Towards a Complete Photonic Band Gap
in the Visible

Proefschrift ter wverkrijging van de graad van doctor aan de
Universiteit Utrecht op gezag van de Rector Magnificus, Prof. dr.
W.H. Gispen, ingevolge het besluit van het College voor Promoties in
het openbaar te verdedigen op maandag 18 maart 2002 des
namiddags te 12.45 uur

door

Krassimir Petkov Velikov

geboren op 29 juni 1970, te Silistra, Bulgarije



NI
2 N = Universiteit Utrecht

N

Promotor:  Prof. dr. Alfons van Blaaderen
Faculteit Natuur- en Sterrenkunde, Universiteit Utrecht

FOM - Instituut voor Atoom- en Molecuulfysica, Amsterdam

A
This work is part of the research program of the Foundation for Fundamental

Research on Matter (FOM) with financial support from the Netherlands
Organization for Scientific Research (NWO).

ISBN 90-393-2986-9

ii



Ha mos cun Kpucmuan.



A digital version of this thesis can be downloaded from http://www.colloid.nl.

v



Contents

Part1
General INtroducCtion......cccceeeiccsscssnnrecssssssnsnsssssssssssssssssssssssssssssssssssssssssssssssssssss 1
L.1 Photonic CryStals .....eeicciccneiccsissennecssssnsecsssssssossssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssse 1
1.2 Colloidal Particles .....c.eeevverenivercssnncssnicssnnncssnnissssnscsssnssssssssssssssssssssasssssssesssssssssssssssssess 3
1.3 Colloidal CryStals ....ueeiiccccsniecssssnniecsssnsecsssssssessssssssessssssssssssssssssssssssssssssssssssssssssssssssssssse 4
1.4 Methods for Fabrication of Colloidal Photonic Crystals ..........ccceeveeercercscnrcscnercscnnnes 5
1.5 The Computational Method.........ccueiieiivvuniiciisnnienscsnnicssssnnnscsssssssessssssssssssssssssssssssssses 6
1.6 THIS TRESIS ccccueeerueiienisnensnnnsnensenisnensnnsssessnssssesssessssecssnssssesssassssessssssssssssesssassssasssassssassnns 7
Part I1
Photonic Crystals of Dielectric Core-Shell Colloidal Particles..................... 11
I1.1 Synthesis and Characterization of Monodisperse Core-Shell Colloidal Spheres of
Zinc Sulfide and SHliCA......cueeiuernsinrinisieniinntinnienteneectesstecseissaessesssesssessssssssesssssessess 13
INEPOAUCTION ..ttt 14
Experimental SECtION.........cooiiiiiiiiiiiieiieeie et 15
Results and DiSCUSSION .......eeeciiiiiiieciie ettt etee e e e e saaeeeaaeeees 17
CONCIUSIONS ...ttt ettt ettt e e bt e e nbe et esabeeseeenseenneas 27
I1.2 Photonic Crystals of Core-Shell Colloidal Particles.......cccccceesveresrnrcscnnicssnercssnnscsnnns 31
INEPOAUCTION ..ttt ettt ettt et e enes 32
Experimental SECtiON........c..ceviuiiiiiiiiiiiie et 32
Results and DiSCUSSION ......ccvieiuiieiieiiiieiiesie ettt e 33
(07075162 10 3 10 4 TSP 37
Part I11
Photonic Materials of Metallo-Dielectric Colloidal Particles...........ccceeuueeeee. 39
ITI.1 Synthesis and Characterization of Large Colloidal Silver Particles for Photonic
APPLICALIONS .cceereririneicssnnessnicsssicssnicsssnssssanssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 41
INErOAUCTION L.ttt e et e e eab e e sabeeeaaeeesaeeesnaeean 42
Experimental SECtION..........ccviiiiiiiiieiieiiecie et 43



RESUILS ANA DISCUSSION ..ttt e e e et eeeeeeeeeeeeeeeeaaaeeeeeeeeeanaas 44

CONCIUSIONS .o e e e e e e e e e e e e e e aeaeaaeeaaaeaaaaaaaaaanas 51
II1.2 Photonic Glasses of Colloidal Silver Particles .....cccccceeeeeeeneeereeneccereneeceressenccssssenenns 55
TNETOAUCTION .eeeiiieeieeeeeeeee ettt ettt et e e e e e ee e ee e eeeeeeeeeeeeeeeeeaeees 56
Experimental SECtION........c..occviiiiiiiieiiiiecciee et 57
Results and DiSCUSSION .....ooeveiiiiieeieeeee e 59
CONCIUSIONS .ttt e et e e e e e e e e e e e e e e e e e e e aeeeeeeeeaaenaaaaaeeeaenanes 69
Part IV
Photonic Colloidal Crystals with Complex Lattices and Shape-Anisotropic
PATTICIES cuueeeereennieereenncereeeeeeceeseesseecessessssscssessssscsssssssssssssssssssssssssssssssssssssssssnsssssns 71
IV.1 Layer-by-Layer Growth of Binary Colloidal Crystals .........ccccceevveesuenseeisuecsnecnnces 73
INErOAUCHION ..o e e e e e e e eaaaeeaean 74
Experimental SECtION.........cooiiiiiiiiiiiieiieee e 74
RESUILS ANA DISCUSSION ..ottt e e e e e e e e e e e e eaeeeeeeeeenennaas 75
(@10 ) Te] LTI o) 4 IR 82
IV.2 Photonic Crystals of Shape-Anisotropic Colloidal Particles..........ccccceecuerrccccnnnnees 85
INETOAUCTION .eiiiiiiiiiiieeeeeeeeeeeeeeeeee ettt ettt et et et e e eeeeeeeeeeeeeeeeeeeeeeeeeaeees 86
Experimental SECtION........c..ceviiiiiiiiiiiie et 87
Results and DiSCUSSION .....coeviiiiiiiiiiiiei e 87
CONCIUSIONS ettt ettt e e e e e e e et e e e e e e e e e e ee e aeeeeeeeeaaaneaaaaeseeenanes 91
SUINIMATY covviiervnicssnicsssnessssnessssicssssnsssssssssssesssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 93
ACKNOWICAZGEIMENLS ....cuurerriirirnnicisssnricsssssnrecsssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss 95
PUDIICATIONS cevueeeereneeieereneeceereneeseessseesossssessessssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 97
CUTTICUIUIN VITAC.eeeeueuuerrrereereeeeeeeserseseereessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 98

vi



Part 1

General Introduction

I.1 Photonic Crystals

A photonic crystal (PC) is a regularly structured material, with feature sizes on
the order of a wavelength (or smaller), that exhibits strong interaction with light."?
The main concept behind photonic crystals is the formation of a 'photonic band gap'.
For a certain range of frequencies, electromagnetic waves are diffracted by the
periodic modulations in the dielectric constant of the PC forming (directional) stop
bands. If the stop bands are wide enough to overlap for both polarization states along
all crystal directions, the material is said to possess a complete photonic band gap
(CPBG). In such a crystal, propagation of electromagnetic waves with frequencies
lying within the gap is forbidden irrespective of their direction of propagation and
polarization."” This leads to the possibility to control the spontaneous emission of
light. For example, an excited atom embedded in a PC will not be able to make a
transition to a lower energy state as readily if the frequency of the emitted photon
lies within the band gap, hence increasing the lifetime of the excited state."” Photonic
crystals with a (directional) stop gap can also have a significant effect on the
spontaneous-emission rate.! If a defect or mistake in the periodicity is introduced in
the otherwise perfect crystal, localized photonic states in the gap will be created. A
point defect could act like a microcavity, a line defect like a wave-guide, and a planar
defect like a planar wave-guide. By introducing defects, light can be localized or
guided along the defects modes."”
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Figure I.1-1 Scanning electron micrograph (SEM) of a face-centered-cubic (fec)

colloidal crystal of closed-packed silica spheres (R = 110 nm). (a) Top view showing the

(111) crystal plane. The inset shows a Fourier transformed image of a 10.76 x 10.76 pm®

region. (b) Side view of a thin colloidal crystal from the same particles.

The possibility to control the propagation and spontaneous emission of light is
expected to have a great impact on technology.” It is expected that PCs can be
applied as filters, high-speed optical switches, optical cavities, light-emitting diodes,
low-threshold lasers, waveguides with sharp bending of light, and in several
applications in fiber-optics communications. It has also been proposed that PC may
hold the key to the continued progress towards all-optical integrated circuits.” For

recent advances in photonic crystal research see Refs. 5, 7, and 8.

There are two major approaches to the fabrication of photonic crystals:
nanolithography and self-assembly. Nanolithography is already widely used by the
semiconductor industry. Though it enables the construction of PCs with defects and
defect networks, it is however an expensive step-by-step fabrication process. On the
other hand, the self-assembly of colloids provides a much simpler, faster, and cheaper
alternative to nanolithography. Common examples of self-organized photonic crystals
are colloidal crystals of silica (Fig. 1.1-1), polystyrene, or more complex core-shell
composite particles.” Self-assembly has the potential to create samples with full three-
dimensional (3D) order, a feature important for engineering larger and complete
photonic band gaps. Also, self-assembly methods create easier thicker PCs than
lithography. In addition, self-assembly methods are not limited in their length scale,
and it is feasible to create materials that are active in the ultraviolet and even the
soft X-ray range using colloids of smaller size.” A disadvantage is that self-assembly
does not provide an easy way for controlled incorporation of defects in a PC.
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Important self-organized PCs are the inverted face-centered-cubic (fcc)
crystals: regular structures of spherical air holes in a high dielectric medium." Such
structures, with lattice constants of the order of several hundreds of nanometers, can
be created by infiltration of dielectric material into the empty voids of fec crystals
that consist of colloidal spheres. One obtains an inverted crystal if the original
colloidal material is etched away after the infiltration process. Recently, significant
progress was demonstrated towards the fabrication of silicon inverse opals that are
expected to have a CPBG in the optical regime (~ 1.5 um)."

Although the precursor of the inverse structure, an fcc crystal of dielectric
spheres (Fig. 1.1-1), only possesses stopgaps,” the (local) density of photonic states
can still be manipulated significantly. Even for quite modest refractive index
contrast, an interesting photonic switch can be realized with fec crystals.”® Photonic
properties of these colloidal crystals can be further improved by the use of particles
with a core-shell morphology.'***

Metallo-dielectric PCs have emerged as another (together with inverted fec
structures) candidate to achieve a tunable CPBG for optical wavelengths. It has been
theoretically shown that CPBG exists in many periodic structures'®'” and that it is
robust against disorder caused by stacking faults and particle polydispersity.'®

The last group of PCs, which has been hardly studied experimentally, is that
of 3D PCs with a complex unit cell (e.g., binary crystals) and crystals of shape-
anisotropic particles. It is known from theoretical calculations that the diamond
lattice has a CPBG. Although the first plane wave calculations for a diamond lattice
of dielectric spheres showed the existence of a large CPBG," recent calculations using
the Korringa-Kohn-Rostoker (KKR)" method have shown that a CPBG exists but
that it is much smaller.” The lack of reliable experimental methods for fabrication is
the main reason that these crystals have thus far not been explored for colloids.

I.2 Colloidal Particles

Because of their size (typically 10 — 2000 nm in diameter) and ability to self-
organize into 3D periodic structures with different symmetries, colloidal particles of
different materials and morphology (both homogeneous and core-shell) are ideal
building blocks for the creation of photonic crystals.>”*'** Colloidal core-shell
particles are interesting as the structure, size, and composition can be easily altered
in a controllable way to tailor their optical properties. Core-shell particles made of a
high-index core (e.g., TiO,, ZnS) and a low-index shell (e.g., Si0,), or vice versa, are
of special interest."* Because of the high refractive index of the ZnS, these particles
strongly interact with light. In addition, both ZnS and SiO, can be easily doped with



fluorophores in order to study spontaneous emission of light in PCs.

Colloidal metal and metallo-dielectric particles are of great fundamental and
industrial interest. It has been shown theoretically that in an fecc crystal of metal or
metallo-dielectric spheres a CPBG in the visible can be opened.'”* As metal particles
of sizes larger than 100 nm are hardly available, a new synthesis procedure based on
controlled aggregation or seeded growth had to be developed.

Finally, non-spherical colloidal particles can also be used as building blocks for
PCs. Crystals of shape-anisotropic building blocks might provide a mechanism for
controlling the polarization modes of the emitted light.” The aspect ratio of shape-
anisotropic particles (e.g., ellipsoids) can be used as an additional parameter to
engineer the photonic band gap. Recently, it was demonstrated that spherical,
amorphous and polycrystalline (e.g., SiO,, ZnS, TiO,) particles, or core-shell particles
of these materials undergo anisotropic plastic deformation under high-energy ion
irradiation. Individual particles can be turned into oblate or prolate ellipsoids with
precise control over the aspect ratio.*

I.3 Colloidal Crystals

Colloidal crystals are regular arrays of particles.” Under suitable conditions,
colloidal particles can self-organize into a colloidal crystal with long-range order.
These materials have been the subject of study for several decades as a condensed
matter model system. Nowadays, colloidal crystals have received renewed attention

Figure 1.3-1 Schematic representation of the unit cell of a face-centered-cubic (fecc)

crystal.
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as an alternative way to achieve dielectric periodicity on a nanometer to micrometer
Scale‘14,26—32

Colloidal crystals can have a variety of different symmetries. The most
common structure for a self-organized colloidal crystal is close-packed: face-centered-
cubic (fec) (see Fig. 1.3-1), hexagonal close-packed (hcp) or randomly stacked
hexagonal close-packed layers. Dispersions of highly charged, colloidal particles in low
ionic strength aqueous solutions can form an fec or a body-centered-cubic (bce)
crystals depending on the details of the particle interaction potential. Body-centered-
tetragonal (bct) colloidal crystals were observed in a colloidal suspension in the
presence of an external electric field.* More complex, binary colloidal crystals of large
(L) and small (S) particles with stoichiometry LS, (atomic analog AlB,) and LS,
(atomic analog NaZn,;) were observed in natural opals,* in suspensions of charge-
stabilized polystyrene® and in suspensions of hard-sphere-like PMMA?® particles.

I.4 Methods for Fabrication of Colloidal Photonic
Crystals

The process of colloidal crystallization has been intensively studied, leading to
the development of several methods to make high quality crystals. These techniques

3 colloidal epitaxy,” depletion-induced

include electro-hydrodynamic deposition,
crystallization,” convective self-assembly (controlled drying),”” and physical
confinement." Bimodal LS, and LS,; colloidal crystals with complex structure have
been observed in binary mixtures of spherical colloids with specific ratios of their
radii.*”

The most popular method for creating colloidal crystals is sedimentation in
gravity® of dispersed colloids. The main drawback of this method is the formation of
polycrystalline domains of unknown sizes in the samples. In addition, it is difficult to
control the crystal thickness.

To grow close-packed colloidal crystals we used a controlled drying
method."*™** Controlled drying has emerged as a simple and reliable method to
create large single colloidal crystals. In this method, particles are transported towards
the growing front of the crystal, in the meniscus formed between the substrate and
the solvent, by a convective flow that is the result of evaporation (and imposed
thermal convection'). There they crystallize under the action of capillary forces and
other surface tension effects (Fig. 1.4-1). For a recent review see Ref. 43. The number

of crystal layers can be controlled through the particle volume fraction.
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Figure 1.4-1 Schematic representation of the vertical control drying method. Particles
are transported towards the drying front by a flow that is the result of the
evaporation, and crystallized under the action of capillary forces and other surface
tension effects.

I.5 The Computational Method

In order to calculate reflection, transmission, and absorption of
electromagnetic waves in a photonic crystal a photonic analogue of the layer
Korringa-Kohn-Rostocker (KKR) method was used.* This method is not used by
many researchers in the field and here we briefly present its background. The KKR
method was developed within the first principle multiple-scattering theory.*”*" A
crystal is viewed as a stack of scattering planes. The single-plane scattering is
calculated in a basis of spherical harmonics. Convergence of the transmission and
reflection of a single plane is then monitored as a function of a cut-off on the number
of spherical waves. Coupling of scattering planes is then established in the plane wave
basis which includes all propagation and a first few evanescent modes.” The
convergence of the transmission and reflection in the crystal case is then monitored as
a function of the number of the plane-wave modes. This scheme has resulted in a
very efficient and precise computational method, which since the early seventies of
the last century has also been known as the low-energy-electron-diffraction theory
(LEED). The unique feature of the MST is that, for nonoverlapping (muffin-tin)
scatterers’ (the present situation), it disentangles single-scattering and multiple-
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Figure 1.5-1 Comparison between theory and experiment for a thirteen-layer thick fcc
photonic crystal of SiO, spheres (R = 110 nm). The experimental optical density
spectrum (dashed line) is taken along the (111) crystallographic axis. The theoretical
spectrum was calculated using the KKR method.

scattering effects. Unlike the familiar plane-wave' and transfer-matrix methods,” the
layer KKR uses an exact Mie solution” to take into account the single sphere
scattering.” Another significant advantage of the layer KKR method is that the
frequency dependence of the dielectric constant, important for metallo-dielectric PCs,
can be easily implemented into the formalism and does not cost any extra
computational time. Figure 1.5-1 shows an example of an experimentally determined
optical density spectrum (OD), OD = -log(Transmission), compared to a theoretical
spectrum calculated using the KKR method. The relative L-gap width at half-
maximum, g,, is given by g, = 2(A+—A-)/(A++A-). The position of the gap and
interference ripples is well predicted by the theory.

I.6 This Thesis

This thesis describes the preparation and optical characterization of photonic
crystals made of colloidal particles.

The first part of the thesis deals with photonic crystals of dielectric core-shell
particles. In Chapter II.1 we demonstrate the synthesis and optical characterization
of core-shell colloidal particles and hollow shells of ZnS and SiO.,.

In Chapter I1.2 we demonstrate, through use of the controlled drying method,
the growth of large colloidal photonic crystals of SiO,, ZnS, and ZnS-core-SiO,-shell
particles. We demonstrate, both experimentally and theoretically, that the relative



stop gap width in the (111) fec crystallographic direction in the case of high-index
core low-index shell particles is larger than in a crystal of homogeneous particles of
either material.

The second part of the thesis describes the preparation and characterization of
metallo-dielectric colloidal photonic glasses and crystals of silver (Ag). In Chapter
III.1 we demonstrate the synthesis and optical characterization of large silver
particles obtained by reduction of silver nitrate by ascorbic acid in aqueous solutions
in the presence of a protective polymer.

In Chapter III.2 we study the optical properties of metallo-dielectric photonic
crystals and photonic glasses of colloidal Ag particles dispersed in water formed by
sedimentation in gravity.

The last part of the thesis deals with photonic crystals of complex lattices and
shape-anisotropic particles. In Chapter IV.1 we present the fabrication of binary
colloidal crystals through a simple layer-by-layer drying process. By using spheres
with different composition, one component can be selectively removed. As an example
we demonstrate the synthesis of a hexagonal non-close-packed colloidal crystal.

In Chapter IV.2 we demonstrate the fabrication of photonic crystals of
ellipsoidally-shaped colloidal particles. Using high-energy ion irradiation, we deformed
spheres organized in a thin 3D colloidal crystal into oblate ellipsoids. The optical
properties of the irradiated crystals are modified as a result of the changed crystal
lattice structure and shape of the building blocks.
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Photonic Crystals of Dielectric Core-Shell

Colloidal Particles
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II.1 Synthesis and Characterization of
Monodisperse Core-Shell Colloidal Spheres of Zinc
Sulfide and Silica

We report on a new type of composite particles consisting of a zinc sulfide (ZnS) core and
a silica (SiO,) shell or vice versa. We developed and optimized these particles for photonic
applications, because ZnS has a large refractive index and does not absorb light in the
visible and both ZnS and SiO, can be easily doped with fluorophores. Both kinds of
morphologies were created using a seeded growth procedure using monodisperse seeds on
which homogeneous layers with a well-defined thickness were grown. Moreover, the ZnS
and SiO, cores could be completely dissolved leaving SiO, and ZnS shells, respectively,
filled with solvent or air after drying. The particle morphology was investigated by
electron microscopy. The optical properties were studied by extinction measurements and
angle resolved light scattering and compared to scattering theory.

13



14 Chapter II.1

Introduction

Recently, a lot of interest in core-shell colloidal particles has arisen from the
ability to fine-tune their properties. The structure, size and composition of these
particles can be easily altered in a controllable way to tailor their magnetic, optical,
mechanical, thermal, electrical, electro-optical, and catalytic properties.”” Core-shell
particles with a shell optically matched to the suspending fluid can be employed as a
model system to study direct particle-particle interactions in a fluid or a colloidal
crystal.® The core-shell morphology can be used as a precursor form to produce
hollow spheres’ or to lower the cost of precious materials by coating them on
inexpensive cores.'"!"

An exciting area of application of colloidal particles is that of photonic
bandgap materials."”" These materials can be used for the manipulation of light
propagation and spontaneous emission.'™" Colloids are ideal building blocks for the
creation of photonic crystals, because of their ability to self-organize in three-
dimensional (3D) periodic structures with different symmetries. Core-shell particles
consisting of high-index core (e.g., ZnS) and low-index shell (e.g., Si0,), or vice versa,
are of special interest."” By changing the thickness of the shell with respect to the
core, one can tune the filling fraction of the components and control the optical
properties. Further, the cores can be dissolved to obtain a crystal or single particles
of hollow shells of high or low-index material.

Zinc sulfide (ZnS) is a widely used metal sulfide with many technological
applications (e.g., as pigment,” in electroluminescence panels,” infrared-windows,”
and solar cells"). ZnS colloidal particles of different size and low polydispersity can
be obtained by a homogeneous precipitation and aggregation process.”* Due to the
high bulk refractive index (n ~ 2.36 (A = 589 nm) for cubic B-ZnS) and lack of
absorption in the visible,”® ZnS is an appropriate material for photonic applications,
such as optical cavities and photonic crystals. Moreover, ZnS can be doped, e.g., with
manganese,” to induce luminescence or a fluorescent dye can be incorporated into the
silica layer at a well-defined radial position.”® Recent theoretical calculations have
shown that a face-cubic-centered (fcc) colloidal crystal of ZnS-core-SiO,-shell particles
with a suitable shell thickness has a larger relative L-stopgap in comparison to a
crystal of homogeneous ZnS or SiO, spheres.” In addition, the relative L-stopgap is
also larger than in the case of a crystal from SiO,-core-ZnS-shell particles or even
hollow ZnS-shells.”

Coating of colloidal particles with a silica layer has many advantages, because
such a shell is chemically inert and optically transparent. Furthermore, the colloid
chemistry of silica is well understood® and many possibilities for surface modification
are available. Finally, coating by silica in a seeded growth process®*! leads to a
decrease in the polydispersity of the particles and reduces the van der Waals
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attraction, which enhances the colloid stability and ability to form colloidal crystals.
A silica coating has already been applied to CdS* and ZnS* semiconductor nano-

153742 #4 and polymer™ colloidal particles. The thin silica

crystals, meta inorganic,
layer increases the mechanical stability, makes possible a transfer into organic
solvents, provides for a capping layer on the semiconductor nanocrystals, and
protects metal particles against oxidation. Finally, we recently invented a way to
turn the spherical SiO, and ZnS particles into ellipsoidal particles by ion irradiation.*

In this Chapter, we will describe the coating of ZnS colloidal particles of
different sizes with a SiO, layer, and vice versa, using seeded growth procedures. ZnS
and SiO, cores were completely dissolved leaving SiO, and ZnS shells, respectively,
filled with solvent. The optical properties of the particles were studied by means of
static light scattering (SLS) and extinction measurements, and compared with

scattering theory.

Experimental Section

Materials. Zn(NO,),.4H,0, ammonia (30 wt % NH,), and nitric acid of
analytical reagent quality were purchased from Merck, fluorescein—isothiocyanate
(FITC, isomer I) was purchased from Sigma, and thioacetamide (TAA), hydrofluoric
acid (HF), and tetraetoxysilane (TES) of puriss grade quality were obtained from
Fluka. Absolute technical grade ethanol (Nedalco) or analytical grade ethanol
(Merck), and Milli-Q water were used in all preparations. All solvents and chemicals
were used as received.

Particle Characterization. Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) were carried out on Philips CM10 and Philips
XL30 FEG microscopes, respectively. The relative width of the size distribution (the
polydispersity ), defined as the ratio between the standard deviation and the mean
particle size, was determined by image processing; typically around 200 particles were
counted. Static light scattering (SLS) measurements on dilute suspensions in ethanol
were performed on a Fica 50 or a homemade light scattering apparatus. Extinction
spectra were measured in ethanol using a Cary 100E UV-Vis spectrophotometer. The
optical path in the suspension was 1.00 cm. Suspensions were sufficiently diluted
(< 10” vol. %) to avoid interactions between particles and to keep multiple scattering
contributions negligible. Fitting of the spectra was performed using the computer

6

algorithm developed by Bohren and Huffman,” adapted to take size polydispersity
into account.

Silica Core Synthesis. Monodisperse SiO, particles were synthesized following
the Stober-Fink-Bohn procedure.”” A fluorescent dye (FITC) was incorporated into
the silica spheres as described by van Blaaderen et al.*®
ZnS Core Synthesis. Zinc sulfide colloidal particles of different sizes were

obtained by homogeneous precipitation-aggregation from acidic zinc nitrate aqueous



16 Chapter II.1

solutions using the thermal decomposition of TAA as a source of sulfide ions.?*****

Typical starting conditions used in our experiments were 0.001-0.05 M Zn*", 0.01-
0.10 M HNO,, [Zn*']/[TAA] = 4-10, and a constant temperature in the range of 60—
70°C. The TAA was first dissolved in water, and the solution was heated to the
reaction temperature; then, a mixture of Zn(NO,), and HNO, solution was quickly
added, and the reaction vessel was immersed in a water bath set at the reaction
temperature. The precipitation reaction was carried out in two stages because this
turned out to provide more monodisperse particles. In the first stage a population of
particles was obtained as described above and in the literature.”**** However, in
some experiments, following Wilhelmy and Matijevic,” the solution was first kept at
room temperature for 5 h, and then placed in the water bath at an elevated
temperature. After a certain period of aging, in which the primary particles reached
the desired radius, the precipitation reaction was quenched by cooling the vessel in
cold water (~15°C) accompanied by vigorous agitation. The decrease in temperature
and the mechanical agitation led to a secondary nucleation. In some cases, the first
population of big particles was separated from the solution by centrifugation. The
mother liquor with the second population of nuclei was placed again in the warm
water bath and the reaction continued, until the secondary particles reached the
desired size. The final radius of the particles was controlled by the heating time,
which ranged from 30 min to 3 h. The particles were separated from the mother
liquid by centrifugation, washed twice with water, and redispersed in ethanol by
utrasonification. Suspensions were stored and remained stable in ethanol.

Coating of ZnS Cores with SiO,. A direct coating of the ZnS particles with a
silica layer was performed in two steps, based on a modification of the original Stober
method"” to seeded growth.”® In the first step, concentrated ammonia (30 wt. %
NH,) was added to a vigorously stirred ZnS suspension in ethanol (with a particle
concentration n of ~10° cm™®) to a concentration of 0.10 M in NH,. Subsequently, a
certain amount of TES was added. Some of the experiments were performed with an
additional amount of water added to a total concentration of 1.00 M. The amount of
TES was calculated to cover the particle with a silica layer of thickness ~ 50 nm.
Typically, when no additional amount of water was added the condensation of TES

was slow and took more than 5 hours.*

In the second step, the ammonia
concentration was increased to 0.60 M, and the water concentration was adjusted to
2.00 M. The TES was added in small portions, in order to prevent a secondary
nucleation of pure silica particles.”” The final core-shell particles were separated by
centrifugation, washed twice with ethanol, and then redispersed by ultrasonification
in pure ethanol.

SiO, Shells. Hollow silica shells were obtained after dissolving the ZnS cores
using a mineral acid. Typically, 0.001 M nitric acid was added to a dilute (< 0.1 vol.

%) water (50 vol. %) — ethanol (50 vol. %) suspension of ZnS-core-SiO,-shell particles
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at moderate stirring. A higher acid concentration induced aggregation. For a ZnS
core of radius ~125 nm, the dissolution process was carried out for 24 h. Depending
on the core-shell particle morphology, SiO, shells filled with solvent or a silica replica
of the pores in the ZnS cores was obtained.

Coating of Si0, Cores with ZnS. SiO,-core-ZnS-shell particles were obtained by
homogeneous precipitation of ZnS onto silica seeds in water-ethanol solutions using
the thermal decomposition of TAA as a source of sulfide ions. The same
concentration range of Zn*", HNO,, and [Zn*']/[TAA] ratio as for producing of the
7ZnS cores was used. An ethanol suspension of fluorescently labeled SiO, seeds of
radius ~ 202 nm (n ~ 10" cm™®) was mixed with an equal volume of water containing
the dissolved TAA. Then, the mixture of Zn*" and HNO, was quickly added, and the
reaction vessel was placed in a water bath at 60°C. The reaction was carried out for
2-3 hours at slow stirring. The final particles were separated by centrifugation,
washed twice with ethanol, and then redispersed by ultrasonification in pure ethanol.
As in the case of pure ZnS particles, suspensions were stored and remained stable in
ethanol.

ZnS-Shells. Solvent filled ZnS shells were obtained after dissolving the SiO,
cores using hydrofluoric acid. Typically, 1 wt. % HF in water was added to a dilute
(< 0.1 vol. %) suspension of SiO,-core-ZnS-shell particles in ethanol at moderate
stirring. Silica cores were dissolved within ~ 5 min. The ZnS shells did not dissolve
within the reaction time and remained as hollow shells.

Results and Discussion

ZnS Cores. By use of the above-described procedure, spherical ZnS particles
with a narrow size distribution (8 < 8%) were obtained. The final particle radius,
depending on the reaction time and conditions, varied from 80 nm up to 1.4 um
(Table II.1-1). Examples of electron micrographs of ZnS cores demonstrating the
range of sizes obtained with the method are shown in Fig. II.1-1. The particles were
prepared using different experimental conditions, but in all cases the particle size was
controlled through the reaction time. The mechanism of ZnS precipitation-
aggregation and particle morphology are well understood.”®” The ZnS particles are
aggregates consisting of small (~10 nm) nanocrystals mainly of cubic B-ZnS. The
crystalline structure and crystal size were inferred from X-ray diffraction
measurements.”* Because of the aggregation mechanism, ZnS particles are porous
and consist of ~ 50 — 80% ZnS." The porosity and the average density depend on the
particle size and reaction conditions and light scattering results discussed below
indicate that the larger particles do not have a homogeneous density distribution.
Polydispersity is an important parameter if colloidal particles are used as a model
system to study crystallization, melting, or the glass transition.” In contrast to

22,23

previously reported results, a significantly lower polydispersity was achieved
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Figure II.1-1 Transmission (TEM a) and scanning (SEM b) electron micrographs of

spherical monodisperse ZnS particles obtained through homogeneous precipitation-
aggregation from aqueous solutions of zinc nitrate demonstrating the range of sizes
possible: (a) Sample 55SN, R = 103 nm, & = 3%, scale bar 400 nm; (b) Sample 13, R
= 1.414 um, & = 1%, scale bar 2 um. The size and polydispersity were determined by
TEM.

without additional purification of the TAA. In general, the polydispersity was below
8%, but in some cases in which a low initial Zn®" concentration was used, a
polydispersity of ~1% was reached (Fig. II.1-1b). The initial and the secondary
nucleation influence the final size distribution of ZnS. The nucleation process is very
sensitive to impurities and thermal or mechanical fluctuations. The secondary
nucleation is caused by an excess of Zn*' and S* ions, which were not consumed
during the primary particle growth. The secondary particles were generally observed
to have a lower polydispersity and higher concentration. A possible explanation is
that the secondary nucleation takes place in a more homogeneous medium and at a
higher concentration of S* in the solution. The higher concentration of sulfide ions in
the solution leads to a higher concentration of nuclei. A secondary nucleation could
both be induced by agitation or cooling the reaction vessel. Once generated, the
secondary particles were further grown to a desired size. The main disadvantage of
the method is the difficult control over the final particle size. However, by use of
seeded growth (see below) this problem is overcome. The stability of an aqueous ZnS
suspension has been studied in detail,”** but to our knowledge no data are available
on stability in organic solvents. It is our finding that ZnS particles of any size form a
stable suspension in ethanol, where they were kept before coating with silica.
ZnS-core-Si0,-shell. ZnS seeds were directly coated with a silica layer of the
desired thickness by hydrolysis and condensation of TES in an ethanol-water-
ammonia mixture. The most important factor in the coating process is the stability of
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Figure I1.1-2 A TEM micrograph of ZnS-SiO, composite cores (sample 56SN-S1),
radius R = 84 nm (8 = 6%) obtained after deposition of silica inside the ZnS pores.
The size and polydispersity were determined by TEM. The presence of silica was
detected by light scattering through an increase in the effective refractive index. The
scale bar is 400 nm.

the initial seed suspension at the reaction conditions. By use of a concentration of
0.10 M of ammonia, particles of different size were initially coated with a very thin
silica layer without aggregation. Table II.1-2 gives examples of coated ZnS cores with
silica with different thickness and morphology. A ZnS colloidal suspension was found
to be stable at 0.10 M NH, (0.22 M H,0O) in a water-ethanol-ammonia mixture;
however, at higher concentrations of ammonia (used for seeded growth of pure silica

spheres™™)

the ZnS cores aggregated. At a pH higher than the isoelectric point (IEP
= 7.2%°) 7ZnS is negatively charged due to the presence of HS and negatively
charged hydrolysis products on the particle surface. However, as we did not prevent
the presence of oxygen, it is likely that the outside layer is composed of ZnO.”"* In
principle, this facilitates the growth of SiO, on the particle surface. As surface
oxidation is quite common for many sulfides, this suggests that coating of large
colloidal particles of metal sulfides with a silica layer is generally possible.

The deposited silica layer has a different morphology depending on the ZnS
particle porosity and reaction conditions. If the particles are small and porous (< 200
nm), the initial silica is first deposited inside the particle pores forming a ZnS-silica
composite core (Fig. I1.1-2). The very thin silica layer cannot be determined by TEM
initially, but the light scattering experiments clearly show a change in the effective
refractive index of the particles due to the presence of silica inside the pores without
a significant change in size. However, after dissolving the ZnS the silica remains and
can be directly imaged by TEM (see below). In this way, the silica can provide for
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mechanical stabilization of small and porous aggregates of metal sulfides. If the
particles are bigger or the coating is performed at higher water concentration (higher
hydrolysis rate of TES), silica cannot diffuse deep into the particle and quickly forms
a layer leading to core-shell particles (Fig. I11.1-3).

Table II.1-1 Radius (R) and polydispersity (&) of ZnS cores obtained after a secondary or primary

nucleation burst (see text) as determined by TEM.

Sample code R (nm) 3 (%) Nucleation burst
50SN 81 8 secondary
56SN 84 5 secondary
555N 103 3 secondary
57SN 133 6 secondary

32 270 9 primary
54SN 346 6 secondary
61SN 818 7 secondary

13 1415 1 primary

Table II.1-2 Radius (R) and polydispersity (8) of ZnS-SiO, composite and ZnS-core-SiO,-shell

particles obtained after a seeded coating of ZnS cores with silica as determined by TEM.

Sample code R (nm) S (%) Morphology *
56SN-S1 85 6 composite
56SN-S1-S 128 5 core-shell
57SN-S1 125 5 composite
50SN-S1 81 8 composite
50SN-S1-S 245 6 core-shell
50SN-S1-S1 338 4 core-shell
54SN-S3-S 351 5 core-shell

*‘Composite’ means that the silica penetrates into the ZnS core.
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Figure II1.1-3 TEM micrographs of ZnS-core-SiO,-shell particles of different core-to-
shell ratio and total size (R): (a) sample 56SN-S1-S, core radius R, = 84 nm, total
radius R = 128 nm, 8 = 5%, scale bar 400nm; (b) sample 54SN-S3, core radius R, =
346 nm, total radius R = 351 nm, & = 4%, scale bar 1 um. The size and polydispersity
were determined by TEM.

The conditions necessary to stabilize the ZnS suspension are not optimal to
grow silica.””* For this reason, the ammonia concentration was increased to 0.6 M
only after the first thin silica layer was deposited. At this ammonia concentration,
the silica layer can be continuously grown to a desired thickness (Table I1.1-2).
If the ZnS core radius is not too large (< 200 nm using 100 keV), the silica shell can
be directly observed by TEM (Fig. II.1-3a) because not all electrons used in the
imaging are stopped by the particle and there is an appreciable density difference
between silica (~ 2.0 g/cm® *') and ZnS (4.0 g/cm® ). If the particles are larger than

Figure I1.1-4 TEM micrographs of hollow silica shells obtained after dissolution of the
ZnS cores: (a) shell thickness 17 nm with an internal radius of 60 nm; (b) shell

thickness 50 nm with an internal radius of 260 nm. The scale bars are 200 nm.
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Figure II.1-5 TEM micrographs of silica replicas obtained after dissolution of the ZnS
from the ZnS-SiO, composite cores (sample 50SN-S1). The internal morphology of the
pores can be seen inside the silica structure. The scale bar is 200 nm.

~ 200 nm, the silica shell can be discerned indirectly because the surface has becomes
smoother (Fig. II.1-3b), by light scattering measurements, or after dissolving the ZnS
cores.

Si0, Shells. It has been shown that the silica layer, created by the Stober
syntheses, is porous with a pore size about 3 A.°® This size is sufficiently large to
allow free diffusion of Zn®* and S* ions across the silica layer. Using this fact, we
successfully dissolved the ZnS core using a dilute solution of nitric acid to increase
the solubility and obtained hollow silica particles. Figure II.1-4 shows a collection of
hollow silica shell particles. The ZnS cores were removed by dissolution with 0.001 M
HNO, in a water-ethanol mixture. Acid solutions with a pH > 3 should be used to
prevent aggregation of the silica shells. The ZnS core is accessible to the acid ions
even through a ~ 50 nm thick silica layer (Fig. II1.1-4b). The thickness of the silica
layer of empty shells can be measured directly by TEM after dissolution of the ZnS
core. Dissolution of the ZnS from a small ZnS-silica composite sphere led to a silica
replica of the porous structure of the initial particle (Fig. II.1-5). These replicas
represent the internal structure of the ZnS core showing that ZnS particles are indeed
porous.' Silica shells have interesting optical properties on a single particle level and
can also be used to create dielectric defects’ if incorporated in a colloidal crystal of
core-shell or homogeneous particles.

Si0,-core-ZnS-shell. It has been demonstrated that ZnS can be grown onto
silica particles under similar conditions as ZnS cores by using H,S" or by sonification
of a TAA solution.” In our experiments, we employed the thermal decomposition of
TAA in an acidic water-ethanol mixture as a source of sulfide ions. Despite the fact
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Figure II.1-6 TEM micrographs of SiO,-core-ZnS-shell particles: (a) silica cores of
radius 160 nm covered with an incomplete layer of ZnS nanocrystalline aggregates; (b)
homogeneously coated silica seeds with a dense ZnS layer of thickness ~ 50 nm. The
inset shows a broken ZnS shell. All scale bars are 100 nm.

that a low concentration (< 0.001 M) of nitric acid was used to prevent aggregation
of the suspension of SiO, seeds, the stability remained a problem. In all samples, a
partial aggregation was found. Initially, ZnS forms irregularly shaped -clusters
composed of single nanocrystals crystals (~ 1-5 nm) on the silica surface (Fig. II.1-
6a). The aggregates are held together by an irregular porous network. These clusters
grow further and form a complete shell of dense ZnS. Figure II.1-6b shows
homogeneously coated core-shell particles. From broken ZnS shells, the thickness of
the ZnS layer was estimated to be ~ 50 nm. By showing the ability of growing both
core-shell systems, we have control over the optical properties on a single particle
level. These particles can be used to dielectrically dope photonic crystals’ or grow
inverse crystals from the shells.

ZnS Shells. Solvent-filled ZnS shells were obtained after dissolving the SiO,
cores using hydrofluoric acid. Surprisingly, the ZnS shell did not dissolve or dissolved
much slower than silica in ethanol solution of HF and remained as hollow shells.
Figures 11.1-7 shows TEM micrographs of hollow ZnS shells. In a comparison of the
7ZnS shell before and after dissolving the SiO,, it can be seen that the surface is
smoother than in the case of the SiO,-core-ZnS-shell particle. This is an indication of
a partial dissolution of the ZnS. However, an optimal dissolution time was not
determined.

High dielectric hollow particles, such as ZnS shells, have interesting optical
properties."”!" Until now, almost all inverse dielectric structures, that is, low dielectric
spheres in an fcc arrangement in a high dielectric background, have been made by
templating on an already formed crystal.”” With our method individual hollow
spheres are generated which can subsequently be crystallized. Starting with
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Figure II.1-7 TEM micrographs of hollow ZnS shells obtained after dissolution of the
silica cores by HF. The shell thickness is 50 nm with an internal radius of 160 nm. The
scale bar is 200 nm.

individual shells gives more flexibility, however, if one wants to dope the lattice
dielectrically or wants to grow more complex lattices, like body centered tetragonal®
or binary lattices.%

Optical Properties. Because of the high refractive index of B-ZnS (n = 2.36%
at A = 589 nm) and the size of the particles studied, a full solution of the Maxwell
equations is necessary to quantitatively describe the light scattering of this system.
Aden and Kerker derived an analytical solution for spherical core-shell particles.”
The exact shape of the curves is sensitive to polydispersity, dielectric contrast and
particle size. We performed both wavelength-dependent (extinction) and angle
dependent (SLS) measurements on ZnS and ZnS-core-SiO,-shell particles only. The
combination of both techniques gives a consistency check on the dielectric properties
and structure obtained on the single particle level. All spectra were taken in the
range above the absorption edge of bulk ZnS (350 nm)." The extinction efficiency
(extinction cross section divided by cross-sectional area’) spectra and SLS spectra
were calculated using scattering theory extended to the case of polydisperse particles
assuming a Gaussian size distribution. In the case of core-shell particles, a Gaussian
distribution was assumed in the core and an independent Gaussian distribution was
assumed in the total particle radius.®* Both distributions were measured by electron
microscopy. The porous ZnS core cannot be represented with the refractive index of
pure ZnS and requires a model. Fortunately, the ZnS nanocrystals are much smaller
than the wavelength of light allowing a description of the particle by an effective
dielectric constant of ZnS dispersed in a host of the solvent (or silica in the case of a
composite ZnS-Si0, core). The effective dielectric constant was calculated using the
Maxwell-Garnett effective medium approximation™

86ff B 85 _ E:ZnS — 85

€y T 2¢, €, T 2€,

Y



Synthesis and characterization of monodisperse core-shell ... 25

Extinction efficiency
Extinction efficiency

T T T T T T T T T T - 0'0 T T T T T
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Figure II.1-8 Experimental (solid line) and calculated (dotted line) extinction
efficiency spectra: (a) ZnS cores (sample 56SN) of radius R, = 84 nm, 3, = 6% (from
TEM); (b) ZnS-core-SiO,-shell particles (sample 56SN-S1-S, Fig. I1.1-3a), consisting of
the same ZnS core, with total radius R = 128 nm, & = 5% (from TEM). The
extinction efficiency spectra were calculated using the following parameters: R, = 92
nm, 8, = 5%, R = 128 nm, and & = 5%. The filling fraction of ZnS in both cases is
0.62 (n = 1.92 at A = 589 nm).

where f is the filling fraction of ZnS with a wavelength-dependent bulk dielectric
constant €,,,.*° The particle pores are filled with a second material (solvent or silica in
the case of the ZnS-SiO, composite core) with a dielectric constant €. For the
refractive index of silica (n = 1.450) and the solvent (ethanol n = 1.361), the
wavelength dependence can be neglected. The most important fitting parameter
obtained from the light scattering curves is the filling fraction of ZnS. Both the
particle radii and polydispersity were varied as well, but the values taken were close
to those determined from the electron microscopy.

In Fig. I1.1-8, experimental and calculated extinction efficiency spectra of ZnS
cores and the same cores coated with a ~ 44 nm silica shell are shown. The best fit
was determined with an accuracy of + 0.01 in the filling fraction of ZnS ( = 0.01 in
the refractive index) and + 2 nm in the radius. In the case of core-shell particles, the
core parameters were assumed to be the same and only the shell thickness was varied.
A strong modulation of the scattering efficiency with wavelength, due to Mie
resonances, was observed in large ZnS particles (Fig. II.1-9). The whispering gallery
modes of the morphology-dependent resonances, averaged out in Fig. I1.1-9a, can be
observed only at low size polydispersity (Fig. 11.1-9b). In general, the filling fraction
of ZnS was determined to be in range of f = 0.60 — 0.80, which is in good agreement
with previous results.'® Angle resolved scattering (SLS) curves (Fig. I1.1-10) were in

agreement with the extinction curves (Fig. II.1-9a) and showed no indication of
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Figure IL.1-9 Experimental (solid line) and calculated (dotted line) extinction
efficiency spectra: (a) ZnS particles (sample 54SN) of radius 346 nm and & = 6% (from
TEM). The extinction efficiency spectra were calculated using the following
parameters: R = 350 nm, & = 6%, and ZnS filling fraction of f= 0.58 (n,; = 1.88 at A
= 589 nm). The dashed line represents the calculated extinction efficiency of pure ZnS
particles of total radius of 350 nm (8 = 6%) assuming a low-dense core (R, = 200 nm,
f.=0.49, 8, = 6%) and a high-dense shell (f, = 0.49) with a volume averaged filing
fraction of 0.58; (b) highly modulated scattering by large monodisperse ZnS particles
(see Fig. 11.1-1b). The theoretical curve (dotted line) was calculated using R = 1450
nm, f= 0.72, and 8 = 0.5%.

particle aggregation.

For both SLS and extinction efficiency spectra, good agreement with Mie
scattering theory was found for ZnS particles (cores) up to ~ 300 nm in radius.
However, in the case of larger ZnS particles a good fit could not be obtained,
probably due to an inhomogeneous distribution of ZnS in the particles (Fig. II.1-9b).
The extinction curves of the smaller ZnS cores (Fig. I1.1-8a) are not sensitive to an
inhomogeneous distribution of ZnS. This is understandable, as the inhomogeneities
have to be smaller than the wavelength. To give an idea of the effect of
inhomogeneities for larger particles, we calculated a curve (Fig. II.1-9a) for a ZnS
core with a radius of 350 nm in which the most simple inhomogeneous distribution,
that of a core-shell, was assumed. Arbitrarily, we chose the core to have a radius of
200 nm with a filling fraction of 0.49 and the outer shell of 150 nm to have a filling
fraction of 0.60. These values give a volume-averaged filling fraction that is the same
(0.58) as that obtained from fitting the ZnS cores assuming a homogeneous particle.
The curve calculated for a homogeneous distribution is closer to the measured values,
but is also not a perfect fit. The differences in both calculated curves make it clear
that small inhomogeneities cannot be excluded. However, as no exact model is
available for the radial dependence of the refractive index, we did not refine our
calculations, as obtaining this function from scattering is an ill-defined problem.*® The
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Figure I1.1-10 Experimental SLS spectra (solid line) of ZnS particles (sample 54SN)
measured at A = 546 nm as a function of the square of the scattering vector. The
theoretical curve (dotted line) was calculated using the same parameters (with n; =
1.89) as for the extinction efficiency spectra.

optical properties of the core-shell particles can be tuned by changing the thickness of
the SiO, (ZnS) shell with respect to the core radius. This is an important property,
which can be employed to control the filling fraction of the high dielectric material in
a photonic crystal made from colloidal crystal of core-shell particles (see
Chapter 11.2).%*

Conclusions

We demonstrated that ZnS colloids covering most of the colloidal size range
can be directly coated with a SiO, layer, or vice versa, to produce well-defined
monodisperse core-shell particles. The coating procedure is performed without using a
coupling agent and should be applicable to a variety of metal sulfides. The method
produces monodisperse core-shell particles with a tunable core-to-shell size ratio and
total radius. Both the ZnS and SiO, cores can be dissolved to produce hollow silica
and ZnS shells, respectively. The optical properties of small (R < 300 nm) ZnS cores
and ZnS-core-SiO,-shell particles are well described by an effective refractive index
for the ZnS core. Larger ZnS particles cannot be described well as homogeneous
scatters. Due to the monodispersity and the high refractive index of the ZnS core
(shell) and the availability of many coating procedures, the particles are ideal optical
tracers, for instance, in light scattering® or optical tweezers studies,® and are suitable
building blocks for photonic crystals."
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Chapter II.1




I1.2 Photonic Crystals of Core-Shell Colloidal

Particles

We report on the fabrication and optical transmission studies of thin three-dimensional
photonic crystals of high-dielectric ZnS-core and low-dielectric SiO,-shell colloidal
particles. These samples were fabricated using a vertical controlled drying method. The
spectral position and width of a stopgap depend on the core-to-shell ratio, in a manner
consistent with numerical calculations. Both experiments and calculations show that the
relative L-stopgap width in the case of high-index core low-index shell particles can be
larger in comparison to the case of homogeneous particles of either material. The core-
shell morphology gives additional control over the photonic stopgap characteristics.
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Introduction

Photonic crystals are materials with a periodically modulated dielectric

constant.?

In analogy to electrons in a semiconductor, electromagnetic wave
propagation in a photonic crystal can be inhibited for a certain frequency range
resulting in the formation of a photonic band gap. A promising way for fabrication of
photonic crystals at optical wavelengths is the use of colloidal particles.® Colloids can
self-organize into a three-dimensional (3D) face-centered-cubic (fec) (or body-
centered-cubic) crystal with a long-range periodicity. Although fce structures of
dielectric spheres only possess stopgaps,"” the (local) density of states can still be
manipulated significantly.® Even for quite modest index contrast an interesting
photonic switch can be realized with fec crystals.” Photonic properties of colloidal
crystals can be further improved by using a core-shell particle morphology. The latter
can be used to enhance nonlinearities® and to engineer photonic bandgap properties.®
Indeed, the full vector calculations on an fcc crystal of core-shell particles have shown
that the relative L-stopgap width (g,) can be increased by more than 50% compared
to the case of homogeneous particles.”

Zinc sulfide (ZnS), due to its high bulk refractive index (B-ZnS, ny, = 2.36)
and lack of absorption in the visible and near IR region,” is a convenient material for
photonic applications. Spherical ZnS particles can be made with a wide range of sizes
(100 — 1500 nm in radius) and high monodispersity (see Chapter II.1).""" Recently,
we have shown that a silica layer can be deposited on the ZnS spheres, or vice versa,
in order to change the filling fraction of the high-index material and tune the optical
properties of the particles (see Chapter II.1)."" Moreover, ZnS can be doped, e.g., with
manganese,"” to induce luminescence, or, a fluorescent dye can be incorporated into
the silica layer at a well-defined radial position."”” In addition, pure silica or pure ZnS
particles, or shells of these materials, can be used for dielectric doping of photonic
crystals in order to create localized modes inside the bandgap.**

In this Chapter, we demonstrate the fabrication of photonic crystals through a

1918 of a suspension of particles with a high-dielectric ZnS core and a

controlled drying
low-dielectric SiO, shell. We study optical transmission at normal incidence on thin
photonic crystals. In accordance with previous calculations,” we demonstrate that
photonic crystals of high-index core and low-index shell particles posses a larger
relative L-stopgap width in comparison to crystals of low-index core and high-index

shell'” or homogeneous particles.

Experimental Section

Photonic crystals were fabricated of monodisperse colloidal (core-shell)
particles. Three different types of colloidal particles were used. Pure silica particles of
radius 123 nm (with a relative width of the size distribution, & = 5%) were
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Figure I1.2-1 Scanning electron micrographs (SEM) of a planar photonic crystal of

close-packed core-shell colloidal particles. (a) Top view of the crystal showing a (111)-
crystal plane. The scale bar is 5 um. The inset shows a transmission electron
micrograph (TEM) of a single ZnS-core-SiO,-shell particle. The total particle radius is
128 nm with a 44 nm silica shell. (b) Side view of the crystal. The scale bar is 2 pm.

synthesized following the Stober-Fink-Bohn method.” Homogeneous ZnS-SiO,
composite particles of radius 125 nm (8 = 6%) were obtained after condensation of
silica inside the pores of the ZnS spheres. In this case, micropores are filled up with
silica, which results in an increase of the effective refractive index of the particle.
ZnS-core-Si0O,-shell particles of total radius 128 nm (& = 5%) with a ZnS-SiO,
composite core radius of 84 nm (8 = 6%) were obtained after coating of ZnS cores
with silica. The synthesis and optical characterization of the core-shell particles from
ZnS and SiO, are described in Chapter II.1." The size and polydispersity were
determined by transmission electron microscopy (TEM). The wavelength dependent
effective refractive index of the ZnS was determined from extinction measurements of
a dilute suspension in ethanol (see Chapter II.1)." Thin colloidal crystals were grown
onto glass substrates using a vertical controlled drying method.'”'® This method
allows the growth of large (cm) arrays of colloidal crystals with precise control over
the crystal thickness. Depending on the particle polydispersity, large (mm) single
crystalline domains can be obtained. Scanning electron microscopy (SEM) was used
to determine the number of layers in the crystal. The optical transmission spectra,
measured with a Cary 500 UV-near-IR spectrometer, were taken along the (111)
crystallographic axis, normal to the direction of the glass plate. The light beam spot
was about 5 mm?®, which is comparable to the area of a single crystalline domain.

Results and Discussion

Figure I1.2-1 shows SEM micrographs of thin planar crystals of close-packed
monodisperse ZnS-core-SiO,-shell colloidal particles. Cracks, typically observed every
5-10 um, are formed after drying and shrinkage of the particles. More cracks form
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Figure II.2-2 Optical transmission spectra (a) measured on photonic crystals of ZnS-
core-SiO,-shell colloidal particles grown on glass substrates. The experimental spectra
were taken along the (111) crystallographic axis. The dotted line shows the assumed
background scattering. (b) Calculated (dotted line) and experimentally determined
(solid line) optical density spectra (OD), OD = -log(T), of an eight-layer thick crystal
on a glass substrate (n,, = 1.40). The theoretical spectrum was calculated using the
parameters similar to those determined from light scattering and TEM (R, = 93.4 nm,
R = 130 nm, @z = 62%, ng = 1.92).

under influence of the vacuum and electron beam in the SEM, therefore there are less
cracks present in the films used for extinction measurements. However, the crystalline
order extends over a much longer distance. The inset shows a TEM image of a single
particle, where the ZnS core and SiO, shell can be directly seen. Figure I1.2-2 shows
optical transmission spectra of thin photonic crystals of ZnS-core-SiO,-shell particles.
The spectra exhibit a minimum in the optical transmission, where the light satisfies
the Bragg condition and is diffracted away from the propagation direction. The small
shift (~ 7 nm) of the stop bandgap position to longer wavelengths is a finite-size
effect. The thickness dependence of the stopgap position disappears if the sample is
thicker than ~ 8-10 layers." For the given dielectric contrast, this is also expected
from one-dimensional calculations.” The fast decrease of the optical transmission,
near, but before the absorption edge of ZnS,’ is due to the strong scattering from the
crystal defects. Theoretical spectra were calculated using the layer KKR method.”" In
order to compare with the numerical calculations, the background scattering (shown
with dotted line on Fig. I1.2-2a) was subtracted.” The peak position, the width, and
the interference ripples agree well with theory (Fig. II.2-2b). However, the height of
the maximum does not. This is because of the unavoidable presence of crystal defects.
An exact match of the experimental spectra is difficult to obtain, because the crystal
thickness is very likely not constant over the measured region.
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Figure II.2-4 Calculated relative L-stopgap width as a function of the core-to-total-
radius ratio for an infinite crystal of high-index core low-index shell particles (squares)
and, for comparison, the reverse structure with the same parameters (circles). The
high-index core (shell) consists of 62% bulk ZnS embedded in a silica matrix. The low-
index shell (low-index core) consists of pure silica. The wavelength dependent effective
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Figure I1.2-3 Optical density (OD) spectra measured on photonic crystals of
homogeneous ZnS-SiO, composite (dotted line), ZnS-core-SiO,-shell (dashed line), and
pure silica (solid line) particles. The average crystal thickness is eight layers. The
position of the L-stopgap shifts towards longer wavelengths as the effective refractive
index of the single particle increases.
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Figure I1.2-5 Relative L-stopgap (the crystallographic direction is defined with respect
to an infinite crystal) width at half-maximum determined from the experimental
(circles) and theoretical (open squares) spectra as a function of the core-to-total-radius
ratio for eight-layers thick crystals. The experimental data are obtained from crystals
of pure silica, ZnS-core-SiO,-shell, and ZnS-SiO, composite particles of similar radii
(Fig. I11.2-4). Theoretical spectra were calculated with the same particle parameters as
in Fig. I1.2-1b. There is an optimal ratio (Y ~ 0.65) at which the stopgap has a
maximal value. The line is to guide the eye.

In order to demonstrate the importance of the particle morphology we
performed calculations for infinite crystals. Figure I1.2-3 shows the calculated relative
L-stopgap width, g,, of ZnS-core-SiO,-shell and SiO,-core-ZnS-shell particles as a
function of the core-to-total-radius ratio (y = R,/R). The calculations were performed
using a wavelength dependent effective refractive index (see Chapter II.1)."" In both
cases, the filling fraction of bulk ZnS (in a silica matrix, n = 1.45) in the particle core
or shell was 0.62. The high-index core low-index-shell particles display a maximum in
the g, at v ~ 0.70, which is about 20% larger than that of a photonic crystal of
homogeneous particles with the higher refractive index. Remarkably, calculations
show that a crystal of high-index core low-index-shell particles in air for y ~ 0.70 also
has a larger g, compared to the case of an air-sphere crystal (i.e., high index material
surrounding spheres of air). In contrast, the reverse system displays a minimum at y
~ 0.76 and a gap width that is lower than that of homogeneous particles. These
calculations demonstrate the effect of the morphology and optimization of the filling
fraction of the high dielectric material, using core-shell particles, on the optical
properties of photonic crystals. For the L-stopgap the high-index core low-index shell
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morphology is clearly better than the low-index-core high-index shell* for photonic

applications. Figure II.2—4 compares measured optical transmission spectra of thin
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photonic crystals from silica, ZnS-core-SiO,-shell, and homogeneous ZnS-SiO,
composite particles of similar radii. Despite being of almost the same total radius, the
stopgap moves towards longer wavelengths because of the increased effective
refractive index of the single particle. Figure I1.2-5 presents the experimental and
calculated relative L-stopgap (crystallographic directions mentioned hereafter are
with respect to an infinite crystal) width, g,, for a finite crystal measured at half-
maximum as a function of the core-to-total-radius ratio. The values determined from
the experimental spectra (Fig. I11.2-4) are in good agreement with those from the
theoretical spectra for an eight-layer thick crystal. However, the g, obtained from the
experiment is slightly broadened due to the presence of a moderate disorder in the
crystal. This effect has been observed earlier.”” Assuming equal contributions of the
crystal defects in the three cases, based on the similar particle polydispersity, a clear
maximum can be distinguished in the case of the crystal of core-shell particles. One
should notice that the g, for thin crystals is still strongly dependent on the number of
crystal layers. For instance, calculations for seven layers showed a ~1% increase of g,.

Conclusions

In conclusion, we have demonstrated the fabrication of photonic crystals of
high-index ZnS core and low-index SiO, shell colloidal particles. Due to the optimal
filling fraction of the high dielectric material, photonic crystals from core-shell
particles possess a larger relative L-stopgap width than crystals from homogeneous
particles. By applying a low-dielectric coating we demonstrated the ability to control
the filling fraction of the high dielectric material and optical properties of the
photonic crystal. The combination of ZnS and SiO, opens new possibilities to study
dielectrically and fluorescently doped photonic crystals.
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III.1 Synthesis and Characterization of Large
Colloidal Silver Particles for Photonic Applications

Metal colloidal particles are widely used as building blocks for novel materials with
photonic applications. In this article, we demonstrate the synthesis of silver particles with
a wide range of sizes (up to 1200 nm in radius) by reducing silver nitrate with ascorbic
acid in aqueous solutions in the presence of a polymeric steric stabilizer. The resulting
particles were spherical aggregates with a rough surface and polydispersity below 20%.
The particle morphology was examined by electron microscopy. Optical properties on a
single particle level were studied by means of extinction measurements and compared to
scattering theory. At low ionic strength the effective polydispersity of the charged silver
particles was low enough that colloidal crystals could be grown.
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Introduction

Colloidal metal and metallo-dielectric particles are of great fundamental and
industrial interest. Metal colloidal particles are used in catalysis,"” in biological and
chemical sensing,” nonlinear optics,"® surface-enhanced Raman spectroscopy
(SERS),™® and electronics.” Recently, metal and metallo-dielectric spheres found new
applications in the field of photonic crystals.'”"* Photonic crystals are materials with

t.""'" In analogy to electrons in

a periodically modulated dielectric constan
semiconductors, electromagnetic wave propagation in photonic crystals can be
forbidden for a certain frequency range resulting in the formation of a complete
photonic band gap (CPBG); photons in the gap cannot travel in any direction for
any polarization. It has been shown theoretically that in a face-centered-cubic (fcc)

crystal of metal or metallo-dielectric spheres a CPBG in the visible can be opened.'""

Because of the high dielectric contrast necessary (> 2.8 for air-sphere fcc crystals'™"),
it is difficult to create a CPBG in the visible with purely dielectric materials. To
build photonic crystals, the size of the particles should be comparable to the
wavelength of light. The second important requirement is to use particles with low
absorption in the region of application. A few metals (Ag, Au, Al, Ni, Cu) have been
investigated theoretically as possible candidates for metallo-dielectric photonic
crystals.'”"* Because of its low bulk absorption, silver (Ag) is the most suitable metal
to create a band gap in the visible. Recent calculations of Moroz have shown that a
CPBG can be even opened up for a filling fraction of silver as low as 2%.*

Several methods have been developed to synthesize colloidal metal particles.” ™

These are, precipitation from homogeneous solutions by using appropriate reducing

24,25 27,28 1 29
b

agents, seeded  growth,” reverse  micelles, electrochemica and
sonoelectrochemical® techniques. Among these, precipitation in aqueous or non-
aqueous media is the most commonly used because it is easy, cheap, and versatile.
The precipitation technique offers many possibilities to control the particle
characteristics by changing the experimental parameters, like reactants

concentrations, temperature, pH, reducing agents, and stabilizators.*'*"*

Furthermore, it is also possible to synthesize composite particles and alloys.***
Because of the high electropositive character of silver (+ 0.799 V*), various reducing
agents including sodium borohydrate (NaBH,),” citrate or ethylenediaminetetraacetic
acid (SDTA),”* and ethanol® can be used. However, most methods known for the
preparation of metal spheres were developed to produce small particles (radius less
than 100 nm). Only recently, gold particles with a radius up to 2 pum were
synthesized by controlled aggregation of gold nanoparticles using gum arabic as a
steric stabilizer.”

In this Chapter, we will describe the synthesis of silver particles of a wide

range of sizes and narrow size distribution by reducing silver nitrate with ascorbic
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acid in an aqueous medium. The particle morphology was studied by electron
microscopy. Optical response on a single particle level was studied by means of
extinction measurements and compared to scattering theory. The formation of
charge-stabilized colloidal crystals and colloidal glasses of the silver particles in water
was studied by reflection confocal microscopy.

Experimental Section

Materials. All reagents were used as received without further purification.
Ultra pure grade silver nitrate (AgNO,) was purchased from Acros Organics, Gum
arabic from Sigma, Ascorbic acid (C;O4H;) from PG Farma, and sodium hydroxide
(NaOH) from Baker Chemicals B.V. All solutions were prepared with deionized
water.

Particle Synthesis. A variable amount of a silver nitrate stock solution was
added to a variable amount of a stock solution of gum arabic and filled up to a
controlled volume with deionized water. In the same way, a solution containing
controlled amounts of ascorbic acid and gum arabic was prepared; then, filled up to a
certain volume. The pH of the reaction mixture was set at this stage by adding a
controlled volume of NaOH to the ascorbic acid solution. Both reactant solutions
always contained the same weight-percentage of gum arabic. The reactions were
carried out in a two-necked round-bottom flask of 250 ml with a magnetic stirrer or
with a variable high-speed electric stirrer (1100 rpm). First, the solution containing
the ascorbic acid was put into the reaction flask. Then, the silver solution was
quickly added to the vigorously stirred acid solution. As a result of the size-
dependent extinction of the silver particles, the color of the solution turned from
transparent, to black, and then to dark brown-grayish as the scattering contribution
increased. After several hours (~ 2-4 h) the solution became brownish to green-
brownish. The induction time (a few seconds) for these colors to appear was
dependent on the reaction conditions. The solutions were stirred up to 24 hours at
room temperature. Subsequently, the dispersions were washed twice with deionized
water after sedimentation or centrifugation (max. 200 G). The silver particles were
kept in water where they remain stable longer than a year.

Particle Characterization. The particle morphology was studied by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) on
a Philips CM10 and on a Philips XL30 FEG respectively. The particle size and
polydispersity were determined from the TEM micrographs using a Nikon profile
projector. Thermo-gravimetric analysis (TGA) was performed on a Setaram 92. A
Coulter Delsa 440 SX was used to measure the particle electrophoretic mobility in
aqueous suspension. UV-vis spectroscopy (Cary 1E UV-vis spectrophotometer) was
performed on dilute (< 10° vol. %) suspensions of Ag particles in water. The optical
path was 1.0 cm. Fitting of the spectra was performed using a FORTRAN computer
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algorithm developed by Wiscombe,” adapted to take the size polydispersity into
account. Colloidal crystallization was studied in both little glass vials (1.7 ml), of
which the bottom was replaced by a microscope cover slip (Chance Propper) with a
thickness of 0.15 mm and thin (0.20 mm) glass capillaries (VitroCom). Charge-
stabilized crystals and glasses in water were observed in reflection mode (A = 632
nm) with a confocal microscope (Leica DM IRB, in combination with a Leica TCS
NT scanhead) with an oil-immersion lens (Leica, 100x, NA 1.4).

Results and Discussion

Particle Synthesis. Silver ions are reduced to metal silver by ascorbic acid
C:H.O;), which has a sufficiently lower redox potential,”*" according to the following
686

reaction
CHO, +2 Ag" > 2Ag"+ CHO, +2 H".

Matijevic et al. proposed a particle growth model for a similar synthesis of gold
particles.”” The nucleation burst takes place when the concentration of metal atoms
reaches a critical supersaturation. In the first step, the nuclei formed grow to nano-
sized primary particles by diffusion capture of the remaining atoms. In the second
step, depending on the reaction conditions, the primary particles aggregate leading to
the formation of larger spherical aggregates accompanied with narrowing of the size
distribution.” The precipitation was carried out at different pH values, concentration
of the protective colloid, and different concentration of silver and ascorbic acid
(Table III.1-1).

Table ITI.1-1 Radius (R) and polydispersity (&) of silver particles obtained at different experimental
conditions as determined by TEM.

[AgNO, ] [CeH Oy Ratio Gum arabic R 0

(mol/1) (mol/1) lacid]/[Ag] wt (%) (nm) (%)
0.083 0.333 4 0.7 223 67
0.083 0.167 2 0.7 894 24
0.083 0.333 4 0.35 429 33
0.083 0.167 2 0.35 1149 16
0.167 0.666 4 0.7 796 29
0.167 0.333 2 0.7 525 39
0.167 0.666 4 0.35 943 35
0.167 0.333 2 0.35 588 31
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Figure ITI.1-1 Scanning electron micrographs (SEM) of relatively monodisperse silver
particles obtained under different experimental conditions, radii (R) and relative width
of the size distribution (8): (a) R = 197 nm, & = 13%; (b) R = 284 nm, & = 17%; (c)
R =383 nm, & = 13%; (d) R = 418 nm, & = 12%. Scale bars are 2 um. The insets
show a blow up of the particle surface. The scale bars in the insets are 200 nm.

The results are strongly dependent on the age of the solutions. Using freshly
prepared solutions was necessary to obtain reproducible results. Because of the strong
size-dependent extinction, the particle growth can be monitored in the reaction flask
through a change in color of the suspension. Because of scattering, the final
suspension of large particles had a brownish appearance (see below). Figure III.1-1
shows SEM micrographs of relatively monodisperse silver particles obtained at
different experimental conditions. The final particle size depends on the pH of the
reaction mixture (Fig. II1.1-2). At higher pH values the primary particles have a
sufficiently large surface charge, which, possibly in combination with the effect of the
protective polymer layer, diminishes the effect of the high ionic strength and prevents
significant aggregation. As a result, the final particles are not significantly larger than
the primary particles. With a decrease of the pH, the system approaches the
isoelectric point and, therefore, becomes less stable leading to a higher degree of
aggregation of the primary particles and to the formation of larger secondary
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Figure III.1-2 Particle size as a function of the pH of the reaction mixture. The
reaction mixture had an initial pH ~ 2. The pH was regulated by addition of NaOH
solution. Particles were synthesized using the following concentrations: [AgNO,| =
0.010 M, [C;O4H¢] = 0.050 M, gum arabic 0.056 wt %.

particles. This mechanism is quite general and has been proposed for the formation of
several inorganic particles.”*

The amount of gum arabic added also influences the aggregation rate. At
higher concentration of gum the particles became smaller (Table III.1-1). This occurs
because of the enhanced steric stabilization* of the small primary particles, which
prevents their aggregation leading to smaller secondary particles. In addition, at high
gum concentration the viscosity of the reaction mixture will be increased and the
diffusion aggregation of the primary particles will be suppressed. The effect of gum
arabic on the reaction was not studied in detail.

As in the case of gold particles," the speed of mixing of the reactants
influences the time dependent supersaturation, i.e., the build up of metal silver in the
suspension. When the mixing time is shorter, the silver nucleation takes a shorter
amount of time which results in more monodisperse primary particles.”” If the
reactants are added slowly, there will be a continuous generation of nuclei during the
mixing. As the first nuclei formed will act like seeds” and will further grow to larger
size before aggregation and forming a secondary particles, the primary particles will
have a broader size distribution. As a result, the size of the final secondary particles
remains approximately the same, but the particle surface is rougher indicating the
presence of larger subunits.

Particle Morphology. By use of the procedure described above we obtained
spherical silver particles with a radius in the range 100 — 1200 nm. Particle
polydispersity was more difficult to control and varied over a wide range. However, a
polydispersity as low as 12% was achieved in several samples. The particles are
spherical aggregates with a rough surface (see the insets in Fig. III.1-1) where the
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Figure III.1-3 Electrophoretic mobility of silver particles (R = 256 nm, 6 = 17%)
dispersed in water as a function of the pH.

roughness is on the order of a few nanometers. The SEM pictures clearly reveal the
aggregated nature of the final particles, which consist of small (< 20 nm) subunits.
Despite several cleaning cycles, TGA analysis showed that the particles contained ~
4% organic compounds, most likely composed of the protective polymer (gum arabic)
and perhaps a small amount of ascorbic acid or its derivatives. As a result of the
dissociation of the carboxyl groups of adsorbed ascorbic acid and the absorption of
different other ionic species, the particle surface is charged. Figure III1.1-3 shows
electrophoretic mobility measurements on silver particles of 256 nm in radius (& =
17%) dispersed in water as a function of pH. The particle surface charge is negative
over a wide range of pH values including neutral water suspensions. The fact that the
eletrophoretic mobility decreases at higher pH values indicates some degree of
oxidation of the particle surface, which probably occurred after the separation from
the reaction mixture. The particle surface charge is determined by the oxide layer
and the remaining carboxyl groups attached to the surface. The surface charge plays
an important role in the particle self-organization after sedimentation in aqueous
suspensions.

Optical Properties. When colloidal particles are used for photonic applications
(such as in photonic crystals or SERS) it is important to know the optical response
on a single particle level. We performed extinction measurements on dilute
suspensions of Ag particles of different radii in water. All spectra were taken in the
range of 250 — 900 nm. Figure III.1-4 shows two examples of experimentally
determined extinction efficiency spectra of Ag particles of radii 284 nm and 383 nm.

Both spectra display a sharp minimum at ~ 318 nm, which corresponds to a
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Figure III.1-4 Comparison between the experimental (solid line) and calculated
extinction efficiency for monodisperse (dashed line) and polydisperse (dotted line)
particles in water. (a) R = 284 nm, 6 = 16% (from TEM); theoretical spectra were
calculated using R = 285 nm ¢,, = 0.80; (b) R = 383 nm, 6 = 13% (from TEM);
theoretical spectra were calculated using R = 385 nm ¢,, = 0.80. In both cases
polydispersity was set at 15%.

minimum in the imaginary part of the refractive index (n, = Im (JSO\)) ~0.4 for

bulk silver'®). The depth of this minimum depends on the particle radius, but the
position, for the sizes studied here, is determined by the dielectric properties of the
metal. At longer wavelengths a broad band due to surface plasma resonances was
observed. The position of the peak shifts towards longer wavelengths if the particle
size is increased. Our experiments showed that the dependence of the extinction on
the particle radius is not as strong as in the case of dielectric spheres.*” Because of the
complex refractive index of Ag and the size of the particles studied, a full solution of
the Maxwell equations is necessary to quantitatively describe the light scattering and
absorption by the system. The exact shape of the curves in general is sensitive to
particle size, dielectric contrast, and polydispersity. In this case, however, due to the
imaginary part of the silver refractive index, fine resonances are damped.” The
extinction efficiency spectra were calculated using scattering theory extended to the
case of polydisperse particles assuming a Gaussian size distribution. The effective
dielectric constant of a sphere is represented as an effective dielectric constant of a
mixture of a bulk Ag and a dielectric (solvent). The effective dielectric constant, €,
was calculated using the Bruggeman effective medium model for a randomly
connected inhomogeneous medium*

1
e,(N) = ﬂg + \/g2 +8, (Ne, |

where
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Figure ITI.1-5 Extinction efficiency of silver particles (Fig. II.1-1b) of radius 284 nm
(6 = 17%) dispersed in water. (a) Theoretical extinction efficiency spectrum (dotted
line) for particles R =285 nm (& = 15%), assuming 70% (solid line), 80% (dashed
line), and 100% (dotted line) bulk silver in a particle. The effective dielectric constant
was calculated using the Bruggeman effective medium model. (b) Theoretical
scattering (solid line) and absorption (dashed line) efficiency components of the total
extinction (R = 285 nm, ¢,, = 80%).

g= (3% - 1) SHONES (2 - 3¢Ag)65,

where ¢,, is the filling fraction of bulk Ag with a wavelength-dependent dielectric
constant €,,(X),” and €, is the solvent dielectric constant. The wavelength dependence
of the refractive index of the solvent (water n, = 1.33) was neglected. The theoretical
spectrum (Fig. III.1-4a) was calculated using a particle size and polydispersity
determined from TEM and a filling fraction of bulk silver ¢,, = 0.80. Values in the
range of 0.75-0.85 for the filling fraction of silver were found to give the best
description of the scattering of all particles studied. Model calculations have shown
that the position of the maximum extinction is strongly dependent on the filling
fraction of bulk silver (Fig. III.1-5a). The theoretical spectra describe the
experimental spectra relatively well. However, we could not find a perfect match for
the whole extinction curve. Most probably this is because of the more complicated
structure and shape (roughness) of the particles studied and/or the use of an effective
medium approximation.

As already mentioned, the absorption of light by metal particles is an
important issue. The physical origin of this absorption is the coherent oscillation of
the conduction band electrons induced by the electromagnetic field®”. Scattering
theory allows for separation of the scattering and absorption components of the total
extinction efficiency (Fig. III.1-5b). For large particles the scattering dominates over
the absorption. Therefore, for wavelengths longer than 500 nm, the contribution of
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absorption to the total extinction is less than 5%.

Colloidal Crystallization. Silver particles dispersed in water posses a negative
surface charge as inferred from the electrophoretic mobility measurements (Fig. II1.1-
3). The surface charge of the colloidal spheres derives probably from the dissociation
of acid groups, which were adsorbed during the synthesis of the spheres, or a thin
layer of silver oxide formed thereafter. Figure III.1-6a shows a confocal image in
reflection mode of the bottom layer of a charge-stabilized colloidal crystal of Ag
spheres of radius 257 nm (8 = 17%) in water formed at the bottom of a small glass
vial. The crystal lattice spacing as determined by reflection confocal microscopy was
~ 1 wm, a value which is much larger than the particle diameter. Despite the
relatively large size polydispersity of the core, the particles formed single colloidal
crystals, which in some cases were hundreds of um in size. It is known from computer
simulations and experiments that colloids interacting with a hard-sphere like
potential cannot form colloidal crystals with a polydispersity above ~ 7%.""" The
core of the silver particles are significantly more polydisperse. The fact that these
particles can form crystals, with low filling fraction, is caused by the double layer
repulsion, which is long-range because of the low ionic strength. The long-range
repulsion decreases the effective polydispersity of the system. In general, the crystal
structure of the lattice is determined by parameters such as particle number density,

Figure III.1-6 Confocal images (a, c) in reflection mode (A = 632 nm) and optical

photographs (b, d), under illumination with white light, of samples of Ag particles
dispersed in water. (a) Charged-stabilized crystal of silver spheres in water (R = 257
nm, § = 17%). The spacing between the particles is ~1 wm. The scale bar is 10 pum.
The inset shows a single crystal domain. The inset scale bar is 2 pm. (b) Reflection
colors from a charge-stabilized crystal formed at the round bottom of a glass flask (the
picture is rotated 90° clockwise). (¢) Amorphous glass-like sample of Ag particles (R =
418 nm, 8 = 13%). The scale bar is 10 um. (d) Diffuse reflection colors from a colloidal

glass formed in thin glass capillary.
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surface charge, ionic strength, and the particle diameter. Based on the symmetry of
the first layer (we could not image the second layer), we expect the crystal to be face-
centered-cubic (fcc).

When we tried to grow colloidal crystals in a capillary, we only obtained
amorphous, glass-like, arrangements of spheres (Fig. III.1-6¢, d). This was caused
both by the fact that it is harder to keep the ionic strength sufficiently low in a
capillary and by the increased weight of silver dispersion compressing the system.
The particles described in the present paper can therefore not be crystallized at the
volume fractions that are necessary (> 50%) to open up a CPBG." In the glassy
sample only short-range order remains. In both cases, however, these structures
display reflection colors when the samples are illuminated with white light. In the
case of a crystal (Fig. III.1-6b) these colors are much brighter in contrast to the
colloidal glass where the colors are more diffuse (Fig. III.1-6d). The optical
characterization of these glasses and crystals is described in Chapter I11.2.°"

Conclusions

In conclusion, we developed a method to synthesize large silver colloidal
particles with radii larger than 100 nm via controlled aggregation of silver
nanocrystals. The final particle radius can be controlled by the pH of the reaction
mixture and the concentration of the reactants. The resulting particles are spherical
aggregates with a low polydispersity (< 20%) and surface roughness on the order of
10 nm, as determined by electron microscopy. Good correspondence with scattering
theory was found when an effective dielectric constant modeled by the Bruggeman
effective medium model was used. The porosity of the particles was in the range of
15-25%. At low volume fraction the silver particles could be crystallized in charged
stabilized colloidal crystals. At higher volume fractions only glassy structures were
obtained.
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II1.2 Photonic Glasses of Colloidal Silver Particles

We report on the fabrication and optical reflection studies of photonic glasses of metallo-
dielectric colloidal silver spheres with particle sizes comparable to the wavelength of
visible light dispersed in a dielectric host. Polydisperse silver particles readily form
colloidal glasses when sedimented in water, as indicated by reflection microscopy. Strong
modulations in optical specular and off-specular reflectivity curves were found for these
glasses. Our results suggest that some applications in which spontaneous emission of light
needs to be modified might be performed with metallo-dielectric glasses.

95
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Introduction

Photonic crystals are materials with a periodic dielectric permittivity. When
light travels in a photonic crystal, it can be diffracted by the periodic dielectric
constant leading to a formation of stop gaps." This diffraction is analogous to how
the flow of electrons is influenced by the positively charged atoms in a metal or
semiconductor crystal lattice. A complete photonic band gap (CPBG) can be formed
if the stop gaps overlap for all directions of propagation and for all polarizations.
Metallo-dielectric photonic crystals have been proposed recently as a possible
candidate for achieving a CPBG in the optical or visible wavelength range."’
Theoretical studies have shown that a CPBG can form in crystals with many
different symmetries.” In addition, the gap appears to be more robust against disorder
than for purely dielectric photonic crystals. Disorder is always present in dielectric
photonic crystals made using self-assembling methods and it was found to play a
critical role in determining their photonic properties.®” For instance, the CPBG in an
inverted air-sphere crystal is strongly affected, and in some cases can be closed, by
the presence of disorder (e.g., caused by polydispersity of the spheres used in the
initial template).*” Stacking faults in finite crystals, the other very common type of
disorder, were found to introduce localized states within the CPBG."

Amorphous semiconductors, like silicon, do possess an electric band gap
despite the absence of long-range order. It is interesting to see to what extent this
also holds for photonic glasses. In a two-dimensional (2D) calculation for purely
dielectric scatters, a low lying gap survived even in the case of short-range ordered,
glassy, structures."

Colloidal glasses have short-range order and have been studied extensively as a
model system for the glass transition.”” The photonic properties of colloidal glasses
are hardly studied” mainly because of difficulties in comparison with theoretical
calculations. The experimental study of metallo-dielectric systems with short-range
order will give a significant contribution in understanding how the photonic
properties are affected by disorder. In addition, as Arya et al. suggested, randomly
distributed metal particles in a dielectric host might be a suitable system to study
light localization.'"*'” Finally, from a practical point of view, it is easier and cheaper
to fabricate amorphous, glass-like, photonic materials than crystals.

In this Chapter, we report on the fabrication and optical reflection
measurements of photonic glasses with a varying degree of order made of polydisperse
silver (Ag) colloidal particles in water. All samples were found to display bright
colors when illuminated with white light. Wavelength-resolved and angle-resolved
optical reflection measurements were performed to quantify the modulations in the
reflectivity.
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Experimental Section

Sample Preparation. Silver particles with different radii (Table II1.2-1) were
prepared as described in Chapter III.1.'"° The particles were characterized by
transmission electron microscopy (TEM) (Philips CM10) and by scanning electron
microscopy (SEM) (Philips XL30). The particle size and polydispersity were
determined from TEM micrographs using a Nikon profile projector. Extinction
spectra of single particles were measured on a Cary 1E UV-Vis spectrophotometer
using dilute (< 10° vol. %) aqueous suspensions. Theoretical extinction spectra of
single particles were calculated using a FORTRAN program, based on an algorithm
of Wiscombe,'” modified to take the sphere size polydispersity into account. Samples
for reflection measurements were prepared both in little glass vials (1.7 ml), of which
the bottom was replaced by a microscope cover slip (Chance Propper) with a
thickness of 0.15 mm, and in thin (0.20 mm) glass capillaries (VitroCom).

Table III.2-1 Radius (R) and polydispersity (8) of silver particles obtained as determined by TEM.

Sample R (nm) o (%)
Ag 67 197 13
Ag 18 320 15
Ag 28 349 16
Ag 68 383 13
Ag 23 418 12
Ag 66 284 15
Ag 57 560 23
Ag 6.1 626 25
Ag 32b 257 17

Confocal Microscopy. To examine the microscopic structure of the samples, we
used a confocal microscope operating in reflection mode. Samples in water were
observed in reflection mode (A = 632 nm) with an inverted confocal microscope
(Leica DM IRB, in combination with a Leica TCS NT scanhead) with an oil-
immersion lens (Leica, 100x, NA 1.4). Vertically standing capillaries were examined
with the microscope tilted at 90°. Because of the strong interaction of the silver
particles with light, only the first layer of particles, in contact with the glass wall,
could be imaged. Based on the fact that all dispersions were easily redispersed upon
shaking, and therefore were not irreversibly aggregated, we assume that the structure
observed close to the wall extends through the whole sample.
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Figure III.2-1 Schematic drawing of the reflectivity set up. L1, L2, L3, and L4 are
lenses (fi; = 75 mm, f, = 75 mm, fi; = 150 mm and f, = 50), P is a polarizer to
suppress He-Ne emission, I1 and I2 are irises for beam attenuation, FTS is a Fourier-

transform spectrometer, BS is a beam splitter, HF is a thermal filter, and D is a Si
diode detector.

Top view
capillary

Figure IT1.2-2 Top view of the beam configuration for off-specular angle-resolved
reflectivity measurements on capillaries.
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Reflectivity Measurements. The setup for the frequency resolved reflection
measurements is similar to that described in Ref. 18 and is depicted in Fig. II[.2-1.
The output of a broad-band xenon lamp is focused on a pinhole, which acts as a
point source. The light is collimated and sent through a Fourier-transform
interferometer (Biorad FTS-60A) operating with a spectral resolution of 16 cm™. The
light beam is focused to a 0.5 mm diameter spot on the sample. The samples in a
capillary were mounted vertically on a goniometer head to align the face of a
capillary to the incident beam. The beam configuration for the angle-resolved off-
specular reflectivity measurements is shown in Fig. I11.2-2. The measured off-specular
reflectivity is defined as the ratio between the incoming light beam I, and the back
reflected 1, (0) light. At ® = 0 (normal incidence) the off-specular reflectance
coincides with the specular reflectance. The samples in small bottles were placed
horizontally on a holder and the reflectivity was measured only at normal incidence
from the flat bottom. The reflected light is collected by a Si diode, which yields an
interferogram that is Fourier transformed to get the spectrum of the reflected light.
The spectra were referenced to those of a silver mirror with > 95% reflectivity.

Results and Discussion

Figure III1.2-3 shows optical photographs of capillaries filled with silver
particles of different sizes sedimented in water. Under illumination with white light,
these samples display bright colors at almost all angles of observation. The brightness
of the colors, however, is not as sharp as in the case of colloidal crystals of these

Figure II1.2-3 Optical photographs of capillaries filled with sedimented in water silver
particles with different radii (R): (a) Sample Ag 67, (R = 197 nm); (b) Sample Ag 18,
(R = 320 nm); (c) Sample Ag 28, (R = 349 nm); (d) Sample Ag 68, (R = 383 nm); (e)
Sample Ag 23, (R = 418 nm). All samples display bright reflection colors under

illumination with white light.
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Figure III.2-4 Reflection confocal images of Ag particles dispersed in water displaying
different degree of order: (a) Sample Ag 23 in capillary (R = 418 nm); (b) Sample Ag
66 in capillary (R = 284 nm); (c¢) Sample Ag 28 in bottle (R = 349 nm); (d) Sample
Ag 32b in bottle (R = 257 nm). The insets show Fourier transformation (FFT) of the
images.

particles (for a macroscopic photo of the crystals see Chapter III.1). This feature
already hints at a decrease of the order in the samples shown in Fig. I11.2-3.

The structure of samples was studied by reflection confocal microscopy. Figure
III.2-4 shows images of samples displaying different degrees of order. Because of the
strong interaction of the silver particles with light, particles that are deeper inside the
sample could not be imaged as the point spread function of the microscope is already
completely scrambled after the first layer. Nevertheless, in analogy to hard-sphere
and charge-stabilized colloidal glasses of fluorescent particles studied by confocal
microscopy, we can assume that the same structure extends through the whole
sample. The brightest spots in the images correspond to particles that are closest to
the glass wall. The less bright particles are not in contact with the wall. The first two
pictures (Fig. II1.2-4a, b) are taken at the wall of vertically placed capillaries.
Pictures in Fig. III1.2-4c and II1.2-4d are taken at the bottom of a bottle containing
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sedimented particles. The first three samples are amorphous with different degree of
disorder. The ring-like patterns in the Fourier transformed (FFT) images, shown in
the insets (Fig. III.2—4a, b, c), also indicate the presence of short-range order only.
The appearance of a second ring in Fig. III.2-4c indicates that the particles in the
bottles are more ordered as is also obvious from the real-space picture. Confocal
images were taken at different heights in the sediments in the capillaries.

Unfortunately, because of the fact that we can image only the particles closest
to the wall, because of the strong degradation of the point spread function with
depth, and the fact that for the glasses in the capillaries these particles are not
arranged in perfect layers, it was hard to obtain the average interparticle distance in
the glasses accurately. By measuring distances between particles that are close to
each other and close to the wall, we were able to get an estimate of the interparticle
distance. From such a distance follows an effective radius that is the sum of the
particle radius and a distance due to charge repulsion. The volume fraction of such
effective spheres is assumed to be random close-packed (63%). This then gives an
estimate of the Ag volume fraction. It is important to note here that for all samples
the metal spheres were not in (conducting) contact with each other, contrary to
recently prepared 'inverse' photonic metallic crystals.'**

The last image shows a crystalline region displaying long-range order and
strong particle layering. The determination of the interparticle distance in such
sample is relatively easy. The FFT image also clearly shows the six-fold symmetry.
The estimated mean interparticle distance in the samples in the bottles is much
larger (~ 1 pm) than in the capillaries due to the lower ionic strength and the
reduced pressure. The amount of silver pressing down on the layer observed in the
bottles was much less than in the capillaries. Thus, the volume fraction of glasses
formed in the bottles is lower than in the capillaries.

Reflectivity measurements at normal incidence were done both on samples in
capillaries and in bottles. Figure II1.2-5 shows reflectivity spectra measured at
normal incidence on samples in capillaries containing particles of different sizes.
Strong modulation in the reflectivity appears in a range of wavelengths in the visible.
However, no sharp peaks are observed as expected from calculations on perfect (fcc)
crystals using the Korringa-Kohn-Rostoker (KKR) method.” The reflectivity shows a,
significant dependence on crystals volume fraction, which is related to the height in
the sample as observed with dielectric particles.” Except for the smaller size particles
(Fig. 1II.2-5a), all samples display an increase of the reflectivity above 600 nm. For
large sizes and higher packing fraction (close to the sample bottom) this upturn
disappears (Fig. II1.2-5e, f). In some samples (Fig. II1.2-5¢c, d), a clear maximum in
the reflectivity is observed.

The reflectivity measured on samples in bottles (Ag 23 and 28) show a variety
of curves depending on the position of measurement (Fig. I11.2-6).
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Figure II1.2-5 Optical reflectivity at normal incidence as a function of wavelength of
samples with different total height (h) of the sediment in capillaries containing
particles with different radii (R): (a) Sample Ag 67 (R = 197 nm, h = 7 mm); (b)
Sample Ag 66 (R = 284 nm, h = 15 mm); (c) Sample Ag 28 (R = 349 nm, h = 5
mm); (d) Sample Ag 23 (R = 418 nm, h = 8 mm); (e) Sample Ag 57 (R = 560 nm, h
= 7 mm); (f) Sample Ag 6.1 (R = 626 nm, A~ = 38 mm). Different curves correspond
to measurements at different distances from the top or from the bottom of the sample,

giving an indication of changes as a function of the volume fraction.
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Figure I11.2-6 Optical reflectivity at normal incidence as a function of wavelength of
samples in bottles containing particles of different radii (R): (a) and (b) two different
bottles containing sample Ag 28 (R = 349 nm); (c) Sample Ag 23 (R = 418 nm).
Different curves correspond to measurement on different spots of the bottom of the

samples, giving an indication of the variation in spectra caused by a different amount
of order.
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Figure ITI.2-7 Relative reflectivity at normal incidence for samples from Fig. II1.2-5 as

a function of the scaled frequency, wA/c.

The different reflectivity curves, which correspond to different positions in the
sample, are probably taken on regions with different amount of order as was also
observed with the confocal microscope. Sample Ag 28 (Fig. III.2-6¢) had a uniform
degree of order over the whole bottom area. Therefore, the reflectivity curves are
similar. The other two samples had a much more variable degree of ordering. The
absolute value of the reflectivity of the samples shown in Fig. II1.2-6 is lower than
the reflectivity of the capillaries. Probably, this is due to the lower filling fraction of
the glasses. Because of the long crystallization time and fragility of charge-stabilized
crystals, we have not measured reflectivity on samples as ordered as shown in Fig.
I11.2—4d.

In order to see to what extent the scattering of the metallo-dielectric photonic
glasses scales with the volume fraction and interparticle particle distance, we plotted
the reflectivity measured on samples in capillaries as a function of the scaled
frequency, wA/c, where A is the mean interparticle distance, and ¢ is the speed of
light. The mean interparticle distance was determined with relatively large error
(~15%) by confocal observations. Figure II1.2-7 shows scaled reflectivity spectra
taken close to the top of the sediment in the capillary. All spectra seem to lie on a
common curve with a series of maxima which appear to have a period. This scaling
behavior is not expected as silver has a strongly wavelength-dependent dielectric
constant.

To see if we could find this behavior also for fcc crystals of silver spheres, we
performed numerical calculations using the layer KKR method.” We performed
calculations for six layers only, which was sufficient for convergence and the
reflectivity did not change with increasing number of layers.
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Figure II1.2-8 Theoretical reflectivity spectra along the (111) crystallographic axis as
a function of the scaled frequency,wA/c, for a six-layer fcc crystal of Ag particles

with different sizes. The calculations were performed for different packing fractions (¢)
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Figure II1.2-8 shows calculated specular reflectivity at normal incidence (111 —
crystallographic plane) for six-layer thick fec crystals with different volume fraction
and different sphere sizes in host water. As Ag particles appear to be porous
aggregates their dielectric properties are described by an effective dielectric function
(see Chapter III.1). In the calculations, we used the Bruggeman effective medium
model** to calculate the effective dielectric function of a silver-water composite

1.0
— 0 =70%
0.8: ---- 0=65%
------- ¢ = 60%
—==-¢=50%
0.6

o
H
|

Reflectivity

o
N
1

o
=)

Figure II1.2-9 Theoretical reflectivity spectra along the (111) crystallographic axis as
a function of the scaled frequency,wA/c, for a six-layer fce crystal with different
packing fraction (¢) made of sample Ag 23 (R = 418 nm) particles.

assuming 80% bulk silver in one particle. As seen from the graphs, the 'global' and
'broad' features in reflectivity are not strongly dependent on the particle radius and
even volume fraction. However, no exact scaling is possible. Roughly, we can identify
a common up-swing around w = 2 and, maximum in the region 3 — 7, and a broad
lower maximum in the region 10 — 11. The last two maxima were also observed in the
experimental spectra of the glasses (Fig. II1.2-7). The samples of which the
reflectivity is shown in Fig. II[.2-7 have different volume fraction. However, as
already mentioned, the 'broad' features of the reflectivity spectra are not too sensitive
to the volume fraction. See Fig. I11.2-9 where we plotted the scaled reflectivity (for
the experimentally studied wavelengths: 400 — 800 nm) of sample Ag 23 calculated
for different volume fractions.

As we have found similar behavior in the calculated scaled spectra for the fcc
crystals and in the scaled experimental spectra for the glasses, it is no surprise that
the same also holds for unscaled individual reflectivity curves. Here we show several
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Figure II1.2-10 Theoretical reflectivity spectra along the (111) crystallographic axis as
a function of the wavelength for a six-layer fcc crystal made of particles of different
radii (R) chosen to mach the measured samples shown in Figs. II1.2-5: (a) R = 200
nm; (b) R = 285 nm; (¢) R = 420 nm; (d) R = 560 nm. The spectra were calculated
for crystals with different packing fraction (¢).

examples. The first example is sample Ag 67, shown in Fig. II[.2-10a, that features a
broad maximum centered around 600 nm. Such a broad maximum is indeed
experimentally observed (Fig. III.2-5a). In sample Ag 66 (Fig. II1.2-10b) we can
identify an initial relatively flat region and a minimum around 500 nm. However, the
resemblance between the theoretical and experimental spectra (Fig. III.2-5b) is less
clear.

In the next example, sample Ag 23 (Fig. II1.2-10c), we can identify a
maximum around 500 nm which was also observed in the amorphous sample (Fig.
II1.2-5d). At longer wavelengths the reflectivity increases, which was also observed
for these particles in small bottles (Fig. II1.2-6a). Furthermore, at lower filing
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Figure II1.2-11 Off-specular optical reflectivity measurements (taken at 2.0 mm from
the top of the sediment) on capillary containing particles Sample Ag 23 (R = 418 nm)
(a) Reflectivity as a function of wavelength measured at different angles with respect
to the incoming beam (Fig. I11.2-2). (b) Position of the maximum in the reflectivity as

a function of sin(0). The lines are to guide the eye.

fraction this up-turn drastically decreases, which was also observed in the reflectivity
measurements in less dense colloidal crystals in bottles (Fig. II1.2-6a).

For the last example, sample Ag 57 (Fig. II1.2-10d), we again see a
correspondence between reflectivity in glasses and in the perfect crystal. Below ~500
nm the reflectivity is low and flat, followed by an increase at longer wavelengths.
Furthermore, our measurements show that at higher volume fraction (close to the
bottom of the capillary), the up-turn in the reflectivity disappears. Instead one can
identify a very broad maximum around 600 nm. Such a tendency can also be found
in the reflectivity spectra for the fec crystal, e.g., for volume fraction 60-70%. It is
clear that exact calculations for disordered metallo-dielectric photonic crystals should
be performed in order to make a quantitative comparison with the experimental data.
Nevertheless, the analogy we found between the reflectivity spectra of ordered and
disordered systems warrants further research and indicates strong modulations in the
local density of photonic states that can be probed with fluorescent dyes.

We also performed some angle-resolved off-specular reflectivity measurements.
Figure III1.2-11 shows off-specular measurements on sample Ag 23 measured in a
capillary. The reflectivity drops at angles larger than 20°. However, even at these
angles a peak that shifts for different angles of incidence can be observed. This shift
is shown in Fig. II[.2-11b where the position of the reflectivity peak is plotted as a
function of sin(0). This behavior is not fully understood and further research is

needed.
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Conclusions

In summary, we studied the optical properties of metallo-dielectric photonic
glasses of colloidal silver particles in water. These samples display bright colors,
observable by naked eye, when illuminated with white light. We demonstrated
experimentally the presence of a strongly modulated specular and off-specular
reflectivity in photonic glasses caused by the presence of short-range order. We found
that when the wavelength was scaled to the interparticle distance results a
reflectivity spectra with a series of equidistant peaks. Qualitatively, the general
features in the experimental spectra were found as well in reflectivity spectra
calculated for fcc crystals. Our findings suggest that some applications in which
spontaneous emission of light needs to be modified might be performed with
amorphous metallo-dielectric materials.
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Photonic Colloidal Crystals with Complex

Lattices and Shape-Anisotropic Particles
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IV.1 Layer-by-Layer Growth of Binary Colloidal
Crystals

We report the growth of binary colloidal crystals with control over the crystal orientation
through a simple layer-by-layer process. Well-ordered single binary colloidal crystals with
a stoichiometry of large (L) and small (S) particles of LS, and LS were generated. In
addition, we observed the formation of a new LS, superstructure. We can understand the
structures formed from a combination of the templating effect of the first layer and the
forces exerted by the surface tension of the drying liquid. Using spheres with different
composition, one component can be selectively removed as is demonstrated in the growth
of a hexagonal non-close-packed colloidal crystal. Our method will substantially expand
the stoichiometries, possible compositions and symmetries achievable with colloidal
crystals, because it does not rely on self-organization alone.
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Introduction

A mixture of submicron or colloidal particles of two sizes can self-organize into
two- (2D)" and three-dimensional (3D)*® binary crystals, which can have different
stoichiometries and crystal symmetries depending on the size ratio and concentration.
Binary colloidal crystals of large (L) and small (S) particles were first observed in
nature. Two types of structures, with stoichiometry LS, (atomic analog AlB,) and
LS,, (atomic analog NaZn,,), were found in Brazilian opals.” Later, binary crystals
were observed in suspensions of charge-stabilized polystyrene' and of hard-sphere like
PMMA® particles. Formation of small 2D binary crystals was observed in a mixture
of alkanethiol-derivatized gold nanoparticles although it is unclear if the formation of
these crystals was determined by thermodynamics alone." Colloidal crystals with
lattice constants comparable to the wavelength of visible light are important for
applications and processes as diverse as photonic crystals,” (including structures with
small refractive index contrast as in optical filters and switches®), chemical sensors,’

' and the creation of macroporous

lithography,' surface enhanced Raman scattering,’'
materials.”**” However, binary crystals have not been investigated experimentally as
extensively as one-component colloidal crystals mainly because it is harder to grow
and characterize them.

Theoretically, it has been shown that entropy alone can lead to the formation
of stable LS, and LS,; binary crystals in bulk crystallization in a mixture of hard
spheres of two sizes.” At higher particle concentrations packing arguments can be
used to predict which crystal phase will form.>® In bulk crystallization there is not
much control over the size and orientation of single crystals. That is why for single

1617 and a form of

crystals of one size particles methods like colloidal epitaxy
controlled drying on a substrate'™ have been developed. In this controlled drying
technique, a colloidal crystal is formed at the drying front of an evaporating
dispersion with a relatively low volume fraction of particles. Particles are transported
to and concentrated at the drying edge by a fluid flow induced by the evaporation.
The crystallization is not only driven by a lowering of the free energy but also under
the influence of surface tension effects exerted on particles that are partially sticking
through the drying meniscus® and the templating action of particles that are already
deposited." With this non-equilibrium process, it is possible to grow large single 2D*
and 3D" colloidal crystals with precise control over the thickness through the particle
volume fraction.'”*

In this Chapter, we demonstrate the fabrication of binary (composite) colloidal

crystals trough layer-by-layer controlled drying.

Experimental Section

Silica particles (R = 101, 110, 203, 350 and 716 nm) were prepared using a
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microemulsion method.” The polystyrene particles (R = 97 nm) were purchased from
Duke Scientific. Glass substrates were cleaned with chromic acid prior to use. A clean
glass substrate was vertically immersed in a scintillation vial containing colloidal
particles dispersed in ethanol, covered with a crystallization dish, crystallization on
an anti-vibration table in a room of constant temperature and humidity. The crystal
growth rate was on the order of 1 — 2 mm per day. After each deposition of a layer of
particles, the sample was dried for 24 hour at room temperature. Scanning electron
microscopy (SEM) was carried out on a Philips XL30 FEG microscope. Polystyrene
particles were burned away in an oven at 600°C for four hours under air.

Results and Discussion

First, a 2D hexagonal close-packed (hcp) crystal of large (L) silica spheres (R,
= 203 nm)** was grown on a clean glass substrate. In the next, structure-determining
step, the 2D crystal was used as a template on which small () silica or polystyrene
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Figure IV.1-1 Scanning electron micrographs (SEM) showing binary colloidal crystals
(size ratio, y = 0.54) with a stoichiometry LS, (atomic analog AlB,). (a) Open packing
with hexagonal symmetry where each small sphere has three neighbors on top of a 2D
crystal of large spheres. (b) An incomplete third layer of large particles. (¢) Well-
ordered complete third layer of large spheres. (d) Schematic presentation of the unit
cell of an LS, binary crystal. Scale bars, 1 pm.
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Figure IV.1-3 Scanning electron micrographs (SEM) showing binary colloidal crystals
(y = 0.48) with a stoichiometry LS. (a) Small spheres ordered in an open hexagonal
lattice on top of a 2D crystal of large spheres. (b) An incomplete third layer of large
particles shows that the large spheres deposit in the interstices not occupied by the
small spheres. Scale bars, 2 pm.

particles were deposited. The small particles (Ry = 101, 110 nm silica or 97 nm
polystyrene) arranged themselves in regular structures depending on their volume
fraction, ¢, and on the size ratio, y = Ry / R,. Subsequently, another layer of large
particles was deposited. These steps can be successively repeated to grow a 3D
structure of the desired thickness and composition. We studied a narrow range of size
ratios, Y = 0.48 — 0.54, where we expected LS, based on experimental observations in
bulk crystallisation*” and on packing arguments.®

First, we will present our results for the largest size ratio y = 0.54. When
depositing the second layer of small particles at relatively high volume fraction, ¢ =

Figure IV.1-2 Scanning electron micrographs (SEM) showing binary colloidal crystals

with stoichiometry LS; (no binary atomic analog was found). (a) A magnified region
with a kagomé net of small spheres on top of a 2D crystal of large spheres (y = 0.50).
(b) An incomplete third layer of large particles (y = 0.48). Scale bars, 1 pm.
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Figure IV.1-4 Scanning electron micrographs (SEM) showing areas with kagomé (LS,)

net of small spheres on top of a 2D crystal of large spheres (y = 0.48), which co-exist
with a ‘complete’ close-packed layer of small spheres (a) and an LS, net of small

spheres (b). Scale bars, 5 um.

0.043 % - sufficient to form a 2D close-packed crystal on a smooth substrate, a
slightly corrugated but ‘complete’ close-packed layer of small particles on top of the
large ones was observed (not shown). Decrease of the volume fraction to ¢ = 0.021%
led to the formation of large (~ 200 um®) areas with a still hexagonal, but more open,
packing® with three neighbors (Fig. IV.1-1a). Here the small spheres filled in all the
hexagonally arranged crevices made by the first layer of larger spheres. The next
layer of larger particles deposited themselves exactly on top of the first layer as
expected (Fig. IV.1-1b, c), which leads to the formation of the well-known LS, binary
colloidal crystal (Fig. IV.1-1d). The preserved order of the small spheres can be seen
through a patch in the crystal which had an incomplete top layer (Fig. IV.1-1b).
Continuation in a layer-by-layer fashion will lead to an LS, binary colloidal crystal of
desired thickness” with exactly the same AlB, structure (Fig. IV.1-1d) that is
observed in bulk colloidal crystallization.” Stacking faults in this structure during the
layer-by-layer growth are not possible as the optimal positions of small and large
particles are uniquely defined in each growth step.

Further decrease of the volume fraction led to the formation of another open
structure with hexagonal symmetry. This structure, with stoichiometry LS, is similar
to LS,, but instead of six particles there are now three small particles touching each
large one. Fig. IV.1-2a shows a large region formed by polystyrene particles (¢ =
0.011%, vy = 0.48) on a 2D crystal of large silica particles. It is quite surprising that
the small particles retain a long-range hexagonal order even when they are not
touching. The next layer of larger particles can now stack in two positions: exactly on
top of the first layer as for the LS, structure (AA stacking) or into the crevices non-
occupied by the small particles formed by the first hexagonal layer (AB stacking).
Our results for y = 0.48 indicated that the next layer always grew as an AB sequence
of the larger spheres; this configuration has a higher packing density (Fig. IV.1-2b),
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Figure IV.1-5 Packing fraction diagram as a function of the size ratio y for the LS
(NaCl type), LS, (AlB, type), and LS, binary colloidal crystals. The calculations are
performed only for touching large spheres in the basal plane. The packing limits of
hexagonal close-packed (hep) (0.7405) and hexagonal non-close-packed (hncp) (0.6046)
crystals of one-size spheres are shown by horizontal lines. Note that the new LS,
structure has a higher packing fraction than LS, for y < 0.48.

although it could be that this preference for AB stacking of the large spheres is lost
for large y. For the fourth layer, formed from small particles, we did not expect any
preferred orientation with respect to the second layer of small particles.

This was indeed what was found and will lead to ambiguity in the stacking of the
resulting 3D structure. Therefore, only randomly stacked analogs of NaCl or NiAs
can be grown by our layer-by-layer method. Although binary colloidal crystals of

NaCl type have been predicted to be a stable phase in bulk crystallization,” only

Figure IV.1-6 Schematic presentation of the unit cell of an LS, binary crystal.
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very recently small crystallites of binary crystal of stoichiometry LS were observed
for the first time.” It was not clear for this structure whether it was a pure NaCl
structure or whether it was a random-stacked crystal.

For size ratios, y = 0.48 — 0.5, a completely different arrangement of the small
spheres, in addition to the already described LS and LS, structures, was observed.
Again, at a relatively high volume fraction (¢ = 0.041%, ¥ = 0.48) of the small
particles, a ‘complete’ coverage on the top of the big particles was found. At lower
volume fraction (¢ = 0.021%) a kagomé arrangement of the small spheres on top of
the 2D crystal of large spheres was observed: in this case each small sphere had four
neighbors® (Fig. IV.1-3a). Similarly to the LS, binary crystal, each large sphere was
surrounded in a ring by six small spheres, but now the rings were rotated in such a
way that the crevices formed in between the large spheres were filled with three small
spheres arranged in a (planar) triangle (Fig. IV.1-3a). Mostly, this open structure
was found to co-exist with the LS, structure observed earlier or with a complete layer
of small particles (Fig. IV.1-4) The kagomé lattice in antiferromagnetics is probably

the best-known geometrically frustrated lattice, which cannot order because of the

9 Drying front transition
I

—> Drying front

Figure IV.1-7 Schematic representation of the structures of small spheres with size
ratio close to 0.5 that form onto a 2D hexagonal layer of larger spheres as function of
the volume fraction. The symmetry of the structures can be understood as resulting
from the templating effect of the first layer, and the forces resulting from the particle-
liquid interfacial tension. Particles are lined up parallel to the drying front and go into
those places that lie lowest on the 2D crystalline layer of the larger particles. The
volume fraction, ¢, determines finally how many of the available low-lying sites can be
occupied.



80 Chapter IV.1

high degeneracy of its ground state and ensuing large fluctuations (see Ref. 29, and
references therein). Deposition of a second layer of big particles led to the formation
of an LS; binary colloidal crystal (Fig. IV.1-3b). Just as with the LS, crystal,
degeneracy in stacking is not possible as the position of every next layer is
unambiguously defined. A schematic presentation of the unit cell of the LS, is shown
in Fig. IV.1-5.

To our knowledge LS, does not have a reported isostructural binary atomic
analog. It is interesting to note that this structure has a higher packing fraction than
LS, for y < 0.48 (Fig. IV.1-6) and should therefore be the thermodynamically stable
phase at high pressure. However, as far as we know it has not been studied
theoretically or ever suggested before as a possible binary colloidal crystal. There are
few systems where a kagomé net is realized. Therefore, a composite LS, crystal of
small magnetic and larger antimagnetic particles will be of interest as a frustrated
antiferromagnet model system.

The complex self-organization of the small particles in the second layer is the
result of the interplay of geometrical packing arguments, minimization of the surface
free energy of the drying liquid film, and surface forces due to the curved menisci.
During the drying of the wetting film, particles partially immersed experience both
the attractive capillary forces that tend to draw particles together* and the
corrugated surface of the first layer of large particles. As the drying rate is constant,
which (open) packing will be realized is determined by the local particle
concentration and the symmetry and orientation of the already deposited layers. A
schematic representation of the process is given in Fig. IV.1-7. Here we have used
that a lot can be inferred about the mechanism from the orientation of the 2D
crystalline layers with respect to the drying front, from the orientation of the
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Figure IV.1-8 Scanning electron micrographs (SEM) showing areas with line-like
defects in the kagomé (LS,) net of small spheres on top of a 2D crystal of large spheres
(R, = 716 nm, y = 0.49). Scale bar, 5 um.
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subsequent layer deposited on the first layer and from the defects observed in some of
the samples. Both the 2D hexagonal crystals and the 3D crystals of single size
spheres, which are not studied here, when grown on a vertical substrate by controlled
drying are almost exclusively deposited with rows of touching particles parallel to the
drying front. Given that this must be how the particles are arranged at the interface
of the drying liquid, this observation can be understood.

At sufficiently high volume fraction the second layer of smaller particles also
forms a 2D hexagonal layer with lines of touching particles parallel with the drying
front (see Fig. IV.1-7, ¢,). Despite the fact that this layer cannot be flat, e.g., the
darker particles in the figure are elevated because they are exactly on top of the
particles in the first layer, the size ratio close to 0.5 makes it geometrically possible
for the second layer to become hexagonal as well. At slightly lower volume fraction,
¢,, complete coverage by the second layer is not possible, so that the dark particles
(see Fig. IV.1-7), which are sticking out of the drying film the most, are lost first.
This leads to the kagomé net observed for the second layer in Fig. IV.1-3a. At yet
lower volume fraction, ¢,, the structures formed are again explained by taking fewer
particles in the drying front and placing them at the lowest points that become
available. These are formed by the hexagonal crevices formed by the hexagonally
arranged first layer. This structure has the LS, arrangement from Fig. IV.1-1a.
Because the change in volume fraction from ¢, to ¢, is quite subtle, the LS, structures
are mostly seen in combination with the LS, (Fig. IV.1-4a) and defects (Fig. IV.1-8)
given in the transition region denoted in Fig. IV.1-4. At ¢, there are even less
particles in the drying front and now filling up lowest points in a line parallel to the
drying film results in the LS structure from Fig. IV.1-2a. Our observations also

Figure IV.1-9 Scanning electron micrograph (SEM) of the top layer of a hexagonal
non-close-packed (hncp) colloidal crystal. The arrow points to a particle from the
bottom layer. Scale bar, 1 pm.
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explain the observation made in Ref. 30 where it was observed that in holes in a
polymer film in which three particles fitted the drying front arranged the triangles
with sides parallel to the drying front.

In order to show how our method can be used to create non-close-packed
crystals of single-sized particles, we first created a composite LS, binary crystal of
alternating layers of inorganic (silica) and organic (polystyrene) particles. Then, the
organic layer was removed by heating in an oven in air. The resulting structure is a
hexagonal non-close-packed (hncp) crystal (Fig. IV.1-9), which, to our knowledge has
not been made before with colloids. This non-close-packed structure with a low
packing fraction of p = 0.6046 (Fig. IV.1-6) compared to close-packed (0.7405) is
another example of how the layer-by-layer method can be used to create new crystal
structures that cannot be grown in bulk.

Conclusions

We have demonstrated the formation of large areas of LS and LS,, and, a new,
LS, binary colloidal crystals using a non-equilibrium layer-by-layer growth process. In
the work presented here, we explored only a small region of size ratios and already
found new structures. Clearly, other size ratios should be explored and the method
can be expanded further by including more sizes and particles of different
composition to produce more complicated superstructures. The method is simple
enough that it can be easily automated to create thicker structures than shown
here.” Using surface templates,”® the method can be further extended by growing
different crystal planes and new types of crystals with a well-defined crystal
orientation.” For instance, using a square template will provide the possibility to
grow (CsCl type binary structures. Our method will substantially expand the
stoichiometries, compositions, and symmetries achievable with crystals of colloidal
particles.
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IV.2 Photonic Crystals of Shape-Anisotropic
Colloidal Particles

Spherical silica (SiO,), zinc sulfide (ZnS), and core-shell particles of these materials
undergo a substantial anisotropic plastic deformation under high-energy ion irradiation.
Individual particles can be turned into oblate or prolate ellipsoids with exact control over
the aspect ratio. Here we report on the fabrication and optical characterization of thin
three-dimensional (3D) photonic crystals of spherical particles, which have been
anisotropically deformed into spheroidal oblates by means of ion irradiation. As a result
of the collective deformation process, both the unit cell symmetry and the particle form
factor have been changed leading to appreciable tunability in the optical properties of the

photonic crystal.
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Introduction

Since their discovery, photonic crystals (materials with a periodically
modulated dielectric constant) have received considerable attention because of their
unique ability to control the propagation and spontaneous emission of light."” For
photonic crystals (PC) with a high enough contrast in combination with a certain
symmetry, the propagation of electromagnetic waves can be inhibited for a certain
frequency range leading to the formation of a photonic band gap (PBG). PCs are
expected to have many applications such as filters, optical switches, and low-
threshold lasers." The fabrication of PCs with a submicron periodicity, however, is
difficult and requires state-of-the-art microlithography techniques. With their ability
to self-organize into three-dimensional (3D) structures with different symmetries
colloidal spheres offer an alternative way for the fabrication of PCs at optical
wavelengths.”®

It is well known that face-centered cubic (fcc) PCs made of dielectric spheres
do not possess a 3D PBG,™ because of a symmetry-induced degeneracy of the
polarization modes at the W-point of the Brillouine zone. This degeneracy can be
broken by using shape-anisotropic” or dielectrically-anisotropic'’ objects as building
blocks. Here also, non-spherical colloidal particles offer excellent possibilities as
building blocks to create PCs. However, there are additional difficulties to overcome
in comparison to the conventional spherical particles."” Firstly, there are not many
methods to synthesize non-spherical colloids with well-defined size and shapes."
Secondly, most of these particles (e.g., metal oxides) strongly absorb light in the
visible region. Finally, the most commonly used methods for assembling, such as
controlled drying'* and sedimentation,” might not be suitable in the case of non-
spherical particles or will provide less control over the final structure.

Recently, it was demonstrated that inorganic, amorphous and polycrystalline,
spherical colloidal particles can be turned into ellipsoids by high-energy ion
irradiation.'®” The method allows continuous variation of the particle shape from
oblate to prolate ellipsoids with precise control over the aspect ratio. PCs built from
ellipsoidal particles can be used as templates to make inverse opals (See references
cited in Refs. 5,6 to a recent approach in which inverse opals are used to make
colloidal crystals of shape-anisotropic particles).” Because of the shape-anisotropy
there will be strong polarization effects leading to birefringence at long wavelengths."
The ability to change the shape of the unit cell and its contents will allow control
over polarization modes in a PC."

In this Chapter, we demonstrate the fabrication of photonic crystals of
(almost) ellipsoidal colloidal particles obtained after ion irradiation of colloidal
crystals of spherical SiO, and ZnS-core-SiO,-shell (see Chapter II1.1)* particles. We
performed angle-resolved optical transmission measurements on thin photonic
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crystals. We show that as a result of the irradiation, both the shape of the individual
particles and the lattice spacing in the original fee (111) direction were changed
leading to a substantial shift in the position of the stop gap.

Experimental Section

Colloidal photonic crystals were fabricated from monodisperse SiO, and ZnS-
core-SiO,-shell **' spheres. Silica particles with a radius of 110 nm (relative width in
the size distribution, 8 = 3%) were synthesized using a microemulsion method
followed by seeded growth.” ZnS-core-SiO,-shell particles with a total radius of 128
nm (0 = 5%) with a ZnS-SiO, composite core radius of 84 nm (8§ = 6%) were
prepared as described in Chapter II.1.* Thin colloidal crystals of 810 layers thick
were grown on clean glass substrates using a controlled drying method.'"**** With
this method, the fcc crystals are uniquely oriented with the lines of touching particles
forming the (111) plane parallel to the drying front (see Chapter IV.1).*! Silica
crystals were annealed at 600°C for four hours in air.”® Colloidal crystals were
irradiated with 4 MeV Xe'' ions at 90 K with the sample surface held at an angle of
45° with respect to the direction of the ion beam. The ion fluence was 4.0 x 10** and
1.0 x 10" cm™ for ZnS-core-SiO,-shell and SiO,, respectively. Samples were coated
with a 5 nm Pt/Pd layer before analyzing by scanning electron microscopy (SEM) at
5 kV. The angle-resolved optical transmission spectra were measured with a Cary 500
UV-near-IR spectrometer. The light beam spot diameter was about 5 mm?, which is
comparable to the area of single-crystalline domains for a crystal before annealing or

irradiation.

Results and Discussion

Figure IV.2-1 shows SEM micrographs of a thin planar crystal of close-packed
monodisperse silica colloidal particles. After the irradiation all particles were
deformed and turned into (almost) oblate ellipsoids.”® The particles expanded
relatively undisturbed in the plane perpendicular to the plane of irradiation. A
deformation in other directions, e.g., along the (111) direction, will lead to a more
complex collective deformation. The collective deformation process preserved the 3D
order of the crystal. However, stresses induced by the deformation and perhaps a
small amount of additional shrinkage caused the formation of additional cracks
parallel to the direction of irradiation. The cracks are typically observed every 2 um.
All ellipsoids formed are oriented with longitudinal axes in a plane parallel to the
plane of ion irradiation, i.e. 45° with respect to the glass substrate. When the sample
is imaged at -45° (Fig. IV.2-1b) both semi-axes (z, y) can be measured directly. The
ellipsoidal semi-axes = 123 £ 5 nm and y = 74 £ 2 nm (aspect ratio 1.65 = 0.09)
were determined by image processing of the SEM micrographs. From the side view
Fig. IV.2-1c), one can see that the anisotropic deformation is extended throughout
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-45° (b) (@) ion beam
+45°

Figure IV.2-1 Scanning electron microscopy (SEM) images of a planar photonic

crystal of close-packed SiO, oblate ellipsoids obtained after irradiation with 4 MeV
Xe'" ions to a fluence of 1.0x10" cm™ at angle of 45° at 90K. (a) Top view of the
crystal showing the (111)-crystal plane. (b) Top view at -45° (perpendicular to the
plane of irradiation) of the crystal. The average semi-axes of the ellipsoids determined
from the SEM picture are x = 123 £ 5 nm and y = 74 £ 2 nm. (¢) Side view of a
broken crystal showing the depth of the deformation caused by the irradiation. The
big arrows show the direction of the ion beam.

the full crystal including to the first layer of particles in contact with the substrate.
However, as the crystal thickness (~ 1.8 um) is close to the calculated penetration
depth of the 4 MeV Xe'™ ions, taking the angle of irradiation and the filling fraction
of SiO, into account, it might be that the particles close to the substrate are slightly
less deformed. From Fig. IV.2-1c, it is apparent that there is a slight deviation from
the ellipsoidal shape caused by the fact that deforming spheres were touching each
other in the crystal. Most likely, this increases the packing fraction and consequently
the effective refractive index of the composite.

Figure 1V.2-2 shows optical transmission spectra of thin photonic crystals of
Si0, (a) and ZnS-core-SiO,-shell (b) colloidal particles taken along the (111) direction
(crystallographic directions mentioned hereafter are with respect to the undeformed
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Figure IV.2-2 Optical transmission spectra taken along the (111) crystallographic axis
measured on thin colloidal photonic crystals of (a) ZnS-core-SiO,-shell and (b) SiO,
colloidal particles grown on glass substrates. The position of the minimum in the
optical transmission spectra of the irradiated samples (dotted line) is shifted to shorter
wavelengths in comparison to the non-irradiated samples (solid line). The crystals
consist of ten layers of close-packed silica particles (b) and eight layers of core-shell
particles (a), respectively. In both cases a shift of > 20 nm in the position of the stop
gap is observed.

fee crystal). The spectra before and after the ion irradiation exhibit a minimum in
the optical transmission, where the Bragg condition is fulfilled and light is diffracted
away from the axis of propagation. The presence of a Bragg peak after irradiation
indicates that the crystal structure remains after the ion irradiation. However, the
minimum, which corresponds to the stop gap, has shifted to shorter wavelengths both
in Fig. IV.2-2a and Fig. IV.2-2b. This shift is an effect of the changed lattice spacing
in the crystal and possibly a small densification of the whole crystal. Figure IV.2-3
shows optical transmission spectra measured at different angles on non-irradiated and
irradiated samples. The transmission was measured from different points on the L. —
W line towards the T'" of the Brillouin zone. In both cases, the stop gap gradually
disappears at large angles of incidence.

In order to determine the correct position of the stop gap from the
experimental spectra, we subtracted the background scattering.® The positions of
the stop gaps for irradiated and non-irradiated crystals as a function of sin*(0) are
shown in Fig. IV.2—4. In the case of spherical particles, the position of the stop gap
can to first approximation be related to the particle diameter, 2R, and the effective
dielectric constant of the medium through the modified Bragg law,

N = 24,1\ — €, sin®0 , where d , =2R /2/3 is the distance between the crystal

planes in the (111) direction, €, is the volume averaged dielectric constant of the
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Figure IV.2-3 Angle-resolved optical transmission spectra of colloidal photonic crystals
of silica particles grown on a glass substrate. The spectra were taken from different
points on the L. —» W line towards the T point of the Brillouin zone. (a) Non-
irradiated crystal of spherical particles. (b) Irradiated crystal of oblate ellipsoidal
particles of aspect ratio 1.65 + 0.09.

composite: € = fe, +(1— f)e,, where fis the crystal filling fraction (f = 0.74 for
closely-packed spheres), €, and €, are the dielectric constants of the particle, and the
background, respectively. From the fit with a silica refractive index of 1.47, we
determined a particle radius of 103 nm (d;;; = 168 nm). This value corresponds to a
~ 6% shrinkage of the silica particles after thermal annealing and is similar as
observed before.”® The calculated volume of the spheres before the irradiation agrees
well with the volume of an ellipsoid (4/3n2’y) calculated using the values of the two
semi-axes determined from the SEM images. The volume of a single silica particle
was previously found not to change significantly after ion irradiation.'®

After the ion irradiation the lattice spacing in the (111) direction decreased.
As a result, the position of the Bragg peak shifted accordingly to shorter
wavelengths. Because of the deformation, the crystal unit cell is now tetragonal
rather than cubic. It can be shown that the lattice spacing in the (111) direction after
isotropic  deformation under certain angle, o, can be written as

d, = 2y\/2/73[1 — (1 — yz/x?)cos2 ocr/? , where z and y are the lengths of the two semi-
axes of the ellipsoid (z > y). Using this equation we find d,;, = 147 which is close to
the value of d;;; = 153 nm determined from the fit in Fig. IV.2-4. This analysis
assumes that the particles deform into ellipsoids and there is no change in the volume
of the particles. From the fit in Fig. IV.2-4, we also determined an effective refractive

index of the composite of 1.40, which corresponds to a ~ 2.6% increase in comparison
to the non-irradiated sample. This indicates that some densification of the crystal has
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Figure IV.2—-4 Position of the transmission minima in Fig. IV.2-3 as a function of
sin®(0). After irradiation, the positions of the stop gap for ellipsoidal particles
(triangles) shift to shorter wavelengths in comparison to the case of spherical particles
(spheres). The values are determined from the experimental spectra after correction
for the background scattering. The lines are theoretical fits using

. 2
N = 2dm1/€(ﬂ —sin” 0 .

taken place after the irradiation assuming that the dielectric constant of silica did not
change.

Conclusions

In conclusion, we demonstrated the fabrication of colloidal photonic crystals of
shape-anisotropic particles from crystals made of spheres using MeV ion irradiation.
In this way, both the lattice structure and the form factor were changed in a
controlled way. The aspect ratio of the shape-anisotropic particles can be used as an
additional parameter to engineer the photonic band gap.
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Summary

A photonic crystal (PC) is a material with a periodically modulated dielectric
constant. In analogy to electrons in a semiconductor, light propagation in a PC can
be inhibited for a certain frequency range resulting in the formation of photonic
(stop) band gaps (PBGs). If the stop gaps are wide enough to overlap for both
polarization states along all crystal directions, a complete photonic band gap (CPBG)
is formed. By use of PCs, it is possible to manipulate both the propagation and the
spontaneous emission of light. It is believed that PCs, acting as semiconductors for
light, could lead to a revolution in the information and the telecommunication
industry by enabling higher-capacity optical fibers, nanoscopic lasers, and photonic
integrated circuits to replace today's microchips. Because of difficulties in the
fabrication of PCs with sub-micron features, a CPBG in the visible has not been
realized yet.

This thesis focuses on issues concerning the design and the fabrication of PCs
that might possess a CPBG in the visible, and, the engineering the properties of the
PBG using new types of building blocks. By use of core-shell and non-spherical
colloidal particles, we demonstrate the ability to modify the properties of the PBG.
In a quest for a CPBG in the visible, we fabricate and study metallo-dielectric
ordered (crystals) and disordered (glasses) photonic materials of metal particles.
Furthermore, we demonstrate the fabrication of PCs with complex unit cells and
different stoichiometries.

The first part of the thesis describes the fabrication and the characterization of
face-centered-cubic (fcc) PCs of dielectric (core-shell) spheres in a low-dielectric host
(air). In Chapter II.1 we demonstrate the synthesis and optical characterization of
the PC's building blocks: well-defined core-shell colloidal particles and hollow shells of
zinc sulfide (ZnS) and silica (SiO,). The synthesis method allows for the production
of monodisperse particles with a tunable core-to-shell size ratio and total radius.
These particles are an attractive system for photonic applications because ZnS has a
large refractive index and does not absorb light in the visible. In addition, in both
7ZnS and SiO, fluorophores can be easily incorporated. In Chapter I1.2, by use of the
controlled drying method, we demonstrate the fabrication of large planar PCs of well-
defined thickness from SiO,, ZnS, and ZnS-core-SiO,-shell colloidal particles. We
demonstrate, both experimentally and theoretically, that the relative stop gap width
in the (111) fec crystallographic direction in the case of high-index core and low-index
shell spheres is larger than in a PC of homogeneous spheres of either material. We
show that a low-dielectric coating can be used to control the filling fraction of the
high-dielectric material and the optical properties of a PC.
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The second part of the thesis focuses on the preparation and characterization
of photonic materials of different degree of order made of metal colloidal particles. In
Chapter III.1 we demonstrate the synthesis and characterization of large (R > 100
nm) silver (Ag) particles. The particles are obtained by reducing silver nitrate with
ascorbic acid in aqueous solutions in the presence of a protective polymer. The
resulting particles are spherical porous aggregates with a low polydispersity (< 20%)
and surface roughness on the order of a few nanometers. The optical properties on a
single-particle level are well described if an effective dielectric constant is used.
Depending on the volume fraction and the effective polydispersity, in water these
particles form charge-stabilized glasses or crystals. In Chapter 111.2 we study the
optical properties of metallo-dielectric PCs and photonic glasses of sedimented Ag
particles in water. Under illumination with white light, these samples display bright
colors. A strong modulation is found in the reflectivity of photonic glasses possessing
a short-range order only. The general features in the experimental spectra are found
in the theoretical reflectivity spectra for fcc crystals. From our results, it is likely that
amorphous metallo-dielectric materials can be used in some applications where the
spontaneous emission of light needs to be modified.

The last part of the thesis deals with PCs with complex lattices and PCs made
of non-spherical colloidal particles. In Chapter IV.1 we present the fabrication of
binary colloidal crystals through a simple layer-by-layer drying process. We
demonstrate the fabrication of crystals with a stoichiometry of large (L) and small
(S) particles of LS, and LS. In addition, we observed the formation of a new LS,
binary crystal. By using spheres with different composition, one component can be
selectively removed. As an example, we demonstrate the synthesis of a hexagonal
non-close-packed colloidal crystal. In Chapter IV.2 we demonstrate the fabrication of
PCs of ellipsoidal colloidal particles. By use of MeV ion irradiation, we deformed
spheres into oblate ellipsoids as organized in a thin 3D colloidal crystal. Both the unit
cell symmetry and the particle form factor have been changed as a result of the
collective deformation process, leading to an appreciable tunability in the optical
properties of the PC.
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