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Abstract

A suspension of monodisperse colloids has an interesting property of self-
assembling into a three-dimensional ordered structure. This crystalline
material has attracted significant interest on the implementation of photonic
crystals, which have practical applications in reflectors, filters, resonators,
and waveguides. In this thesis, self-assembly of colloidal crystals and
photonic crystal technologies are reviewed. Potential colloidal photonic and
non-photonic devices were presented and their values/limitations were
discussed. Colloidal photonic crystals were assessed on their technical
capabilities, growth techniques and fabrication cost.

In this assessment, the bulk colloidal photonic crystals are found to be
inherently robust against stacking disorder, cracks and voids. The high
reflectance performance and lattice parameter tailoring are useful for
implementing reflectors, optical switch and sensors. Besides, the anomalous
dispersion characteristic near to the band edges or near to flat bands of the
photonic band diagram is suited for superprism and light harvesting
applications. Potentially, the unique characteristics of colloidal photonic
crystal could be capitalized in a low cost micro-fabrication model. Finally,
the study has shown that it is more technically and commercially viable to
implement bulk colloidal photonic crystal applications rather than
lithographically-defined types.

Thesis Supervisor : Yet-Ming Chiang
Title : Kyocera Professor of Ceramics
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1.0 Introduction

In the pursuit for nano-scale microelectronic devices, the current microelectronics

capabilities are nearing to the limits. The need for speed and low-power consumption in

portable devices hastens the pace of device scaling. Microelectronics is approaching into a

phase where minimum features are only hundreds of atoms wide. Radical and disruptive

technologies are essential to meet future challenges. Today, the focus has shifted to

advanced material engineering, for instance on developing silicon-germanium (SiGe)

compound for Heterojunction Bipolar Transistor (HBT) technology'. Without pushing the

limit of physics with device scaling, the use of the relatively more expensive SiGe material

allows smaller, cheaper and faster integrated chips to be implemented.

Self-assembly or self-organization technique, on the other hand, holds great

potentials to meet the challenges for alternative fabrication technologies 2. In a self-

assembly process, building blocks configure themselves to generate a myriad of structures

in materials3 . Nature has participated in the spontaneous formation of material with

ordered structures. Building blocks, such as atom, molecules and colloidal particles define

the uniqueness properties of materials by the way how these building blocks are arranged.

For example, carbon atoms arranged in diamond-structure or graphite-structure has vastly

different hardness property.

Interestingly, the self-assembly technique is anticipated to create huge impact on

nano-fabrication in a revolutionary way: nano-scale components could be brought together

and assembled by just stirring the solution4 . This self-assembly method could find

applications in building microelectronic device and biology cell. Self-assembly is

ubiquitous in chemistry and biology, however it is relatively untapped in micro-

fabrication . It offers attractive opportunities in handling minuscule building blocks not

possible by today's technologies while simplifying processing and lowering cost.

Self-assembly of sub-micron monodisperse colloidal particles such as polystyrene

(PS) or silica microspheres into ordered structures have attracted intense interest due to its

potential for forming intricate structures with geometries or scale not able to achieve with

present fabrication techniques. The engineering of the structure of the colloidal crystal can

be served as a template for photonic devices and humidity/pH/glucose sensors.



Figure 1. A FCC colloidal crystal with microspheres and

air voids. This serves as an infiltration template to

implement a photonic crystal. Picture source: Bell Lab.

1.1 Background

In the age of maturing micro-fabrication, the future entails a radical change in

processing and thinking. Today, hybrid or even fuel-cell automobiles are poised to be the

next major research effort in light of rising oil price. Further, semiconductor companies

like Intel, which thrived on device-scaling in the past, has make a revolutionary move to

dual-core microprocessor chips for personal computer. Looking in the future, there i s a

great challenge to deliver more data faster. People will be downloading full-length movies

at home, on top of digital photos and music files. To meet the projected demand on speed

and bandwidth, IBM and Intel are exploring the use of light to transmit data. Using

materials like Silicon Photonics 6 or Photonic Crystal7 in replacement of the mainstream

semiconductor devices, light signal can be manipulated efficiently and transmitted over

longer distance.

Numerous micro-fabrication techniques are currently pursued by many research

groups 8 around the world for photonic crystal materials. In this thesis, self-assembly

method for p hotonic crystal u sing colloidal p articles i s d iscussed. A s an o utline for t he

complete colloidal crystallization process, monodisperse colloidal particles (e.g. polymer

or silica microspheres) in aqueous suspension are allowed to assemble spontaneously to

form a colloidal crystal. This colloidal crystal is then infiltrated with a high dielectric

material such as silicon and the colloidal microspheres are removed subsequently by



calcinations or chemical etch. As a result, an inverse opal (air spheres and silicon filling in

the interstitial) is obtained. This structure presents a photonic bandgap and is called the

photonic crystal.

1.2 Scope of Thesis

The self-assembly of colloidal crystal is reviewed and investigated for the

implementation of photonic crystal based on existing fabrication techniques in chapter 2

and 3. Several case studies on colloidal photonic crystal research are presented and

analyzed in chapter 4. Limitations on colloidal photonic crystal implementation are also

discussed. Potential applications are outlined. Finally, a cost analysis of fabrication is

conducted to assess commercial viability and cost optimization in chapter 5.



2.0 Photonic Crystal

Photonic crystal, a promising new class of material, was reported to have proven

long-standing theory to manipulate light in an issue of Science Journal 19989'10. MIT

researchers had managed to control the flow of light using Photonic Crystals. They were

able to guide light around a 90-degree turn with high efficiency. This was a small step but

an enabling t echnique o fm olding and guiding light c ould 1 ead to m any novel p hotonic

applications.

Since 1970s, light transport is the key for optical telecommunication, which is

widely used for transmitting data for Internet and telephone over long distances.

Transmitting in the speed of light and having no electric charges unlike electrical signal,

light can send much more information through optical fibers than electrical signals through

wires. Further, advances in refining impurities for optical fiber enable long range and low

loss optical telecommunication.

On a micro-scale, photonic crystal has the potential to be the material to integrate

all the myriad functions found in an optical network system. With the goal of

implementing waveguides, switches and modulators using photonic crystals, a single chip

of Photonic Integrated Circuit (PIC) could be developed. This has a great commercial

potential to replace all bulky and costly optical components.

Photonic crystals h ave macroscopic structures consisting o fp eriodic v ariation o f

the dielectric material. Using a suitable structure, the photonic crystals can present

photonic bandgap (similar to the electronic bandgap theory), for the prohibition of photons

propagation.

Using t he analogy o f n early free e lectrons model i n a s emiconductor, o ne could

understand the behavior of propagation of light in a photonic crystal. For example, a

diamond-lattice structure of silicon material, presents a periodic potential to the free

electrons moving through. Using Quantum Mechanics theory, the columbic interaction

between the periodic potential and the electrons gives rise to the formation of allowed and



forbidden energy states, collectively know as energy bands. At room temperature, silicon

has a forbidden energy bandgap, approximately 1.1 eV, where electrons cannot be found.

In a photonic crystal, photons moving through this material intersperses with

regions of high refractive index and low refractive index. To a photon, this refractive index

contrast looks just like the periodic potential that an electron experiences traveling through

a silicon crystal example. Light entering the composite material will reflect through and

partially reflect off the myriad internal interfaces of high and low refractive index

materials. P erfect c ancellation i n a 11 directions for a b and o fw avelength g ives rise t o a

complete photonic bandgap. The larger the contrast of refractive indices, the wider is the

photonic bandgap . Joannopoulos' text" provides a rigorous treatment of photonic crystal

physics.

The periodic structure of a photonic crystal can be thought of a regular arrangement

of scattering centers for light. There can be some structures which could present scattering

centers for a particular electromagnetic wavelength (wave cancellation from refraction and

reflection in scattering centers). This can occur if the dimension of the periodicity is on the

order of wavelength of light. The crystal will block light with wavelengths within its

photonic bandgap, while allowing other wavelengths to pass freely. A complete photonic

bandgap is formed if light is forbidden to enter the photonic crystal no matter which

direction the light is coming from.

The strong point of photonic crystals is the flexibility in controlling the width and

spectral position of the gap through (i) varying the refractive constant of the materials and,

(ii) the dimension of the periodicity of the dielectric materials. Hence, the optical property

can be tailor to prohibit the propagation of light, make mirror out of wave reflection. On

top of it, the photonic crystal can be functionalized into an application-specific device such

as: introducing a point defeat to make a micro-cavity or a line defect to make a waveguide

structure.

Examples of naturally occurring photonic crystals are opal stones and the feather of

a peacock as depicted in figure 2. These materials contain special arrangement of dielectric

materials a nd able t o r eflect o ff b rilliant h ue o flight (photonic b andgap i n v isible light

region). A closer look on the feather's surface using scanning electron microscopy (SEM)



reveals the ordering of dielectric spheres with air filling (see figure 2(b), insert). This

presents a photonic bandgap for frequencies corresponding to the dimension of the spheres

periodicity. Hence, a multiple colors of peacock's feather can be seen.

Figure 2. Naturally occurring photonic crystals (a) opal stone and (b) feather of a peacock.



2.1 The Development on Photonic Crystal

In 1946, Purcell' 2 published a short note on how the radiation rate of photons from

an excited atom can be controlled by modifying the space that surround the atom. By

having a small volume of engineered material, the spontaneous emission rate can be

inhibited. The density of states is suppressed and the excited carriers are not able to de-

excite into photons. Hence, spontaneous emission is suppressed. This may be the original

idea on how the periodic dielectric variation in a material could have an influence on the

electromagnetic wave passing through. In 1979, Ohtaka' 3 made a study of scattering

effects and reflection of electromagnetic field through an arrayed of dielectric cylinders.

These early researches, among others, started off the pursue of photonic bandgap structure.

The research effort on a photonic bandgap probably peaked during the late 80's

with two prominent teams led by Eli Yablonovitch (Bell Communications Research) and

Sajeev John (Princeton University) 14 . They believed that a bandgap could be created for

photons in the same way that a semiconductor possesses an electronic bandgap. Then, the

two teams met and coined the terminology 'Photonic bandgap'. However, both teams

clearly had different perspectives on photonic bandgap. John et al was interested into light

localization studies in a disordered material, while Yablonovitch et al pursued on the

equivalent electronic bandgap for light. Moving on, Yablonovitch et a115'16 proposed and

demonstrated the existence of a 3D photonic crystal in a Yablonovite' 4 structure (figure 3).

Calling their photonic crystal as the 'semiconductor of light', the Yablonovite structure had

500,000 holes painstakingly drilled onto the dielectric plate and didn't look much of a

potential commercial product then.

A relatively less tedious method of fabricating the photonic crystals structure,

called woodpile photonic crystal, was introduced by Ho et a1' 7 in 1994. The woodpile

photonic crystal structure consisted of layers of dielectric rods of circular, elliptical, or

rectangular shape, as shown in figure 4(a). It involved a combinational of various

microelectronic techniques namely: layer-by-layer film growth, chemical-mechanical

polishing (CMP) and etching '". It is one of the most popular 3D lattices and provides great



flexibility for the design of a photonic crystal structure with a large photonic band gap at a

given dielectric contrastl 4

.A 35'

Figure 3. (a) Yablonovite Structure. (b) Each hole is drilled through three times

at an angle 35.260 away from normal and spread 1200 on the azimuth. The drilling

can be done by a real drill bit for or by reactive ion etching.

Figure 4(b) shows a colloidal inverse opal structure (Face centered cubic, FCC,

structure with dielectric fillings and air holes) with a photonic bandgap. The inverse opal

needs a high refractive index (n > 2.8) material to allow a complete photonic bandgap to

form in the 8 th and 9 th bands. Silicon is the best suitable material to build a photonic crystal

because it has a high refractive index (n = 3.5). In 2000, a demonstration of inverse opals

was performed using colloidal crystal19. A FCC lattice of close packed mono-dispersed

silica spheres was assembled 20 and this formed the template for silicon infiltration. The

void lattice of opal was infiltrated silicon under low-pressure chemical vapour deposition

(LPCVD)21. After infiltration, the silica template was removed by wet etching and an

inverse opal structure was attained.



Ho et a122 observed that dielectric spheres arranged in diamond structure do possess

a full photonic bandgap. In their studies, they concluded that an even lower refractive

index contrast (n - 2) was needed to open up a gap. Compared with the previous inverse

opals, the photonic bandgap of the diamond structure is much wider and more robust22 .

The findings opened up a new quest for the methods to obtain a diamond structure. Figure

4(c) shows the arrangement of dielectric spheres in diamond structure. To date, the

fabrication of a diamond structure is still at its research phase. There are reports on the

used nano-robotic arm to pick the dielectric spheres and construct them into a diamond

structure 23

Figure 4. Examples of photonic crystal structures. (a) woodpile, (b) colloidal crystal, insert:

inverse opal structure, (c) dielectric spheres arranged in diamond structure , (d) MIT

Photonic Crystal.

Figure 4(d) shows another photonic crystals structure 24, commonly knows as MIT

Photonic Crystal in the research fraternity. In 2000, Johnson and Joannopoulos introduced

a structure of alternating stack 2D slabs consisting of dielectric rods in air and air holes in

~:i'·"~ai':'*



dielectric. They made used of lithographic/etch technique and layer-by-layer fabrication

technique. This structure has a wide complete bandgap for Silicon/air system, and it even

demonstrated a fairly wide bandgap for the moderate Si/SiO2 refractive index contrast.

2.2 The Future for Photonic Crystal

Since the invention of the laser and optics fibers, optical communication has

revolutionized the world on how high-speed data rate can be achieved over great distance.

Today, photonic crystals technology paves the paradigm shift towards information

processing on a micro-scale (figure 5). Around the world, photonic crystal technology is

An upcoming research area 25, where more novel functions using photonic crystal material

could be unraveled.

IMICRO I
PhC resonator

hC waveguide

c crystal (PhC)

Dense

Erbiuni-DIoped Optic

SMACRC( on Multiplexing (WDTM)

Opt
Laser Time

Figure 5. A paradigm shift: macro to micro optical system.

Joannopoulos Research Group 26 of MIT envisioned the Photonic Micropolis shown

in figure 5(a). It is an idealized depiction of a "photonic micropolis" incorporating many

functional blocks of an optical system. The highways and bridges mimicked waveguides



for light. The tall buildings represent active devices such as switches and modulators for

light. The vision is to develop a Photonic Integrated Circuit (PIC) as shown in figure 6.

PIC should incorporate many of the basic function found in an optical system, i.e.

waveguides, signal switches, modulators, filters, resonators and lasers.

Waveguide Signal Switches

Multiplexer /
De-Multiplexer

... ... ... ....... ...................... ................ ... ... .......

Cavity Resonator /
Modulator

... .. .. .. . ... .. . . .. .. .. ... . .. . ... ... ... ... ... .. .. .. .. ...... .

Figure 6. (a) A vision : Photonic Micropolis, (b) a photonic integrated circuit packed with basic light

manipulation functions.

I m



2.3 Fabrication Techniques of Photonic Crystal

The fabrication of a photonic crystal was first demonstrated by Yablonovitch et al

with a 3D Yablonovite structure shown in figure 3. Using a large dielectric plate and

drilling machine, the structure was made in a mechanical workshop. Their structure was

tested to have a photonic bandgap in the vicinity of microwave frequency due to its

relatively large air hole spacing.

To design a photonic crystal in range of visible light spectrum, the dielectric

spacing has to go even smaller length. Silicon was found to be most suitable material to

implement on during the infancy of the research because of availability of lithography to

make small pattern on silicon and its high refractive index. The high refractive index of

silicon could potentially pair with other material or air to give a high refractive index

contrast photonic crystal. Hence, it can result in a complete and a wide photonic bandgap.

Since then, the fabrication of the photonic crystals is largely carried out in microelectronic

laboratories. Today, there are two main methods in the fabrication of photonic crystals, i.e.

micro-fabrication and colloidal self-assembly methods.

(a) (b)

Figure 7. Microelectronic fabrication technique: 2D waveguide structure on slab, (b) colloidal self-

assembly method, insert: inverted opal structure.

The micro-fabrication or "top-down" method uses the microelectronic fabrication

in the making of 3D Woodpile structure in figure 4(a). The photonic crystal is fabricated

~f ··;:-;
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by using micro-fabrication patterning and etching techniques. The optical properties of

these micro-structures will be characterized and studied using optical measurement

techniques. In the case of ID photonic crystal, alternating layers of varying dielectric

materials were grown to create a dielectric mirror, popularly known as the Bragg's

reflector. For a advanced 2D waveguide structure on slab in figure 7(a), a film is deposited

onto the silicon and the pattern is transferred using lithography. Finally etching is carried

out to create the air holes. The top-down method, as the name suggests, create patterns

after the material is grown and it is compatible with standard semiconductor processing

techniques.

Figure 8. Steps in the formation

of an inverse opal structure. (a)

Colloidal Crystallization, (b)

(a) (b) Sintering, (c) Infiltration, (d)

r v Y v v Calcination.

L 1_A &_ A.AL A. AL A.. .I r

(c) (d)

The colloidal self-assembly method is a new technique to address the higher cost of

the microelectronic technique. In the "bottom-up" colloidal self-assembly, colloidal

spheres, such as polystyrene (PS), polymethylmethacrylate (PMMA) or silica, are

suspended in solution and allow to self-assembly into colloidal crystal. Figure 7(b) shows

the synthetic opal arrange in a closed packed FCC structure with air voids. Under

sedimentation or capillary force, these spheres are packed into a FCC structure in its dry

form and can be used as a template for making photonic crystal. The synthetic opal is next

sintered prior to infiltration, depicted in figure 8(a). Sintering of opal creates the necking

amongst the micro-spheres and provides added mechanical strength to the structure27. It

also provides the inter-sphere links between the micro-spheres, which can be easily

removed by chemical etching after infiltration 28 . However, too much sintering causes the

reduction in solid-to-air ratio of the inverse opal and hence the photonic bandgap suffers29.

_P



These voids in the synthetic opal are then infiltrated with a high dielectric material using

electrodeposition or CVD. Finally the colloidal spheres are removed using chemical

etching or high temperature annealing, resulting in an inverted opal structure. This inverted

opal structure was shown to have a photonic bangap. This colloidal self-assembly method

is currently in research phase and shown to be less costly and is a less tedious approach. To

date, templated-assisted 30 and electric field-assisted methods3' were studied to better

control the colloidal crystal growth.



3.0 Colloidal Self-assembly Techniques for Ordered Structures

As discussed previously, the natural assembly of colloidal monodisperse

microspheres is potentially a simpler and cheaper approach for creating three-dimensional

periodic structures 32. Under gravitation sedimentation3 or vertical deposition 34, colloidal

self-assembly tends to form a colloidal crystal (FCC structure) spontaneously, which

served as a template for photonic crystal. Besides, application specific devices can be

created out of a colloidal crystal by incorporating extrinsic defects. If an intrinsic or

extrinsic defect is present in the periodic structure, localized photonic states in the photonic

bandgap will be created. A point defect is like a microcavity (traps light and builds up in

intensity), a line defect is like a waveguide, a planar defect introduces passband in the

bandgap. To incorporate a defect35 or to fabricate a unique crystalline structure, colloidal

self-assembly can be aided by templating36 , electrophoresis 37, Ionic Colloidal

Crystallization 38 or lithography/etch. All these techniques are discussed in the following

sections.

3.1 Colloidal Particles

An exciting area of application of colloidal particles is that of photonic bandgap

materials. Colloids are particles of wide range of sizes, typically between 1 nm and 100pm.

For photonic application, the sizes of interest are within -100nm to -lum range, which

corresponds to between visible light to near-infrared spectral. Some examples of colloids

are polymer (PS and PMMA), silica, silver halide and gold3 9. A colloidal suspension is

described as solid particles that are dispersed in a liquid, while on the other hand; emulsion

and foam are liquid particles and gas particles dispersed in a liquid respectively.

Monodispersed colloid particles are commonly synthesized through emulsion

polymerization for p olymer m icroshpheres (polystyrene) and controlled precipitation for

inorganic oxide microspheres (silica).

Colloids are very fine particles whose surface forces overcome its body forces. A

colloidal particle consists of electric double-layers at the surface: the inner compact layer



and the outer diffuse layer 40. During the synthesis, the surfaces are often terminated with

end groups such as: -OH (for polymer) and -Si-OH (for silica). These end groups can

ionize to produce a surface charge. When the colloids are suspended in a solvent, the

surface charges attract free ions of the opposite charges from the solvent and form the

outer diffuse layer. As a result, there is an electrical double layer surrounding the colloidal

particles. Further, chemical compounds (salts) can be added to the suspension to control

amount free ions in solution and hence the thickness of the electrical double layer.

The forces associated with the colloidal stability are due to the attractive van de

Waals force and the repulsive electrostatic force on the surface. A stable colloidal

suspension is the result of the higher repulsive force that prevents the particles from

aggregation at a significant rate. In the case of high salt concentration, there will be more

ionized free charged from the solvent adhering onto the particles' surfaces. Consequently

the repulsive force decrease due to more screening effect. The higher attractive force will

pull colloids towards each other and adhere strongly together

In general, colloidal particles are less affected by gravity and they are subjected to

Brownian motion in suspension. Above a certain colloidal size, gravity becomes more

important than Brownian motion. The lower bound of the colloidal size is at which the

particles approach molecular dimensions.

Well-established procedures such as gravitation sedimentation or vertical

deposition offer methods to self-assembled colloidal particles into opaline crystals as

shown in figure 7(b). Although the phase diagram of colloidal suspensions is not fully

understood, colloidal particles can be close-packed into a well-defined FCC structure.

Particles' sizes on the order of the wavelength of visible light result in 3D crystalline

structure with optical properties.

3.2 Self-assembly for Micro-fabrication

The rapid pace in microelectronic device scaling has called for a revolutionary shift

from the present microfabrication techniques. The current research in self-assembly for

nanotechnology shows it has the capability to address the challenges ofe ver-decreasing



dimension41. Whitesides Research Group 42 identified five key elements in order to make

the nanotechnology viable. To meet the challenges in nano-scale manufacturing, there is a

need for better process control in the nano-scale, be able to assemble system from nano-

components, parallel manufacturing, three-dimension manufacturing and be cost effective.

Self-assembly offers a number of advantages:

1) Self-assembly performs parallel fabrication processes.

2) Self-assembly builds structure with sub-nanometer precision.

3) Self-assembly generates 3D nano-scale structures.

4) Self-assembly allows process control through external forces.

Current challenge for p erfecting s elf-assembly technique includes t he controlling

the finite number of defects in the assembled structure. In addition, more research works a

have to be carried out to improve on the efficient self-assembly manufacturing on a large

scale and on the cost effectiveness.

Analogous to the spontaneous arrangement of material in nature, self-assembly in

material generates a highly order three-dimensional structure that could have useful novel

properties. For example, laboratory research showed the development of self-assembled

photonic crystals with low defect densities 43. In additional, three dimensional photonic

crystals using colloidal self-assembly are presented in literatures44,45. In other research,

molecular nano-scale structures with specific dimension and chemical properties were

developed using self-assembly technique46. In summary, the self-assembly techniques

provide new materials research and development in material science, microelectronics,

photonic and data-storage 47 application.



3.3 Vertical Deposition Colloidal Crystallization

Vertical deposition colloidal self-assembly is a simple method for the fabrication of

highly ordered porous structures 48 from a colloidal suspension. Figure 9 shows the

schematic of vertical deposition. Though the mechanism is not well understood, it is

commonly described as the assembly of colloidal particle by the capillary force of the

meniscus as the solvent evaporates.

evaporate
solvent

silica spheres
in ethano

Figure 9. Organization of ordered colloidal crystal through vertical deposition with relatively uniform

thickness.

Good quality thin colloidal crystal film can be achieved by using vertical

deposition49' 50 -51. The capillary force created by the receding meniscus which arranges the

particles in to a close-packed FCC structure, which correspond to the lowest energy

state52 53 . After deposition, it was found that the particles adhered well to each other and to

the substrate. Infiltration of semiconductor material into this crystal was possible to create

a photonic crystal. In the initial research phase, only particles of size 400nm or smaller was

found to be possible through the vertical deposition. Larger size particles were found to be

sediment quickly and did not deposit on the substrate. Later, a temperature gradient is

implemented across the vial in order to achieve a stronger convective flow in the

suspension. Size as large as 800nm is possible for vertical deposition. The larger colloidal

particles enable the implementation of photonic crystal for the important 1.3 tm or 1.55ptm

photonic applications3 0' 43



Figure 10. SEM image of the cross-section of an opal

made from 1000nm silica particles 54

Vertical deposition is an improved process over the sedimentation and the

convective process. Figure 11 illustrates the sedimentation process where the stable

colloidal suspension is left to stand. Over time, through Brownian motion and gravitational

force, the particles and settle aggregate on the substrate in a fairly ordered structure. In

addition, the solvent thickness and rate of evaporation play influence the ordering of the

colloidal crystal 55. At the edge of suspension bead on a hydrophobic surface, a solvent

contact line formed which encourage convective flow (refer to figure 11(c)). The contact

line is pinned during the evaporation. The drop of solvent ensures that liquid evaporating

from the edge is replenished by liquid from the interior56 . The resulting outward flow can

carry dispersed material to the edge, resulting in a convection flow.

(a) (b) SAM

(c) (d)
paricie convecve flow

evaparatian
uala~r torfate tension

creates the convective flow of solvent and causes the particles to move towards the

tension of solvent create the lateral capillary force to pull particles together.

Figure 11. (a)

Colloidal particles

under the influence of

Brownian motion and

gravity. (b) Colloids

assemble when their

thickness is

comparable to the

thickness of the thin

liquid film. (c)

Evaporation of solvent

boundary. (d) Surface

.. pro



3.4 Electric field-directed Colloidal Crystallization

In the previous section, nucleation of colloidal particles from an aqueous

suspension was analyzed. To form a well-ordered crystalline structure, various deposition

techniques were carried out so that these colloidal particles could self-assembled in a

longer-range order.

Here, utilizing electric field in assistance to the self-assembling of colloids is

discussed. It is well known that charged particles under the influence of a static or dynamic

electric field experience electrophoretic forces57 . Application of electric field to produce

crystalline colloidal structure was first report by Richetti et a158. The electric field attracts

charged colloidal particles and causes them to move towards the electrodes or be aligned

along the electric field. Since the colloids are in suspension, an electrohydrodynamic flow

mechanism describes the behavior of colloidal particles assembling into 2D or 3D

structures 59. Electric field-assisted self-assembly allows micro-patterned colloidal crystals

through lithographically patterned electrodes 60 .

The electrophoretic assembly of colloidal crystal offers an improvement over the

traditional colloidal crystal self-assembly through its quicker crystallization rate and higher

controllability of the crystallization process. The usual sedimentation or convective self-

assembly technique is largely a lengthy process, which depends on the rate of evaporation

of the solvent. On the other hand, the speedier electrophoretic assembly process offers

more control and is dependent on parameters such as strength of electric field, current

density, field cycling 61, colloid surface charges and the ionicity of the electrolyte62

A well-cited paper on electrophoretic assembly of colloidal crystal59 in 1996

envisioned and demonstrated the possibility to assemble two- or three-dimensional

colloidal crystal on electrodes precisely. Figure 12(a) shows the in-situ experimental setup

with the transparent indium tin oxide (ITO) and metal piece as the anode and cathode

respectively, the middle cavity was filled with dilute colloidal dispersion. Under the

influence of electric field, the electrophoretical behavior of the colloidal particles was

observed using a microscope. Figure 12 depicts the direct current (dc) and the alternating

current (ac) methods of electrophoretic assembly of negatively-charged particles (PS

microspheres).



-Metal electrode

E :* * • o Colloidal dispersion

Transparent ITO layel
and glass cover slip

Microscope objective

A,., . B .. *. 6

* *
Am *Ae A

Ds.f more par:Cles
'a •. i e;. fie ld

oaguate ad rinse excess Rse f coagulate
-.is -. f t- d. o ate. .

(a) (b)

Figure 12. Electophoretic deposition of colloidal particles. (a) Microscope monitoring on-colloidal particles

under electric field, anode is the ITO glass and cathode is the metal; (b) Schemes of assembling colloidal

particles into ordered layers using DC and AC electric field. Lateral force (induced by higher current density

or Brownian motion) causes highly ordered layers 9 .

The observations were (values quoted are experimental):

1. Under low dc or ac electric field (10V/cm), the colloidal particles formed island-

like clusters on the anodes;

2. Above a certain ac frequency (1MHz), the clusters had little or no adhesion to the

anodes due to no net electrostatic force pulling them towards the electrodes (1khz

was used);

3. Increasing applied electric field (40V/cm) and higher current density (-100 gA

cm-2), the colloidal particles moved across the surface of the electrodes, this lateral

movement result in the formation of mono- or multi-layers;

4. Cycling a low and high electric field also result in layer assembly: during high field

the colloidal p articles were attracted towards the electrode, and during low field

Brownian agitation caused the colloidal particles to move randomly and form layer

arrangement.

The p aper 59 outlined t he general phenomenon and observation of electrophoretic

deposition of the colloidal crystal. In essence, the similarly charged colloidal particles

overcame electrostatic repulsion when they approaching each other during the

electrophoretic process. The electric field strength created sufficient attractive interaction



for the colloidal particles to come together. One important by-process of the

electrophoresis is the electrolysis of water 60 . On a separate note, current density was kept

low (< ImA cm-2), which allowed H2 and 02 products to be transported away from the

electrode surface63 and hence bubble formation was not observed. In the ensuing work64,

the group reported selective positioning of negatively charged PS microspheres on ITO

anode when illuminated with UV-light. Colloidal particles, attracted to the electrodes and

randomly positioned, could be swept from the darkened area into UV-lighted region. This

gave one more control parameter because the intensity and the location of the UV-

illumination moderate the colloidal assembly process. Figure 13 shows the UV scheme of

selective assembly of colloidal particles.

Using electrophoretic deposition, 2D micropattern of colloidal assembled layers

can be preferentially deposited onto lithographically patterned electrodes 65. Figure 13(a)

shows the scheme of deposition of the PS particles onto the gold patterned electrodes. This

method is based on the higher current density in the vicinity of the gold electrodes, which

attracts the PS particles. The figure also illustrates the aggregation of PS particle in the

non-patterned region due to convective flow and non-zero electric field (ITO conductor).

In figure 13(b), the assembled 2D layer of PS has a shorter range order compared to the

earlier experiment 59 and this needs to be improved on in order to present a useful photonic

material.
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Figure 13. Colloidal particles deposition on anode electrophoretically and assembly under UV-illumination

selectively. (a) The grid pattern defined the areas when the ITO glass (anode) is lit with UV-light. (b)

Scanning electron microscope (SEM) image of the assembled colloidal particles under UV-illumination.



3.5 Template-directed Colloidal Crystallization

Pattern transfer using photolithography is the important process in microelectronic

fabrication. Borrowing the same idea in colloidal self-assembly, pattern or template is

created on the substrate where the colloidal crystallization is directed. In order to produce

functionalized photonic crystal such as filters, switches, waveguides or lasers, the

structures of the photonic crystals has to be properly designed. The template could be a

layer of photoresist and patterns are created through photolithography and striping. The

template provides a mean to control the lattice structure, orientation and size of the

resulting colloidal crystal66. Further, templates can create the defect patterns on existing

colloidal crystal to order to achieve waveguiding or resonant cavity structures. Aiding

colloidal particles in depositing into the templated surface, external factor such as

topographical surface confinement 67, electrostatic force68 or wettability differences on

surface 69 can play a critical role.

Figure 14. (a) Template-directed colloidal crystallization with vertical deposition and evaporation processes.

SEM images of the micro-channel (b) before and (c) after stripping the template (PDMS).

Figure 14 shows an example of template-directed colloidal crystallization through

topographical surface confinement . Yang et a167 demonstrated this evaporated induced

self-assembly method to create patterned 2-dimensional micro-channel with uniform



thickness. This is useful to create planarized micro-photonic chip where waveguides

structure can be created on a substrate. Figure 14 depicts the SEM images of the micro-

channel before and after stripping the poly-dimethylsiloxane (PDMS) pattern. The

template can also define patterned electrodes so that electric field deposition can aid in the

colloidal crystallization. According to Kumacheva et a168, photo-resist is spin-coated on an

ITO glass substrate. Pattern is defined lithographically where the ITO is exposed to be the

anode. Figure 15(a) illustrated the schematic of the experiment where electric field is used

to attract negatively charged poly-methylmethacetlate (PMMA) colloidal spheres towards

the anode. Self-assembly of micro-spheres on a patterned electrodes under the influence of

an applied electric field was demonstrated. The dimension of patterned ITO anode was

carried designed so as to allow close-packed colloidal array to form (figure 15(b)). For

cases like chemically patterned surfaces, the wettability differences on surface can result in

patterns of colloidal array assembly6 9. Selective surfaces of a PDMS surface can be treated

with plasma oxidation and result in hydrophilic / hydrophobic pattern. A colloidal

suspension drop on these surfaces results in the spilt of the drop in the evaporation. The

colloids are drawn from the hydrophobic surfaces to the hydrophilic surfaces via the

wetting / dewetting process. Through a convective process in the hydrophilic surface, the

colloidal particles are drawn to the drying front where they are close-packed to form an

ordered colloidal assembly.

(a) Patterned
(S 1--.ITO Anode

Spacer 
Polished Brass

7 -3 - m-m Cathode

Figure 15. (a) Experiment setup for the self-assembly of negatively charged PMMA micro-spheres under the

influence of electric field from the patterned ITO anode. (b) SEM image of the colloidal array

electrodeposited on the patterned ITO anode.



To insert line defects in colloidal crystals, a recent progress 70 in advanced colloidal

self-assembly using photolithography is shown in figure 16. Using a 2-stage colloidal self-

assembly, silica infiltration and a templated definition stages, a hollow air-core line defect

can be embedded into the inverse opal structure. This method can be pursued to achieve a

waveguide for photonic integrated circuit application.

opal re[ricIation af rio sp'n coasri g

opal remgrowlh

templae remcwal

pho"toltography

initratori

p . ..e•ssT .em.a. l . ..
pt•esist remov•al

Figure 16. (a) Schematic of incorporating an air-core line defect in the colloidal crystal. (b) SEM image of

the cross section.



3.6 Ionic Colloidal Crystallization

Ionic colloidal crystal (ICC) 7 1 is a new class of material that could manifested as a

variety of structures through the mixture of multi-component building blocks. Unlike the

one-component suspensions which can self-assemble into FCC structure under suitable

condition, multi-component system can exhibit a rich variety of crystalline structures 72 ,7 3

Thus, ICC has potentially broad range of novel and tunable properties and is a promising

material for photonic, catalysis and filtration applications. In photonic application, the ICC

offers an excellent way to achieve structure engineering, for example, to produce a

diamond structure (complete photonic bandgap) or zinc blende structure74 (complete

photonic bandgap at even lower refractive index constract). Potentially, ICC enables the

implementation of a novel photonic bandgap material with less restriction on the choice of

raw materials.

Analogous to those in atomic ionic compounds, ICC is made up of positively and

negatively charged colloidal particles 75. These two-component colloidal crystals are

stabilized by long-range attractive electrostatic interactions by specially tailoring the

conditions where it is energetically and kinetic favorable to aggregate into ICC. Maskaly et

a174 constructed a model of stability of ICC by evaluating the Madelung summation to give

the electrostatic energy of ICC. Particle interaction forces such as van der Waals and

gravitational forces are not considered in the computation. The result can be summarized in

the phase stability diagram as shown in figure 17. The phase stability diagram described

the type of structures ICC might adopt as function of the ratio of the positive/negative

particles' charges and the spatial extent of the electrostatic interaction. The favorable

kinetic condition to crystallize into ICC structure (over maintaining in dispersed form) is

that the experimental temperature must be above the glass transition point. This is based on

the diffusion of particles to their ordered state is thermally activated. Further, there is a

critical temperature above which the particles are attracted to oppositely charge particles.

This ICC critical temperature can be lowered by reducing the interaction among the

particles through (i) reducing the surface charge, (ii) increasing particle size.



o 3

2

1f2

1140,

9t
1·1I

0rTa-
ljk3t
4)z

114~j
'0 1 2 3 4 5

Screening Ratio (A)
Figure 17. Phase stability diagram of ICC. The six structures are ruthenium oxide, fluorite, wurtzite, rocksalt

and cesium chloride. The phase identified the most stable of the six structures where the largest Madelung

sum is taken. Vertical axis is the representative point-charge ratio (continuum charge ratio due to varying

charge in a particle) and the horizontal axis screening distance relative to the particle size. The size ratio

(Rsize) of binary colloidal particle is taken to be 1 (default), 2 and 3.

In another independent study on oppositely charged colloidal particles, Bartlett et

a176 varied the surface charge of particles when keeping the spheres size constant. They

demonstrated the ICC switched between FCC, cesium chloride, and sodium chloride

structure, figure 18. They suggested that transformation among the different structures is

related to the competition between the entropic and Coulombic forces. Agree with this

hypothesis, Leunissen et a177 demonstrated that through experiment and simulation the

tuning o f e lectrostatic charges o fo ppositely charged p articles result i n t he formation o f

ICC. Hynninen et. al. did another independent studies on the ground-state phase diagram

of ICC 7 8 based on Madelung energy computation using screened Coulomb potential.

Figure 19 illustrated the ground-state phase diagram of ICC with more variety of structures

considered. Through experiment, three of the phases (LS8hcp, LS 8 cc and A6C60
bc c) are

validated under the observation of confocal microscopy, see figure 20. Hence, the

theoretical computation provides a useful tool to predict the resultant ICC structures.
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Figure 18. Confocal images of FCC, cesium chloride, and sodium chloride structure.

Figure 19. The ground-state phase diagram of ICC with fixed composition of small and large colloidal

particles. A plot of charge ratio Q against the reduced screening constant KaL. Size ratio of small to large

colloidal particles is 0.31. (a) The structure coexisting with an infinitely number of pure small colloids, (b)

The structure coexisting with an infinitely number of pure large colloids.
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Figure 20. Confocal microscopy images of ICC binary structures. (a) and (b) are the unit cell and the

confocal image of LS8
h cp respectively, (c) and (d) LS8fcc, (e) and (f) A6C 6 0

be .

Self-assembly of ICC offers a revolutionary way of engineering the structures that

is of attractive properties. Such method is ideal for achieving a diamond lattice photonic

crystal that has a complete bandgap to control the flow of light. Making use of

computation analysis to study ICC stability phase diagram, a specific structure can be

design for diamond unit cell, figure 21. Using different materials for the large and small

colloidal particles, selective etching can be carried out after the ICC has been formed. The

large colloidal spheres can be the main building blocks for the diamond structure while the



small spheres can be the scald-folding for the large spheres. Then, the small spheres are

etched away, resulting in the diamond structure"

Figure 21. The unit cell of a diamond structure.



4.0 Assessment of Colloidal Self-assembly for Photonic Crystals

The first successful demonstration of inhibiting the propagation of electromagnetic

wave by E. Yablonovitch using an ordered dielectric structure has since generated

significant interest on the research of photonic crystal. The early photonic crystals were

fabricated using well-developed microelectronics processing technique. Later, reports by

A. van Blaaderen and S. John on the possibility of using self-organized dielectric spheres

to create photonic crystal fueled the research and invited fresh ideas from the colloid

science fraternity. Development in colloid science has been a major boost for the material

research into photonic application. Self-assembled colloidal crystals provide building

blocks or templates to fabricate photonic crystals. Starting from year 1995, there is a

steady grow in the research papers on colloidal photonic crystal, as shown in Figure 22.

Experimental results on optical measurement were reported in the late 90s and optical

property had been quickly improved ever since. Advances and maturity in the processing

result in longer range order and the reduction of defects in colloidal crystal. A reflectivity

100% at centre of photonic bandgap can be demonstrated.

Figure 22. A plot of the

number of papers published

yearly on colloidal photonic

crystal between 1995 and

S 2005 (solid line). Source: ISI

Web of Science. Reflectivity

S measurements of photonic
4)
V crystal reported between

2000 and 2005 (dashed line).
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4.1 Category and Processing Techniques

Colloidal particles or microspheres self-assembled into colloidal crystal, also known as

synthetic opal. Since a colloidal crystal has ordered structure, it satisfies Bragg's Law

when a beam of light is impinged on the crystal and diffracted. Hence, the colloidal crystal

is described as a photonic crystal loosely. However in stricter sense, a photonic crystal

should have a well-defined band diagram complete with photonic bandgap. Accordingly,

this colloidal crystal becomes a template for semiconductor material infiltration as

described before. After the removals of template using calcination or HF etch, the resulting

structure is commonly known as the colloidal photonic crystal or the inverse opal. In short,

the colloidal photonic crystal is a three-dimensional bulk crystal that has undergone

crystallization processes by self-assembling colloidal particles. This bulk photonic crystal

has applications in electromagnetic wave filter and reflector. Photonic application of bulk

photonic crystals is demonstrated in the implementation of optical notch filter8s. An

inverse opal exhibit a photonic bandgap that prohibit the propagation of electromagnetic

wave at a designated wavelength. Thus, filtering of a signal is best exemplified by the

photonic bandgap.

1 Bulk Photonic Crystal

Colloidal
Particles

1, 2 , 1 Photonic Crystal Device

1. Crystallization
(a) Sedimentation
(b) Vertical Deposition
(c)Template-directed deposition
(d) Electro-deposition
(e) Ionic colloidal crystallization
(f) Material infiltration

2. Device Functionalization
(a) Lithography / etching
(b) Chemical Vapor Deposition
(c) Electrochemical plating
(d) Langmuir Blodgett
(e) Spin coat
(e) Electron-beam lithography
(f) Multi-photon polymerization

Figure 23. Category of Colloidal Photonic Crystals and their processing.



On the other hand, the bulk photonic crystal can be functionalized as optical

switches, waveguides or laser. Materials of unique property can be infiltrated, deposited

via CVD in an inverse opal, which is a highly porous structure. For example, optical

switches81 are made out of inverse opals in an aqueous medium, whose refractive index is

stable against temperature change. The inverse opal is immersed in the hydrogels solution,

figure 24. Under low light intensity the hydrogel and the colloidal crystal's refractive index

are matched and do not diffract light (Bragg's diffraction). However, under high intensity

the inverse opal absorb light and get heated within nanoseconds, resulting in a lower

refractive index than hydrogel medium. Consequently, there is a periodic refractive index

modulation in the crystal and light is diffracted. Consequently, this results in optical

switching which responds to the intensity of light within nanosecond.

PumD Beam Figure 24. Optical switch using
colloidal photonic crystal in hydrogel

aqueous solution. Top: Input beam

transmit through when the pump

beam has a low intensity. Bottom:

Input beam reflected when the high

intensity pump beam changes the

refractive index of the inverse opal.

A photonic band gap is useful to inhibit the propagation of electromagnetic waves

however it is desirable to have a propagation mode in the gap for application in optics and

optical computing 82'83. Therefore it is necessary to introduce well-defined defects

(localized modes) into the photonic colloidal crystals so that there is precise guiding of

photons through the localized modes inside the photonic band gap. A point defect results in

a cavity, line defect is like a waveguide and planar defect results in bandgap engineering.

These defect modes can be tuned by adjusting defect volume and the dielectric constants of



the dopants 4. However it is a great challenge to engineer extrinsic defects into colloidal

photonic crystals via a bottom-up self-assembly approach 85. A planar defect is introduced

by sandwiching the dopants between colloidal crystal layers by Langmuir-Blodgett (LB)s 6

or spin-coating 87 techniques. Figure 25 shows a SEM image of a planar defect88

sandwiched between two inverse opal layers. The thickness of the planar defect has an

influence on the resulting wavelength of localized mode within the photonic bandgap,

exemplified by a dip in the reflectance spectrum (dashed line) in figure 25(b).

Figure 25. (a) Introducing a silica sandwich

between two inverse opal layers. (b)

Spectroscopy measurement: reflectance

spectrum of the inverse opal without silica

sandwich (solid line); reflectance and

transmittance of the inverse opal with silica

sandwich (dashed lines), a dip of reflectance

b)
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indicates a propagation mode in the photonic

bandgap.

Further, to functionalize a colloidal photonic crystal, photolithography / etching can

be employed to create patterns on the crystal. For example, a line pattern is lithographically

defined and etched away to create a line defect for a waveguide application. Other

advanced method includes electron-beam lithography 89 and multi-photon polymerization

techniques, figure 26. Often, there is a need to have another crystalline layer deposition

over the line defect in order to realize a confined 3D waveguide structure.
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Figure 26. Some examples of photonic crystal devices functionalization processes to incorporate point, line

or planar defect.



4.2 Progress in Optical Performance

The unique optical property of a colloidal photonic crystal is its ability to inhibit

the propagation of electromagnetic wave at a particular wavelength. Here, the reflectivity

of an inverse: opal is studied as a measure of its optical performance and the photonic

bandgap's usefulness. Figure 27 shows the band diagram of a silicon/air inverse opal

arranged in a FCC structure. As mentioned in the chapter 2, the inverse opal exhibit a gap

between the 8th and 9 th bands if the refractive index contrast between the infiltrate

dielectric material and air spheres is greater than 2.890,91. Silicon has a refractive index of

3.5 approximately about optical wavelength range. Further, a pseudo gap between 2
"d and

3 rd bands forms when the dielectric/ air matrix has a FCC structure and is largely

unaffected by the refractive index contrast.
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Figure 27. The photonic Band

diagram of a silicon inverse

opal. The top long strip

corresponds to the complete gap

between the 8th and 9 th bands.

The center wavelength of the

complete gap is a/0.79, where a

is the lattice period. The bottom

strip is the pseudo gap between

the 2
"d and 3rd bands. The center

wavelength of the pseudo gap is

a/0.48.

The spectral position and the spectral width of the optical gap depend on the lattice

period (a) and on the relative dielectric/air refractive index (n). The center wavelength of

the complete and pseudo gap is approximately at a/0.79 and a/0.48 respectvely for

silicon/air matrix system. By changing the colloidal microsphere size and hence the lattice

period, the spectral position of the gap (wavelength) can be adjusted. In summary, the



refractive index contrast and the lattice period influence the wavelength of electromagnetic

wave to be inhibited or reflected.

An optical reflectance spectroscopy experiment was done on a close-packed silicon

inverse opal structure 92, figure 28. The reflectivity measurement was conducted in the three

principal directions from wavelength 1.24m through 6.6[tm and the reflectance profiles

resemble to that of the band diagram. Reflectivity was relatively high around the

wavelength of the complete bandgap, especially at the center of the gap. A nearly 100% of

reflectance was achieved in [111] and [100] direction, while only 55% reflectivity was

measured in the [110] direction. Cracks or shorter range order might be the cause for the

lower than expected reflectivity measured in the [110] direction. The reflectivity measured

at the pseudo gap wavelength was close to 100% for [111] direction, which correspond to

L k-space in figure 27.

Figure 28. The measured

reflectance spectra of a silicon

inverse opal structure. The SEM
2 images of the three principal

, surfaces, L [l11], X [100] and K

3 [110].
4

6
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The optical performance of a silicon inverse opal can be compared to that of a

woodpile structure, fabricated with microelectronic technique. Figure 29(a) shows the

experiment result of a widely cited paper 21 and the reflectivity of the 7-layers silicon

inverse opal was between 95% + 5% in the photonic bandgap. On the other hand, Lin et al

r,

E



reported a reflectivity of 90% + 5% in the photonic bandgap for a 5-layer woodpile

structure 93. In this comparison, the optical performance of colloidal photonic crystal is

slightly better and it shows that colloidal crystal has come long way to match the quality of

the traditional photonic crystal made by the microelectronic processing. Over the year, the

improving controls in the defect, crack formation and the reduction disorder in the

colloidal crystal have driven the successful of the colloidal photonic crystal. It may be

argued that the inverse opal has more layers than the woodpile structure, thus giving

superior performance. However, fabricating an inverse opal structure is much more simple

and economical process than the woodpile structure.

CD Edge

w Photoic Band GAp

VB Edge 30

0 20 40 so 8o
inf rlnrd• g A,•r

Wavelength(mn)
5

(b)

Figure 29. The reflectivity

measurement. (a) 7-layer

silicon inverse opal. Arrow

pointing the graph (red line)

of the reflectance. Reflectivity

is 95% + 5% in the gap. (b)

5-layer woodpile structure.

Reflectivity is 90% ± 5% in

the gap.

In addition, figure 30 shows the spectral position (a/X) of theoretical peak

reflectivity versus the experimental peak reflectivity. Ideally, the theory used to calculate

the photonic bandgap or optical performance assumed that the crystal is infinite in size.

Practically, the thickness or the number of lattice layers is finite and a balance must be

resolved. In another experiment, Lopez et a194 investigate the finite size effect of an inverse
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opal structure. Figure 30 shows a plot of the center bandgap (peak reflectance) versus the

number of layer of the inverse opal (at pseudo gap, frequency = 0.605). It was found that

an approximately 40 layers of colloidal particles are needed before it would closely follow

the theoretical prediction of the center bandgap spectral position.

Figure 30. The plot of peak

reflectance spectra as a function of

number of layers in an inverse opal.

The horizontal dashed line is the

theoretical data for an infinite size

structure. The experimental data are

filled circles (silicon) and open

circles (silica).

0 20 40
Number of layers

4.3 Disorder Effect on Optical Properties

The effect of intrinsic disorder introduced during the growth of the colloidal crystal

is discussed next and it has an impact on the optical properties of the colloidal photonic

crystal. Structural disorders, voids or cracks are the light scattering centers. This causes

coherent beam of incident light to be scattered and results in diffused light95

In particular, the degree of polydispersity of the colloidal particles has an impact on

the optical properties. The colloidal microspheres defined the periodicity of a photonic

crystal, and when the sizes of the microspheres are non-uniform, the ordered structure is

disrupted. It was found that polydispersity of >3% the colloidal crystal loses its ordered

structure and becomes randomly packed96. In a computer simulation study, the onset of the

disappearance of photonic bandgap is when the variation in the radii of the microspheres is

more than 2% of the lattice constant 97 . Photonic bandgap is fragile due to the non-

uniformity in crystals.

The inverse opal was found to be fairly robust to stacking disorder 98 . Even in the

event of totally random stacking sequence, the simulated transmission spectrum is able to
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compute the presence of photonic bandgap. The total random stacking disorder manifested

as p ronounced d ips w ithin t he frequencies o ft he c omplete g ap ( 8t' a nd 9 t' b ands). T he

pseudo gap is found to be untouched by stacking randomness due to the weaker effective

perturbation in lower frequencies.

Substitutional point defect or a missing colloidal particle in the crystalline structure

introduces a 1 ocalized m ode i n t he p hotonic b andgap. This creates a m icrocavity w here

light is trapped. This intrinsic defect is an ideal functional block for a photonic integrated

circuit chip, especially for light amplification in laser or signal coupling to another channel

in a resonator coupler. For bulk photonic crystal application, the point defect manifested as

a slight dip in the reflectance spectral 99.

Cracks are commonly observed in a colloidal crystal film. Typically, the crack size

ranges from a fraction to a few microspheres' diameter. The cause of crack formation

during colloidal self-assembly is the solvent drying process where the close packed

colloidal array shrinks further and gives rise to cracks'0 0 . For large area colloidal photonic

crystal application, cracks do not affect the optical properties to a large extent'0 l. This is

especially so for cracks density of <1% (count visually across a surface in a straight line,

number of crack per micropsheres) which is common in the self-assembly process.

However, for photonic integrated circuit application, crack is a great concern where

attenuation and cross-talk would impair signal integrity.

In summary the effect of the disorder on colloidal photonic crystal is listed as

following:

1. Radii fluctuation > 2% of lattice constant

Photonic bandgap ceases to exist in a randomize simulation.

2. Poly-dispersity > 3%.

Ordered structure goes random and no longer in crystalline structure.

3. Stacking disorder

Photonic bandgap stays fairly robust even in total random stacking disorder.

4. Point defect

Localized mode introduces in gap and hence light is trapped.

5. Cracks

Light scatters and bad for signal integrity sensitive application.



4.4 Optical Properties Improvement Techniques

The ability to control of their photonic crystal optical properties accurately is

crucial to realize useful photonic devices. In general, the control of colloidal sizes and

dielectric constants enable the tailoring of frequency of operation in a colloidal photonic

crystal. Besides, intrinsic defects affect the photonic crystal's optical properties in varying

degree as described previously. Studies have shown that crystallization under confined

volume or patterned substrate can produce large area colloidal crystal film free of defect

and stacking disorder.

In application where only small area colloidal crystal film is required, micro-

channel pattern 02 on substrate can be the excellent template-aided self-assembly tool.

Volume confinement of colloidal microspheres in microchannels has shown to give high

quality crystalline colloidal crystal over hundreds of length with a very low concentration

of intrinsic defects. Figure 31 shows the SEM images of the top view of the microchannels,

pillars templates and the corresponding ordered colloidal crystal. Further, crystal size,

shape, and orientation can be controlled precisely using template. The lithography system

need not be high resolution and costly to create patterns for the templated self-assembly.

Figure 31 SEM

images of

templated self-

assembly colloidal

crystals. (a) Array

of micro-channels,

(b) top view of the

S .. crystalline structure

_inside a micro-

channel. (c) Tilted

view of the pillar-

like template at

30', (d) Crystal

.:'i - growth on pillar-

like template.
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Figure 32. Heterostructure

colloidal crystal (a) Schematic

illustrating the fabrication of the

heterostructure film on substrate.

(bc) Top SEM view of the

heterjunction. (c) Reflectance

spectra of individual colloidal

arrays (dashed and dotted) and the

combined heterostructure (solid).

Energy (eV)

A heterostructure colloidal crystal can help to improve the reflectance spectra of

individual crystal array67 . The heterostructure colloidal crystal is made up of alternative

array of different size colloidal particles. Figure 32 illustrates the procedures of fabricating

alternating rows of colloidal crystal of different lattice period using soft lithograpghy.

Figure 32(c) shows the experimental result of the reflectivity of individual arrays of

different size microspheres and the combined heterostructure. It can be concluded that the

optical properties improved for heterostructure (higher reflectivity) due to the result of

adding up the optical properties of individual colloidal crystals.
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4.5 Case Studies

This section discusses on the future development of colloidal crystal applications,

their present shortcomings / advantages and how they can be improved.

4.5.1 Diamond Structure Colloidal Crystals

A self-assembled colloidal crystal with a diamond structure has an even wide and

robust photonic gap22, 103 for an even lower refractive index contrast (n - 2). Figure 33

shows the theoretical calculated band diagram for a diamond structure (refractive index

contrast is 3.6). A complete photonic bandgap exists and the center wavelength is at

approximately a/0.47. Compared with the common inverse opals, the photonic bandgap of

the diamond structure is much wider and more robust. For dielectric spheres (n=3.6) and

air voids, a maximum gap to midgap ratio (Aw/wg) of 15.7% is found, for volume filling

ratio (f) of 37%. Volume filling ratio is the volume of dielectric material divided by the air

volume in a unit cell. Conversely, for the case of air spheres and dielectric filling, Aw/wg

can reach 28.8% at f=8 1%. However, standard self-colloidal method could not produced a

stable diamond structure because of the low filling fraction (36%) occupied by the colloids
104. In a painstaking experiment, nano-robotic attached to a SEM was used to pick and

place single microspheres into designated location of the diamond structure. Figure 33(b)

shows the SEM image of 6 layers of diamond colloidal crystal after long and tedious

micro-fabrication process 05

A proposed method of assembling colloidal microspheres into diamond structure is

through ionic colloidal crystallization (ICC). From Makaly's ICC phase diagram, a

Wurtzite structure can be achieved from ICC, figure 34(b), by controlling the

microspheres' surface charges and ionic strength of the solvent. Using the same dielectric

material for the positively and negatively charged spheres, a Wurtzite can be translated into

a diamond structure, figure 34(d). More research works have to been carried out to find out

the optimal conditions of Wurtzite growth.
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Figure 33. Colloidal crystal diamond lattice. (a) Band diagram exhibits a full photonic bandgap (refractive

index contrast is 3.6). (b) Diamond lattice of silica spheres using nano-robotic pick and place (6 layers).
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4.5.2 Photonic Integrated Circuit Chip

Waveguide is one of the important components in a photonic or all-optical

integrated circuit chip which has attracted huge interest in research. This had created a

microphotonic discipline, which focuses on the use semiconductor technology 106 and

photonic crystal technology for the implementation of the promising all-optical integrated

circuit. Waveguides are analogous to the veins of a body, carrying huge amount of light

signals between computational blocks in a chip. Since waveguide would occupy the most

chip area, it is crucial that it is compact and has minimal signal cross-talk between one

another. This is especially so for large number of waveguides are expected in a Dense

Wavelength Division Mutiplexer (DWDM) system.

A 2D top-down microphotonic waveguide has the lowest degree of processing

difficulty and this structure generated a lot of research activities. This 2D waveguide has a

silicon strip structure on insulator and air space on both sides, figure 35(a). However, there

is an intrinsic leakage of electromagnetic waves in the vertical direction. Signal to these

structures is limited to traverse mode or a converter is needed at the front stage to convert

any out-of-plane signal into traverse mode. The typical propagation loss is 300dB/cm'0 7

and for micro-scale chip the loss is acceptable. The current state-of the-art Silicon on

Insulator (SOI) waveguide achieves a propagation loss 3.6±0.1dB/cm for the Traverse

Electric (TE) polarization by smoothing the sidewalls'0 8, which are the cause of scattering

loss.

Figure 35.

Components for all-

optical IC chip. (a) A

strip SOI waveguide,

(b) Air trench bend.

"

Another important interconnect component is a right-angle turn or a band. Figure

35(b) shows a tilted SEM image of an air trench bend with a bending radius of 10.7jtm.



This bend structure is made up of Silicon Oxynitride (SiON) thin film material. Such tight

bending radius pushes forward the goal of all-optical micro-chip. The propagation loss is

0.1dB/cm' 09, an impressive research achievement.

An even lower propagation loss can be achieved in a top-down 2D photonic crystal

waveguide. This is a SOI device consisting of a silicon photonic crystal slab with Si02

lower cladding layers. As shown in figure 36(c), the photonic crystal contains a line of

missing 'holes' which is the waveguide. The propagation loss is 1.5dB/mm 11

I-'-'
I a)

(b)

Figure 36. Top-down 2D photonic crystal waveguide. (a) Diagram of a Silicon on Insulator (SOI) substrate,

(b)&(c) Diagram and SEM image of a 2D silicon photonic crystal slab with a line defect.

Figure 37. Top SEM view of a double-bend device

(two 600 bends)

Building on the success of the top-down photonic crystal slab waveguide structure,

a high efficient 600 bend is demonstrated. Figure 37 shows a SEM image of a double-bend



waveguide used in the bending efficiency experiment. A near 100% bending efficiency is

observed at certain frequencies at the edge of the photonic bandgap"' (near the valence

band edge). The bending radius is 1 ktm at a wavelength of 1.55 ktm.

A top-down photonic crystal drop filter" 12 was demonstrated and it could be

adopted for use in optical multiplexing. Figure 38(a) shows the schematic for drop filter

operation. A signal with multiple frequency components or channels is fed into the Bus

waveguide. One of the frequency components could be extracted by designing the optical

resonator to match the frequency of that desired channels. In resonance, the desired

channel is 'dropped' and ceased to exist in the Bus waveguide, it will appear on the Drop

waveguide. Consequently, the desired channel can be extracted on the Drop waveguide and

this drop filter behaves as a demultiplexer.

Bus

Optical Resonator
System

Drop

-- - -

Cavity (1.0W) (b)

2D Photonic Crystal with
waveauides and resonance cavit

(a) Figure 38. A Drop filter. Frequencies:fl,

f2,f3 are the input and fed into a Bus

waveguide.f3 is 'dropped' by the cavity

and fed into the Drop waveguide. f3 can be

extracted from input signal. (b) Top view

of an add / drop filter, (c) The measured

transfer efficiency of the dropped signal.

(c)

80%
extraction

0.8

Bus Line 0o 6sw(0.65W) .

S0.4

Drop Line 0
(0.65W) 0.2

0
Wavelength jnmJ

This demultiplexer structure on a single chip is useful for extract a single desired

wavelength from a DWDM signal. The DWDM signal is fed into the Bus waveguide as

shown in figure 38(b). A desired single wavelength (channel) can be extracted from the
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DWDM signal by tailoring t he geometries o ft he drop filter. T he desired w avelength is

then transferred from the Bus to either in the forward or backward propagation direction of

the Drop waveguide. It w as shown that cross talk between the bus and the drop for all

other frequencies was suppressed. Proving the add/drop filter theory on a physical photonic

crystal material, Notomi et a1"3 fabricated waveguides, resonators and coupling

components in a two-dimensional photonic crystal slabs. This device was built on a Silicon

on Insoulator (SOI) photonic crystal slabs with SiO 2 lower cladding layers. Figure 38(b)

shows the design of their 4-port channel drop filter, the resonator is a short line-defect with

a width of 1.0 W and the Bus/Drop lines with a width of 0.65 W. The width dimension is

closely related to the signal wavelength of interest. The measured transmission spectra

show that dropping efficiency is approximately 80%, figure 38(c). The photonic crystal is

subject to fabrication introduced defects and manifested as light scattering or signal

attenuationl 14

A three-dimensional photonic crystal that exhibits a complete photonic bandgap

can avoid out-of-plane radiation loss 115. Figure 39 illustrates a woodpile photonic crystal

with an air line defect in the center of the 3D structure. Through simulation, single-mode

transmission is supported in the stacked-bar structure by removing one stripe. Signal

confinement is improved tremendously and there is no intrinsic signal leakage in the

vertical direction" • . On implementing a woodpile bend structure, strip is removed from a

stack and another perpendicular strip is removed from the stack underneath. Signal

transmission through the bend is computed to be approximately 95%. The bending

efficiency is less than a 2D structure and need to be improved on. Further, the top-down

processing steps for stacking structure are tedious and fabrication cost is high.

Self-assembly of colloidal crystal has the potential to offer a simpler and cost-

effective approach to create a 3D waveguide structure. It is a compromise between the 2D

and 3D top-down waveguide structures 117 as shown in figure 40. The array of colloidal

spheres can be etched away using photolithography/etching, electron-beam lithography or

multi-photon polymerization as explained in the previous section The array of missing

spheres is then filled with a resist and the crystallization is carried out on top. Next, the

resist is then etched away and the opal is sintered to create necking between spheres.

Germanium (n = 4.1) film is deposited on the opal. The opal template is removed by



calcinations or wet etch. Finally the filled channel can be etched away, leaving behind a

chain of air spheres, refer to figure 40. The waveguide is a chain of air spheres in the center

of an inverted germanium-shell opal.

A .~
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Figure 39. (a) A 3D Woodpile Photonic Crystal waveguide with a line defect. The photonic crystal continues

to pile above the line defect to confine electromagnetic wave. (b) Sharp bend crossing adjacent layers.

Figure 40. A waveguide made up of array of

missing air spheres in the center of an inverted

germanium-shell opal.

The inverted germanium opal has a complete photonic bandgap between the 8 th and

9 th band since n > 2.8. The bandgap reflects electromagnetic wave coming in any

directions as long as the wavelength is within the bandgap. An electromagnetic wave of

frequency within this bandgap is able to travel along the chain of spheres due to multiple

reflections as it propagates. This is analogous to light travelling in an optic fiber due to

total internal reflection. Through computer simulation, the chain of air sphere through a

inverted Ge-shell opal creates a localized mode in the bandgap between the 392th and



393th band"7 . The localized mode supports wave propagation. Further, there is no surface

mode found for a chain of air spheres line defects. The absence of surface modes suggests

the waveguide should exhibit a very low propagation loss' 1 8. However, the performance is

still limited by intrinsic defects. Finally, it is found that the structure can be optimized to

achieve a bandwidth of 113 nm at 1.5 um wavelength through air sphere size optimization.

Emgure 41. ALI IC •I Y
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Figure 41 illustrated a plot of the level of signal confinement in the various

waveguides discussed previously and the degree of processing level required to fabricate

them. Both the 2D structures are low in signal confinement and low in the fabrication

difficulty. On the other hand, the 3D woodpile waveguide structure shows superior signal

confinement capability, but the processing steps are more complicated. A single stack

woodpile structure needs thin film deposition, pattern & etch, thin film deposition again,

chemical-mechanical polishing (CMP) to smoothen surface and the cycle repeats for

multiple stacks. The inverse opal waveguide offers a compromise between the two

extremes, giving a relatively higher signal confinement and lower processing requirement.

The inverse opal waveguide device need a lithography and etch step in between two

colloidal self-assembly processes. Hence, a channel making up of a chain of air spheres

can be enclosed in a 3D structure. Finally, the opal undergoes an infiltration procedure to

transform into an inverted opal with a complete photonic bandgap with a localized mode.
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In order to realise a photonic integrated circuit chip, several monolithic components

are needed besides a waveguide. They are filters, switches, modulators, resonators, bends

and lasers. These consist of passive and active functional blocks that control the flow of

light (signals) in a photonic integrated circuit. A photonic integrated circuit chip is only

good if there is an interface to the outside world. Looking at its input and output, a

photonic integrated circuit is fed by an optics fiber and the manipulated signal exits

through an optics fiber eventually. A fiber-to-waveguide is the essential part of a photonic

integrated circuit system. In microphotonic, there is a fiber-to-waveguide (and vice versa)

coupler solution and it was reported to have an insertion loss of 1.9dB at wavelength

1.54pgm, figure 42.

The research in top-down type of photonic devices has progressed far as can be

seen in figure 42. Today, much of colloidal integrated circuit specific devices are still in

infancy stage, there is a lot of considerations on the pursue of the colloidal integrated

circuit. The discussion on the disorder in section 4.3 has shown that the optical

performance of an inverse opal waveguide is still limited by the intrinsic defects form

during growth. As a conclusion, the colloidal photonic crystal should be pursue as a bulk

photonic crystal application (for example: reflectors, optical switch, bio-sensor), which

was shown that it is inherently robust against stacking disorder, cracks and voids. The

following section discusses some example of bulk photonic crystal product and other non-

photonic applications.
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4.5.3 Optically Excited ZnO Laser

In the recent years, Zinc oxide (ZnO) has generated a huge interest in research due

to the potential use of ZnO for blue lasers and also as a transparent conductive electrode in

thin film solar cells and flat panel displays' 19. ZnO has a wide, direct electronic band gap

(3.3 eV). With a shorter wavelength emission, it is ideal for blue and ultraviolet spectral

semiconductor lasers. Potentially, ZnO laser can find applications in high-density optical

data storage.

In additional, ZnO materials are ideal for making microelectronic devices. Since

ZnO has wide band gap, it minimizes the leakage currents due to thermal variation in

microelectronic devices. Other properties of ZnO include: high chemical and thermal

stability, large mechanical strength and large piezoelectric coefficients 120

The main advantage of ZnO is its high binding energy of the free exciton. The

binding energy of the free exciton is about 60 meV at room temperature. A high binding

energy of exciton enables one to realize room temperature excitonic devices. For example,

good exciton devices have superior photoluminescence property1 2 1. Hence, ZnO is an

efficient emission material at near-UV wavelengths.

ZnO infiltrated into a colloidal crystal is investigated for any novel photonic crystal

applications 22. Here, ZnO was infiltrated into polystyrene (PS) colloidal crystal template

by chemical vapor deposition (CVD). Next, the PS microspheres were removed by

calcinations and the final structure is a ZnO inverted opal. ZnO has a refractive index

ranges from 1.9 through 2.2. A pseudo gap can still be achieved for the ZnO inverse opal

and approximately 40% reflectance can be achieved, figure 43.

In a lasing experiment, the ZnO inverse opal [11 1] surface is optically pumped by a

white light source with variable wavelength' 2 3. Figure 43 shows the reflection spectral and

lasing emission for various microspheres' sizes. In the figure, indicator R1, R2 and R3

correspond to the first order Bragg peak, second main peak, and the third main peak

respectively. Indicator L corresponds to laser emission peak. The laser emissions peak at

near-UV spectrum. The authors suggested that the lasing mode occur at the higher order

flat band region where the group velocity is abnormally low. The reduced group velocity

helps in confine light effectively and it enhances emission. The emission width of lasing



peaks ranges from 0.1 - 0.3 nm, exhibiting strong delta function. The output beam is

highly directional with divergence angle of 60.
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Figure 43. Reflection and lasing spectra of ZnO
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The advantage of inverted ZnO opal for laser application over other ZnO laser

implementations is the ease of fabrication. These other laser implementations include the

growth of Z nO quantum dots that required very precise control. On the other hand, the

colloidal crystal offers a periodic template on which ZnO can be deposited on easily.

Further, because of the unique flat band characteristic in photonic crystal's band diagram,

the low group velocity helps in confining light. Thus, the inverted opal structure becomes a

gain medium for lasing. The ultimate goal of the inverted ZnO opal research is to achieve

an electrically pumped laser.

ZnO has a piezoelectric property. Potentially, inverted ZnO opal, with its porous

scald-fold structure, can be used for sensitive displacement sensor or an electrically driven

actuator. This could be an interesting application to explore on. However, the piezoelectric

effect of the as-grown amorphous ZnO has to be determined for its effectiveness in sensing

and actuation. In an optical switch example, an applied voltage across the inverted ZnO

opal causes it to expand and contract due to piezoelectric effect. Consequently, the lattice

parameter o ft he inverse o pal c hanges and thus, t he c hanging b andgap spectral 1 ocation

could allow light to pass or not.
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4.5.4 Superprism

Previously, anomalous dispersion characteristic near the band edge or near to flat

band was used to slow down the speed of light, improve light confinement in a laser gain

medium. This greatly improved on laser emission efficiency. Here, the dispersive nature of

certain regions of the band diagram can demonstrate other interesting phenomenon:

Superprism effect. Dispersion is simply defined as different wavelengths of light get slow

at a different rate due to the refractive index dependence on wavelength. This creates a

spatial spread of light into different colors as it enters a dispersive medium at an angle.

Kosha et a1124 demonstrated that the dispersion of light in a photonic crystal was 500 times

stronger (in their experiment) than the dispersion in conventional prisms, figure 44.

Superprism is based on the anomalous dispersion of photonic crystal near band edge or flat

band region to control the propagation of light.
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sensitivity. In another experiment 2 5, an angular spread of about 10 degree as the incident

wavelength is changed from 1290 nm to 1310nm. The angular dispersion is approximately

0.5 degree / nm. In the colloidal crystal superprism studyl 26, it was found similarly that

superprism effect takes place edges of pseudo gap and neat to flat bands regions exist. The

superprism effect can find many applications in beam splitter, beam steering, WDM filter

and optical de-multiplexer. The only problem is the high loss in output beam intensity that

needs to be addressed before useful devices can be realize.

4.5.5 Solar Cell

In 1991, O'Regan et a1127 reported a widely cited paper on the use of dye-sensitized

Titanium dioxide (TiO 2, titania) film for efficient light harvesting. This is commonly

known as Gratzel photoelectrochemical cell. The cell consist of an electrolyte and two

electrodes. TiO 2 film is grown on the cathode. The TiO 2 particles were a few nanometers

in size and were coated with a monolayer of charge-transfer dye. Because of the high

surface area of the semiconductor film, the sensitized TiO 2 showed a promising light-to-

electric energy conversion of 12% in diffuse daylight condition. This selling point of this

work is in the low cost implementation. The current small scale sample limits in the

amount of energy conversion, it is expected to have an even high conversion efficiency for

larger cell. In the advent of growing energy cost and demand, this could be the future

electricity generator and would be more commercially viable than the present expensive

photovoltaic devices.

Dye-sensitized TiO 2 inverted opal solar cells are a promising alternative to

conventional photovoltaic devices based on p-n junctions 128. It consists of a highly porous

wide-band-gap semiconductor with a liquid ionic conductor. Electrodes connect them to

external electric circuit. The dye harvests the solar energy and injects photoexcited

electrons into the TiO 2 inverted opal. The high porosity of the inverse opal structure gives

a high surface area than a laminar device. This helps in the higher charge injection

concentration.

The low group velocity near the band edges and flat bands regions help to confine

light in an inverse opal material. The inverse opal can be tuned so that it confines the



electromagnetic wave spectral, which can be easily absorbed by the photo-senistive dye.

Photo-generated carriers were observed to be higher due to the light confinement

property 29. Further the use of smaller colloidal microspheres (typically with a diameter

smaller than 150 nm) causes the formation of photonic band gap in the UV spectra range.

Consequently, incident visible light (not reflected by the gap centered in UV spectra range)

is able to penetrate the inverse opal and be absorbed by the dye.

On another use of colloidal photonic crystal in solar energy harvesting is trapping

light between conventional solar cells. Colloidal photonic crystals have excellent reflection

quality and they can be place on both sides of solar cell to bounce light back and forth to

improve on energy absorption and efficiency in a solar cell. Colloidal photonic crystal film

is inexpensive to process, and they make excellent reflection coating for light trapping in

solar cell.

4.5.6 Other Non-Photonic Applications

An inverted opal made up of acrylamide polymer can be used as a humidity sensor
130. The acrylamide hydrogel is hydrophilic and has excellent water absorption. When the

humidity increases, the hydrophilic acrylamide hydrogel absorbs water and undergoes

swelling in all direction due to structural changel 3 1. This swelling causes the spacing

between a ir spheres t o i ncrease. B y Bragg 1 aw, the reflectance s pectrum p eak s hift i s a

result of the change in the lattice parameter. Observable change in reflectivity starts after

about 10 seconds later. Hence, by monitoring the reflectance peak, humidity can be

measured.

Figure 45. A change in humidity,
Light source glucose concentration or pH level

Inverse Opal Hydrogel leads to the change in lattice spacing.
By Bragg's law, the angle of

reflection changes. The degree

Detector humidity, glucose concentration or

Detector pH level can be measured by

monitoring in the change of
Condition changes

reflection peak



An inverted opal made up of glucose-sensitive hydrogel can be used as a glucose

sensor 32. Phenylboronic acid is infiltrated into the voids of the colloidal crystal. The

inverse opal forms by a template removal process. The reaction between the phenylboronic

acid functional group and the 1,2-cis-diol glucose causes the inverse opal to swell

reversibly. Similarly with the previous optical monitoring, glucose can be detected. From

experiment, the response time is between 5 to 45 seconds depending on glucose

concentration.

An inverted opal made up of pH-sensitive hydrogel is used to implement a pH

sensor133.The hydrogel is synthesized with a mixture of 2-hydroxyethyl methacrylate

(HEMA) and acrylic acid (AA). Like before, the inverted hydrogel opal swells in volume

when placed in an ionic solution due to Donnan potential and unexplain polymer-water

interaction. Consequently, the pH-sensitive hydrogel invered opal exhibits pH-dependent

shift in the reflectivity peak. However, the effect of optical property change takes place in

a lengthy 1200 seconds due to slow chemistry equilibrium change. More research works

are expected to fine-tune the process.

4.6 Summary of Assessment

The case studies presented thus far are some of the exciting applications of

colloidal crystal. The assembling of colloidal particles into ordered structure has generated

significant interest because of numerous potential applications that can be derived from the

porous template. Other applications that are not covered include the use of monolayer of

colloidal crystal film as a non-lithographic nano-scale masks, the 3D porous structure as

catalysts, chemical filters and battery electrodes.



Table 1. Advantages and disadvantages of colloidal self-assembly for photonic application

Advatanges

1. Forms 3D ordered structure

naturally.

2. Tailors the lattice

parameters and material

properties.

3. Fabricates using simple

equipment and in parallel.

4. Infiltrates to implement

application specific

devices.

Disadvantage

1. Intrinsic defects are

inherent during growth.

2. Light scattering due to

defects.

3. FCC colloidal crystal

restricts the choice of

infiltration material for

complete photonic

bandgap.

Self-assembly of colloidal crystal is a simpler and low cost method to create a 3D

periodic structure. The shortcomings are intrinsic defects such as missing microsphere and

cracks in the colloidal crystal are inherent. Such defects are light scatter centers in photonic

application and they translate as signal propagation loss, see figure 46. However, all the

evidences presented thus far have shown that the photonic bandgap is robust against such

defects. Table 1 lists the advantages and disadvantages of colloidal self-assembly for

photonic application.

(a) No crack (b)Cracks

IS E

Light scattering

Figure 46. Diffraction experiment

demonstrating the effect of light

scattering as signal propagation loss.

The white objects in pictures are

inverse opal sample attached to a

holder. The diffraction pattern is in the

background. (a) Diffraction pattern is

sharp for no crack, (b) diffraction

pattern is fuzzy when there is cracks

in the inverse opal, due to more light

scattering.
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Colloidal crystal is best utilized in its bulk form, taking advantage of the ease to

form 3D structure under natural process, for example sedimentation. Lithographically

defined colloidal crystal device (waveguiding application) adds to the cost of production.

In the case of waveguide structure, intrinsic defects in colloidal crystal still limit the

transmission capability and further, it will be not cost-competitive to complete with top-

down fabricated waveguides. Self-assembly bottom-up method for photonic integrated

circuit is in the infancy stage. On the other hand, the research on top-down 2D photonic

crystal and silicon micro-photonic devices is pursued for many years and with great result.

In the research on photonic integrated circuit, the top-down research has progressed far and

many functional blocks are now in place, figure 47. The remaining works to realize a truly

top-down all-optical integrated chip are on-chip laser, optical switch and optical modulator

(Kerr effect).

Nevertheless, the bulk colloidal crystal or the synthetic opal is attractive option to

achieve 3D periodic structure for the study of photonic band structure effects in the

infrared, near-infrared, and visible wavelength regimes. In the case studies discussed, the

bulk colloidal crystal can turn into application-specific inverse opal by materials

infiltration. They are the high-speed optical switch, optically excited laser, solar cell, pH,

humidity, glucose sensor and the list can go on limited by imagination. All these are

possible due to the favorable attributes or characteristics of an photonic colloidal crystal :

1. Self-assembled (Simple, low cost)

2. Ordered template (PhC, Sensors)

3. Photonic Bandgap (EM wave filter)

4. Dispersive Band edge (superprism)

5. Flat bands or band edges (slow group velocity, light confining)

6. Large surface area (catalyst , semiconductor devices)

7. Large porosity (filter, catalyst )



Top-down Photonic Integrated Circuit

Bottom-up Photonic Integrated Circuit

D waveguide
(in theory)

Preliminary
research

Figure 47. Analysis on the progress and impact of top-down versus bottom-up photonic integrated circuit.



5.0 Cost Analysis : Self-assembly of Colloidal Microspheres

5.1 Market Survey: Photonic components

In a network survey made in 2005134, it was reported that the photonic industrial

has underwent a consolidation phase since 2001, the burst of the Internet bubble. About

75% of the photonic component manufacturers had either merged or closed down. Figure

48 shows the sales of the optical network equipment and optical discrete components for

the past 8 years. Years leading up to 2000 saw the great rise in the sales of optical items

due to the need for high-speed telecommunication to meet the bandwidth demand for ever

increasing Internet's users. After which, the Internet bubble burst and resulted in the

dramatically fall in the sale revenue.
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Figure 48. Sales of the optical network equipment and optical discrete components between 1998

through 2005, Communication Technology Roadmap (CTR) 2005.

In the Communication Technology Roadmap (CTR) 2005 report 135 , the 2006

forecast combined sale of the optical network equipment and discrete components is

predicted to be in the region of $15 billion. In particular, the target market for optical

discrete component is estimated to be $2.5 billon market. Hence, a chunk of this $2.5

billion market could be the potential market for the proposed photonic crystal devices.

Further the growth of optical discrete component is expected to reach $5.7 billion by the

year 2009 (Average annual growth rate 18.2%). This high growth sector is expected to



boost the demand of optical component, and hence photonic crystal devices are well

positioned to capitalize on the forecasted upward trend.

Inverse opal is able to filter out (reflecting) selected band of frequency and

transmitting other frequencies. This is ideal replacement for a monochromator, a common

optical component that transmits a narrow band of wavelengths of electromagnetic wave.

The monochromator can manually select the band of signal by mechanical adjusting the

arrangement of gratings and prisms. Hence it can be seen that such devices are bulky and

expensive ($20k a piece). The compact opal reflectors can be a great low cost solution.

5.2 Market Survey: Photovoltaic

According to the U.S. Department of Energy, the global photovoltaic market was

estimated to about a $4 billion in 2004136. The photovoltaic market is expected to grow on

an average of 20% to 25% a year due to rising environmental awareness and increased

energy needs. On top of it, there is a global shortage' 37 of processed silicon for the

photovoltaic industries due to competition from the booming semiconductor sector. Novel

materials that can potentially replace the silicon material is good news for photovoltaic

industries. For example, dye-sensitized titania inverted opal. Colloidal photonic crystal's

research in solar cell could alleviate the rising need for alternative energy and silicon

material shortage in the future. Figure 49 illustrates the decline trend of photovoltaic price

per watt generated and this could be a benchmark for colloidal photonic crystal cost

analysis.
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5.3 Inverse Opal Frabrication Procedures

In this cost analysis, the colloidal crystal template or the synthetic opal is fabricated

using widely cited bottom-up method known as the isothermal heating evaporation induced

self-assembly (IHEISA 138). In essence, this is a vertical deposition where heating element

is in place to maintain proper temperature control, humidity control and convective flow.

As reported, the rapid IHEISA method gave a very high quality silica colloidal crystal film

on a substrate.

The crystallization of the colloidal particles on a glass slide is performed in a

suspension of silica colloids (500nm diameter) and ethanol in a vial. Before, the glass

slides are prepared with Piranha clean for improved adhesion with the colloidal crystal.

The vial is placed inside an isothermal ethylene glycol bath and the temperature is kept at

800 C. Convective flow is induced by heating to keep the microspheres suspended at the

meniscus while ethanol evaporates. The deposition rate is approximately 2 mm/h.

Typically, 5-10 sphere layers film is deposited for silica microsphere concentration of 4-7

wt-% suspension. After dried, the colloidal crystal is sintered to create necks between silica

spheres (3hours at 950 0 C for silica; 5minutes at 105 0C for PS). These necks provide links

between the microspheres and it enables effective chemical etching of the silica template

throughout the crystal.

5.3.1 Infiltration of Silicon through LPCVD

Disilane (Si 2H6) is a common precursor for depositing poly and amorphous silicon

(Si) films in a LPCVD. Here, this method is used to infiltrate the synthetic opal in order to

create a silicon inverse opal1 39, following by a calcinations process. Here, the cost of

setting up the LPCVD process and the deposition of silicon are modeled. Since the growth

recipe is not commonly disclosed in the literature, the effort here is to get an estimated cost

of filling the voids of an opal using silicon through systematic steps.

From a paper describing the LPCVD process1 40 , the reported growth specification

is: 150 angstrom/min of Si, 500'C, disilane 2.5 sccm, 1 torr. To convert the Si 2H6 flow rate



in term of weight per unit time, the density of Si 2H6 has to be determined. The idea gas law

is employed t o c alculate t he m olar volume o f S i2H6. T he a ssumption o f an i deal g as i s

nearly valid due to the LPCVD is a relatively low pressure and high temperature process.

Consequently, the molecules are wide apart and the ideal gas assumption is appropriate.

Since, the standard flow rate of disilane is given (STP: 273k, l atm), to conform to this

standard, the molar volume is

- RTV=--
P

L atm
0.08205--- x (273k)

k. mol
latm

= 2.23 x 104cm 3 /mol

where R, T and P is ideal gas constant, temperature and pressure respectively.

The density is the molecular mass of Si2H6 (62.22g) divided by the molar volume:

62.22g/mol
2.23 x 104 cm 3 /mol

= 2.79 x 0-3 g/cm-3

To convert the flow rate into weight per unit time:

Flowrate = 2.5sccm

= 2.5cm-3 /min x 2.79 x 10-g/cm -3

= 6.98 x 10-3g/min

From simulation, the maximum photonic bandgap can be obtained when there is

about 90% - 97% of void filling, leaving interstitial air voids between the colloidal

microspheres 3 9 . Further, Blanco et al had shown that an 88% infiltration of Si into

available opal template voids c ould result in a reasonably w ide b andgap' 39 . In this cost

analysis, 100% infiltration of voids is targeted for ease in calculation. Figure 50(a) shows

(100) surface of a synthetic opal and the resulting infiltrated structure after calcination. It

can be shown that the air void in (100) plane is the largest and the dimension is determined



next for the worst-case deposition duration needed. Other planes are observed to have

smaller air voids.

(a) (b)

I:4

~41

(d) 1000nm(c)

m

Figure 50. (a) The SEM image of the (100) surface of a synthetic opal, the microspheres have an average

500nm diameter. (b) The air voids are infiltrated with silicon and the colloidal microspheres are etched away.

The final structure is an inverse opal with silicon matrix and air spheres. (c) A diagram of hard spheres in

contact without the annealing process. This approach gives the largest possible air void dimension. (d) The

air voids have an average of 414nm in length.

As shown in figure 50(d), an average length of 414nm air void has to be filled by

the LPCVD process assuming no sintering process. Since LPCVD infiltration is an isotopic

deposition process1 41, the deposition of silicon on the colloidal microspheres is about half

of 414nm thick. Adding a safety margin to the deposition, the required silicon deposition

would be 400nm layer thick for 500nm diameter colloidal particles. This would be

sufficient to infiltrate all air voids at all planes of the synthetic opal. For a growth rate of

150angstorm/min, total time is estimated to be 30min (=400/15). Because the growth



parameters' 40 are for thin film growth, a safety margin of thrice the length of duration is

added to ensure the 3D voids are completely filled. Total time of LPCVD is planned for

120min. Next, the silica template is etched away using 1 wt-% of hydrofluoric acid (HF)

aqueous solution.

5.3.2 Infiltration of Silica through Sol Gel

The synthetic opal (Polystylene microsphere) is deposited and sintered similarly as

before. The opal is infiltrated with Silica sol1 42. The silica sol is made up of tetraethyl

orthosilicate, ethanol, and HC1 solution. The sol is stirred for 4 hours and is poured over

the opal template next. The sample is let dry for 12 hours. Finally the opal is calcined at

500 'C for 6 h to decompose the PS microspheres.

5.3.3 Infiltration of Zinc Oxide by Chemical Deposition

The colloidal crystal (silica microsphere) is deposited and sintered similarly as

before. The colloidal crystal template is infiltrated using chemical deposition of Zinc

Nitrate Hexahydrate (Zn(NO3)2 * 6H 20) solution' 43. The deposition is carried out in a

thermal bath at 60 'C for 1.5 hour. After which, the samples were heated in a furnace at

550 oC for 2 hours. This is to decompose the zinc nitrate into zinc oxide. The deposition

step is carried out for several times and the weight of the sample is checked after the heat

treatment. The whole process ends when there is very little incremental gain in weight.

Hence, the voids are said to be fully filled.



5.4 Cost Analysis for Inverse Opal Fabrication

Based on the fabrication procedures outlined above, the cost of the material and

equipment used in a laboratory setting are computed for the inverted silicon, silica and zinc

oxide opals. These opaline materials are frequently quoted in many published papers for

the studies in photonic bandgap and optical properties. The unit cost of raw materials and

the retail price of equipment are sourced from fellow colleague 144, Aldrich Online

Shopping Web and internet search result. The cost of equipment is computed from a linear

annual depreciation cost from it predicted useful life. Appendix 1-3 listed the fabrication

procedures and cost clearly. The batch size for the fabrication is 10 glass slides (3" by 1").

The equipment used in the cost assessment are the Furnace, Thermal Bath, Mixer, Low

Pressure Chemical Vapor Deposition (LPCVD) and the consumables.

The breakdown of the fabrication cost in a laboratory for a 1" by 1" sample is

Table 2. Summary of cost (Appendix 1-3) (1" x 1" sample)

Inverse opal Infiltration Material Cost Equipment Cost Total Cost

material method ($) ($) ($)

Silicon LPCVD 7.91 0.44 8.35

Silica Sol Gel 5.87 0.21 6.08

Zinc Oxide Chemical 3.62 0.27 3.89

Deposition

As shown in the appendix, the cost of preparing synthetic opal is roughly the same

for all the three different materials infiltration. For the case: inverted silicon opal, it is

made by the infiltration of disilane gas in a LPCVD process. Comparing with silica and

ZnO total cost, the inverted silicon opal is a more costly product in this assessment. This is

partly because the silicon infiltration uses a LPCVD, which is a costly equipment. On the

other hand, silica and ZnO uses sol gel and chemical deposition infiltration process

respectively with no complicated tool.

To do a quick incremental cost model of implementing lithographically-defined

colloidal photonic devices, such as an inverse opal waveguide, the cost of the



photolithography system or the electron-beam lithography can be added to the figures

above. The cost of equipment and usual cost per batch run are computed in appendix 2.

Photolithography system 145 is estimated to be $10M for resolution 0.25ptm and the mask is

estimated to be $15k. Production is estimated to be 45min per batch, and total number of

10000 batches is used to account for the mask cost. Besides, the photoresist and etching

cost are estimated is the cost analysis. Meanwhile, the electron-beam lithography' 46 is

estimated to be $6M for resolution 0.25tim and it is a maskless process. Production is

longer due to serial scanning and it is estimated to be 3 hour per batch.

From appendix 4, the incremental costs of lithography equipment for a 1" by 1"

sample are

Table 3. Summary of equipment cost (Appendix 4) (1" x 1" sample)

Equipment Cost ($)

Photolithography system 4.35

Electron-beam lithography 7.18

As listed in table 3, the incremental cost of using lithography equipment is about 10

to 35 times higher than the equipment cost in table 2. For the total cost, the material cost is

expected to raise due to the additional crystallization procedures following the

lithography/etching. The total cost of creating extrinsic defects in an inverse opal device

for 1" by 1" sample is estimated to be:

Table 4. Estimated cost of patterning the inverse opal (1" x 1" sample).

Description Cost ($)

Waveguide in a inverse opal $10 to $20

(1" by 1" glass substrate)

Taking the averages of table 2 and table 4, the average cost of fabricating bulk and

patterned inverse opal in a laboratory is estimated to be:



Table 5. Estimated cost bulk and patterened inverse opal (1" x 1" sample).

Description Average Cost ($)

Bulk inverse opal $6

Patterned inverse opal $15

From table 5, the cost of making patterned inverse opal is more than twice to that of

bulk inverse opal. Moreover it was shown earlier that the optical properties of such

lithographically patterned inverse opal devices are limited by the intrinsic defects.

The cost assessment is based laboratory techniques on the technical papers

published in international journals. They are not necessarily the optimized techniques for

the most cost effective way of producing inverse opals. Nevertheless, the cost figure gives

a guide on the continual optimization in cost, time and fabrication technique in the future.

The bulk of the cost lies in the material and it should be optimized for cost effectiveness.

The actual cost for industrial optimized processes would probably cut down 50 - 70 % on

the laboratory work due to economies of scale and higher efficiency. In the advent of soft-

lithography, the cost of fabricating patterned inverse opal may reduce due to use of simple

and less costly tools.

5.5 Cost Analysis for Top-down 2D Photonic Crystal Fabrication

Liegl et a 1147 discussed on a typical m icroelectronic fabrication cost. For feature

size 0.19tm o f 8 " wafer technology, t he total c ost p er wafer i s $ 19.20 (memory c hip).

Taking into consideration of that in a photonic crystal device, there is less processing steps

required because metallization, via interconnects, high-quality gate oxide and the like are

not required. On the other hand, the bulk of the cost lies in the need for advanced

interference lithography to give high-quality ordered dielectric structure for photonic

crystal. Besides, the volume of photonic crystal devices is expected to be much lower than

the production of memory chips, which are ubiquitous in digital products. Since the

photonic crystal devices are not expected to enjoy much of the economies of scale, their



manufacturing cost would be higher. Hence, the cost of manufacturing is estimated to be

$80 per 8" wafer. Table 6 shows the estimation of the overall cost per 1" by 1" sample in

an industrial production setting.

Table 6. Microelectronic manufacturing cost analysis

Description Estimate Cost ($)

Front end fabrication (per 8" wafer) $80.00

1" by 1" die (assume 40 dice after $2.00

yield loss)

The manufacturing of top-down 2D photonic crystal is estimated to be $2.00 per 1"

by 1" sample. This exercise approximates the real industrial cost as much as possible. This

gives a rough guide on how the manufacturing cost of colloidal photonic crystal need to be

in order to complete with the top-down photonic crystal commercially.

Colloidal self-assembly can be proposed as a Low-Cost Micro-fabrication model to

create bulk photonic devices. The micro-fabrication work can be carried out in a regular

laboratory work space. Clean room facility is not needed to carry out micro- or nano-scale

device fabrication. Using simple bench-top chemistry, colloids of wide range of sizes can

be synthesized using low cost equipment. For topological confinement of colloidal

particles, templated substrate, using soft lithography4 2, can be implemented for colloidal

self-assembly.



6.0 Conclusion

Photonic crystals has a unique property in which ranges of electromagnetic wave is

prohibited to propagate. By tailoring the structure of the photonic crystal, the flow of light

can be molded. Colloidal crystal is investigated and assessed for implementation as a

photonic crystal.

The self-assembly of colloidal particles into synthetic opal is spontaneous and it

can be aided by many techniques such as electrophoresis, topological confinement and

ionic colloidal crystallization. The synthetic opal has a close-packed ordered structure and

can be use as a template for fabricating a colloidal photonic crystal or commonly known as

inverse opal. An inverted silicon opal has a complete photonic bandgap and is suitable to

form a waveguiding structure by a lithographically and etching process. The goal is to

achieve a photonic integrated circuit made by inverse opal. However, the analysis shows

that it is more technically and commercially viable to implement bulk colloidal photonic

crystal applications rather than lithographically-defined types. This is because its optical

performance is limited by intrinsic defects and the strong competition with existing top-

down micro-photonic devices.

The use of bulk inverse opal structures shows promising results for implementing

other applications. The bulk inverse opal is inherently robust against stacking disorder,

cracks and voids. Potentially, they are useful for implementation in areas of where the

unique characteristics of photonic crystal could be capitalized. High reflectivity due to

photonic band-gap (reflector), spatial spread of light due to dispersive bands (superprism),

slow group velocity due to flat bad (light confinement) and high porosity material (catalyst

or chemical filter). In cost analysis of a 1" by 1" sample, the estimated cost of making bulk

and lithographically-patterned inverse opal is $6 and $15 respectively in a laboratory. With

data from industrial sector, the estimated cost for a top-down fabricated micro-photonic is

$2. If carried out commercially, the fabrication cost of inverse opal material can be

optimized to meet the competition of top-down photonic micro-photonic devices. In a

market s urvey, t he 1 ow-cost a nd v ersatile i nverse o pals a re w ell-positioned t o c hallenge

existing mechanical optics components and address the raw material shortage in

photovoltaic industries.



Appendix 1A: Fabrication of Inverted Silicon Opal (material cost)

No Description Unit Cost ($) Batch Cost ($)

1 Batch = 10 glass slides (3" by 1")

1 Piranha Clean

Batch clean (400ml H2SO4, 200ml H202)
la) Glass slide (75 * 25 * 1mm), 72 pcs, Lab Scientific 3.90 0.54
Ib) Sulphric acid (H2SO4) 95-98%, 258105-6X2.5L (Aldrich) 463.54 12.36
Ic) Hydrogen Peroxide (H202) 35%, 1 Gallon () 150.00 7.93

Batch rinse (3000ml DIW, 50ml Ethanol)
Id) Deionized water (DIW), 1000 Gallon 15.00 0.01
le) Ethanol, semiconductor grade, 40210-2.5L 121.00 2.42

2 Self-assembly of Silica Colloidal Microspheres

Disperse suspension (0.6ml Silica, 500ml Ethanol): 1 batch
2a) Silica spheres (0.5um-1.6um), 15ml 315.82 12.63
2b) Ethanol, semiconductor grade, 40210-2.5L 121.00 24.20

Thermal bath 80C (300Watt), growth rate 2mm/h
To growth 75mm: Time=37.5h

2c) Average Electricity Rate (per kilowatthour) 0.84 9.45

3 Sintering of Silica microspheres

To heat in furnace (1200W) 950C for 3 hours
3a) Average Electricity Rate (per kilowatthour) 0.84 3.02

4 Silicon Infiltration by LPCVD (42kW)

Deposit 400nm silicon, growth rate = 150A/min: 1 batch
Silane gas flow rate = 6.98 mg/min
Total depostion time plan = 120min

4a) Disilane (SiH4) 99.998%, 10g, 463043-10G (Aldrich) 1500.41 125.67
4b) Average Electricity Rate (per kilowatthour) 0.84 35.28

5 Silica Template Etch

Etch sample in HF (1 wt-%) : 20g HF, 700g DIW
5a) Hydrofluoric acid (HF) 35 wt%, 500g (Aldrich) 92.82 3.71
5b) Deionized water (DIW), 1000 Gallon 15.00 0.01

Total batch material / utilty cost 237.23

Material / utilty cost for one glass slide 23.72

Material / utilty cost for 1" by 1" sample 7.91



Appendix 1B: Fabrication of Inverted Silicon Opal (equipment cost)

No Equipment
1 LPCVD (Horizontal, CVD Equipment Corp)
2 Thermal Bath (20 liter, Fisher 15-462-20)
3 Furnace (Fisher 10-550-14, 1200W)
4 Laboratory consumables

Est. Cost ($)
300,000.00

1,235.32
2,021.25

Annual Cost ($) Cost per batch
30,000.00

247.06
404.25

Note 1
LPCVD is forecast to have 10 years lifespan. Annual cost is linear depreciation.
LPCVD run time is estimated to be 120min per batch

Note 2
Thermal Bath is forecasted to have 5 years lifespan. Annual cost is linear depreciation
Thermal bath run time is estimated to be 38hr per batch

Note 3
Furnace is forecasted to have 5 years lifespan. Annual cost is linear depreciation
Thermal bath run time is estimated to be 3hr per batch

Total cost per batch (10 glass slides) run

Cost per glass slide (3" by 1 ")

run ($)
6.85
1.07
0.14
5.00

13.06

1.31

Cost per 1" by 1" sample 0.44

Reference
1 US gallon = 3.7854118 liter

DI WATER COST SHOULD AVERAGE BETWEEN $10-$15 PER THOUSAND GALLONS
http://quanterion.com/RIAC/Library/Library.asp?ArgVal=21220-003

INDUSTRIAL ETHANOL, synthetic ethanol, fuel ethanol market ...
The Ethanol Market industrial ethanol price premium is 35 cents per gallon,

Electricity Rate Comparison by State
http://www.neo.state.ne.us/statshtml/115.htm

Thermal Bath 300W
http://www.eurotechlabs.com

LPCVD , Power 42kW
http://www.tystar.com/furnace_configuration. htm

http://www.4semi.com/dp/cat/84545/84549/mAllItems.cfm?menuid= m_32_2
http://www.labjupiter.com/dp/cat/84529/84533/ilist.cfm?LCl=980&menuid=m_1 1



Appendix 2A: Fabrication of Inverted Silica Opal (material cost)

No Description Unit Cost ($) Batch Cost ($)

1 Batch = 10 glass slides (3" by 1")

1 Piranha Clean

Batch clean (400ml H2S04, 200ml H202)
la) Glass slide (75 * 25 * 1mm), 72 pcs, Lab Scientific
lb) Sulphric acid (H2S04) 95-98%, 258105-6X2.5L (Aldrich)
Ic) Hydrogen Peroxide (H202) 35%, 1 Gallon ()

Batch rinse (3000ml DIW, 50ml Ethanol)
Id) Deionized water (DIW), 1000 Gallon
le) Ethanol, semiconductor grade, 40210-2.5L

2 Self-assembly of PS Colloidal Microspheres

Disperse suspension (0.6ml Silica, 500ml Ethanol): 1 batch
2a) PS spheres (20nm-0.9um), 15ml
2b) Ethanol, semiconductor grade, 40210-2.5L

Thermal bath 80degree (300Watt), growth rate 2mm/h
To growth 75mm: Time=37.5h

2c) Average Electricity Rate (per kilowatthour)

3 Sintering of PS microspheres

To heat in furnace (1200W) 105C for 5 min
3a) Average Electricity Rate (per kilowatthour)

4 Infiltration of Silica

Batch fill (50ml Si(OC2H5)4, 50ml, 500ml Ethanol), stir 4hr
4a) Tetraethyl orthosilicate Si(OC2H5)4, 333859-100ML (Aldrich)
4b) Hydrochloric acid (HCL), 320331-6X500ML (Aldrich)
4c) Ethanol, semiconductor grade, 40210-2.5L
4d) Average Electricity Rate (per kilowatthour), 60W mixer

5 Calcination of PS colloidal microspheres

Heat at 500degreeC for 6 hr
5a) Average Electricity Rate (per kilowatthour), 1200W furnace

Total cost per batch (10 glass slide) run

Cost per glass slide (3" by 1")

Cost per 1" by 1" sample

0.54
12.36
7.93

3.90
463.54
150.00

15.00
121.00

0.01
2.42

357.21
121.00

14.29
24.20

0.84 9.45

0.84 0.08

140.63
250.38
121.00

0.84

70.32
4.17

24.20
0.20

0.84 6.05

176.22

17.62

5.87



Appendix 2B: Fabrication of Inverted Silica Opal (material cost)

Equipment
Furnace (Fisher 10-550-14, 1200W)
Thermal Bath (20 liter, Fisher 15-462-20)
Mixer (Fisher 14-505-21)
Laboratory consumables

Retail Cost ($)
2,021.25
1,235.32

215.4

Annual Cost (Cost per batch run ($)
404.25 0.28
247.06 1.07

43.08 0.000327854
5.00

Note 1
Furnace is forecast to have 5 years lifespan. Annual cost is linear depreciation.
Furnace run time is estimated to be 6hr per batch

Note 2
Thermal Bath is forecasted to have 5 years lifespan. Annual cost is linear depreciation
Thermal bath run time is estimated to be 38hr per batch

Note 3
Mixer is forecasted to have 5 years lifespan. Annual cost is linear depreciation
Mixer run time is estimated to be 4hr per batch

Total cost per batch run

Cost per glass slide

Cost per 1" by 1" sample

Reference
From planar defect in opal to planar defect in inverse opal
Author(s): Wang LK, Yan QF, Zhao XS
Source: LANGMUIR 22 (8): 3481-3484 APR 11 2006

www.aldrich.com

No
1
2
3
4

6.35

0.63

0.21



Appendix 3A: Fabrication of Inverted ZnO Opal (material cost)

No Description

1 Batch = 10 glass slides (3" by 1")

1 Piranha Clean

Batch clean (400ml H2SO4, 200ml H202)
Glass slide (75 * 25 * Imm), 72 pcs, Lab Scientific
Sulphric acid (H2SO4) 95-98%, 258105-6X2.5L (Aldrich)
Hydrogen Peroxide (H202) 35%, 1 Gallon ()

Unit Cost ($) Batch Cost

Batch rinse (3000ml DIW, 50ml Ethanol)
Deionized water (DIW), 1000 Gallon
Ethanol, semiconductor grade, 40210-2.5L

2 Self-assembly of Silica Colloidal Microspheres

Disperse suspension (0.6ml Silica, 500ml Ethanol): 1 batch
Silica spheres (0.5um-1.6um), 15ml
Ethanol, semiconductor grade, 40210-2.5L

Thermal bath 80degree (300Watt), growth rate 2mm/h
To growth 75mm: Time=37.5h

2c) Thermal Bath: Electricity Rate (per kilowatthour)

15.00 0.01
121.00 2.42

315.82 12.63
121.00 24.20

0.84 9.45

3 Sintering of Silica microspheres

To heat in furnace (1200W) 950C for 3 hours
3a) Average Electricity Rate (per kilowatthour) 0.84 3.02

4 Chemical Deposition of ZnO

Batch infiltration, 20g Zn(N03)2.6H20, DIW 500ml, 60 degreeC
Thermal bath 60degree (300Watt), 1.5hr
Rinse with DIW (3000ml)
Heat in furnance (1200W), 2hr, 550degreeC
Zinc Nitrate Hexahydrate Zn(N03)2.6H20, 500g
Deionized water (DIW), 1000 Gallon
Thermal Bath: Electricity Rate (per kilowatthour)
Deionized water (DIW), 1000 Gallon
Furnance : Electricity Rate (per kilowatthour)

Repeat step3 for 3 more times (Thermal bath 20hr)
Zinc Nitrate Hexahydrate Zn(N03)2.6H20, 500g
Deionized water (DIW), 1000 Gallon
Thermal Bath: Electricity Rate (per kilowatthour)
Deionized water (DIW), 1000 Gallon
Furnance : Electricity Rate (per kilowatthour)

54.03
15.00
0.84

15.00
0.84

54.03
15.00

0.84
15.00

0.84

2.16
0.01

0.378
0.01

2.016

6.48
0.03

15.12
0.03

6.048

5 Silica Template Etch

Etch sample in HF (1 wt-%) : 20g HF, 700g DIW
Hydrofluoric acid (HF) 35 wt%, 500g (Aldrich)
Deionized water (DIW), 1000 Gallon

92.82 3.71
15.00 0.01

108.56Total cost per batch run

Cost per glass slide

Cost per 1" by 1" sample

10.86

3.62

3.90
463.54
150.00

0.54
12.36
7.93

4a)
4b)
4c)
4d)
4e)

4a)
4b)
4c)
4d)
4e)

.·_



Appendix 3B: Fabrication of Inverted ZnO Opal (equipment cost)

No Equipment Retail Cost ($) Annual Cost (Cost per batch run ($)
1 Furnace (Fisher 10-550-14, 1200W) 2,021.25 404.25 0.37
2 Thermal Bath (20 liter, Fisher 15-462-20) 1,235.32 247.06 2.82
3 Laboratory consumables 5.00

Note 1
Furnace is forecast to have 5 years lifespan. Annual cost is linear depreciation.
Furnace run time is estimated to be 8hr per batch

Note 2
Thermal Bath is forecasted to have 5 years lifespan. Annual cost is linear depreciation
Thermal bath run time is estimated to be 100hr per batch

Total cost per batch run 8.19

Cost per gl'ass slide 0.82

Cost per 1" by 1" sample 0.27

Reference
Ursaki VV, Tiginyanu IM, Zalamai VV, et al.
Photoluminescence of ZnO layers grown on opals by chemical deposition from zinc nitrate solution
SEMICONDUCTOR SCIENCE AND TECHNOLOGY 19 (7): 851-854 JUL 2004

Photoluminescence and resonant Raman scattering from ZnO-opal structures
Author(s): Ursaki VV, Tiginyanu IM, Zalamai VV, Masalov VM, Samarov EN, Emelchenko GA, Brione!
Source: JOURNAL OF APPLIED PHYSICS 96 (2): 1001-1006 JUL 15 2004
Document Type: Article



Appendix 4A: Equipment Cost Analysis of a Photolithography System

No Description Unit cost ($) Annual Cost ($) batch Cost

Estimated setup+run time = 45min /batch
1 Photolithography system (0.25pm resolution) 10,000,000.00 1,000,000.00 85.61

Estimate 10000 batch for one reticle
2 Reticle 15,000.00 nil 15.00

3 Estimate photoresist, consumables, utility, etching 30.00

Total cost per batch run 130.61

Cost per glass slide 13.06

Cost per 1" by 1" sample 4.35

Note 1
Photolithography system is forecast to have 10 years lifespan. Annual cost is linear depreciation.
Photolithography system setup+run time is estimated to be 45min per batch

http://www.thinfilmmfg.com/subscribers/Subscriber01
/lithocost29Aug01.htm

Appendix 4B: Equipment Cost Analysis of an Electron Beam
Lithography System

No Description Unit cost ($) Annual Cost ($) batch Cost

Estimated setup+run time = 3hr /batch
1 Elecrton beam lithography system (0.25pm resolution) 6,000,000.00 600,000.00 205.48

2 Estimate consumables, utility 10.00

Total cost per batch run 215.48

Cost per glass slide 21.55

Cost per 1" by 1" sample 7.18

Note 1
Elecrton beam lithography system is forecast to have 10 years lifespan. Annual cost is linear deprecial
Elecrton beam lithography system setup+run time is estimated to be 3hr per batch

www.njnano.org/resources/fact_sheets/E-Beam_Lithography_20030402.pdf
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