured 

using a Renishaw 2000 CCD Raman spectrometer equipped with Olympus BH-2 

confocal microscope, as schematically illustrated in Figure 3-10. The system is 

equipped with a 633 nm Helium-Neon (HeNe) and a 514 nm Argon ion (Ar
+
) lasers 

with a maximum power of 2.8 mW. The specimen surfaces were found to be highly 

sensitive to the intensity of the incident laser. As a result, low power levels (i.e. 0.5 

mW at the focal point) were used for all measurements to avoid laser damage to the 

surface. Spectra were collected using the extended scanning mode from 200 to 3200 

cm
-1

 and 10 s accumulation time, with the single scan over the desired range taking 
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one minute to collect from recording normal SERS spectra. 

The lasers are aligned along the same optical path, allowing different lasers to 

focus on the same point with ease. Light is focused on the specimen with the confocal 

microscope. There is a selection of objective lenses available, including 5×, 20×, and 

50× long working distance objectives and 20×, 50× and 100× high numerical aperture 

short working distance objectives, and a 60× immersion objective index matched to 

water. Most commonly we used either 50× (providing a spot of < 1 μm in diameter) 

near working distance or the immersion objective lens for dry or aqueous samples, 

respectively  

 

Figure 3-10 Schematic layout of Renishaw 2000 CCD Raman spectrometer with Olympus BH-2 

confocal microscope, adapted from the Ranishaw manual.    

SERS active molecules are provided by dyes rhodamine 6G (R6G) and 

benzotriazole (BZT). R6G adsorbs to the surface through physical adsorption, which 
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results in a weak binding.  Hence if there is something strongly bound to the surface 

then little or no adsorption will occur. The benzotriazole dye has been designed to 

bind through strong covalent binding to metal surfaces specifically for use for SERS 

applications. The binding is essentially irreversible and the dye should displace any 

surface species bound to the surface ensuring a good Raman signal. 

3.5 X-ray Diffraction 

X-ray diffraction (XRD) has been in use for the fingerprint characterization of 

crystalline materials and the determination of their structure. According to Bragg‟s 

law stated in Section 2.1.1, when a monochromatic beam of X-rays with wavelength λ 

strike a sample at an angle θ, diffraction occurs only when the distance d traveled by 

the rays reflected from successive planes differs by a complete number n of 

wavelengths: 2dsinθ = nλ. 

 

Figure 3-11 Schematic construction of X-ray diffractometer. A. X-ray source; B. focusing slit; C. 

specimen stage; D. receiving slits; E. monochrometer or filter; and F. X-ray detector.    

The construction of an X-ray diffractometer is shown in Figure 3-11. It 
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basically consists of three parts – an X-ray source, a specimen, and an X-ray detector. 

The angle between the plan of the specimen and the X-ray source is θ, the Bragg 

angle. The angle between the projection of the x-ray source and the detector is 2θ. 

The detector moves through a range of angles, typically from 0 ° to about 160 °. By 

rotating the specimen around a central axis, a diffraction beam can be generated if the 

sample is correctly oriented at the Bragg diffraction angle. The diffracted beam is then 

passed through a set of collimation slits to remove X-ray scattering and then counted 

by the detector. Both the positional and intensity data are collected, which enables the 

phase composition of the sample to be determined when the recorded pattern is 

matched with standard patterns.  
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4 SYNTHESIS OF COLLOIDAL TEMPLATES 

This chapter is to demonstrate the synthesis of large area colloidal crystals on 

conductive substrates. Either silica or polymer spheres can be used to make the 

colloidal crystals. Both of them are both highly wettable by the precursors of the 

framework and available with less than 5% variability in monodispersity. However, 

polymer spheres were chosen for the project because they are readily removable at 

room temperature by toluene or tetrahydrofuran (THF) without affecting the deposited 

metallic replica.  

4.1 Synthesis of colloidal spheres 

Sub-micron sized polystyrene spheres with a narrow size distribution 

(polydispersity < 5% being desirable [224,225]) were synthesized by emulsion 

polymerization of monomers, in which hydrophobic monomers are dispersed in a 

continuous phase and polymerised to form large molecules [226-229]. Styrene 

(C6H5CH=CH2, 99%, Aldrich) was used as the monomer and potassium persulfate 

((K2S2O8, 99%, reagent grade, Aldrich) was the reaction initiator, which is a molecule 

capable of forming reactive free radicals. The styrene was washed thoroughly with 

deionised water before use to remove traces of reaction inhibitor 4-tert-butylcatechol 

(C10H14O2). 

The polymerisation procedure consists of three steps: initiation, propagation, 

and termination, as illustrated in Figure 4-1. During the initiation phase, the potassium 

persulfate was thermally decomposed at 70 - 80 ºC to generate two free radicals to be 
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added to the double bond of the styrene monomer. Once initiated, successive 

additions of styrene monomer to the free radical end of the polymer chain causes the 

chain to grow. The consumption of a free radical is accompanied by the formation of 

a new, large free radical. The polymerisation is terminated by steps that consume, but 

do not form, free radicals, such as the combination of two free radicals [228]. 

 

 (a) Initiation 

 

 

(b) Propagation 
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(c) Termination 

 

Figure 4-1 Emulsion polymerisation process of styrene using potassium persulfate as initiator to 

produce polystyrene. 

Variations in the mean diameter of the spheres can be achieved in several 

ways which include, alternating the reagent concentration, varying the stirrer speed, 

and increasing the reaction temperature and time of the reaction [6,227]. To obtain a 

monodisperse size distribution, the stirrer speed and the temperature should be kept 

constant throughout the synthesis process to maintain a uniform rate of reaction. The 

polystyrene dispersion should also be filtered through glass fibre and filter paper to 

remove large aggregates and stabilised in an aqueous suspension. 

The particle size decreases proportionally with initiator concentration, stirring 

speed and reaction temperature but increases with monomer concentration. A large 

number of radicals will be formed at the early stage of the reaction, producing surface 

active oligomers which colloidally stabilize the particles and thus provide numerous 

nuclei. In our work, the concentration of the styrene was varied while other conditions, 

including the synthesis temperature, stirrer speed and concentration of the potassium 

persulfate, were kept constant and the emulsion solution was agitated at 70 °C at 350 

r/min for 24 hours under nitrogen atmosphere to obtain various mean particle 
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diameters ranging between 200 nm and 700 nm. 

The particle sizes were measured using a transmission electron microscope 

(TEM), with 200 the minimum number of spheres measured. Table 4-1 shows three 

representative sizes of the polystyrene spheres used in the thesis. They are 651 ± 23.4 

nm, 327 ± 6.0 nm, and 248 ± 5.7 nm, all corresponding to polydispersity of less than 

4%. Typical TEM images of the polystyrene spheres of mean diameter of 327 ± 6.0 

nm are shown in Figure 4-2. 

Table 4-1: Sizes of the polystyrene spheres used in the project 

Sphere diameter/nm Standard deviation/nm Polydispersity/% 

651 23.4 3.6 

327 6.0 1.8 

248 5.7 2.3 

 

 

Figure 4-2 TEM images of colloidal spheres of mean diameter of 327 ± 6.0 nm.  

4.2 Experimental 

4.2.1 Materials 

Substrate cleaning: Indium Tin oxide (ITO) coated glass slides (Delta 

Technologies, Resistances = 8-12 ohms/cm) of dimensions 50 mm × 12.5 mm × 0.7 
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mm were used as substrates for the polystyrene (PS) template growth. The substrates 

were washed sequentially with OptiClear detergent (National Diagnostics), acetone 

(BDH AnalaR
©

, 99%), methanol (BDH AnalaR
©

, 99.8%), and deionised water. All 

solvents were of reagent quality and used as received. In each solvent, slides were 

placed in an ultrasonic bath for 15 minutes. When the clean cycle was completed, the 

substrates were blow-dried with nitrogen. 

Suspension preparation: monodisperse polystyrene colloids of diameters 248 ± 

5.7 nm, 327 ± 6.0 nm, and 651 ± 23.4 nm were sonicated for at least 10 minutes 

before use to break all aggregates and diluted to volume fractions of 0.01%, 0.05%, 

0.10%, 0.30%, 0.50%, or 1.00% with deionised water. A small amount (0.02%) of 

detergent Tween-20 was added to the diluted suspension to reduce the surface tension 

on ITO glass slides. 

4.2.2 Procedure  

The polystyrene templates were grown through evaporation induced 

convective self-assembly, which produces highly ordered particle arrays with smooth 

surfaces as well as controllable film thickness, as stated in Section 4.2.3. The 

procedure is schematically shown in Figure 4-6. A clean and flat ITO glass substrate 

is placed in an aqueous suspension of polystyrene spheres, with a certain volume 

fraction. The key parameters that affect the quality of polystyrene crystals are the 

evaporation temperature and relative humidity (RH). Based on the experience in our 

group the polystyrene films assembled on bare microslides have the best quality when 

they were grown using colloid suspensions with volume fractions in the range of 0.07 

- 1.4% at the evaporation temperature of 65 °C and a relative humidity not more than 

20% [6,230]. As it was ITO coated glass substrates used in the thesis, from trial and 
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error, the conditions have been modified to the evaporation temperature of 60 °C and 

a relative humidity of 20 - 30%. The vials were kept in an incubator where the 

temperature is controlled with a precision of ±0.2 °C for 48 hours until all the liquid 

has been evaporated.  

 

Figure 4-3 Schematic process of growing polystyrene colloidal crystals through evaporation 

induced self-assembly. 

4.3 Results and discussions 

4.3.1 Crystalline control  

As soon as the vial is placed into the incubator, liquid evaporates and particle 

assembly starts. However it may take a while before the growth reaches an 

equilibrium. In the initial growth stage, monolayer has been formed but the number of 

layers is increasing for the time being, as shown in Figure 4-4(a), in which various 

colours are attribute to thickness difference. Within a very short period, the 

evaporation flux has become constant and the film grows continuously and uniformly. 

Figure 4-4(b) and (c) give the uniform middle area in a large scale. However, since 

the evaporation is competitive with the gravity, the suspension is concentrated when 

the growth reaches the bottom of the substrate slide. More particles settle down at the 
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bottom area, especially when the slide is titled. Once again the decrease of the 

uniformity is revealed by the non-uniform colours in Figure 4-4(d). Hereafter only the 

middle area where the film growth is balanced and suffer less gravity interruption, is 

used for the further investigation. 

 

Figure 4-4 Optical microscopy images of polystyrene film (a) layered up top area; (b) uniform 

middle area of high magnification ×50; (c) middle area remain uniform in low magnification ×10; 

(d) less uniform bottom area. 

Crystallinity is one of the most important parameters in determining the 

performance of colloidal crystals. The crystallinity can be modified by changing the 

substrate, polydispersity, temperature, and relative humidity. 

4.3.1.1 Substrate materials 

To produce dense-packed latex particle arrays through convective self-
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assembly, the substrate must be hydrophilic so that the suspension and particles are 

able to slide on the substrate before the film dries. Otherwise the array growth may 

form a discontinuous film with stripes. For instance the surface tension of ITO coated 

glass slides is higher than that of clear microslides and stripes of polystyrene crystals 

thus formed on the ITO slide, as shown in Figure 4-5(a) & (b), if the same conditions 

are used. To solve this problem and obtain continuous film, a small amount (0.02%) 

of detergent Tween 20 was added to wet the surface of ITO glass slides, as illustrated 

in Figure 4-5(c) & (d). 

 

Figure 4-5 (a) high surface tension resulted in ‘stripes’ on the glass substrate; (c) hydrophilic 

surface produced continues dense packed colloidal film; (b) and (d) optical microscopy images of 

corresponding enlarged areas. 

In addition, substrate surface cleaning would affect the film quality as well. 

The organic contaminations or other foreign substances might disturb surface 
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properties such as surface tension, orientation, or surface charge, which in return 

degrade the adhesion between the polystyrene particle and the substrate. Figure 4-6 

clearly indicates that the film quality is significantly affected by cleaning treatment of 

the surface substrate.  

  

Figure 4-6 Digital photography images of polystyrene films on ITO glass substrates (a) proper 

cleaned surface gives uniform growth; (b) - (d) surface suffering contamination and result in 

delaminated or non-uniform films. Film growth directions are from top to the bottom, as 

indicated by arrows. 

4.3.1.2 Polydispersity of colloidal spheres 

Another crucial parameter affecting the crystallinity is the polydispersity (size 

distribution) of the colloidal spheres. Figure 4-7 shows SEM images of two 

polystyrene films grown from colloidal spheres of sphere comparable diameters 651 

nm and 565 nm with polydispersity of 9.4% and 3.6% respectively spontaneously in 

the same incubator. Fast Fourier transforms (FFTs) are two-dimensional spatial 

frequency diagrams that can be considered as surface diffraction patterns. The FFT 

images shown in the insets of Figure 4-7(b) and (d) were obtained from low 

(a)                          (b)                         (c)                         (d) 



 

63 

 

magnification images of 40 × 40 μm
2
 in area of the two films with the polydispersity 

of 9.4% and 3.6%, respectively. The inset of Figure 4-7(d) obtained from narrower 

size distribution exhibits sharp spots in the FFTs, showing a high degree of regularity 

over a large length scale. While the polydisperse sample has only short-range order 

and the Fourier transforms will therefore look like the diffraction pattern of a 

polycrystal - a series of concentric rings resulting from many spots very close together 

at various orientations around the centre beam spot [128,186], as shown in the inset of 

Figure 4-7(b).  

 

Figure 4-7 SEM images of the polystyrene films grown from colloids of comparable sizes but with 

polydispersities of (a) & (b) 9.4% and (c) & (d) 3.6%. 

4.3.1.3 Growth temperature and relative humidity 

The Gibbs free energy difference between f.c.c and h.c.p phases is only 0.005 

RT/mol [231,232]. The energy difference increases with the evaporation temperature. 
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Thus an increase of the evaporation temperature leads the colloidal crystal an 

increased tendency towards equilibrium f.c.c phase [46]. Figure 4-8 shows a few SEM 

surface images of colloidal crystals prepared at evaporation temperatures of 50 °C, 60 

°C and 70 °C respectively. All samples exhibit ordered close-packed arrangement of 

polystyrene spheres, but the crystalline quality strongly depends on the evaporation 

temperature. As the convective self-assembly must compete with sedimentation, when 

using a low temperature, the growth rate is low and the spheres settle down to where 

before the meniscus arrive, which leads to more defects. Sample (a) grown at 50 °C 

have more defects such as vacancies and plane stacking faults than sample (b) grown 

at 60 °C. Since at 60 °C the polystyrene spheres have more kinetic energy to explore 

possible lattice sites and the resulting film shows fewer defects. For sample (c) grown 

at even higher temperature 70 °C the most visible types of cracks and plane staking 

faults as the water evaporation rate exceeds the crystal growth rate, the meniscus 

moves more quickly and the liquid dries before the spheres organize themselves into 

close-packed arrangements. In addition, faster evaporation rate also increases drying 

tension in thin films and results in more drying cracks [233,234]. 

 

Figure 4-8 SEM surface images of colloidal crystals (sphere diameter of 327 ± 6.0 nm) prepared 

at evaporation temperatures of (a) 50°C, (b) 60°C, and (c) 70 °C. Growth directions are 

represented by arrows.  
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Figure 4-8 demonstrates that for the growth of colloidal crystals of good 

crystalline quality, the compromise between a higher evaporation temperature and a 

slower crystal growth rate is important, the sample fabricated at a higher temperature 

has the tendency to have fewer defects, but will lead to a disordered state if the rate of 

particle transport is higher than that for crystallization or nucleus formation 

Relative humidity plays a similar role in crystalline quality. A lower relative 

humidity corresponds to a larger lateral capillary force, which leads to the presence of 

more inner cracks in the colloidal crystal. Again, a lower relative humidity promotes a 

higher array growth rate, bringing additional internal stress and results in more drying 

cracks. Figure 4-9(a) shows an image of cracks of the polystyrene films grown at 60 

ºC but with a relative humidity around only 10%. Such cracks were largely reduced 

when the relative humidity increased to 30%, as shown in Figure 4-9(b). However, if 

the relative humidity is over high, the array growth rate will be too slow and the 

formed array may suffer more defects. For the colloidal particle sizes used in the 

thesis, the relative humidity was controlled between 20 - 30%. 

 

Figure 4-9 Cracks in the polystyrene films grown at 60 ºC but with relative humidity of (a) 10% 

and (b) 30%. 
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4.3.1.4 Volume fraction of the suspension 

The volume fraction controls the particle flux and therefore the film thickness. 

As examples given in Figure 4-10(a) to (f), polystyrene films were prepared from 

spheres of 651 ± 23.4 nm in diameter and with increasing colloidal volume fractions 

from 0.01%, 0.05%, 0.10%, 0.30%, 0.50%, to 1.00% respectively, but with all other 

conditions the same.  

 

Figure 4-10 SEM images of polystyrene films prepared with increasing volume fraction (sphere 

diameter of 651 ± 23.4 nm) (a) 0.01 vol.%, (b) 0.05 vol.%, (c) 0.10 vol.%, (d) 0.30 vol.%, (e) 0.50 

vol.% and (f) 1.00 vol.%. 
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When the concentration of the colloidal suspension was very low, the substrate 

was not fully covered and resulting film was non-uniform, as illustrated in Figure 4-

10(a). With increasing colloidal concentration, the spheres become more ordered. 

However, when the concentration exceeds 0.50 vol.%, the order will be destroyed, as 

shown in Figure 4-10(e) and further increase in the volume fraction leads to 

delamination of the film, as shown in Figure 4-10(f).  

 

Figure 4-11 Crack pattern of polystyrene films with decreasing volume fraction (sphere diameter 

D = 327 ± 6.0 nm) (a) 0.01 vol.%, (b) 0.05 vol.%, (c) 0.10 vol.%, (d) 0.30 vol.%, (e) 0.50 vol.% and 

(f) 1.00 vol.%.  
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Drying cracks are formed when the stresses that build up in the film are 

released during solvent removal. Low magnification SEM images in Figure 4-11 

reveal the pattern of the drying cracks of the colloidal film made of the mean diameter 

of 327 nm spheres, which are similar to mud-cracks found at the bottom of dried 

riverbeds. Unlike classical grain boundaries, the order of spheres is preserved across 

the cracks. For all volume fractions investigated, the drying cracks are aligned 

exclusively along the growth direction as the stress associated with drying are 

released perpendicular to the meniscus. While the volume fraction decreases, the 

density of drying cracks increase but when the volume fraction is less than 0.10%, it 

decreases since the drying stress in thinner films is easier to be released in all spatial 

directions.  

4.3.2 Microstructural analysis 

4.3.2.1 Periodicity 

All samples appear opalescent with colours from violet to red, depending on 

the angle of observation, clearly visible when illuminated from above with white light. 

The colour is uniform for the whole area of the film, suggesting that the lattice planes 

are aligned. The SEM image in Figure 4-12 confirms that polystyrene spheres are 

organized into a close-packed arrangement with long-range order both parallel and 

perpendicular to the glass substrate. It is apparent that the polystyrene spheres are 

closed packed with each spheres having six neighbouring spheres, corresponding to 

either a (111) surface of an f.c.c (ABCABCABC...) or a (100) surface of a hcp 

structure (ABABAB...). Though it is clear that the samples are also ordered in the 

cross-sectional view, it should noted that top surface views such as these cannot 

distinguish between the h.c.p and the f.c.c structure. According to previous published 
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reports, convective self-assembly results in the f.c.c lattice [185,186,235,236]. 

While SEM provides a good picture of the sample quality on the micron scale, 

the assessment of order over a larger range is best determined using fast Fourier 

transforms (FFTs) analysis of low magnification SEM (40×40 μm
2
). The data is 

shown in the inset of Figure 4-12(a), in which the sharp spots indicate a high long-

rang periodicity. Defects such as vacancies are randomly distributed on the top 

surface, as shown in Figure 4-12. 

 

Figure 4-12 SEM images of the polystyrene films grown from 327 nm colloidal spheres (a) 

surface view (the inset is an FFT over a 40×40 μm
2
 area) ; (b) a cleaved edge.   

The three dimensional periodicity was further evaluated by reflectance 

spectroscopy. Figure 4-13 shows a series of angle resolved reflectance spectra 

obtained from the polystyrene films shown above with incident angle ranging from 

10° to 50°. The reflection spectra of the film were recorded as a function of 

wavelength. All spectra have been background-subtracted and all the reflectance 

peaks have been normalised to a single value 1. The peaks in the reflectance spectra 

correspond to multiple Bragg reflections arising from the ordered structures [101,237]. 
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The reflectance peaks are observed to shift progressively shorter wavelength region as 

the incident angle increases, as discussed in Section 3.3.2. Each spectrum exhibits 

apparent oscillations on both sides of the main peaks. The oscillations are Fabry-Perot 

fringes that stem from the interference of reflection from the top surface and bottom 

of the polystyrene films, indicating the high crystalline quality of the sample 

[185,238]. 
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 Figure 4-13 Normalised angle resolved reflectance spectra of the polystyrene film (Mean sphere 

diameter D = 327 ± 6.0 nm). 

According to the combining Bragg‟s law and Snell‟s law (Equation 3.5), the 

lattice parameter and effective refractive index can be calculated. The peak 

wavelengths and corresponding incident angle are giving in the following table. The 

data in Table 4-2 were obtained from Figure 4-13. An error in λ of ± 7nm was taken 

into account for the peak wavelengths due to the surface roughness of the polystyrene 
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films [230]. Using Table 4-2, we can plot sin
2
θ vs λ

2
, as shown in Figure 4-14, and 

obtained the effective refractive index neff and sphere diameter D using Equation 3.7 

and 3.8. 

Table 4-2: Summary of the information of Figure 4-13 

Diffraction Angle 

θ/° 

Sin
2
θ Peak Wavelength 

λ / nm 

λ
2
/μm

2
 

10 0.03 838±7 0.70±0.01 

20 0.12 823±7 0.68±0.01 

30 0.25 794±7 0.63±0.01 

40 0.41 757±7 0.57±0.01 

50 0.59 717±7 0.51±0.01 
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Figure 4-14 Linear fits for the reflection peaks in Figure 4-13. 

The diameter of polystyrene spheres was determined to be 358 ± 2 nm. This 

value is slightly larger than the result obtained from TEM (327 ± 6.0 nm) as it was 

averaged from the diameters of the polystyrene spheres over a 1 mm
2
 area while TEM 
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measurement was taken with only around 200 spheres. The effective refractive index 

of the structure neff can be theoretically determined by  

)1( PSairPSPSeff fnfnn   (4.4) 

where nPS and nair are the refractive indices of the polystyrene spheres and the air 

voids, respectively, and fPS is the volume fraction of the polystyrene spheres and is 

74% for an f.c.c structure. Assuming nPS is 1.54, neff will be 1.40, according to 

Equation 4.4. However the fitting value obtained from Figure 4-14 for neff  is 1.44 ± 

0.06, which is comparable to the theoretical calculation results.  

4.3.2.2 Film thickness 

As stated in Section 2.3.1.3, in convective self-assembly, the film thickness 

was determined by volume fraction of suspensions. Polystyrene films were grown 

with increasing volume fractions of 0.01%, 0.05%, 0.10%, 0.30%, 0.50%, to 1.00% 

from colloidal spheres of three different diameters 245 nm, 327 nm, and 651 nm 

respectively. To measure the film thickness with SEM, glass substrates were cleaved 

in the middle to reveal fracture sections. Figure 4-15 shows typical SEM images of 

polystyrene films grown from colloidal spheres of 327 nm in diameter.  

Table 4-3: Number of layers and film thickness vs volume fraction 

Volume fraction/vol% 
Film thickness/μm 

651 nm 327 nm 245 nm 

0.01 / / / 

0.05 2.51±0.02 1.37±0.03 1.22±0.05 

0.10 5.01±0.16 5.06±0.74 4.15±0.06 

0.30 19.59±0.98 18.95±0.22 17.20±0.23 

0.50 28.95±0.33 22.53±1.17 28.68±0.82 

1.00 Delaminated 53.90±0.22 37.15±0.83 
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Figure 4-15 SEM images of polystyrene films prepared with increasing volume fraction (sphere 

diameter D = 327 ± 6.0  nm) (a) 0.01 vol.%, (b) 0.05 vol.%, (c) 0.10 vol.%, (d) 0.30 vol.%, (e) 0.50 

vol.% and (f) 1.00 vol.%, in which Pa-Pb represents the distance from point a (Pa) on the top to 

point b (Pb) on the bottom. 

The results of all films grown from the three different diameters are 

summarized in Table 4-3. Plotting film thickness versus volume fraction and the lines 

are the best-fit results using a linear function when volume fraction is over 0.05 vol%, 

as shown in Figure 4-16. The film thickness increases linearly with increasing the 

volume fraction, which is in agreement with Equation 2.4 and Colvin‟s work [186]. 
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Figure 4-16 Dependence of the film thickness on the volume fraction. 

In addition, Febry-Perot (FP) fringes can be used as a non-destructive 

technique to measure the film thickness [223] (refer to Section 3.3.2 for details). For 

example, with the information of FP fringes (marked with red arrows in the inserted 

picture in Figure 4-17) of the reflectance spectrum obtained from the incident angle of 

10°, the wavelengths for each fringe and corresponding )(sin2
11

1122






r

r
effn




  are 

summarised in Table 4-4. Plotting r vs. )(sin2
11

1122






r

r
effn




 produces a straight 

line of film thickness as gradient, as shown in Figure 4-17. The thickness of this 

polystyrene film is calculated to be 5.21 ± 0.25 μm. Compared with the result from 

the SEM measurement (5.06 ± 0.74 μm), there is a little discrepancy between them 

because the optical analysis has given the average thickness of the film over a much 

larger (1 mm
2
)
 
area.  
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Figure 4-17 Linear fit to determine the thickness of the polystyrene film from the Fabry-Perot 

fringes obtained from the inset reflectance spectrum at incident angle of 10°. 

Table 4-4: Fabry-Perot fringes of the spectrum at 10˚ incident angle in Figure 4-17 

Fabry-Perot 
fringe order r 

λr/nm 
 

1 838 / 

2 777 2.69E-4 

3 736 4.75E-4 

4 702 6.67E-4 

5 673 8.38E-4 

6 643 1.04E-3 

7 616 1.23E-3 

 

4.4 Chapter summary 

In this chapter, the synthesis and characterization of colloidal crystal templates 

for macroporous metals prepared from monodisperse polystyrene spheres through 
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convective self-assembly have been described. The films exhibit high crystallinity, as 

shown by SEM images and reflectance spectroscopy. The film thickness can be varied 

by volume fraction of colloidal suspensions. The films are stable and have a void 

fraction about 26%, which makes them capable of being filled and the planar and 

uniformity make them ideal for macroporous network templating. Moreover, since the 

starting template can be made from spheres of variable sizes, the void volume of the 

macroporous structures can be tuned accordingly.  
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5 3-DOM METALS VIA TEMPLATE-DIRECTED 

ELECTROCHEMICAL PLATING 

5.1 Introduction 

Metal electrochemical plating is a well-developed technique. In commercial 

plating solutions, a mixture of additives is widely used to enhance the film thickness 

distribution and to control the surface smoothness. The most common copper plating 

electrolyte is an acid copper sulfate based solution containing small amount of 

chloride ions and organic molecules known as brighteners, levellers, and suppressors 

[239-241]. The brighteners are sulphur-bearing organic molecules such as 

bis(sodiumsulfopropyl)disulfide (SPS) and the suppressors are typically polyethylene 

glycol (PEG) or polypropylene glycol (PPG). In most cases, an aromatic nitrogen-

based molecule or polymer such as thiourea or benzotriazole (BTA), acts as a leveller 

to produce mirror-like plated surface. Chloride ions are added in the concentration 

range of a few mM [242-245] and act as a catalyst. In spite of the fact that the process 

has been used in industry for generations, the mechanism of the catalytic reaction is 

still a subject of debate. It has been demonstrated that copper reduced from 

commercial electrolytes is capable of filling micron- or submicron-sized trenches with 

depth-to-width ratio as high as 10:1 in a bottom-up fashion without voids [240,246]. 

However, the additives cause organic contamination sometimes. In this work, a non-

additive copper acid plating solution is developed to obtain smooth and uniform 

copper structures. 

 Silver is generally reduced from silver cyanide electrolytes [73,247-251] with 
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or without additives but normally includes Ag(CN) 3
2-

 or some other more complex 

species according to the cyanide concentration. The cyanide complex is favoured 

because it is stable. Table 5-1 gives the stability constants of various silver 

complexes, which shows silver cyanide having the highest stability [252]. Cyanide 

may be considered as an additive agent. It gives rise to strong adsorption, controls the 

silver reduction process and leads to deposits having suitable properties (good 

adherence to the base and homogeneity). On consideration of pollution and toxicity, 

several attempts have been performed to replace cyanoargentate ions by other silver 

electrolytes based on nitrate [163,253-255], thiourea [256,257], etc.  These solutions 

have not been developed because of instability and/or low quality of the resulting 

deposit. Consequently, cyanide solutions are most commonly used in spite of their 

high toxicity. However the thiosulfate bath has shown to be a promising alternative to 

produce silver deposits in an efficient and non-toxic way [258-260]. It has high 

conductivity and adequate stability. The deposits are smooth and have good adherence 

to the substrates [261-263].    

Table 5-1: Stability constants of silver complexes [252] 

Complex ions Logarithm of stability constant 

Ag(CN)3
2-

 cyanide 21.10 

AgI3
2-

 iodide 13.68 

Ag(S2O3)2
3-

 thiosulfate 13.46 

Ag(SCN)4
3-

 thiocyanate 10.08 

AgBr4
3- 

bromide 8.73 

Ag(SO3)2
3-

 sulfite 7.35 

Ag(NH3)2
+ 

ammonia 7.05 

 

Potentiostatic deposition is the most common method for electrochemical 

plating but galvanostatic deposition is advantageous in some applications. The 

galvanostatic deposition uses a three-electrode configuration, in which a constant 
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current is applied between the auxiliary and working electrodes, and the potential of 

the working electrode (measured with respect to the reference electrode) is monitored. 

Most industrial electrochemical depositions are operated galvanostatically, at a 

constant current, so that the growth rate will be exactly calculated.  This is not 

possible during potentiostatic deposition that works with a constant voltage. However, 

during potentiostatic processing, one can identify with certainty the specific processes 

that will proceed at a significant rate at the applied voltage; during galvanostatic 

processing, the voltage can vary with time, and unwanted processes may occur.   

5.2 Preliminary work 

As reviewed in Section 1.2 and 2.2.3, though 3-DOM silver and copper are the 

most interesting candidates to achieve a complete PBG in visible or to serve as 

efficient SERS-active substrates, there are few reports on them due to the fabrication 

difficulties. In our work, the preparation of the 3-DOM structures was start with the 

testing of common electrochemical sources of silver and copper. We have found that 

macroporous copper could be simply reduced from copper sulphate acid solution. 

However the selection of silver bath was a tough task. Table 5-2 summarises the test 

outcome for a few silver bath, in which only silver thiosulfate and silver perchlorate 

baths have given multilayer macroporous structures while the former demonstrated 

cleaner but rougher structural properties than the latter, as shown in Figure 5-1(a) and 

(b). The reductions from simple silver ions (AgNO3, Ag2SO4) have resulted in 

monolayer structures, see Figure 5-1(c) and (d). We assumed that the deposition from 

simple Ag
+
 could take place on the ITO surface but the grains are over coarse, which 

block the metal penetrate outwards to the second layer of the polystyrene templates. 

We deposited silver onto bare ITO glass substrates without polystyrene templates 
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from silver nitrate and silver thiosulfate baths respectively and found those grown 

from simple silver ions bath resulted in much larger grain sizes, as shown in Figure 5-

2. Moreover simple Ag
+
 ions solutions - AgSO4 and AgNO3 electrolytes are not stable 

and black precipitates appear after 1 day storage.  

Table 5-2: Macroporous silver  from electrochemical growth 

Silver source Outcome 

AgI3
2-

 Solution turned to yellow when the reaction begins. 

Ag(S2O3)2
3-

 Multilayer porous silver, see Figure 5-1(a). 

Ag(SCN)4
3-

 Black precipitates appear while voltage is applied. 

AgClO4 Multilayer porous silver, see Figure 5-1(b). 

AgNO3 Monolayer porous silver, see Figure 5-1(c). 

AgCl No metal being deposited. 

Ag2SO4 Monolayer porous silver, see Figure 5-1(d). 

 

 

Figure 5-1 SEM images of macroporous silver reduced from various plating solutions (a) silver 

thiosulfate; (b) silver perchlorate; (c) silver nitrate; and (d) silver sulphate. They all resulted in 

macroporous structures but surface morphologies are completely different.  
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Figure 5-2 Electrodeposited silver without templating from (a) silver nitrate bath; (b) silver 

thiosulfate bath.  

5.3 Experiment 

5.3.1 Bath solution 

Copper was reduced from 0.10 M copper sulfate (CuSO4∙5H2O, 98+%, 

reagent grade, Aldrich) solution and a mixed bath solution consisted of 0.10 M copper 

sulfate and 0.05 M hydrochloride acid (HCl, 37%, reagent grade, Aldrich) (pH ~ 1.3). 

The Cl
-
 ion is an addititive often being incorporated into copper electrochemical bath. 

The addition of a small amount (a few mM) of Cl
-
 has been found to modify the 

electrode kinetics essentially by increasing the transfer coefficient of the reaction of 

copper ion reduction [243-245].  

As for silver, it was plated from complex ions and the bath contains 0.10 M 

silver nitrate (AgNO3, 99+%, reagent grade, Aldrich), 0.10 M sodium chloride (NaCl, 

99+%, Aldrich), and 0.25 M sodium thiousulfate (Na2S2O3, 99%, Aldrich). The 

solution was prepared with deionised water and could be stored at room temperature 

for at least a month before observation of black precipitates. In addition, silver was 



 

82 

 

also reduced from silver perchlorate solution. To obtain the silver perchlorate 

solution, silver wire (99.99%, Advent Research Materials Ltd.) was connected as a 

work electrode and the bath was 5 mM perchloric acid solution (HClO4, 70%, 

Aldrich). A positive voltage 500 mA was applied for 480 seconds and silver was 

dissolved in a 500 ml perchlorate acid solution following  

  )()(2)(2)(2 2 gHaqAgaqHsAg             (5.1) 

Hence the 5 mM silver perchlorate solution (pH ~ 2) was prepared and stored 

at room temperature.  

The as-prepared polystyrene colloidal templates were used directly without 

any further treatment. They were robust and adhere well to the substrate. There was 

no evidence for re-suspension of the polystyrene particles when placed in the 

electroplating solution. The templates were masked with insulate tape with a circular 

area of 1 cm in diameter exposed to the plating solution. After the plating, samples 

were washed with deionised water and blow dried with nitrogen and subsequently 

dipped into toluene for at least 10 min to dissolve the polystyrene template in order to 

reveal the porous structure. After this, samples were taken out, rinsed with deionised 

water, nitrogen blow-dried and stored in desiccators. 

5.3.2 Parameters 

All experiments were carried out galvanostatically at room temperature with a 

conventional three-electrode setup: a saturated sulfate electrode (HgSO4) as the 

reference electrode (RE), platinum wires were used as the auxiliary electrode (AE), 

and a piece of ITO glass slide assembled with the polystyrene template was served as 

the working electrode (WE), as illustrated schematically for cupric system deposition 

shown in Figure 5-3. Current densities were varied from -0.5 mA/cm
2
, -1 mA/cm

2
, -2 
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mA/cm
2
, -3 mA/cm

2
, -5 mA/cm

2
, 8 mA/cm

2
, -10 mA/cm

2
, to -12 mA/cm

2
, and for 

each current density, the plating time of 100s, 300s, 600s, and 900s was performed to 

give a total of 32 configurations. However for the silver films plated from silver 

perchlorate solution, a constant current density -2 mA/cm
2
 was used but the plating 

time was varied from 600 s, 1800 s, 2400 s to 3600 s in order to gain a systematic 

result. 

 

Figure 5-3 Schematic three electrodes setup of copper electroplating using acid CuSO4 bath. 

For copper reduced from simple cupric ions systems, the reaction at the 

working electrode/cathode was  

)(2)(2 sCueaqCu  

          VE
CuCu

337.00

/2    (5.2) 

The balancing reaction at the auxiliary electrode was 

  egOaqOHlOH 4)()(4)(6 232
VE OOH 229.10

/ 22
  (5.3) 

 Therefore the overall reaction equation was  
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  )()(4)(2)(6)(2 232

2 gOaqOHsCulOHaqCu  (5.4) 

Due to the low solubility of oxygen in water, bubbles were rapidly formed 

when the reaction occurs.  

For silver reduced from the silver thiosulfate systems, the majority complex 

ion was [Ag(S2O3)2]
3-

. 

  )]([ 32

2

32 OSAgOSAg    82.8

1 10K  (5.5) 

 
  3

232

2

3232 ])([)]([ OSAgOSOSAg  46.13

2 10K
 (5.6) 

Hence the reaction at the cathode was  

  2

32

3

232 2)()(])([ OSsAgeaqOSAg
  

VE
AgOSAg

017.00

/])([ 3
232



 

(5.7) 

The balancing reaction at the auxiliary electrode is 

  eaqOHaqSOlOHaqOS 8)(10)(2)(15)( 3

2

42

2

32

VE
SOOS

716.00

/ 2
4

2
32

  (5.8) 

 Therefore the over all reaction equation is  

)(10152)(8)(15)(])([8 3

2

32

2

42

3

232 aqOHOSSOsAglOHaqOSAg    

                                                                   (5.9) 

For the silver reduced from the silver perchlorate solution, AgClO4 acted as a 

source of Ag
+
 and the reaction on the working electrode was  

)()( sAgeaqAg            VE
AgAg

799.00

/
  

 (5.10) 

All potentials at the work electrodes were monitored precisely with respect to 

the reference electrode and were recorded as function of plating time. 

5.4 Results and discussions 
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5.4.1 Structural characterisation 

5.4.1.1 Role of chloride ions 

The function of chloride ions in copper electrochemical deposition has been 

examined. Chloride ions were reported to accumulate in the growing film and 

influence the film thickness distribution [243]. Figure 5-4(a) shows a SEM image of a 

copper thin film prepared without chloride ions in the electrochemical bath. Although 

the three-dimensional porous structure has been obtained, it exhibits rough surface 

and varied pore geometries, attributing to non-uniform film thickness. In contrast, 

when the deposition was carried out using the solution incorporated with chloride ions 

(~ 0.05 M), the film presents smooth surface and highly ordered pore arrangement, as 

shown in Figure 5-4(b). This confirms a small amount of chloride ions can enhance 

film thickness distribution. 

 

Figure 5-4 SEM images of macroporous copper films (a) prepared without 0.10 M copper 

sulphate solution, showing apparent uneven thickness distribution; (b) prepared 0.10 M copper 

sulphate solution incorporated with 0.05M chloride ions as additives, showing smooth uniform 

surface. 

Figure 5-5 shows a few examples of the macroporous copper thin films plated 
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using the chloride ions involved acid copper sulfate electrolyte. The current density 

and plating time were constant at -5 mA/cm
2
 and 600 seconds, respectively.  They all 

present periodic arrangements of macro-sized pores, which were inversely replicated 

from the colloidal crystal templates. The top surfaces are uniform and display similar 

pore geometries, which demonstrated that the porous structure is highly reproducible.  

 

Figure 5-5 SEM images of macroporous copper films prepared using acid Cu
2+

/Cl
-
 bath with 

current density i = -5 mA/cm
2
 and plating time t = 600 s. 

5.4.1.2 Porous structure  

The colloidal spheres were self-assembled into an f.c.c lattice and each sphere 

was in contact with 12 nearest neighbours. Therefore, when the plating solution 

infiltrated into the interstices between the colloidal spheres it could not reach the 

contact regions, then removal of the colloidal templating spheres left behind 

macropores with interconnecting windows that were formed at the contact regions 

between the colloidal spheres, as illustrated in representative SEM images of 

macroporous copper and silver in Figure 5-6. Air voids replaced the position of 

polystyrene spheres. The mouths of these voids are approximately circular and 

through each hole of the top layer, three black holes of the second layer are visible, 

demonstrating the macroporous metal has a three-dimensional framework, as 
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illustrated in Figure 5-6(a) & (c) for copper and silver respectively. In addition, a 

fracture section of macroporous copper in Figure 5-6(b) and a focused ion beam (FIB) 

cleaved cross section of macroprous silver in Figure 5- 6(d) show that the layer by 

layer ordered pores mirroring the ordered arrays of the polystyrene spheres. The insets 

in Figure 5-6(a) & (c) are FFTs calculted from low magnification SEM images of 20 

× 20 μm
2
 in area. The sharp reciprocal spots can be regarded as a diffraction pattern, 

confirming long-rang periodicity in the porous thin films.  

 

 

Figure 5-6 SEM images of macroporous copper and silver thin films (a) & (c) top surface view, 

inserts are FFT images obtained from areas of 20 ×20 μm
2
; (b) fractured edge of copper film and 

(d) cross sectional view of silver film, features shaded are from FIB damage. 

In addition, the pore centre-to-centre distance is comparable to the diameter of 

the polystyrene spheres used. For example, the centre-to-centre distances of the films 

shown in Figure 5-6 are measured as 315 ± 15 nm and 314 ± 17 nm for copper and 

silver respectively and the original polystyrene sphere size was 327 ± 6.0 nm. This 
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confirms the inverse films do not suffer significant shrinkage after the removal of the 

template and this is one of main advantages of the electrochemical plating. 

5.4.1.3 Surface morphology 

The smooth top surface of the polystyrene film has been mirrored in the 

macroporous copper film, as shown in Figure 5-7(a) & (b). This suggests a uniform 

growth over all the plating area. On the other hand, the silver film displays a much 

rougher, stepped surface. In the macroporous silver film, there appear to be 

´́domains´́, varying in size from ~ 1 µm to 4 µm, as illustrated in Figure 5-7(c), 

although the pore centre-to-centre distance matches the diameter of the polystyrene 

template spheres. A closer inspection and cross sectional view in Figure 5-8 reveal 

that the domains are near-surface features - the porous structures are continuous at the 

bottom but step up to the surface. The „floret‟- like appearance could be due to the 

malleability of silver, which leaded to some restructuring during drying. Similar 

features have been observed in electroless plated macroporous gold structures 

reported by Jiang et al. [214]. However, the authors did not take any further 

investigations on the surface.  

 

Figure 5-7 Surface features of the thin films (a) colloidal template, (b) corresponding inverted 

macroporous copper and (c) macroporous silver. 
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Figure 5-8 SEM images of the 3-DOM silver structures (a) high magnification surface view; (b) 

cross sectional view, revealed by FIB. Both images confirms porous structures are continuous at 

the bottom but step up to the surface. 

Figure 5-9 shows low magnification top surface view SEM images of the 

polystyrene template and corresponding inverse copper and silver. Macroporous 

domains of either copper or silver thin films extend over comparable size of the 

original polystyrene domains (~ 40 µm in width), which indicates that the 

electroplating does not disrupt the long-range order of the structure. Since the 

electrochemical plating is a volume-template technique, the metal elements would fill 

any vacancies in the colloidal template from the bottom upwards the top surface. 

Also, preferential plating sites were expected to be the pre-existing drying cracks 

where transport is more facile than those between the polystyrene spheres. However, a 

significant difference was observed between the macroporous silver and copper. 

Silver has been plated directly into both the interstitial spaces between the colloidal 

spheres and all the drying cracks between domains and the solid silver joints all 

macroporous domains together hence enhances mechanical strength of the 

frameworks; while the copper formed isolated domains located exclusively along the 
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crack direction, with the cracks remaining unfilled. The SEM image of a cleaved 

silver film in Figure 5-10(b) shows clearly that the drying cracks have been 

completely filled from the bottom up. The silver formed a ridge abutted over the 

cracks due to higher ions transpor at these positions; while the copper cross sectional 

image in Figure 5-10(a) shows a gap between the macroprous domains. 

 

Figure 5-9 Low magnification SEM top surface view (a) colloidal template and corresponding 

inverted structures (b) macroporous copper and (c) macroporous silver. The growth directions 

are indicated by arrows. 

 

Figure 5-10 Unfilled or filled cracks in macroporous films (a) in copper, drying crack of the 

polystyrene template is remain; (b) in silver, crack has been completely filled by dense metal. 

Going back to the surface topography, the differences observed in Figure 5-7 
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of the two surfaces can be explained by their macrostructure. In the case of silver, 

there was a dense network which restricted macroporous domains. Nucleation started 

from various sites on the substrate and stress would be built when different nucleation 

areas met each other. The stress has been relieved upwards, resulting in the step up 

porous structure. In the macroporous copper film, isolated macroporous domains were 

formed but the absence of dense copper in the cracks means that the stress could relax 

laterally, resulting in the flat smooth surface.  

 

Figure 5-11 SEM images of macroporous silver thin film grown from silver perchlorate bath  

with templating sphere size D = 651 nm and current density i = -2 mA/cm
2
, plating time were (a) 

600 s; (b) 1800 s; (c) 2400 s and (d) 3600 s. 

For the silver plated from silver perchlorate solution, the SEM images in 

Figure 5-11 reveals that after the removal of the polystyrene templates, the spherical 

voids inverted from the original colloidal spheres are presented. However, the 

periodicity has been ruined by non-uniform nucleation at different spatial sites. For a 
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plating time of 600 s, the conductive glass substrate has yet been fully covered and it 

produced discontinuous shallow ´́dishes´́. Meanwhile at certain positions, porous 

structures have exceeded monolayer, referring to Figure 5-11(a). The substrate was 

fully covered by the porous structure when plating time was 1800 s, as shown in 

Figure 5-11(b), although the isolated multilayer porous structures are remain 

randomly distributed all over the plating area. When the plating time reached 3600 s, 

non-uniform growth rate left a porous structure with rough surfaces after templating 

sphere removal, as illustrated in Figure 5-11(d). 

5.4.2 Isolated macroporous domains 

5.4.2.1 Hypothesis - copper dissolution 

In the copper electrochemical plating using acid Cu
2+

/Cl
-
 bath, isolated 

macroporous domains were formed with the drying cracks of the polystyrene 

templates remaining unfilled. We now consider the possible why one system results in 

a filled structure and one remains as isolated domains. If we consider the 

electrochemistry of the acid Cu
2+

/Cl
-
 system, there are quite a few of reactions that 

may occur, as concluded in Table 5-3. 

Since CuCl and CuCl2
-
 are yellowish and neither of them was being observed, 

the reactions of Equation 5.15 to 5.17 can be negligible. Hence possible reactions 

occurred in the drying cracks are copper oxidation and dissolution incorporate with 

oxygen. It was assumed that at the start of the deposition, the majority of Cu
2+

 ions 

were reduced to metal copper and the process was mainly controlled by Cu
2+

 

diffusion from the solution to the surface of the electrode. When oxygen existed in the 

solution, at low oxygen pressure, the copper oxidation rate was controlled by the 

transport of dissolved oxygen to the surface of working electrode [264]. Both copper 
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deposition and oxidation rate would be expected to be higher in the cracked areas 

where diffusion is much faster than the interstitial spaces between polystyrene 

spheres. As a result, any copper elements that were plated in the drying cracks would 

be rapidly dissolved hence leaving the cracks unfilled. 

Table 5-3: Possible reactions in acid Cu
2+

/Cl
-
 bath 

Reaction Standard potential Equation  

)()(2 aqCueaqCu    VE
CuCu

159.00

/2   5.11 

)()( sCueaqCu    VE
CuCu

520.00

/
  5.12 

)()(
2

1
)(2 22 sOCugOsCu 

 
/ 5.13 

  elOHaqCuaqHsOCu 2)()(2)(2)( 2

2

2
 VE

CuOCu
203.00

/ 2
2

  5.14 

)()(2 sCuCleClaqCu    VE
CuClCu

559.00

/2   5.15 

)()()( aqClsCuesCuCl    VE CuCuCl 137.00

/   5.16 

  eaqCuClClsCu )(2)( 2
 VE

CuClCu
224.00

/ 2

  5.17 

A schematic image of the copper dissolution process is shown in Figure 5-12, 

in which the total electroplating voltage V1 is consisted of two parts – the voltages 

drives the copper dissolution V2 and that of the copper reduction V3.  

According to the Nernst equation   

where the ratio [red]/[ox] is equivalent to the probability of being reduced ions over 

that of being oxidized ions, R is the universal gas constant, R = 8.314 JK
−1 mol

−1
, T 

is the absolute temperature and F is the Faraday constant, F = 9.6485×104 C mol
−1

. 

At room temperature (25 °C), RT/F may be treated as a constant and replaced by 

321 VVV    (5.18) 

][

][
ln0

ox

red

nF

RT
EE    (5.19) 
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0.0592 V. n is the number of electrons transferred, which is 2 for Cu
2+

. 

Thus  

where the value of ERE
0
 was taken as 0.658 V for the CR5-HgSO4 reference electrode 

used. Since dissolution potential V2 represented a negative value with respect to the 

oxidation voltage V3, it was expected that the voltage V1 would more negative when 

the dissolution commenced.  

 

Figure 5-12 Copper reduction and dissolution can be illustrated as reactions in two cells. Total 

voltage recorded combines potentials of both processes V1= V2+V3. 

5.4.2.2 Plating chemistry        

To prove that oxygen diffusion is critical to the copper dissolution, we 

repeated the experiments in oxygen-free solutions. A flow of bubbling argon was kept 

22

0

/2
][

1
ln

2

0592.0
2

2 
 

diss

CuOCu Cu
EV   (5.21) 

020

/3 ]ln[
2

0592.0
2 RECuCu

ECuEV  
   (5.22) 
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in the solution during the plating process to purge oxygen from the solution. 

In addition, we deposited copper using copper glycerol solution which is free 

from O2 or Cl
-
 but consists of 0.10 M copper sulfate (CuSO4∙5H2O, 98+%, reagent 

grade, Aldrich), 0.20 M glycerol (C3H5(OH)3, 99+%, Aldrich), 0.60 M sodium 

hydroxide (NaOH, 98+%, reagent grade, Aldrich), and 1.00 M sodium sulphate 

(Na2SO4, 98+%, reagent grade, Aldrich) to reduce the grain size [265]. All solutions 

were freshly prepared with deionised water. Copper ions were transformed to 

Cu(glyc) and [Cu(glyc)2]
2- 

complex
 
ions following: 

OHglycOHCuOHOHHCCu 222353

2 2]))(([3)(22    (5.23) 

OHglycCuOHglycOHCu 222 2)(2))((    (5.24) 

OHglycCuOHOHHCglycCu 2

2

2553 2])([2)()(    (5.25) 

Copper was deposited onto the polystyrene template by: 

)(2)()()(2)(2))(( 5532 aqOHlOHHCsCuelOHaqglycCu     

 (5.26) 

)(4)()(2)(2)(4)(])([ 5532

2

2 aqOHlOHHCsCuelOHaqglycCu     

 (5.27) 

After plating, the polystyrene spheres were removed by toluene dissolution 

and the samples were blow-dried with nitrogen.  

The voltage of the reduction process of the argon degassed Cu
2+

/Cl
-
 bath was 

recorded as function of plating time and as shown in Figure 5-13. Potential vs. plating 

time (E-T) curves from the oxygen involved bath at the same current density of -5 

mA/cm
2
 and -8 mA/cm

2
 were added for comparison. Considering the dissolution 

hypothesis, the voltage of O2 involved bath would be lower than that of the Argon 

degassed one and the voltage difference is determined by the copper dissolution rate. 
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Since both of the copper reduction and dissolution rate increase with increasing 

current density, the voltage difference would be going higher too. The voltages of the 

O2 involved bath were more negative at ~ -100 mV and -500 mV lower than that of 

the degassed bath for -5 mA/cm
2
 and -8 mA/cm

2
, respectively. This is consistent with 

the hypothesis.  
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Figure 5-13 E-T lines of argon degassed and O2 involved acid Cu
2+

/Cl
-
 bath, potential difference ΔE 

is attributed to copper dissolution. 

5.4.2.3 Structural analysis 

Figure 5-14 illustrates SEM images of the macroporous copper films grown 

from the degassed Cu
2+

 and copper glycerol solution and all drying cracks have been 

filled. Closer inspections over the filled cracking areas are illustrated in Figure 5-15. 

Before removal of the colloidal spheres, dense metal deposits are detectable in the 

drying cracks of the polystyrene film, as shown in Figure 5-15(a). When the 
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polystyrene spheres have been dissolved, it is revealed that the dense copper joints 

macroporous domains together (Figure 5-15(b)). A cross sectional image further 

confirmed the crack has been completely infiltrated from bottom up to the exposed 

the surface, referring to Figure 5-15(c).    

 

Figure 5-14 Top surface view of macorporous copper films plated from oxygen free bath (a) 

argon degassed solution (b) copper glycerol solution. Arrows represent crack directions <110>, 

which were the growth direction of the colloidal templates. 

 

Figure 5-15 Crack filled films plated from oxygen free copper glycerol bath (a) polystyrene 

copper composite after plating (b) macroporous structure after toluene dissolving (c) cross 

sectional  view revealed by FIB, the shaded feature is from FIB damage. Filled cracks are 

marked by arrows. 

The filling of the cracks when copper was deposited in oxygen-free 
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environment approved the hypothesis that oxygen is critical to the dissolution 

behaviour. Coupled with an increase in the surface roughness, which is consistent 

with the discussion of the stress constraining geometry in Section 5.4.1.3. 

5.4.3 Chemical composition 

5.4.3.1 Phase identification 

The crystallinity of the macroporous structure was examined using the X-ray 

diffraction. Figure 5-16 shows typical XRD patterns obtained from the as-prepared 

macroporous copper and silver copper films. A spectrum taking from ITO-coated 

glass substrate was added for comparison.  

20 30 40 50 60 70

0

1000

2000

3000

4000

5000

6000

7000

(200)

(111)

(220)
(200)

(111)

c
o
u
n
ts

/s

2

ITO substrate

Copper on ITO

Silver on ITO

 

  

Figure 5-16 XRD patterns of electroplated 3-DOM copper and silver thin films. 

The patterns show the characteristic reflections expected for highly 

polycrystalline structure with a face-centred cubic structure and a preferred (111) 

orientation. They are consistent with those obtained for non-templated films 



 

99 

 

electrochemically deposited under the same plating conditions. According to Scherrer 

formula, the grain size d is given by 

hklhkl

d




cos

9.0
  

(5.28) 

where λ is the wavelength of incident x-rays, taken as a value of 0.154 nm , δ is the 

width of the peak at half maximum intensity of a specific phase (hkl) in radians, and θ 

is the center angle of the peak. From the width of the peaks (111) at half-maximum 

the calculated average grain size for copper and silver are 21.9 ± 0.4 nm and 21.6  ± 

0.2 nm, respectively. Both sizes are an order of magnitude smaller than the pore 

diameters. In addition, the grain size of the silver is even significantly smaller than 

that of the ´́domains´́ shown in Figure 5-7(c). This confirms that the edges of the 

´́domains´́ cannot be grain boundaries.   

5.4.3.2 Oxidation 

Oxidation is the main limitation of the application of macroporous metals. 

XRD patterns of old macroporous copper and silver structures are shown in Figure 5-

17(a) and (b) respectively. The patterns were taken from the same sample at different 

time: as-prepared, one-month old, and one-year old, shown by the red, green and blue 

lines respectively. The pattern of ITO glass substrates is added for comparison. All 

structures display good crystalline order though both the macroporous copper and 

silver samples have been oxidized after a year, as indicated by the oxides peaks of 

Cu2O and Ag2O in Figure 5-17.  
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Figure 5-17 XRD patterns of the 3-DOM (a) copper and (b) silver, representing age oxidization. 

EDX analysis has provided chemical examination closer to the surface and 

showed that the presence of oxygen in the one-month old macroporous samples, as 

shown in Figure 5-18. The EDX spectrum obtained from selected areas of either 
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copper or silver structures demonstrates the presence of oxygen. The gold peaks in the 

spectra Figure 5-18(b) & (d) are from gold-coating. The samples were coated by thin 

(5 - 10 nm) layers of gold prior analysis because the metal oxides diminished their 

conductivity. However, the oxidized structures may regenerated by low temperature 

(~ 250 ºC) annealing in hydrogen atmosphere [266,267]. 

 

 

Figure 5-18 EDX analysis of a macroporous films showing presence of oxygen in the one-month 

old samples. 

5.5 Electrochemical plating 

5.5.1 Electrochemical response 

Figure 5-19 shows voltage vs. time response obtained during the reduction of 

Cu
2+

 ions for the current densities varied from -3, -5, -8 to -12 mA/cm
2

, referring to 

Figure 5-19. As soon as the current was applied, the reduction of copper ions directly 
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located at the bottom of the polystyrene template created a concentration gradient that 

caused a flux of ions towards the polystyrene template. In this process, the voltage 

exhibits a decrease less negative that is ascribed to the formation of the diffusion layer. 

Subsequently copper started to grow onto the interstices surrounding each sphere out 

through the template. At this stage, the voltage continues to decrease as the resistance 

that comes from the polystyrene template decreases.  
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Figure 5-19 Voltage-Time responses for cupric ions reduction with various current densities from -3 

mA/cm
2
 to -12 mA/cm

2
. Dashed and solid lines represent the responses for template masked or bare 

ITO-coated glass substrates respectively. 

The Cu
2+

 ions were plated to both template masked and bare ITO-coated glass 

substrates for each current density and a fixed plating time 600 s. Corresponding E-T 

curves are shown by solid and dashed lines respectively in Figure 5-19. There are 

certain potential differences between the masked and bare substrates and they are 

increasing linearly with the current density, as shown in Figure 5-20. This 
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demonstrates that the potential difference comes from the resistance of the colloidal 

template.  
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Figure 5-20 Linear fit for potential differences with respect to current density of electrochemical 

reduction of acid Cu
2+

/Cl
- 
bath. 

5.5.2 Faraday’s law  

Faraday‟s 1
st
 law of electrolysis states that assuming 100% current density is 

achieved the mass of copper deposited (m) is proportional to the number of electrons 

that passes through: 

Q
nF

M
m   (5.29) 

where Q is the total electrical charge transferred, M is the molar mass of the metal, n 

is the valence number of the substance as an ion in solution (it is 2 for Cu
2+

 ions and 1 

for Ag
+
), and F is the Faraday‟s constant, F=96,485 C/mol.  
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In galvanostatic depositions, Q is obtained from the deposition current (I) 

multiplied by the total deposition time (T): 

TIQ   (5.30) 

and  

tSVm    (5.31) 

where ρ is the density of copper, S is the area deposited and t is the thickness of the 

copper film. Since only the voids between the polystyrene spheres are filled and the 

void density is 26% for an f.c.c array, we take 26% of the area exposed to the 

electrolyte as the effective deposit area Seff. Therefore the film thickness can be 

calculated by: 

effSnF

MIT
t


  

(5.32) 

As the deposit area Seff for all samples is around 0.26cm
2
, M is 63.55g/mol and 

ρ is 8.92 g/cm
3 

for copper while 107.87g/mol and 10.49 g/cm
3
 respectively for silver , 

the film thickness is determined by the deposition time and the current applied and the 

results are shown in Table 5-4. 

Table 5-4: Predicted porous film thickness from Equation 5.32 (µm) 

Time 

       i 

Copper Silver 

100 s 300 s 600 s 900 s 100 s 300 s 600 s 900 s 

1 mA/cm
2
 0.14 0.42 0.84 1.26 0.41 1.23 2.46 3.69 

2 mA/cm
2
 0.28 0.84 1.68 2.52 0.82 2.46 4.92 7.38 

3 mA/cm
2
 0.41 1.23 2.46 3.69 1.23 3.69 7.38 11.07 

5 mA/cm
2
 0.69 2.12 4.27 6.38 2.05 6.15 12.30 18.45 

10 mA/cm
2
 1.38 4.24 8.54 12.76 4.10 12.30 24.60 36.90 

             

5.5.3 Current density 
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Our experiment suggested low current densities would result in incomplete 

filled surfaces. Figure 5-21 are representative SEM images of macroporous copper 

films grown from copper glycerol solution with increasing current densities, from -0.5 

mA/cm
2
, -2 mA/cm

2
, -3 mA/cm

2
, to -5 mA/cm

2
, with a constant deposition time of 

900s.  

 

Figure 5-21 Surface view of macorporous copper films plated from various current densities (a) -

0.5 mA/cm
2
 (b) -2 mA/cm

2
 (c) -3 mA/cm

2
 (d) -5 mA/cm

2
.  

At the lowest current density of -0.5 mA/cm
2
, we can see a number of 

randomly distributed nearly hemispherical structures, each punctuated by arrays of 

sphere pores, as shown in Figure 5-21(a). It demonstrates the numerous nucleation 

sites were initiated randomly all over the plating area. The pore centre-to-centre 

distances match the diameter of the original polystyrene spheres. As the current 

density increases, the hemispherical porous structures grow larger and approach to 
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overlap each other. Eventually completely overlapped when the current density is -5 

mA/cm
2
, as shown in Figure 5-21(d), a flat and smooth surface has obtained. 

5.5.4 Plating time 

To effectively control the thickness of the films, one needs to know the actual 

growth rate other than the theoretical predicted by Faraday‟s 1
st
 law. To determine 

this, depositions were performed with a constant current density of -5 mA/cm
2
 but 

various deposition times from 100 seconds to 900 seconds. Since it is hard to directly 

measure the thickness of the films with SEM, the film thickness was estimated by 

counting the number of the layers. For instance, the copper thin films grown with a 

current density of -5 mA/cm
2
 but plating time varied from 100 s, 300 s, 600 s to 900 s  

resulted in monolayer, 7 layers, 13 layers and 20 layers, respectively, as shown in 

Figure 5-22. The SEM counted number of layers are summarized in Table 5-5. Since 

the structures are of f.c.c lattice, the theoretical number of layers, N, can be calculated 

by  

1)1(
3

32


D

t
N  (5.33) 

where t is the thickness of the plated film and D is the void diameter, which is 

comparable to the diameter of the polystyrene spheres. Therefore the theoretical 

number of layers of the macroporous films are determined and shown in Table 5-5.  

From Table 5-5, the experimental results are smaller than the theoretical 

calculation results because the latter was obtained with an assumption of 100% 

deposition efficiency. Plotting the number of layers versus the plating time and the 

lines are the best-fit results using a linear function, as shown in Figure 5-23. 
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Figure 5-22 SEM images of macorporous copper films plated from constant current density i = -5 

mA/cm
2
 but increasing plating time (a) 100 s  (b) 300 s  (c) 600 s  (d) 900 s. 

Table 5-5: Number of layers of macroporous copper films at current density i = - 5 mA/cm
2
 

Time/s 

 

Theoretical 

thickness 

/µm 

Theoretical number of layers Experimental number of 

layers 

258nm 327nm 651nm 258nm 327nm 651nm 

100 0.69 4 

9 

19 

28 

2 1 2 1 1 

300 2.12 8 4 6 6 2 

600 4.27 16 7 15 13 4 

900 6.38 23 11 23 20 7 
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Figure 5-23 Dependence of number of layers of copper films vs. plating time. 

However for the crack-filled films, it is hard to tell the number of the layers of 

the films due to the high surface roughness. As illustrated the Zygo images in Figure 

5-24, the surface roughness could reach tens of microns.  

 

Figure 5-24 Zygo interferometer images reveal high surface roughness of crack filled films. 

5.6 Optical properties 
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Figure 5-25 is a series of reflectance spectra obtained from a bulk copper film 

electroplated on a bare ITO glass slide. As expected, the continuous film does not 

display any stop band properties at all. 
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Figure 5-25 Reflectance spectra of a dense copper film prepared with current density i = -5 

mA/cm
2 
and plating time t = 600 s.  

5.6.1 Metal dependence 

Measurement of the reflectance spectra of the inverse copper and silver films 

in the visible length range are shown in Figure 5-26, along with the spectra obtained 

from the polystyrene template for comparison. The incident angles were varied from 

10 º to 50 º. All spectra have been background-subtracted and normalised. The peaks 

correspond to multiple Bragg reflections arising from the ordered structures. When 

the wavelength of incident light satisfies the Bragg condition, it is diffracted away 

from the propagation axis, leading a peak in the reflectance spectrum. The reflectance 

peaks are shifted to shorter wavelength region, which could be due to the decrease of 

either the pore centre-to-centre distance or the refractive index.  



 

110 

 

400 450 500 550 600 650 700 750 800 850

 10
o

 20
o

 30
o

 40
o

 50
o

3-DOM silver film

3-DOM copper film

Polystyrene filmS
ig

na
l/A

rb
itr

ar
y 

U
ni

ts

Wavelength/nm

 

 

 

Figure 5-26 Reflectance spectra of the 3-DOM copper and silver films (templating sphere size D 

= 327 ± 6.0 nm), showing reflectance peaks correspond to stop bands arising from the periodic 

modulated structure. 

An approximate estimation for the pore sizes of the inverse films can be 

obtained from the combining Bragg‟s law and Snell‟s law (Equation 3.3) 

demonstrating the position of the peak is determined by the sphere diameter and the 

effective refractive index. Plotting sin
2
θ vs λ

2
 gives a straight line in good agreement 

with the experimental data, as shown in Figure 5-27. This is consistent with long 

range order in both the template and macroporous structures.  

The diameter of the colloidal particles is calculated as 344 ± 2 nm and the void 

sizes are 336 ± 2 nm and 333 ± 3 nm for copper and silver respectively. This indicates 

that volume shrinkages are not more than 4%, which is consistence with the 

measurement of SEM sizing. In contrast, metals grown from nanoparticle infiltration 
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have shown shrinkages of up to 30% [36,196,268]. Since the void sizes are 

approximately the same as that of the original polystyrene spheres, the shifts of the 

reflectance spectra are due to the material properties: the peaks shift to shorter 

wavelength is actually due to decreases of the effective refractive index, as shown in 

Table 5-6.  
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Figure 5-27 Linear fits for the reflection peaks in Figure 5-26. 

Table 5-6: Lattice space and effective refractive index calculated by the reflectance spectra 

Films Lattice space D1 

/nm 

SEM determined void size 

D2 /nm 

Effective refractive 

index neff 

Polystyrene 344 ± 2 327 ± 6.0 1.28 

Inverse copper 336 ± 2 315 ± 15 1.14 

Inverse silver 333 ± 3 314 ± 17 1.00 

 

5.6.2 Film thickness dependence 
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Reflectance spectra were investigated on the 3-DOM metallic films with 

increasing thickness, as shown in Figure 5-28. The copper thin film grown with the 

constant current density of -5 mA/cm
2
 but increasing plating time from 100s, 300s, 

600s, to 900s. The number of layers of the films are 1, 6, 13, and 20 respectively. As 

the monolayer structure diffracts less light, it fails to display any angle-resolved peaks. 

The other three thin films show stop-band properties over the wavelength range from 

450 nm to 650 nm and there is no any significant difference between the three sets of 

reflectance spectra. It demonstrates momolayer porous structure is not sufficient to 

display any stop-bands but when the film thickness exceeds a couple of layers, further 

increasing of the thickness will not enhance the stop-band properties. 
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Figure 5-28 Reflectance spectra of the 3-DOM copper films (templating sphere size D = 327 ± 6.0 

nm, current density i = -5 mA/cm
2
) of plating time (a) 900 s,  (b) 600 s,  (c) 300 s and (d) 100 s.  

5.6.3 Void size dependence 
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The position of the reflection peaks is thus determined by the void size. Since 

in a face-centred cubic structure, the void diameter D is determined by 

hkldD
2

3
  (5.34) 

and the combining Bragg‟s law and Snell‟s law stated [221,222] 

 22 sin2  effhkl nd  (5.35) 

Thus  

 22 sin
3

2
2  effnD  (5.36) 

where dhkl is the lattice constant or the distance between two diffracting (hkl) planes, θ 

is the angle of the incident to the normal surface, λ is the peak wavelength, and neff is 

the effective refractive index of the structure.  
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Figure 5-29 Reflectance spectra of the 3-DOM copper films of templating sphere size (a) 248  ± 

5.7 nm, (b) 327 ± 6.0 nm, and (c) 651 ± 23.4 nm.  
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Reflectance spectra were taken over the thin films template by all the three 

sphere size of 248 nm, 327 nm and 651 nm, which are shown in Figure 5-29. The 

macroporous copper films grown from 248 nm and 327 nm templating spheres 

showed angle-solved peaks in the visible range and they have band width ranging 

from 400 to 550 nm, and from 450 to 650 nm respectively. The porous film template 

by 651 nm polystyrene spheres doesn‟t display any reflection peaks in the visible 

range however it has the trend to show the band in the infrared range, as Febry-Perot 

fringes are observed (marked by red arrows in Figure 5-29) from the spectrum at 

incident angle of 10 º. 

5.7 Preliminary SERS measurements 

5.7.1 Dye dependence 

The performance of the 3-DOM metallic films as SERS substrates was 

evaluated by using common dyes rhodamine 6G (R6G) and benzotriazole (BZT) as 

probe molecules. Figure 5-30 gives the chemical formulas of the R6G and BZT, in 

which the R6G consists of two chromophores, a dibenzopyrene chomophore 

(xanthene), and a carboxyphenyl group and the BZT molecule contains a triazole ring 

and a benzene ring. The R6G adsorbs to the surface through physical adsorption but 

the BZT chemisorbs to the metallic surfaces. This binding process is irreversible and 

the dyes should displace any surface species bound to the surface ensuring a good 

Raman signal. For comparison, spectra from R6G and the BZT dye were initially 

taken using silver colloid prepared through the standard Lee and Meisel preparation 

technique [143,144] and are shown in Figure 5-31. The colloids produced from this 

technique have a mean size of 60 nm [149]. All measurements were taken using the 

633 nm He-Ne laser excitation with the 50 objective and 0.5 mW at the focal point.  
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Figure 5-30 Chemical formulas of analytes (a) rhodamine 6G and (b) benzotriazole. 
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Figure 5-31 Reference spectra of (a) R6G and (b) BZT taking using silver colloid using 633 nm 

laser excitation. 

 (a) 

 (b) 

(a)                                                                                              (b) 
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In Figure 5-31(a), the band at ca. 633 cm
-1

 is assigned as in-plane bend of the 

xanthene ring [269]; the band at ca. 774 cm
-1

 is assigned to the C-H out of plane 

bending mode; the band at ca. 1126 cm
-1

 is due to the C-H in-plane bending mode; 

those at ca. 1361, 1508, 1649 cm
-1

 come from the C-C stretching modes of aromatic 

benzene rings [270,271]. In Figure 5-31(b), the band at ca. 833 cm
-1

 is assigned to the 

benzene ring breathing mode; the one at ca. 1109 cm
-1

 is N-H in-plane bending mode; 

the one at ca. 1285 cm
-1 

is C-H in-plane bending mode; the one at ca. 1394 cm
-1 

is 

triazole ring stretching mode, the other one at ca. 1614 cm
-1 

is from benzene ring 

stretching mode [272,273]. 
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Figure 5-32 Background Raman spectrum taking using macroporous silver film grown from 

silver thiosulfate solution using 633 nm laser excitation. 

Extensive measurements were taken for R6G from the surfaces of the silver 

films prepared from silver thiosulfate solution but only intermittent and extremely 

weak signals were observed. Background measurements obtained from silver films 

that have not been exposed to any analyte displayed strong Raman signals, as shown 
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in Figure 5-32. The spectrum corresponds to the Raman response of non-adsorbed 

S2O3
2-

 ions [274] and the peaks from right to left are corresponding to symmetric S-S 

stretching, asymmetric S-O bending, symmetric S-O bending, symmetric S-O 

stretching, and asymmetric S-O stretching modes respectively. This suggests that 

surface coverage of sulfate species will prevent the adsorption of R6G or BZT to the 

surface and hence the macroporous silver films in the following measurements had to 

be prepared from the silver perchlorate solution in order to eliminate the disturbance 

of S2O3
2-

 ions.  

5.7.2 Metal dependence 

Though silver is the best SERS active material, Raman signals may detectable 

on structured copper substrates. Figure 5-33 shows a Raman spectrum taking from 3-

DOM copper thin films using BZT as the target molecule. The spectrum taking from 

silver colloids has been added for comparison. Though the intensity may 

disadvantageous for detecting tiny concentration of a target compound by SERS, the 

3-DOM copper film is inexpensive to fabricate. In our measurements however, the 3-

DOM copper failed to give reproducible results. Oxidation is a common reason for 

SERS activity reduction but in our case, as presented in Section 5.4.3.2, the 

macroporous copper suffers minor oxidation and is relatively stable in air. Further 

investigation needs to be taken to find out the instability of SERS arising from the 3-

DOM copper. 
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Figure 5-33 Raman spectra taking from 3-DOM copper thin film and silver colloids using  BZT 

as target molecule and 633 nm laser excitation. 

5.7.3 Void size dependence 

SERS spectra of BZT taking using macroporous silver films inverted from 

polystyrene spheres of diameters 248 nm, 327 nm and 651 nm are shown in Figure 5-

34. The Raman intensities of the three dominating vibrational modes at ca. 1105, 

1268, and 1415 cm
-1

 increase with increasing diameters of the polystyrene spheres 

and the largest signals were obtained from the films prepared with the 651 nm 

templating spheres. When the void size increases, the electrical field potential around 

each void increases, which is known to be beneficial for an electromagnetic 

enhancement. This agrees very well with size-dependent Raman enhancement in 2-D 

silver porous arrays or metallic colloids [91,132,275]. We have collected series of 

SERS spectra from different points on each sample and the intensities are highly 

reproducible. It should also be noted that larger void size corresponds to higher 
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coverage of molecular in the void, resulting in a higher Raman enhancement. 

Subsequent experiments were performed on the 651 nm void size because of its 

highest signal intensity. 
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Figure 5-34 Raman spectra from benzotriazole taking using macroporous silver using 633 nm 

laser excitation. 

5.7.4 Dye concentration dependence 

To investigate the dependence of the SERS signal intensity with dye 

concentration, data were collected from films of the same thickness treated with 

different concentrations of benzotriazole. Figure 5-35 shows the average spectra 

obtained from films prepared with a deposition time of 1200 s treated with BZT of 

concentration of 0.10, 0.25, 0.75 and 1.00 µM for 30 min each. The films were 

subsequently rinsed with ethanol to remove all molecular that was not bounded. There 

are significant changes to the sharpness of the spectral features and the background 
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with changing concentration. 
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Figure 5-35 Raman spectra from increased BZT concentration taking using macroporous silver 

using 633 nm laser excitation. 
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Figure 5-36 Dependence of the Raman intensity on the dye concentration. 

By fitting the most resolved spectral feature it is possible to extract a 

concentration isotherm for the surfaces, as illustrated in Figure 5-36. The isotherm 

appears to be as expected although further measurements on surfaces prepared with 

more dye concentrations are required in order to confirm this.   

5.7.5 Film thickness dependence 

To evaluate the efficiency of the enhancement as a function of the thickness of 

the film, the measurement were taken using films prepared with a current of -2 

mA/cm
2
 for individually 600, 1800, 2400 and 3600 s. The resulting films were treated 

with BZT of concentration of 1.00 µM for 30 min and then rinsed with ethanol to 

remove all unbound molecular.  
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Figure 5-37 Raman spectra from BZT taking using macroporous silver with increasing plating 

time/film thickness using 633 nm laser excitation. 
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It appears that the maximum enhancement occurs for films that have been 

prepared with a 2400 second deposition time, as shown in Figure 5-37. This is 

correlated to the SEM images in Figure 5-11, in which the thin film plated by 2400s 

shows the best order but it has become disordered when the plating times reached 

3600 seconds. Since the periodicity should be a significant factor of the SERS 

enhancement [121,158,160,276], the variation of the intensity shown in Figure 5-38 is 

most likely contributing to the periodicity of the structure and the film of the highest 

periodicity has performed the best while using as the SERS substrate. 
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Figure 5-38 Dependence of Raman intensity on the macroporous film thickness using 1105 cm

-1
 

peak. 

However the film roughness may be reduced through modifying the bath 

solution with certain additives, which help distribute nucleation rate evenly at all sites.  

Though it has been reported that the thickness of the film couldn‟t be a major factor 

[121,156] because only the molecules in the top layer will be illuminated by the 
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excitation laser and hence contribute to the Raman signals. Most work on SERS to 

date are using monolayer nanostructures [72,128,152,157], however further work on 

their performance over the film thickness might be interesting.  

5.8 Chapter summary 

Electrochemical plating has been demonstrated for the preparation of highly 

ordered, three-dimensional macroporous copper and silver network. They were 

exactly the inverse replicas of the original polystyrene films, consisted of spherical 

voids arranged in face-centred cubic lattice on the metal matrices. The diameter of the 

spherical voids could be controlled by the choice of the diameter of the polystyrene 

particles used to prepare the template. Reverse to the close packed colloidal sphere 

domains divided by drying cracks, the inverse silver film was consisted of 

macroporous domains joint by dense solid metal whilst in the copper films the 

interstitial spaces between the colloidal spheres were infiltrated but the drying cracks 

between the domains were remain. The electrochemical plating process has been 

discussed and we found that limited diffusion of oxygen was responsible for the 

preservation of drying cracks.  

XRD has given the composition and the crystal structure and the crystalline 

grain size. Both silver and copper macroporous structures displayed good crystalline 

though presented oxidation after a year. Preliminary studies of the optical properties 

revealed that the resulting macroporous films have stop band properties in the visible 

wavelength range consistent with variation in the effective refractive index of the 

films. While using chemically adsorbed BZT are used as target molecules. Primary 

experimental results showed that the porous silver nanostructured films are highly 

desirable for detection of molecules bases by SERS technique in terms of high Raman 
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intensity enhancement. The Raman intensity was proportional to the concentration of 

the dye. However further tests are required to make sure that the results are 

reproducible. Also, despite there did not appear to be possible significant variation in 

the signal intensity with the thickness of the film, measurements from a greater range 

of film thicknesses are required to confirm this.  



 

125 

 

6   CONCLUSIONS AND FUTURE WORK 

This chapter presents the overall conclusion of the thesis and a discussion on 

possible directions of future work.   

6.1 Thesis conclusion 

 The research on the 3-DOM metals described in this thesis was motivated by 

their prospective applications in photonics and plasmonics. The design and fabrication 

of sub-micron 3-DOM materials involved the creation of a periodic lattice of colloidal 

crystals through convective self-assembly, the infiltration of the colloidal crystals 

with metals electrochemically reduced from corresponding electrolytes, and 

subsequent the removal of the colloidal templates. In previous chapters, experimental 

results on the three-dimensional highly ordered macroporous metals grown using this 

template-directed electrochemical deposition have been described. The microstructure 

and optical properties of the 3-DOM  silver and copper thin films have been examined 

using optical microscopy, scanning electron microscopy, optical reflectance 

spectroscopy. The application of the 3-DOM metals as SERS-active substrates have 

been evaluated using surface enhanced Raman spectroscopy. The main results of this 

thesis are summarised below. 

6.1.1 Templating film growth 

The polystyrene nanoparticles were made by emulsion polymerization of 

styrene monomers, in which the variation in mean diameter has been realized by 
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tuning the concentration of the monomer. Large area colloidal crystals made of 

monodisperse polystyrene spheres have been prepared through evaporation-induced 

self-assembly. Parameters that influence the crystallinity and quality such as the film 

substrate, sphere polydispersity, growth temperature and relative humidity of the 

suspension have been studied individually. Continuous and uniform thin film has been 

obtained on surfactant-modified indium tin oxide (ITO) coated glass substrate and 

highly ordered colloidal crystals were obtained at controlled growth temperature and 

relative humidity.  

The periodicity of the colloidal crystal has been confirmed by SEM images, 

and further by the sharp spot array of the fast Fourier transforms (FFTs) and the 

reflectance peaks arising from multiple Bragg refractions. It has been concluded that 

the polystyrene arrays were long-range ordered close-packed arrangement in both 

parallel and perpendicular directions to the glass substrates. In addition, the thickness 

of the colloidal thin film has been tuned by varying the column fraction of the 

colloidal suspensions and a linear function between the film thickness and the volume 

fraction has been achieved when the volume fraction was over 0.05 %.   

6.1.2 3-DOM metal growth  

Noble metals copper and silver have been electrochemically deposited from 

solutions of copper sulfate, silver thiosulfate, and silver perchlorate. Galvanostatic 

deposition was chosen to reduce metals at a constant rate.  The resulting metallic 

macroporous structures inverted the topography features of the colloidal crystals. 

They were consisted of highly ordered spherical voids embedded in metallic matrices. 

The void size was determined directly by the sphere diameter of the colloidal crystal 

templates. The shrinkage of the resulting porous structure was negligible after 
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template removal, which preserved the periodicity extended over large spatial scale. 

The thickness of the macroporous copper films has been found linear to the plating 

time at a constant current density for all templating sphere sizes. However, for the 

cracked filled structures, it was unlikely to measure the film thickness due to their 

high surface roughness in micron sizes.  

Oxidation of both of the macroporous copper and silver thin films have been 

studied by X-ray diffraction and energy-dispersive X-ray analysis. All fresh samples 

displayed good crystalline but oxides peaks presented in those were more than one 

month old. However, the metals could be regenerated through low temperature 

annealing in hydrogen atmosphere to restore their activity in applications.    

6.1.3 Surface morphology  

In contrast to the close packed colloidal sphere domains divided by drying 

cracks, the inverse silver film consisted of macroporous domains joined by dense 

solid metal whilst in the copper films the interstitial spaces between the colloidal 

spheres were infiltrated but the drying cracks between the domains were remain. The 

electrochemical plating process has been discussed and high diffusion rate of oxygen 

which was produced spontaneously by the balancing reaction on the auxiliary 

electrode, was found to be responsible for the preservation of drying cracks. Oxygen 

free solutions made of either argon degassed copper sulfate solution and copper 

glycerol solution have shown crack filling features, which proved the oxygen 

diffusion controlled copper resolution hypothesis. The plating voltage went to more 

negative direction for the oxygen-involved bath than the argon-degassed solution 

because there was an additional voltage for the copper dissolution process. The 

dissolution rate increased with the current density and resulted in a larger voltage 
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difference between the oxygen involved and degassed solutions. 

The smooth surface of the polystyrene films has been mirrored in the 

macroporous copper films. However, in the macroporous silver films, the porous 

structures were continuous at the bottom but stepped up to the top surface, giving the 

´́domain´́ appearance. Such surface feature have been explained that the dense silver 

filled the drying cracks and the stress built up during the electrochemical growth 

could only be relieved upwards, resulting in steps. In contrast, drying cracks were 

preserved and stress could relax in isolated macroporous domains laterally.  

6.1.4 Optical properties 

The macroporous metallic films were opalescent and exhibited characteristic 

optical properties. The position of the angle-resolved reflectance peak was determined 

by the effective refractive index and void size that can be controlled by the choice of 

the diameter of the colloidal spheres. The stop band of the silver film was in shorter 

wavelength region than that of the copper due to the lower refractive index of silver. 

The films made of colloidal spheres of diameter of 248 nm and 327 nm showed stop 

bands in the visible wavelength range while those made of 651 nm have bands in the 

near-IR infrared. In addition, the study over film thickness has found that two 

dimensional monolayer macroporous thin films were not sufficient to display the stop 

band but bands of comparable width have been obtained from thin films over a couple 

of layer thick.  

Additionally the void sizes of the macroporous copper and silver films were 

calculated by the peak wavelengths and corresponding incident angle. Void sizes of 

336 nm and 333 nm were obtained for the thin films of copper and silver, respectively, 

obtained for the tempting sphere diameter of 344 nm, showing the shrinkage after 
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removal of the polystyrene films was less than 4 %, which confirms a dense growth 

by electrochemical plating.  

6.1.5 SERS measurements 

Preliminary SERS measurements on the macroporous metallic films used as 

active substrate have been taken on void size, dye concentration and film thickness 

effects on their performances. The largest void size of 651 nm showed the highest 

SERS intensity. The intensity of the SERS signals increased linear to the increasing of 

the dye concentration but it was not dependent on the thickness of the nanostructured 

films. However, the best ordered film showed that highest intensity and confirmed 

that periodicity is one of the main parameters that affecting the SERS performance. 

The results have confirmed the highly ordered porous silver nanostructure was 

desirable for Raman intensity enhancement. However further work are required to 

ensure its using as a stable and reproducible substrate.   

6.2 Suggestions for future work 

With regard to the direct formation of three-dimensional ordered macroporous 

metallic structures, there are many avenues open to progress this work both in terms 

of understanding their fundamental properties and exploiting their unique 

applications. Some of these areas are highlighted below. 

Firstly, the electrochemical growth can be extended for metallic composites. 

For example, silver or gold are the most promising SERS substrates. However, if a 

substrate made from cheaper alternatives such as copper and then coated the surface 

with silver or gold, it would work the same in use but certainly at a much lower cost. 

The colloidal crystal will be initially penetrated by a metallic element e.g. Cu and then 
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the colloidal particles are chemically dissolved to expose the inner shell of the void to 

another electrolyte. Nucleation of the new metal e.g. Ag will take place on all of the 

conductive surfaces of the macroporous structure and the original metal will be coated 

with a thin layer of the new metal. Though the void size will become smaller, the 

periodicity and macroporous features will be preserved. However, the plating 

parameters have to be carefully chosen to make sure a uniform distribution of the 

nucleation and to avoid over-filling. This consecutive growth is one of the unique 

advantages of using the electrochemical plating.  

Secondly, further investigation on SERS can be conducted for a wider range 

of moleculars. The concentration will be varied to obtain the minimum detection limit 

for each type of molecular. Here also requires further measurements on the thin films 

of tuned void size or film thickness to develop a better understanding of the 

enhancement arising from the localised plasmons and long-range periodicity. Since 

the key to the application of 3-DOM metallic structures as the SERS-active substrates 

is the reproducibility and stability of the thin films, measurements should be 

performed on the films grown at the same conditions including the void size, plating 

current and time, to monitor if the enhancement is reproducible.   

Thirdly, computer modelling will be used to predict the properties and to find 

analytical solutions to problems in fabrication. Defects such as drying cracks, staking 

faults may reduce the performance of the 3-DOM metallic structures. The metallic 

structure have significant propagation losses, unless the fabrication precision and 

quality are of the highest possible standard [8]. Computer modelling may combine 

simulation with actual experiments. The properties of the Bragg diffraction will be 

primarily investigated and the dependence of its reflection on the geometrical 

parameters will be analysed. Experimental results for the stop-band behaviour of the 
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fabricated structures will then be given to validate the theoretical results. Model of 

either defect-free or induced-defects structures can be stimulated [15]. The modelling 

system is able to characterise any complex photonic structures instead of time-

consuming or expensive fabrication and measurements of the trial-and-error steps.  

Finally, high surface area and rigid metallic structure make the macroporous 

metals are ideal scaffolds. For example, a phase change material that use chemical 

bonds to store and release heat can be used for body, room and equipment thermal 

controlling applications. When the material reaches a certain temperature, it change 

phase (solid melts to liquid) and absorbs large amounts of heat without getting hotter; 

when the ambient temperature in the space around the material falls, it solidifies and 

releases its stored heat. However, the phase transform material is a wax and needs 

storage medium before any practical uses. The voids of the macroporous metals are 

uniform and interconnected by small windows that make the wax accessible to the 

entire internal surfaces. When they hosted the phase change material and used in the 

wall of thermal efficient housing, they will ensure a uniform loading of the phase 

transform material and thus ensures a uniform room temperature without the carbon 

emissions and costs associated with conventional air conditioning.  
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