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ABSTRACT

SELF-ASSEMBLY OF NANOPARTICLES IN

PHOTONIC CRYSTAL CAVITIES FOR

OPTOELECTRONIC DEVICES

Publication No. ______

Geetha Thiruvengadam, M.S

The University of Texas at Arlington, 2006

Supervising Professor: Dr.Weidong Zhou

Photonic crystals (PhC) offer many advantages in optoelectronics field. The

focus of this thesis is to investigate a self assembly process for the formation of thin

film based one-dimensional PhC and the integration of nanoparticles with two-

dimensional PhC. Nanoparticles like SiO2, TiO2, PolyStyrene, and PbSe (with different

surface properties) were subjected to different experiments.

Various techniques, such as spin coating, immersion technique, evaporation

induced assembly technique, have been carried out by varying parameters like time,

temperature, position of the substrate, etc.,.
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An optimized method for the fabrication of 1D PhC was found to be

evaporation induced Self-Assembly method by varying temperature. For 2D PhC, a

process was developed based on immersion technique and subsequent surface cleaning,

where SiO2 and PbSe nanoparticles are back filled into the air holes of 2D PhC. A

theoretical study of radius of nanoparticles in 1D and forces acting on nanoparticles in

2D has been discussed.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Nanotechnology

Nanotechnology is an art of manipulating materials at the atomic scale. This

deals with the design and manufacture of very small electronic circuit components and

mechanical devices [1]. Nanotechnology involves research at 1nm – 100nm range [2].

Nanotechnology creates structures that have novel properties because of their small

sizes [2] [3]. Two approaches to fabricate devices at nanoscale are:

• Top-down approach [4] 

 This approach begins with a large scale and the nanoscale products are obtained

by carving out components from the large scale. Example: Lithography

• Bottom-up approach [4] 

 This approach starts with atoms and molecules and required component is

obtained by combining smaller atoms and molecules. This involves understanding of

lots of forces of attraction because non-covalent forces work together to bind these

atoms or molecules together [5]. These non-covalent interactions can be strengthened or

weakened depending on environment. Example: Self-Assembly [6].

Self-Assembly has an ability to control the interaction of atoms/molecules in

small scale materials using spontaneous interaction [5]. Self-Assembly is controlled by

covalent interactions between the nanoparticle solution and the substrate. As the
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nanoparticles are moved into the holes of crystal, they are held in the position by van

der waals forces, gravitational forces existing between the nanoparticles.

1.2 Photonic Crystals (PhC)

Photonic crystals (PhC) are materials having periodic variation in refractive

index. These crystals are man-made materials. PhC are considered to be an optical

analogue of semiconductors [7]. Photonic Crystals are nanocrystals to guide photons

and insulate light [2]. This is explained by the variation in refractive index.

PhC is an important topic in optoelectronic research because of their ability to

control microscopic process of light – matter interactions through macroscopic

modifications in the geometric characteristics of the structure [8]. Fabrication of PhC

promises applications in fields like optoelectronic, nanophotonics, nanoelectronics,

magnetoelectronics and biochemical sensing [9].

1.3 Working Principle of Photonic Crystals

Photonic crystals are photoemissive materials which emits photons when

excited electrically or physically. The excited photons are emitted in different directions

and have certain range of wavelengths.

Emitted photons move through an arrangement of transparent dielectric

material. This dielectric material consists of a number of tiny air holes arranged in a

regular pattern. Photons passing through the dielectric material will pass through

regions of high refractive index and low refractive index (high refractive index being

the dielectric material and low refractive index being air holes).
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In PhC, at each interface the waves are partly reflected and transmitted. Phase of

the waves is important as they determine the optical property or response of the system.

When the phase of waves adds up constructively, system is shown to have complete

reflection in that direction [10].

1.4 Types of Photonic Crystal

1.4.1 1D Photonic Crystals

1D crystals are periodic in one direction made of different layers of different

refractive indices. When light is incident on the crystal due to different properties like

frequency, refractive index, dielectric constant of these layers, they behave differently

with the incident light. Due to the same, propagation of photons of certain wavelengths

is forbidden. Thus, these crystals behave like mirrors.

Fig. 1 1D Photonic Crystal [11]

1D crystals are fabricated by the deposition of multilayers of nanoparticles on

top of the substrate. By stacking alternating layers of different materials, we change the

optical property of the material when light is incident on it.
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But selecting materials for the construction of alternating layers and achieving

uniformity in layer formation are highly difficult as the properties of nanomaterials are

yet to be studied completely and the compatibility of these layers are expected to be

extremely good.

In this thesis, we have discussed various methods of Self-Assembly to achieve

these monolayers on the substrate. Also, parameters like time, temperature, spin speed

and spin time (in case of spin coating), weight percentage of nanoparticles in the

solution, position of the substrate (being either horizontal or vertical) were varied to

attain monolayer of nanoparticles. Then, these values were plotted in a graph, to study

their influence on thickness of nanoparticle layer. Also, theoretical calculation for the

total number of nanoparticles and thickness of nanoparticle layer on the surface of

substrate was carried out.

1.4.2 2D Photonic Crystals

2D crystals are periodic in two directions and are fabricated either by drilling

holes onto the dielectric materials or by constructing regular lattice of pillars to create

wall like structures with certain periodicity. Refractive index contrast is created in these

materials by filling the holes/etched parts of a substrate with different materials or by

constructing wall like structures with certain periodic arrangement.

A rough calculation of spacing between the air holes in a substrate is given by

the wavelength of light divided by the refractive index of a dielectric material [12]. The

main advantage of 2D PhC is that they are compatible with the existing IC technology.
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Due to the properties of 2D crystal cavities like controlling and manipulating

flow of light (which is performed when photon passes through the substrate made of

alternate high and low refractive index material), they are being fabricated for various

applications in integrated optics in an optical chip which uses IC concepts for both

electronic and optical functions.

Fig. 2 2D Photonic Crystal [11]

Certain type of defect modes (like creating holes in the mid of regularly

arranged nanoparticle layers) are introduced into the crystal which results in various

properties of light within it. These defect modes are nothing but the disturbance in the

lattice arrangement of the crystal which results in the localization of light with a certain

frequency at the position of the defect.

In this thesis, we have shown various fabrication methods based on Self-

Assembly to encapsulate these air holes in 2D cavities. Different methods like spin

coating, immersion technique and nanoparticles solution filling the surface of substrate

are also discussed. An optimum method to fill these air holes is shown along with the

scanning electron microscope images. Various factors varied to achieve this
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encapsulation are spinning speed, time, position of the substrate, weight% of

nanoparticles in the solution.

1.4.3 3D Photonic Crystals

Though 2D crystals are used in the localization of light, 3D crystals are used for

the complete localization of light [13]. They inhibit spontaneous emission in all

directions. They are constructed by alternating layer deposition and etching process

[14]. These are structures are produced by stacking up two patterned layers on top of

each other [10] [15] [16]. This shows that the crystals on substrates are of large

structure. Few disadvantages in the fabrication of 3D PhC are that they are expensive,

time-consuming and aligning layers on top of each other is very difficult.

Fig. 3 3D Photonic Crystals [11]

1.5 Photonic Bandgap (PBG)

PBG is a range of energy and corresponding range in wavelength, for which

neither absorption nor propagation of light is allowed. When there is a high contrast in

refractive index of the crystal, the incoming light is unable to penetrate in any direction
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in the crystal. This is the condition for photonic bandgap to exist which localizes the

light inside a crystal or inhibits the light emission from atoms inside the crystal.

Photonic bandgap is the range of forbidden frequencies through which light

cannot propagate within the bulk of a crystal [17]. Photons with energies lying in the

bandgap region cannot propagate through the medium [16]. PBG in crystals suppresses

the spontaneous light emission because of that the atoms are a part of crystals that

forbids the propagation of light [18].

1.6 Fabrication of Photonic crystals

Silicon is used for our fabrication of photonic crystals because Si is transparent

at near-infrared wavelength (>1.1 µm) and has a very high refractive index ( n = 3.45 at

λ = 1.5 µm ). Also the fabrication of silicon materials is well known from

semiconductor industries.

Methods used for the fabrication of 1-, 2- and 3-D photonic crystals are [19]:

• Self-Assembly of nanomaterials

• Spin coating

• Dip-coating

• Evaporation induced assembly

• Chemical vapor deposition

• Sedimentation in colloidal solutions

• Electron beam and X-Ray Lithography
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• Wet and dry etching (like electrochemical and reactive-ion etching via plasma and

focused-ion beams).

This thesis gives a detailed overview of spin coating, immersion method,

evaporation induced Self-Assembly method, and convective assembly. It also discusses

various parameters involved in each process like effects of size of nanoparticles,

weight% of nanoparticles in the solution, time for which substrate is immersed in

nanoparticles solution, speed at which the spinner was operated for spin coating

process, temperature at which the evaporation was carried out for evaporation induced

Self-Assembly method, and the position at which substrate was immersed in solution

being either horizontal or vertical.

1.7 Self-Assembly

Self-Assembly is a spontaneous formation of structures due to the chemical

interactions between nanoparticles [20]. As the size of system reduces, capillary forces

dominate over few other forces like gravitational, hydrodynamic, magnetic, electrostatic

and surface adhesion. It is the selective control of non-covalent interactions which

creates structured components at molecular level [21]. Self-Assembly is governed by

the interaction between nanoparticles which includes capillarity and wetting ability of

the substrate [22].  

Due to repeatability and simplicity, Self-Assembly method was made as the

basic principle in this thesis. All techniques carried out for the Self-Assembly of

nanoparticles in this thesis follows this methodology.
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Self-Assembly is achieved by the involvement of different forces at each step of

the fabrication process. For some applications, these forces are converted into velocities

using a simulation software known as “Surface Evolver”. This software is used to

convert the capillary forces into velocities [23]. Surface evolver is used to calculate the

capillary forces from energies (like gravity and surface tension) applied by the liquid

meniscus to the assembly of nanoparticles [24] [25].

In our thesis, as mentioned earlier, Self-Assembly is the main basic method

based on which we carried out many other experiments. For Self-Assembly process to

initiate, the nanomaterials (in some liquid environment) are made to fill the substrate.

As the surface interactions dominate at nano scale, nanomaterials can be transported

easily on the substrate when they are in a liquid environment. These nanomaterials will

spontaneously align themselves to minimize the energy. Even if the nanomaterials do

not stick to the substrate they will be moved to some other spot on the substrate by the

fluid movement.

To attain minimum-energy some kind of lubrication/vibration method is used

for the process. Fluidic agitation or ultrasonic vibration is applied to the system to

reduce energy barriers or to assemble any disassembled parts [26].Also, thermal

treatment of self-assembled nanoparticles found to reduce the interparticle distances

which results in change in type and strength of interparticle interactions [27]. This post

heating of substrate with nanoparticles is sometimes known as “annealing”.

Once these materials are assembled onto the holes or their respective sites they

are held in place by gravitational, van der Waals forces and capillary forces upon drying
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[26]. These assembled nanoparticles have remarkable effect on the properties of the

structures. Also these processes depend on nature for assembling instead of human

factors.

1.7.1 Types of Self-Assembly

Self-Assembly is carried out by different forces on surface of the substrates

depending on the surface properties of the substrate.

There are different types of Self-Assembly depending on the methodology used

for the processes. They are as follows:

Types of Self-Assembly based on methodology are as follows:

• Physical Self-Assembly

• Chemical Self-Assembly

• Layer-by-Layer (LbL) assembly

• Molecular Self-Assembly

• Evaporation-Induced Self-Assembly

1.7.2 Advantages of Self-Assembly

Though there are many methods available for fabrication of crystals and

cavities, we selected Self-Assembly method for the fabrication part in our experiments

because of the following advantages:

• Self-Assembly carries out most of the difficult steps in nanofabrication-those

involving atomic-level modifications of structures. This uses the very highly developed

techniques of synthetic chemistry
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• Bonds holding together a single molecule are far stronger than the weak

interactions that hold more than one molecules together [28]

• Repeatability is easy

• Self-Assembly is one of the most important strategies used in biology for the

development of complex, functional structures

• Self-Assembly results in defect-free and self-healing structures because it requires

the target structures to be thermodynamically most stable ones

• Simplicity of the fabrication methodology and low cost of fabrication.

1.7.3 Disadvantages of Self-Assembly

Though Self-Assembly have lots of advantages as a bottom-up technique, it has

few disadvantages like:

• Exact set of components and interactions that will construct a given product can

be difficult to determine

• At times , statistical exploration of different possibilities make Self-Assembly

difficult to settle on a single final structure

• Also, Self-Assembly finds it difficult to resist continual environment

aberrations/factors once assembled.

1.7.3.1 Issues in synthesis and assembly of nanoparticles [29]

Few issues we had during the fabrication of crystals and cavities using

Self-Assembly of nanoparticles are in controlling parameters like:

o Size of nanoparticles
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o Composition of nanoparticles inside the solution

o Interfaces and distribution of these nanoparticles on the processed surface of the

substrate.

1.8 Applications of Photonic Crystals

Photonic crystals are expected to replace electrons (as in

semiconductors) with photons and this replacement demands new materials. This

resulted in tailoring the propagation of light through the creation of photonic crystals

[30]. Applications of these photonic crystals are:

• Construction of complex components like splitters, couples, filters, emitters,

lossless mirrors [31]

• Devices in data communications

• Microlasers – Defects in PBG helps in designing microlasers

• Perfect dielectric mirrors

• Non-linear effects – by using materials with non-linear properties for the

construction of PhC (Non-linear effects are the processes due to the interactions

between light waves and materials transmitting them which affects the optical signals)

[32] [33]

• Waveguides [34]

• Integrated optical devices [35]

• Optical switches

• Chemical and biochemical sensors
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1.9 Objective and description of Thesis

The main objective of this thesis is to fabricate 1D photonic crystals cavities

with a monolayer layer of nanoparticles on the substrate, encapsulate 2D crystal cavities

to seal off the air holes in the silicon substrate, characterization of these crystal cavities

using scanning electron microscope and theoretical calculation of total number of

nanoparticle layers on surface of the substrate and thickness of nanoparticles for 1D

crystals and calculation of force and its relation with radius of nanoparticle is carried

out for 2D crystal cavities.

Experiments in this thesis are carried out to find a suitable method for

assembling nanoparticles in photonic crystal cavities. Though there are very few

standardized procedures for assembling nanoparticles into these man-made crystals and

those available requires equipment and setup investment, we thought of assembling

these nanomaterials in these cavities using a simple but effective method. It is at this

point we decided to proceed with Self-Assembly of nanoparticles for our experiments,

as the method does not require much investment for equipments and repeatability is

achieved without much difficulty.

So we carried out the fabrication of 1D crystals with an idea of building a

monolayer of nanoparticles on the surface of the substrate. We carried out different set

of experiments with various techniques (like spin coating, immersion technique,

convective assembly – immersion at regular intervals) and evaporation induced Self-

Assembly method. When we carried out Self-Assembly as our first approach towards

the end result of fabricating 1D crystals which is nothing but constructing layers of
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nanoparticles on the surface of substrate, we got broken films of nanoparticle layers on

the surface of substrate. Thickness of the nanoparticles was also too high in the range of

1 µm. We changed parameters like spin speed, spin time, weight% of nanoparticles in

the solution by adding more of IsoPropanol solution (in which silica was immersed) or

ethanol solution. Though the thickness range of less than 1 µm was achieved, layer on

the surface of substrate was seen as broken films. Reasoning for this type of broken

films is discussed in chapter-2.

We then proceeded with immersion method. In this method, the substrate was

immersed vertically or horizontally into a solution. Solution was let to evaporate in

atmospheric air. Depending on the evaporation rate of solution and position of the

substrate (horizontal or vertical), thickness of the nanoparticle layer varies. Though the

thickness of nanoparticle layer was thin compared to that of spin coating method, this

method gave broken layers.

Then the same method was slightly modified because of the broken film

formation, where the new technique involved movement of the substrate at regular

intervals into and out of the solution. When this method gave us a thin layer of uniform

layers, we proceeded with the method which involved heating of the solution with the

substrate lying inside the solution undisturbed. This method concluded our fabrication

method of 1D crystals by forming a monolayer and 2 – layers of nanoparticles on the

surface of substrate.

Same approaches of spin coating and immersion technique were used for the

encapsulation of 2D crystal cavities. In 2D crystal cavities, our main objective was to
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fill the holes of the silicon substrate with nanoparticles. But these two methods, though

gave us substrate with nanoparticle filled holes, nanoparticles were seen to fill the

surface of the substrate also. So we modified the immersion technique to achieve the

results for 2D crystal cavities. Method we used was to keep the substrate on a flat plate.

Then a few drops of nanoparticle solution were poured on the surface of substrate. They

are let to air dry. Few more drops of nanoparticles solution were again poured. Then the

substrate was washed with IPA solution which helps in maintaining the surface of

substrate without nanoparticles.

Also, the fabrication and encapsulation of photonic crystals are characterized by

SEM. This is carried out to check the thickness of nanoparticle film on the surface of

substrate for 1D photonic crystal and distribution of nanoparticles in 2D crystals and to

check whether the air holes are properly sealed off in 2D photonic crystals.

Then a theoretical study is carried out for the better understanding of

mathematical relations between the total numbers of colloidal layers on the surface of

the substrate, weight fraction of the component in the solution, thickness of

nanoparticles layer on the substrate, radius of nanoparticles and contact-angle between

nanoparticles and solution.

Also, graphical presentation of thickness with respect to other factors like

weight-volume %, time, temperature, weight% of nanoparticles in the solution is

shown. This thesis gives an idea about how different methods are being used in the

fabrication and encapsulation of photonic crystals.
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CHAPTER 2

OUR FOCUS – SELF-ASSEMBLY OF NANOPARTICLES

2.1 Introduction

The main objective of this research is to form monolayers on top of silicon

substrate, to seal off the holes in 2D silicon crystal cavities. This can be achieved by

filling these holes on the substrate using nanoparticles. Due to their unique properties,

nanoparticles are being considered for optical, electronics, mechanical, chemical and

magnetic field applications. Also, suitable method to fill the substrate with these

nanoparticles is selected considering various factors like cost, repeatability and ability

of these materials to perform at different conditions.

This chapter explains in detail why we used certain nanoparticles for the

fabrication of PhC cavities and reasons for choosing Self-Assembly as a basic method

for the assembling nanoparticles in PhC cavities.

2.2 Nanoparticles

Nanoparticles have been the subject of interest over the past decade as they are

being used in many applications in industrial, biomedical, electronic and optical fields.

These particles are less than 100nm in size. The dimensions of these particles are less

than that of the wavelength of light. This property offers them their transparent

characteristics. These are either man-made or natural material.
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2.3 Properties of nanoparticles

Two important properties of nanoparticles are:

o Increase in the ratio of surface area to volume

o Size of these particles - where quantum effects predominate [36]

The surface-area-to-volume ratio increases as the particle size decreases. This

results in the active atoms on the surface of the nanoparticle whose behavior dominates

than those on the interior of the particle. This property affects the behavior of

nanoparticles when they are used as particles alone or during the interaction of these

particles with other materials. But this exposed surface area is a dependent factor on the

interaction between elements and particles.

The aggregation of these nanoparticles forms “Nanocrystals”, also known as

“Clusters”. These nanocrystals have improved hardness, increased ductility, toughness,

and excellent magnetic, electronic and optical properties [37].

2.4 Nanoparticles used for the study

Nanoparticles used for this thesis are selected based on their properties when

they are treated alone or when they interact with other nanoparticles. Nanoparticles used

for the study are as follows:

• Silica ( SiO2 ) nanoparticles in IsoPropanol Solution

• Lead – Selenide ( Pb-Se ) nanoparticles in hexane solution

• Titania (TiO2) nanoparticles in water

• PolyStyrene ( PS ) nanoparticles in water
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Nanoparticles are immersed in solution for Self-Assembly process to occur. The

molecules must be mobile for the easiness of Self-Assembly. It is normally carried out

in a solution. In solution, thermal motion of the molecules binds them together [37].

The interaction of the components with environment is a very important factor in Self-

Assembly process.

Inorganic nanomaterials are used because of their physical properties which

depend on the chemical environment of the particle. These nanomaterials adsorb

themselves to the surface of the particle which changes the physical properties like

magnetism, color and conductivity [38].

2.4.1 Silica (SiO2) Nanoparticles

These silica nanoparticles were dispersed in IsoPropanol (IPA) solution. The

weight-volume ratio of these silica nanoparticles in the IPA solution 30%: 70%.

Three different diameters of the nanoparticles in IPA solution are 15-20 nm, 40-

60 nm, and 70-90 nm. These solutions were purchased with these specifications from

Duke Scientific and Nissan Chemical Houston Corporation. Different sizes were

selected to check the distribution of nanoparticles with the variation in nanoparticle

size. Since 100nm particles did not give us proper distribution on the surface of the

substrate, most of the experiments in this thesis were carried out with 15-20nm and 40-

60nm particles. Though sizes of particles inside the solution were not completely

uniform, they were uniform to such an extent that they didn’t create any difference in

assembly during fabrication.
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Fig. 4 Silica nanoparticles

Silica nanoparticles are compatible with Silicon microfabrication processes.

Also they are optically transparent which helps in detection applications. Also self-

assembled layers of silica material were proved to have greater chemical, mechanical,

thermal stability [39].

2.4.2 Lead-Selenide (Pb-Se) Nanoparticles

Two types of Pb-Se nanoparticles were used for this study, both were of

diameters less than 40 nm. Pb-Se solution was purchased with the size specification

from Evident Technologies and Rice University. Evident Technology solution was

dispersed in hexane and the one got from Rice University was dispersed in

tetrachloroethylene.

Pb-Se nanoparticles has high dielectric constant with a bandgap of 0.42nm

which can fit into nanometer sized holes / patterns. Also, these nanoparticles can be

tuned to be sensitive to particular infra-red wavelengths. Pb-Se Nanoparticles are being

used in infrared detectors, thermal imaging [40]. Lead-Selenide particles are used
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because of their photoconductivity at the infrared wavelength of 1550 nm. This

wavelength is preferred for optical communication. [41]

Fig. 5 Lead-Selenide nanoparticles

2.4.3 Titania (TiO2) Nanoparticles

Titania nanoparticles used for the fabrication were dispersed in water. They

weight percentage of dispersion of titania nanoparticles in water is 5%. Diameter of

these nanoparticles was less than 40 nm.

Fig. 6 Titania Nanoparticles
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Titania nanoparticles have been widely processed for their applications in

sensors, photocatalysis, solar energy conversion, optical coatings. Titania absorbs

ultraviolet radiation due to its wide band-gap. It also exhibits photo-catalytic properties

when irradiated with ultra-violet radiation [42]. Titania has a very high refractive index

(n = 2.4).

2.4.4 PolyStyrene (PS) Nanoparticles

PolyStyrene nanoparticles were dispersed in water and the diameter of

PolyStyrene nanoparticle was 220 nm. These particles are extremely hydrophobic. So

they were used to study the surface properties along with surface modification. In

general, the self-assembled monolayer of PS spheres is used as templates for the

synthesis of nanomaterials [43].

Fig. 7 PolyStyrene Nanoparticles
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Table 1 Refractive Index of materials used in this thesis

Material Refractive Index

Silica 1.45 – 1.5

Lead-Selenide 4.5

Titania 2.5 – 2.9

PolyStyrene 1.55

2.5 Construction of Photonic Crystal Cavities using Self-Assembly

Self-Assembly is a spontaneous and autonomous arrangement of molecules or

nanomaterials into organized and well-defined aggregates [44]. considered to be an

effective method as it has more advantages compared to top-down approach like defect

free structures, atomic level fabrication, low cost of fabrication. In this thesis, PhC are

fabricated using Self-Assembly method. They are as follows:

� Spin-coating

� Evaporation Induced Method

� Immersion Method

� Langmuir-Blodgett films (known as ‘Immersion At Regular Intervals (IARI)’ in

this thesis)

� Convective assembly

Spin coating, Evaporation-Induced SA and Immersion method are techniques

used for the Self-Assembly which does not require any equipments except for spin
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coater or spinner for spin coating whereas Langmuir-Blodgett (LB) method uses

Langmuir-Blodgett trough for monolayer formation and here monolayers are formed in

a solution and then transferred to the substrate. This is not a direct method of monolayer

formation on the substrates. But in our experiments we used the concept behind LB

methodology. LB uses the principle of immersing the substrate into the solution and

taking it out at regular intervals.

Also the thickness of the layer and molecular arrangement is controlled in LB

method [35]. This method is known as ‘Immersion At Regular Intervals’ (IARI)’.

2.5.1 Spin Coating (SC)

Spin coating is a method to obtain a uniform layer of particles on the surface of

the substrate. Spin coating is used even for films of thickness in the range of 10 nm. In

this method substrate is placed at the center of the chuck in spinner.

Few advantages of spin coating are as follows [45]: 

• Speed of the process

• Low-volume of solute required

• Availability of instrument for spin coating purpose

• Easiness in the usage of the spinner

Spin coating process takes place in three steps that includes dispensing the

solution, spin coating operation with spin speed and time adjustments, volatilization of

the solute. The process of spin coating along with figures is given below:

o Nanoparticles solution is dispensed at the center of the substrate.
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Fig. 8 Solution dispensed at the center of the substrate [46]

o Spinner is then rotated at a desired speed for required time.

Fig. 9 Spinning action [46]

o The solution evaporates leaving a thin nanoparticle layer on the surface of the

substrate.

Fig. 10 Evaporation of solution [46]

Thickness depends on speed of the spinner, time of the process, pre-bake that is

done to remove the moisture content on the substrate and viscosity of the solution. As

the solution used for the process is volatile it evaporates along with the process.

2.5.2 Evaporation-Induced Self-Assembly [47] 

 In this method the substrate is drawn vertically into a container filled

with nanoparticles solution as shown in Fig. 11.
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Fig. 11 Evaporation Induced Self-Assembly [48]

The procedure followed in this method is as follows:

• The solution is kept on a hot plate along with the substrate.

• As the solution evaporates, nanoparticles start to settle on the surface of the

substrate.

• The substrate will not be disturbed when it is inside the solution.

Evaporation Induced Self-Assembly method is also known as “dip coating”.

Thus dip coating refers to the method governed by evaporation of solvent from

the nanoparticles solution from a thin liquid film wetting the substrate that is kept inside

the solution [49]. Evaporation induced Self-Assembly depends on various factors like

capillary forces, nanoparticle flow and flow of solution carrying nanoparticles, surface

Substrate

Nanoparticle
solution

Nanoparticles

Hot Plate
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tension between the substrate and the solution, evaporation rate of the nanoparticle

solution [50].

Fig. 12 Evaporation of nanoparticles involving forces [50]

Fig. 13 Self-Assembled nanoparticles [50]

2.5.3 Immersion Method

In this method, the substrate is immersed into nanoparticle solution. The

substrate can remain inside the solution during evaporation of the solution or can be

disturbed. This method is similar to that of the evaporation induced Self-Assembly

method except that here the experiment is carried out at room temperature without any

external heating. Also, the substrate can be kept inside the solution or disturbed by some

vibrations (or even removing and inserting the sample with the nanoparticles solution at

regular time intervals).
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Fig. 14 Immersion Method – before assembly of nanoparticles [51][52][53][54]

Fig. 15 Immersion Method – during Self-Assembly [51] [52] [53] [54]

Disadvantages of this method are: [55]

• Slow process

• Large volume of nanoparticles solution is required

• Uniform filling of patterns is difficult

Substrate

Nanoparticles

Solution containing
Nanoparticles
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2.5.4 Langmuir-Blodgett Method (LB)

In this method, as described above, the concept of moving the substrate into and

out of the solution alone is considered for the experiment. The substrate is kept inside

the solution. This solution can be placed in a hot plate for heating or in hood for the

reaction to take place at room temperature. The substrate is then immersed into the

solution and can be moved out and into the solution using a tweezer. This helps in

alignment of nanoparticles even if they are not placed in proper position. This method is

known as “Immersion At Regular Intervals” in this thesis.

The LB trough method for LB film formation uses amphiphiles (compound

which possess both hydrophobic and hydrophilic nature), semiconducting quantum

dots, polymers and nanoclusters.
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CHAPTER 3

FABRICATION OF 1D PHOTONIC CRYSTALS

3.1 Introduction

1D PhC are structures that are periodic in one direction. Nanoparticles used for

the fabrication of 1D PhC, self-assemble themselves on the surface of Silicon substrate.

The total number of layers that can be on the surface of the substrate varies between 2

to 8 [56]. The process that is carried out for a type of nanomaterial should be

compatible with other materials. This is very important criteria in 1D PhC. Otherwise, if

a layer is self-assembled at 90 º C, and we assemble second material onto the surface

(which has a flash point at 50 º C), then it is difficult to assemble first material (for the

construction of 1D PhC) as a third layer, because of a very low flash point of the second

material.

3.2 Basic Experimental Setup

3.2.1 Spin Coating

Spin coating is carried out to get a uniform layer of nanoparticles on the surface

of substrate. Spin coating is carried out for silica, lead-selenide and titania

nanoparticles. Though the thickness of layer of nanoparticles was different for all these

materials, the variation of thickness with respect to speed and time remained constant

throughout.
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o Silica Nanoparticles:

Silicon wafers are always treated with Buffered HydroFluoric acid (HF) before

starting the fabrication of PhC. It is then washed in De-Ionized (DI) water. This

cleaning of substrate is done to make sure that the surface of silicon substrate becomes

rich in hydroxyl (OH) molecules.

Deposition of silica nanoparticles on the surface of substrate does not produce

good result if the silicon substrate used does not have any OH group molecules. Thus

cleaning the substrate with HF acid and DI water results in good deposition of silica

nanoparticles on the surface of the silicon substrate [57]. 

Silica nanoparticles were spun on silicon surface at different speeds and time.

The minimum speed carried out was 1500 rpm for 30 secs and maximum was 4500 rpm

for 60 secs with different combinations in time and speed. Though the results vary in

thickness, uniformity of nanoparticles was not attained as a repeatable factor. This lead

to non-uniform results from this experiment.

Silica nanoparticles solution was always taken in a diluted form. The dilution

rate for the experiments is: 0.2 ml of Silica with 50 ml of Isopropanol solution (IPA)

and 0.2 ml of Silica with 70 ml of Ethyl Alcohol solution (EA)

After spin coating, the substrate was studied using Scanning Electron

Microscope (SEM) to check the uniformity of nanoparticle layer on the surface of

substrate. Silica nanoparticle forms broken layer because of their thickness which is in

the range of few microns shown in Fig. 16.
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Fig. 16 Silica nanoparticle layers

This thickness has to be reduced for 1D PhC (to start with the construction of

monolayers on silicon substrate) for the uniformity of the layer on the substrate.

Parameters on this sample are as follows:

� Spin coating speed: 1500 rpm

� Spin coating time : 40 secs

� The layer of nanoparticles on the substrate was very thick and this was the sole

reason for the non-uniformity on the surface of the substrate. This can be rectified by

using method wherein spin speed is very high and time may either be the same or

different.

SEM image shown in fig. 17 shows the substrate which was spin coated with

silica nanoparticles. Parameters for spin coating on this sample:

� Spin coating speed : 4500 rpm

� Spin coating time : 40 secs
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� Composition of nanoparticles - 0.2 ml SiO2 and 50 ml EA

Fig. 17 SEM image of spin coated silica nanoparticles

Though the thickness was reduced to some extent, uniformity was not achieved

for the 1D PhC. After a few set of experiments, with different spin speed and time

parameters, since we were not able to achieve uniform layer of nanoparticles, we carried

out our remaining experiments with the Immersion Technique for silica nanoparticles.

Same set of experiments was carried out for lead-selenide particles to check the

uniformity of nanoparticles.

o Lead-Selenide Nanoparticles:

Lead-Selenide particles were also subjected to spin coating at the same

speed and time. Spin coating yielded uniform layer of nanoparticles in the case of Lead-

Selenide. SEM image of Pb-Se nanoparticles is shown in fig. 18.
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Parameters on this sample are as follows:

� Spin coating speed: 1500 rpm

� Spin coating time : 40 secs

Fig. 18 SEM image of spin coated lead-selenide nanoparticles

SEM image of Pb-Se nanoparticles at a spin speed of 4500 rpm and 30 secs is

shown in fig. 19. Small holes in this substrate are due to the evaporation of solvent

(tetrachloroethylene). High speed and time were selected to achieve thin layer of

nanoparticles on the surface of substrate.

Thickness of this layer was found to be 140 nm which is a cluster of 3 lead-

selenide nanoparticles. Though thickness was in the expected range, evaporation of

solution containing nanoparticles leaves irregular structure on the substrate with non-

uniform distribution of nanoparticles.
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Fig. 19 SEM image of spin coated lead-selenide nanoparticles

o Titania Nanoparticles:

Titania films were found to exhibit high thermal and chemical stability, high

dielectric constant and has a very high transmittance in the visible spectral range [58]. 

Titania nanoparticles were immersed in water at a weight-volume ratio of 5%.

Titania nanoparticles form clusters when they are spin coated on silicon substrate

instead of single or multilayers. Due to the nature of titania nanoparticles, water present

as the solution containing titania particles falls on such surfaces and rolls along the

surface without actually wetting it [59]. This is due to the hydrophobic nature of the

titania particles. Many experiments were carried out for titania particles.

� Single run Spin coat (Spin coat the nanoparticles onto the silicon substrate for a

specific time and speed)
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� Spin coat the nanoparticles – Leave the sample for air dry – spin coat it again. The

total number of runs for this particular experiment may vary from 2 spin coatings to 6

spin coatings. (In this experiment for titania nanoparticles, we followed 3 set of spin

coating methods. Spin coatings were carried out by the same procedure of dispensing

the solution, letting it air dry and then carrying out the spin coating process again).

� Nanoparticles solution was dispensed onto the substrate. This solution was let to air

dry for few seconds. Spin coating is then carried out for this sample.

� Single run spin coating was carried out by dispensing HexaMethylDiSilazane

(HMDS) onto the substrate before actually dispensing the titania nanoparticles. This is

done to improve the adhesion property of nanoparticles to the substrate. Then the

nanoparticles are dispensed on the substrate and spinner is set to a spin speed of 4500

rpm and spin time of 30 seconds.

� The alternate method of spin coating and dispensing nanoparticles is carried out in

different style. Even in this method, HMDS is dispensed onto the substrate to improve

the adhesion property of titania nanoparticles. After dispensing HMDS onto the

substrate, titania nanoparticles were dispensed. Spinner was set to a spin speed of 3500

rpm and spin time of 30 secs. Then the substrate was let to air dry.

Nanoparticles was again dispensed onto the substrate, spinner was set to same speed

for one set of experiments and different speed to the other set of experiments. This

procedure was repeated 3 times.
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Fig. 20 SEM image of spin coated titania nanoparticles

This procedure was carried out assuming that the nanoparticles will self-

assemble themselves on the surface of the silicon substrate by repetitive spinning

action. But even after this, nanoparticles were found to form clusters instead of layers.

� Last method for titania nanoparticles was to dispense some solution on the surface

of the substrate and let it dry in the air for few seconds and spin coat it at a rate of 4000

rpm for 30 secs. When this method was carried out initially, thick clusters were formed.

We thought that by diluting the solution, thin layers can be obtained.
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Fig. 21 SEM image of spin coated titania clusters

Solution was then diluted to 0.5 ml Titania – 50 ml of Water. When this method

was carried out at the same spin speed of 4000 rpm and spin time of 30 secs, they

showed cluster formation.

Fig. 22 SEM image of spin coated titania nanoparticles
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Then, we changed the solution for dilution by considering ethyl alcohol instead

of water. Titania nanoparticles solution was diluted at the rate of 0.5 ml of Titania to 50

ml of Ethyl alcohol. But even with this method, SEM image showed that the titania

nanoparticles formed on the surface of the silicon substrate was not layer but cluster.

Fig. 23 SEM image of spin coated titania nanoparticles

It was then concluded that spin coating does not yield layer formation results for

titania nanoparticles when it comes to layer of nanoparticles on the substrate. Spin

coating process resulted in thick films of nanoparticle layer. Those films on the surface

of substrate were broken because of the thickness of layer. Few reasons for the non-

uniform layer of nanoparticles and broken layers are:

� Spin speed and spin time variation

� Weight% of nanoparticles in solution
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� Insufficient adhesion of nanoparticles to the substrate which causes peeling of

layers from the surface

These problems with spin coating can be corrected by:

� Accurate spin speed and time

� Weight% of nanoparticles yielding required number of layers on the surface

� Surface modification of the substrate or nanoparticles such that either of them is

adhesive to a greater extent or both of them are adhesive to a great extent.

Due to repeated thick broken films of nanoparticles from spin coating process,

we changed the fabrication methodology with another technique known as “Immersion

Method”

3.2.2 Immersion Method:

Immersion method was carried out to deposit nanoparticles uniformly on the

substrate. When it was initially carried out, the thickness of the nanoparticle layer on the

silicon was noted down. This gave us an idea about changing parameters like weight%

of nanoparticles in the solution, time for the substrate to be inside the solution, solution

being either covered or uncovered. By changing parameters and plugging in the right

values for them, a thin layer of nanoparticles can be obtained. This is achieved at room

temperature. This process was carried out for silica and Pb-Se nanoparticles.

o Silica Nanoparticles :

Silicon substrate was immersed in silica nanoparticles solution. Then they are

either covered or uncovered with aluminium foil depending on the desired evaporation

rate of the solution. The solution is let to evaporate with the nanoparticles settling
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slowly on the substrate. Substrate was immersed in nanoparticles solution which was

uncovered. The evaporation rate is faster in this case compared to covered substrate.

The time for this experiment was 30 mins.

Fig. 24 SEM image of silica nanoparticles layers – Immersion Technique

Though complete evaporation of solution didn’t take place, the film on surface

of substrate was found to be thick. Thickness of the nanoparticle film on the surface was

found to be 693 nm. This is shown in fig. 25. This shows that even when the

evaporation rate is slow, thickness of the layer on substrate is high because of the

weight% of nanoparticles in the solution. By combining these parameters, we can attain

a thin layer of nanoparticles on the surface of substrate.
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Fig. 25 Layer of silica nanoparticles

Fig. 26 Layer of silica nanoparticles

When the solution was covered with aluminium foil, the evaporation rate of the

solution was decreased and more particles settled on the surface of the substrate for the

same time of 30 mins (time for the experiment with uncovered solution). Even in this
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case complete evaporation doesn’t take place. Thickness of film on the surface of the

substrate was found to be 1.480 µm.

Fig. 27 Thick layer of Silica nanoparticles

o Lead-Selenide nanoparticles

When substrate was immersed in Pb-Se particle solution, layer formation was

not seen for any time setup from immersion technique. Though a thin layer forms on the

surface of substrate, due to the evaporation of nanoparticles solution (if Evident

Technologies product, then the solution was hexane and if Rice university product then

the solution was tetrachloroethylene) small holes were seen in many places on the

substrate.

SEM image in fig. 28 shows that Pb-Se nanoparticles were not seen throughout

the surface of substrate. This might be because of the weight% of nanoparticles in the
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solution which was very low. These holes on the surface of substrate are due to the

evaporation of solution and due to very less distribution of nanoparticles.

Fig. 28 Lead-Selenide nanoparticles - Immersion technique

Though immersion technique gave a thin layer of nanoparticle layer on surface

of substrate, those films were found to be broken because of their weight%. Also,

reducing the weight% of nanoparticles along with decreasing the evaporation time and

uncovering the solution (which increases the evaporation rate by decreasing evaporation

time and in turn decreases the number of nanoparticles settling on the surface of

substrate) was found to yield thin layers of particles. With these adjustments as

preliminary parameters, we moved on to convective assembly – IARI methodology

which involved moving the substrate in and out of the evaporating solution. Effects of
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temperature in the nanoparticle layer formation and its variation with time were studied

from this experiment.

3.2.3 Convective assembly – IARI Methodology

In this method, sample was immersed into the solution. They are moved in and

out of the solution at certain time intervals. This was done to improve the distribution

and thereby the assembly of nanoparticles. The substrate movement into the solution is

a technique that is being used in Langmuir-Blodgett technology and Convective

assembly is the technique wherein the substrate is immersed into the solution. Here the

solution was also heated to 70 º C. Dilution rate for Silica nanoparticles was: 0.1 ml

Silica + 50 ml (IPA).

Fig. 29 Convective Assembly – IARI method for silica nanoparticles

Different dilution rate tried for this method was 0.1 ml of Silica nanoparticles +

70 ml of EA. Though the thickness of nanoparticle layer compared to previous methods

was reduced to some extent, repeatability was not achieved to a greater extent. Thin
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layer of nanoparticles was achieved on the substrate (though not a monolayer). But

when the experiment was carried out with same parameters, repeatability was not

achieved. For the same temperature, weight% of nanoparticles in solution, pre-

processing (cleaning of substrate), and post-processing (letting the substrate to dry in

air), we got different results from that of the previous ones.

Fig. 30 CA– IARI method for 0.1ml SiO2 : 70ml EA

Variation between the results for the set of same parameters was very large.

Hence, this experiment was not carried out any further. The same methodology was

taken for our next technique, except the movement of substrate into and out of the

solution. We used temperature factor as a main parameter for the next set of

experiments known as “Evaporation Induced Self-Assembly method”. Instead of

moving the substrate, which we thought might disturb the layer formation, we kept the

substrate inside the solution without disturbing it.
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3.2.4 Evaporation Induced Self-Assembly Method

This method uses the evaporation technique of nanomaterials by external

heating. The substrate is placed inside the solution and the solution containing beaker is

kept on a hot plate. Temperature of the solution is checked with a thermometer and

when the desired temperature is reached the beaker can either be removed from the hot

plate or kept in the hot plate for the required time.

Various factors are taken into consideration for this process. They are

� Boiling point of the solution

� Flash point of the solution

� Polymerization of nanoparticles in the solution

� Characteristics of the solution (whether it is hazardous to heat the solution at a

temperature greater than a particular temperature)

This method was carried out for silica nanoparticles. This method worked out

successfully yielding a monolayer of silica nanoparticles on the surface of the substrate.

Different combinations were tried for this method. Since factors like dilution of silica

nanoparticles, time and temperature were taken into consideration, thickness varied with

any of these factors.

Silica nanoparticles solution was diluted to a rate of 0.2 ml of silica with 50 ml

of Ethyl alcohol solution. Temperature was varied from 50 ° C to 75 ° C (maximum

temperature considers the boiling point of the ethyl alcohol solution). Time factor was

varied from 1 sec to 5 mins. SEM images of this experiment with the given parameter

variation shows that thickness is very high which drove us to dilute the solution further
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with more of EA solution. As dilution rate was found to be very important for this

method, silica nanoparticles solution was then diluted to a rate of 0.2 ml of silica with

70 ml of EA solution. Temperature was varied from 50 °C to 75 °C (maximum

temperature considers the boiling point of the EA solution).

Fig. 31 Evaporation method for 0.2ml SiO2: 50ml EA

Time factor was very critical for this method. It was varied from 1 sec to 5 mins.

In case of 1 second, instead of placing the substrate inside the solution and boiling the

solution, the solution was boiled to the desired temperature and then the substrate was

immersed into the solution for a second and removed immediately.

Fig. 32 Evaporation method for 0.2ml SiO2 : 70ml EA



48

Surprisingly, two experiments carried out at time of 1 second and 5mins gave

the same uniform thickness of 250nm on the substrate. But temperature parameter was

not the same in both these methods.

Fig. 33 Evaporation method for 0.2ml SiO2 : 70ml EA [time = 1 sec,
thickness = 250nm and temperature = 50 º C]

Fig. 34 Evaporation Method for 0.2ml SiO2 : 70ml EA [time = 5 mins,
thickness = 250nm and temperature = 75 º C]
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But in general, uniform thickness was got for substrate which was subjected to a

temperature of 75 ° C, with time factor varying between 3 secs - 1 min and dilution rate

of 1 SiO2 : 350 Ethyl Alcohol.

Fig. 35 Evaporation Method for 0.2ml SiO2 : 70ml EA [time = 1 sec,
thickness = 20nm and temperature = 75 º C]

The experiment was found to produce the same result when tried again. The

thickness of the layer on the substrate was 28 nm which is roughly a single nanoparticle

on the surface. When the experiment was carried out at the same temperature, weight%

of nanoparticles in the solution, and time setup, thickness of the nanoparticle layer was

found to be the same as that of the first experiment. This shows that this experiment is

capable of maintaining the results and thus repeatability was achieved from this

experiment.
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Fig. 36 Evaporation method for monolayer of nanoparticles

Fig. 37 Evaporation Method for monolayer of nanoparticles (repeated
experiment with parameters from Fig. 36)

But when working with the same procedure for Pb-Se, it was not advisable to

heat the solution as it had Pb-Se nanoparticles with either hexane or tetrachloroethylene
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which has a low boiling point. Few nanoparticles were seen on the substrate for solution

heated at 50 º C.

Fig. 38 Evaporation method for Pb-Se nanoparticles

This method was not that productive for Pb-Se nanoparticles due to the

temperature limitations of Pb-Se nanoparticles. Also, the thickness of the layer on the

substrate was not found to be uniform due to the evaporating nature of solution in which

Pb-Se particles were immersed and low weight% of nanoparticles in the solution. The

above mentioned experiments for evaporation induced Self-Assembly method shows

that they are very effective for the fabrication of 1D crystals and thus repeatability was

also achieved from these experiments.

3.3 Comparison of methods for the fabrication

Though different methods and different nanomaterials were used for the

fabrication of nanoparticles, some methods were found to be effective for some

nanomaterials and some were not. To obtain a monolayer on the surface of a substrate,

evaporation assisted Self-Assembly method was found to be very effective. Though
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other methods gave thin layers on the surface of the substrate, they were either broken

layers (due to the thickness of the film) or clustered (due to the hydrophobic nature of

the particles), they were not taken down to a nanolayer of single particle like the one got

from evaporation-induced assembly method. This might be because of the spin speed

variations, weight% of nanoparticles (we got thin layer of nanoparticles with 0.2 ml of

silica and 70ml of EA solution which shows that the weight% of silica is very low)

Fig. 39 Evaporation method for a uniform layer of silica particles

Though evaporation induced method gave repeatable monolayer, the factors

considered for the deposition of nanoparticles were very critical as even an extra factor

of these parameters lead to unexpected results. Thus temperature was optimized to 75 °

C with time between 3 secs – 1 min and dilution rate of 0.2 ml of silica nanoparticles

with 70 ml of ethyl alcohol. Graphs for this result with temperature varying with respect

to thickness of nanoparticle layer are discussed in chapter-7.
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Fig. 40 Evaporation method for monolayer of silica nanoparticles

When the same set of parameters was followed for 0.2 ml of silica nanoparticles

with 50 ml of EA solution, the thickness was in the range of 250nm – few microns.

Reasons for this can be the improper distribution of nanoparticles in the solution. This

in turn results in particles settling as clusters on the surface of substrate.

3.4 Factors involved in Self-Assembly of 1D crystals

Self-Assembly involves number of forces which are main reason for the

nanoparticles to move freely on the substrate and as the solution gets evaporated, these

forces hold these nanoparticles together in their place. Various factors involved in the

successful Self-Assembly of encapsulation of 1D crystals are:

o Capillary forces

o Diameter of holes and spacing between holes on the surface of substrate

o Diameter of nanoparticles

o Selectivity of nanoparticles
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o Sedimentation factors of nanoparticles which is being affected by the slow moving

neighboring particles

o Hydrodynamic interactions between the nanoparticles inside the solution

o van der waals forces (which is the force of attraction between neutral molecules)

3.5 Applications of 1D Photonic Crystals

1D PhC can be used in ThermoPhotoVoltaic (TPV) systems. TPV

systems can be used in generators and in places where there is a need for the supply of

heat and electricity. TPV system consists of photovoltaic cells, ceramic tube and

reflecting funnels. By continuous burning of fuel in ceramic tube, they glow at red hot.

Photovoltaic cells surrounding this ceramic tube convert this heat from the ceramic tube

into power. Though 1D crystals exhibit a complete reflectance because of the

arrangement of nanoparticles on the surface, they are being used in mirrors [60]. Other

application of these 1D crystals is waveguides [61] which can be fabricated by creating

a path for the flow of the light on the deposited nanoparticle layer the surface of

substrate. This is done by leaving some empty space (continuously in a shape of a line

or any shape we want our waveguide to be) on the surface of the substrate which lines

up in between the nanoparticle layer.
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CHAPTER 4

ENCAPSULATION OF 2D PHOTONIC CRYSTAL CAVITIES

4.1 Introduction

2D PhC are being used widely in optoelectronic field nowadays as the

fabrication of these crystals is comparatively easier than the other two types of crystals.

2D PhC has periodic holes in its structure, which is then filled with nanoparticles.

Encapsulation of holes is done in 2D PhC to seal off the air holes completely.

This is done to create an alternate material of different refractive index and dielectric

constant thereby creating a difference in surface property. Here the propagation of light

is forbidden at some frequencies and allowed at certain frequencies. In 2D structures,

controlling surface functionalization is difficult because of selectivity of deposition of

nanoparticles [62] [63] [64]. Crystal cavities controlled by this means are being used in

microelectronics and optoelectronics industry [65]. With these periodically arranged

holes, we can actually create photonic bandgaps by changing the periodicity. These

light properties motivate many research groups to work on 2D crystals [66].

Silicon substrate with holes is used for this method. These holes were drilled

using Electron Beam Machining from University of Texas at Austin. These holes are

then filled with the required nanoparticles such that they are sealed off completely

creating a difference in properties of materials like refractive index, dielectric constant,

thereby fabricating a material whose response to light varies in each part (that is the
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hole-filled part and substrate). In fig. 41, patterned silicon substrate is shown. The holes

in substrate are to be filled with nanoparticles. By doing this we create a material

possessing two different properties, one being the holes filled by nanoparticles and

other being the surface of substrate. As a result, silicon substrate consists of silicon and

holes filled by nanoparticle material which has different refractive index compared to

silicon. This results in the variation of properties within a same substrate which yields

optical applications.

Fig. 41 2D PhC structure in silicon substrate

Fig. 42 Structure of patterned silicon substrate
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In fig. 42, each square in the represents many holes in the substrate like in fig.

41. Dimensions of these patterns are decided based on the wavelength of the visible

light as these crystal cavities are being used for optical applications. Dimensions are as

follows:

� Hole diameter : 450 nm

� Distance between two holes : 955 nm

� Depth of these holes : 450 nm

Nanomaterials used for sealing off these air holes are Silica nanoparticles

immersed in IPA solution, Pb-Se particles in hexane solution and PS nanoparticles

immersed in water.

4.2 Methods used for encapsulation

4.2.1 Spin Coating

Spin coating (procedure of spin coating is the same as that of 1D PhC) was

carried out for the construction of 2D PhC. With the speed and time of spinner,

nanoparticles were expected to fill the holes and thus the surface of substrate would be

free from nanoparticles. But after spin coating, particles were seen on the surface of the

silicon substrate and in some cases the holes of the substrate were not filled properly.

This might be because of inappropriate spin speed, time, weight% of nanoparticles,

improper positioning of substrate on the chuck and improper cleaning of substrate.

Spin coating of silica nanoparticles (of size 10 – 50nm) filled the holes of

silicon substrate. But along with that deposition, these nanoparticles filled the surface of

the substrate which is to be avoided. Spin speed of the process was 4000 rpm and spin
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time was 40 secs. High speed and time yields low thickness of nanoparticle layer. From

fig. 43 and 44 it is clear that the nanoparticles filled the surface along with the holes.

This is because of the properties of holes and surface of the substrate. As surface was

not modified for the substrate, nanoparticles show same behavior towards surface and

the patterned holes. This can be changed by either modifying the surface or reducing the

weight% of nanoparticles in the solution.

Fig. 43 2D PhC - Patterns filled with silica nanoparticles
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Fig. 44 Silica particles on substrate and patterns

These nanoparticles are diluted with IsoPropanol solution. 10% of silica

nanoparticles in IPA solution (33ml of silica solution and 67ml of IPA solution) were

chosen for this experiment. Even with this rate of dilution nanoparticle solution, surface

of the substrate had some nanoparticles. Though it was not densely occupied by

nanoparticles like in fig. 45, it was occupied by nanoparticles to some extent. Repeated

experiments of spin coating also gave the same result of nanoparticles occupying the

surface of substrate. Spin speed and time was varied from one extreme to the other, as

the deposition of nanoparticles on the surface of substrate depends on spin speed and

time. Even by this variation, surface of substrate had nanoparticles to some extent.
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Fig. 45 Patterns and surface of silicon filled with diluted silica particles

Lead-Selenide particles (of size less than 40nm) were also spun on the substrate.

Lead-Selenide particles were diluted with IPA solution (50ml of IPA to 10 ml of Pb-Se

solution). The spin coating process parameters were:

Spin speed – 1000 rpm

Spin time – 50 seconds.

Fig. 46 Patterns filled with diluted Pb-Se particles [77] [78] [79] 
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Though nanoparticles are seen inside the patterns, the repeatability of this

experiment was not achieved.

Spin coating of PolyStyrene nanoparticles (of size 220nm) was studied for

experiment setup. This material was used to check the surface modification of the

substrate. As PolyStyrene particles are extremely hydrophobic, they were spin coated to

check whether they settle uniformly on the patterns of the substrate avoiding surface but

they were not deposited uniformly on both the parts of the substrates.

Parameters on spin coating were:

Spin speed: 4000 rpm

Spin time : 30 secs

Fig. 47 PolyStyrene particles on patterned silicon substrate
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Possible reasons for the deposition of nanoparticles on the substrate were:

� Spin speed and time

� Weight% of nanoparticles

� Position of the substrate

� Due to the absence of post-processing procedures

By adjusting these parameters, we would be able to get uniform deposition of

nanoparticles onto those holes. As spin coating method resulted in nanoparticles

occupying the substrate, after a different set of combinations of parameters we followed

with immersion technique.

4.2.2 Immersion Technique:

Substrate was immersed in nanoparticles solution in this technique. Due to the

immersion of the substrate in vertical position, the nanoparticles were expected to slide

down the substrate till they settle onto the patterns. Even the variation in time didn’t

give uniform settlement of nanoparticles. Three factors were varied for this set of

experiments. They were as follows:

o Time of the experiment (time for the substrate to be inside the solution)

o Position of the substrate (vertical or horizontal)

o Either the solution is taken in beaker and substrate was immersed into the beaker or

substrate was positioned vertically inside the beaker and nanoparticles were filled using

fillers. In fig. 48, time for the evaporation of the solution was taken to be the time for

the experiment (7hours).
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Fig. 48 Silica nanoparticles in a patterned substrate - Immersion Technique

Position of the sample was vertical. Substrate was immersed in nanoparticle

solution. Though the deposition of nanoparticles on the surface is not that dense as it

was in spin coating, few nanoparticles were seen on the surface. To avoid this, we can

decrease the weight% of nanoparticles in the solution.

In fig. 49, time for the experiment was reduced to 5 secs (substrate was

immersed in nanoparticle solution for 5 secs. Position of the sample was vertical. From

the figure it is seen that the nanoparticles didn’t fill the holes completely. Though the

surface of substrate is clean, patterned holes were also seen without nanoparticles.
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Fig. 49 Silica nanoparticles in patterned holes - Immersion Technique

This method didn’t give uniform particles in the holes. Even changing the

parameters at a very minor rate didn’t yield uniform particles onto the holes. Since

changing parameters like time for which the substrate was immersed into the

nanoparticle solution and weight% of nanoparticles did not yield any significant

changes, we carried out our next method. In the next method, nanoparticles solution on

the surface of substrate, instead of immersing the substrate into nanoparticles solution,

few drops of nanoparticles solution was poured on the substrate and post-processing

was carried out to encapsulate these crystal cavities.
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4.2.3 Nanoparticle solution on the surface of substrate:

Method of wetting the surface of substrate using nanoparticles yields uniform

distribution of nanoparticles onto the patterns without any nanoparticles on the surface.

Description of this method is as follows:

o Silicon substrate taken is kept on a flat plate.

o Nanoparticles solution is poured on the surface of substrate.

o After few seconds, when the solution starts evaporating, few ml of nanoparticles

solution is poured on the surface again.

o Substrate is then let to dry in atmosphere air for few seconds (though not

completely).

o IPA solution is then used to wash the surface of the substrate. (Substrate is held at a

slanting position and IPA solution is poured onto the substrate for few seconds

continuously). This IPA solution wets the nanoparticles (which are dried particles on

the surface) and washes them out moving onto the holes.

Thus nanoparticles ultimately settle onto the holes after IPA washing of the

substrate. These nanoparticles can either be diluted or undiluted. For our experiments,

diluted silica nanoparticles solution was used. The dilution rate of these nanoparticles

was 10 % (33 ml of silica nanoparticles solution + 67 ml of IPA). When the weight% of

silica nanoparticles were reduced to such an extent and when post-processing was

carried out (cleaning of the substrate with IPA solution), it was clearly seen that the

nanoparticles filled the holes without much on the substrate.
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Fig. 50 shows the SEM image of the uniform distribution of nanoparticles onto

the patterns without any on the surface.

Fig. 50 Patterns filled uniformly with diluted silica nanoparticles [77] [78] [79]

Thus, nanoparticles filling the holes through this method are achieved by

pushing the nanoparticles away from the surface using IPA solution. As encapsulation

was achieved, repeatability of this method with the same parameters has to be verified.

Hence, we carried out the same experiment with same parameters used for the above

experiment.

When the experiment was repeated with the same parameters like weight% of

nanoparticles in the solution, time for which the substrate was kept in air with
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nanoparticle solution on its surface, and volume of IPA solution used for the cleaning

purpose, the results got from the experiment was the same like that of the previous

experiment as shown in fig. 50. This is shown in fig. 51.

Fig. 51 Uniform distribution of Silica nanoparticles (repeated experiment)

Thus, just like evaporation method for 1D PhC, pouring nanoparticles solution

on the surface of the substrate was found to be very effective for the encapsulation of

2D PhC.

4.3 Factors involved in Self-Assembly of 2D cavities

There are various factors involved in the successful Self-Assembly of

encapsulation of 2D crystals cavities. They are similar to that of 1D crystals. Some are:

� Capillary forces

� Diameter of holes and spacing between holes on the surface of substrate
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� Diameter of nanoparticles

� Selectivity of nanoparticles

� Sedimentation factors of nanoparticles which is being affected by the slow moving

neighboring particles

� Hydrodynamic interactions between the nanoparticles inside the solution

� van der waals forces (which is the force of attraction between neutral molecules)

4.3.1 Capillary Forces

Capillary forces at the interface between nanoparticles and the solution play a

very important role in encapsulation of 2 crystal cavities. As the size of particle

decreases the capillary interaction energy decreases. This leads to the dominance of the

thermal fluctuation energy.

When the patterned structures are immersed in a solution containing

nanoparticles, due to the capillary interaction energy, nanoparticles are selectively

forced into the holes of the substrate. The calculation of this force is discussed in detail

in chapter – 6.

4.3.2 Diameter of holes and spacing between holes

Diameter of holes on the substrate also plays a very important role in the

encapsulation of 2D crystals. If the holes are too small to accommodate many

nanoparticles, then they can have only a very few particles. Though this is desired in

many applications, it should be made sure that the accommodated particles are stacked

properly without any space in between them. Also, the distance between these holes is
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important as they lead to the movement of nanoparticles on the surface which increases

the velocity of particles in the solution.

If the distance between these holes is very small, the nanoparticle will not have

much space to move on the surface before getting into the hole. This at times may lead

to accumulation of nanoparticles on the same hole. So, depending on the visible light

wavelength, these holes are to be drilled on the substrate and the distance between holes

are also calculated roughly depending on that. This diameter is controlled by

lithography process.

4.3.3 Diameter of nanoparticles

Diameter of nanoparticles depends on the application of the crystals. As the size

of the particle decreases, capillary interaction energy diminishes. Thermal fluctuation

energy dominates at this part. So, to overcome thermal fluctuation energy nanoparticles

are expected to have large diameter. Total number of particles deposited onto the holes

of the substrate depends on the ratio between diameter of holes and diameter of

nanoparticles.

4.3.4 Selectivity of nanoparticles

Deposition of nanoparticles to encapsulate the air holes also depends on the

selectivity of nanoparticles which deals with the chemistry side of nanoparticles.

Though this selectivity is predominant in nanoparticle layer in 1D crystal, it is discussed

here to show that this factor also affects the total amount of particles deposited on the

surface or onto the holes. It depends on whether the nanoparticle has affinity to the

substrate and whether they can stay in the hole after the process. For example, in 1D
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crystals, if there is no affinity between these nanoparticles and substrate material, then

the layer just peels off from the substrate. In this case there will be a gap between the

layer and the surface of the substrate.

4.4 Applications of 2D crystals

Applications of 2D Crystals are in Photonic Integrated Circuits. This is due to

the easiness in fabrication of these crystals. Also, the multifunctionality concepts

(ability to perform multiple operations with the same technology) of 2D crystals are

being used in circuit technology. [67].

These crystals are also used in thermophotovoltaic (TPV) systems as discussed

in chapter-3.
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CHAPTER 5

CHARACTERIZATION FOR 1D AND 2D PHOTONIC CRYSTALS

5.1 Introduction

Self-Assembly of nanoparticles being the fundamental technique to construct

PhCs, is achieved by various methodologies. This chapter gives an overview of

characterization of PhC using various equipments, parameters used in those

experiments, effective method for the fabrication of PhC and comparison of few

methods with respect to the thickness of the layer.

5.2 Characterization Techniques

Fabrication of 1D and encapsulation of 2D PhCs carried out using various

methods in cleanroom using Self-Assembly of nanoparticles concepts has to be

characterized. Characterization of crystals is done to check for the changes that can be

made with the consecutive testing methods and parameters.

Though fabrication of 1D PhC was discussed in chapter – 3 and encapsulation

of 2D PhC was discussed in chapter- 4, this chapter gives details about various

characterization techniques used for the PhC, images of characterization equipments,

images of PhC with nanoparticle layers, parameters used for those PhC are to be

discussed in this chapter.

For this thesis work, we worked on characterization techniques like Scanning

Electron Microscope (SEM), Ellipsometer, Profilometer and Optical Microscope.
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5.2.1 Scanning Electron Microscope (SEM)

SEM was used almost for the entire thesis. SEM in NanoFAB is capable of

detecting particles of nanometer size. So distribution of nanoparticles on the surface of

substrate or onto the patterns of holes on the substrate is checked. This gave us few

ideas about changing parameters for the next set of experiments.

SEM used for the characterization in this thesis is ‘Zeiss Supra 55 VP Scanning

Electron Microscope’. The resolution of this SEM is 1 nm. This SEM is shown in fig.

52. Whole characterization in this thesis was carried out by SEM which gave us

excellent clarity in images helping us to proceed with further steps for improvement.

Fig. 52 Scanning Electron Microscope in NanoFAB [68]
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5.2.1.1 Substrate with silica nanoparticles

SEM images for 1D PhC is as shown in fig. 53. Here the nanoparticles

of silica self-assembled themselves to give a thin layer on the surface of the substrate.

Size of these nanoparticles varied from 10 – 40 nm.

Fig. 53 Thick uniform layer of Silica nanoparticles of thickness 250 nm

Parameters used to obtain 1D PhC like the one shown in above figure are:

� Technique : Evaporation Method for Self-Assembly of nanomaterials

� Dilution rate : 0.2ml SiO2 : 70ml EA

� Temperature: 75 º C

� Time : 5 min

Monolayer of nanoparticles was also seen on the surface of the substrate. This is

carried out by adjusting various parameters like temperature, time, and weight% of

nanoparticles in the solution. This is shown in fig. 54.
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Fig. 54 Monolayer of Silica nanoparticles layer of thickness 20 nm

Parameters to obtain monolayer of nanoparticles as shown in the above figure

are:

� Technique : Evaporation Method for Self-Assembly of nanomaterials

� Position of the substrate : Vertical

� Dilution rate : 0.2ml SiO2 : 70ml EA

� Temperature: 75 º C

� Time : 15 secs

2D PhC was also studied using SEM. In this, distribution of nanoparticles inside

the holes were studied thoroughly which helped in modifying the parameters used for

the experiment.
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For example, if the image showed stacked layers of nanoparticles on the

substrate and if the substrate is expected to have a monolayer on the surface, then these

nanoparticles can be diluted to a required amount which in turn reduces the thickness of

the layer by reducing the cluster thickness of nanoparticles ultimately yielding the

expected thickness of layer on the surface of the substrate.

Nanoparticles used for the encapsulation of PhC shown in fig. 55 below are

silica nanoparticles. This shows that silica nanoparticles have uniformly filled the

patterns on the substrate.

Fig. 55 SEM image of 2D PhC of silica nanoparticles

Parameters used for this crystal are :

� Technique : Filling the surface of substrate with nanoparticles solution and using

IPA to wash the surface after the complete drying of nanoparticle solution.
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� Dilution : 10 %

� (33 ml of silica nanoparticles solution + 67 ml of IPA).

� Temperature : Room temperature

� Time : Evaporating time of the nanoparticles solution.

5.2.1.2 Substrate with lead-selenide nanoparticles

Pb-Se nanoparticles also formed monolayers on the surface of the

substrate. But due to tetrachloroethylene (TCE) solution (solution in which Pb-Se

particles are immersed), monolayer of Pb-Se is disturbed to some extent by small holes

in many places which is due to the evaporation of TCE solution. Fig. 49 shows

monolayer of Pb-Se particles along with few small holes.

Fig. 56 Layer of Pb-Se nanoparticles of thickness 140 nm
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Thickness of this layer was found to be 140 nm (size of a Pb-Se nanoparticle is

less than 40 nm). Thus a minimum of 3 nanoparticles were stacked together.

Parameters used for this 1D PhC are:

� Technique : Spin coating

� Temperature : Room temperature

� Spin speed : 4500 rpm

� Time : 30 secs

5.2.2 Ellipsometer

Ellipsometer was used to find the thickness of the material layer on the surface

of the silicon substrate. In this method, the refractive index and rough estimate of the

thickness of the layer should be given as input.

Ellipsometer used for this thesis is ‘Gaertner Ellipsometer’ in NanoFAB. It is

interfaced to the computer such that the results are displayed in the monitor. Fig. 57

shows the ellipsometer equipment used for the thickness measurement.

Fig. 57 Gaertner Ellipsometer for thickness measurement [69]
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The output (thickness of the layer and refractive index) varies according the

input thickness. If thickness to be given as input is unknown then finding thickness of

layer from this method is very difficult. Thus this method is not that accurate for

measurements for unknown thickness. This technique was not used for the thin layer

measurement in this thesis. Instead they were used for HMDS or photoresist layer

thickness measurement when spin coating or etching has to be done for silicon

substrate. Since it gives the thickness depending on input thickness, we did not use this

experiment for thickness verification.

5.2.3 Profilometer

Profilometer was used to measure the depth profile. While using patterned

substrate, profilometer was used for depth profile to check for the presence of

nanoparticles on the holes. This is then compared with the diameter of patterned hole

for distribution of particles. ‘KLA Tencor Profilometer’ is used for this measurement. It

is shown in fig. 58. 
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Fig. 58 KLA Tencor Profilometer [70]

A stylus tip in this equipment does the step height profile giving out images

which detects and displays height variation or surface roughness in the substrate.

Profilometer was used in this thesis to check for the thickness of patterns after wet

etching. This equipment can also be used to measure the surface roughness of the

substrate.

5.2.4 Optical Microscope

Optical microscope was used for taking images of substrates with nanoparticles.

Though the image will not reveal nanoparticles like SEM, surface layer roughness was

seen using this equipment. The optical microscope used for the characterization was

‘Nomarski Microscope’.
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Fig. 59 Nomarski Microscope in cleanroom, UTA NanoFAB center [71]

Fig. 60 shows an optical microscope image of a ring pattern on silicon substrate

after the removal of photoresist. Though the visibility of images were not that clear,

images from optical microscope gave us some idea about whether to proceed with SEM

technique to study the substrate in detail or to redo the experiments. This image also

shows various scratches on the surface of the substrate which helped us in finding the

surface property of the substrate.

Fig. 60 Optical Microscope image of a ring pattern in the substrate

Thus the various characterization techniques used for different nanoparticles in

this thesis was discussed.
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CHAPTER 6

THEORETICAL CALCULATION OF THICKNESS OF LAYERS
IN 1D CRYSTAL AND FORCES IN 2D CAVITIES

6.1 Introduction

1D crystal involves layer-by-layer deposition of nanoparticles on a silicon

substrate. These multilayers may consist of same material or different materials. If

different material, this fabrication results in the superposition of properties exhibited by

each nanoparticle layer [72].This layer formation was discussed in detail in chapter-3.

A theoretical calculation of number of nanoparticle layer on the surface of the

substrate is calculated using an equation. Also, thickness of the layer on the surface of

the substrate is calculated using the equation.

2D cavity formation is made possible by the interaction of capillary forces at the

solution interface [73]. Encapsulation of 2D crystals is discussed in detail in chapter–4.

Highly ordered structures are formed with nanoparticles by the action of these Capillary

forces on the substrate and solution interface. A theoretical calculation of force is

calculated which shows the efficiency of capillary forces.

6.2 Equation and factors involved in Self-Assembly of
nanoparticles in 1D Crystals

Convective assembly which is used for fabrication of these multilayers [74]

helps in controlling thickness of these nanoparticles on the surface of the silicon
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substrate. Convective assembly uses capillary forces at the meniscus of the nanoparticle

solution and the substrate which draws the nanoparticles together to form a crystal of

closely packed nanoparticles [75] 

Total number of nanoparticle layer deposited on the surface of the substrate was

taken to be “k”. The relationship between volume fractions of these nanoparticles in the

solution and size of the nanoparticles is then derived as an equation to calculate the

value of “k”. Value of k was found to be as shown in equation 1: [72] [75] [76]. 

)1(**605.0

**

ϕ
ϕβ
−

=
d

L
k

Where,

� L is the meniscus height,

� β is the ratio between the velocity of a nanoparticle in the solution and the

velocity of fluid. This value is considered to be a constant and is equal to 1,

� φ is the volume fraction of nanoparticles in the solution and

� d is the diameter of a nanoparticle.

From the above equation, it is understood that the number of colloidal layers on

the substrate depends on various factors like:

� Meniscus height - this can be either convex or concave depending on the response

of molecules of solution to the molecules of container

� Volume-fraction of the nanoparticles in the container – which depends on the

quantity of nanoparticles and their distribution in the solution

( 1 )
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� Diameter of the nanoparticle – which is a main factor depending on which the

number of layers are decided.

This value of “k” controls the photonic bandgap behavior in multilayer

nanoparticles [72]. Since the number of nanoparticle layers deposited on the substrate

depends on height of meniscus, diameter of nanoparticle and volume-fraction of

nanoparticles in the solution, it can be varied by varying any of these parameters.

Depending on the total number of nanoparticle layers, other factors can be varied or

vice-versa.

Also, thickness of the layer on the surface of the substrate can be got from this

value of “k” and diameter of the nanoparticle,

Thickness of the nanoparticle layer = k * d

Where,

� k is the number of nanoparticle layers on silicon substrate

� d is the diameter of nanoparticle.

Multilayers of nanoparticles when used with different nanoparticles of different

sizes yields different optical behavior. When multilayers are fabricated, packing of

nanoparticles is also considered to be a very important factor. Stacking can be either

different particles of same size or different particles of different size or same particle of

different size or same particles of same size.

6.3 Factors involved in calculation of force in 2D cavities

Factors involved in the calculation of force in 2D cavities are:

� Contact-line radius between particle and solution

( 2 )
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� Contact angle between the particle and solution

6.3.1 Contact-line radius between particle and solution

Capillary energy, as is directly proportional to the size of the nanoparticle, the

interaction energy is derived for 2 nm particles [73] which indicated that the energy is

less than the thermal fluctuation. This energy is directly proportional to the contact-line

radius between the particle and water.

6.3.2 Contact angle between the particle and solution

Force is directly proportional to the contact-angle between particle and water.

Though it is very difficult when the size of the particle is very small, capillary force was

roughly estimated such that it overcomes thermal fluctuations. Considering all the

factors affecting the capillary interaction energy, the equation for capillary force was

roughly estimated to be [73]:

Fc = 2 П r σ sinφ

Where,

� Fc is the magnitude of capillary force

� r is the particle-water contact-line radius

� σ is the surface-tension between water and air

� φ is the contact-angle between particle and water.

Since water is considered to be the solution in this equation, force calculation

can be done only for titania particles in this thesis. Titania particles were suspended in

water. Due to their hydrophobic nature, they are not miscible with water.

( 3 )
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From fig. 61 shown in reference [73], it can be seen perpendicular force required

to push the particle into the hole takes an angle α with respect to the contact-line

radius and total force.

Fig. 61 Capillary Force (Fc ) illustrated at the vapor-solution-substrate interface [73]

This angle is used to calculate the force perpendicular to the total force and

indirectly helps in specifying the angle between the side wall of the substrate and force.

Perpendicular force is then found to be :

F┴ = Fc * cos(α)

F┴ = 2 * П * r * σ * sin(φ) * cos(α)

Where,

� r is the contact-line radius between the particle and water,

� φ is the particle-water contact angle (which is assumed to be 45 º with respect to the

contact-line radius,

F┴

α

( 4 )

( 5 )
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� α is the angle made by force perpendicular to the capillary force which is 120 º

when contact-angle is 45 º

� σ is the water-air surface tension which was found to be 3.82 from the calculations

in reference [62].

F┴ = 2 * 3.14 * r * 3.82 * sin 45 º * cos 120 º

F┴ = 8.48 r

With this relation between contact-line radius and capillary force, a graph is

plotted for values of radius from 2nm to 100nm. To calculate values for angle, α, we

redo the calculations with a known value of diameter of the nanoparticle as 20 nm.

F┴ = 2 * 3.14 * 20 *10 -9 * 3.82 * sin 45 º * cos(α )

F┴ = 678.5 cos(α )
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Fig. 62 Graph between contact-line radius and perpendicular force
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Same values of capillary force when plotted with the angle between the

capillary force and contact-line radius were found to be as shown in the fig[63]:
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Fig. 63 Graph between cos (α) and perpendicular force

6.4 Conclusions based on theoretically derived equations

In 1D crystals, total number of nanoparticle layers is calculated using equation

(1). The product of equation (1) with diameter of a nanoparticle yields thickness of the

layer of nanoparticles on surface of the substrate. This calculation is carried out

theoretically for Self-Assembly method.

Due to the diffractive optical properties, colloidal crystals are considered to be a

type of PhC. This shows that the calculations performed theoretically, can be tested for

PhC. We found it to be the same with the experimental values. Since we did this
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comparison only for 2 values and we did not repeat the comparison, results for the

comparison is not included in this documentation.

In 2D encapsulation, theoretical calculation procedure satisfies equation (2). 

The optimum angles calculated theoretically from the above equations and assumptions

was based on factors from experiments (like the size of nanoparticles used for the

encapsulation). Results from theoretical calculation of force shown in fig. 62 and fig.

63, gives an idea that the calculated force is directly proportional to contact-line radius

and doesn’t show any significant change when angle of perpendicular force is changed.

Thus the force with which a nanoparticle falls into a patterned hole is less for a

particle of smaller diameter than for a particle of diameter >80nm. Comparison of

theoretical values with experimental values is difficult in this 2D cavities because of the

unknown angle between the nanoparticle, contact-line radius and hole of the substrate.

As the size of these holes is in nanometer, it is very difficult to measure the angle

between these parameters.
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CHAPTER 7

RESULTS AND CONCLUSIONS FOR PHOTONIC CRYSTALS

7.1 Introduction

This chapter compares various methods used to fabricate monolayer of

nanoparticles on the silicon substrate finding out effective method for the fabrication of

PhC considering factors like temperature, time, and concentration of nanoparticles.

Reason for the selective mobility of nanoparticles into the holes assembly of is also

discussed.

7.2 Comparison of various methods in 1D PhC

Methods used for the fabrication of 1D PhC were compared using graphical

methods. Here, thickness of nanoparticle layer is taken along X-axis and other

parameters (like time, temperature, dilution rate and technique) along Y-axis. This

method gives the effects of temperature, time, dilution rate and technique on thickness

of layer for the fabrication of 1D PhC.

7.2.1 Effects of weight % of nanoparticles on thickness of self-assembled layer

Experiments for the fabrication of 1D PhC shows that Evaporation Induced

method is very effective compared to other techniques used. Also, weight-volume % of

silica nanoparticles in the solution is taken into consideration when thin layers are to be

formed on the surface of the substrate.
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As the rate of dilution increases, the thickness of nanoparticle layer on the

surface of substrate is reduced. This is shown in fig. 64 wherein the graph shows the

thickness of layer with various dilution rates of silica nanoparticles. Processes involved

are evaporation induced method, immersion method and Convective Assembly (CA)

method.

Fig. 64 Effects of Weight% of nanoparticles on thickness of assembled layer

Thus the graph above shows that the thickness of nanoparticle layer increases

with increase in nanoparticles inside the solution. Also, it is seen that when same

weight-volume % is used for evaporation induced technique, convective assembly and

immersion methods, thickness of layer in evaporation technique is lesser compared to

the other two methods.
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7.2.2 Effects of temperature on thickness of self-assembled layer

Temperature was found to play a major role in the layer formation of

nanoparticles. When the temperature was maintained closer to boiling point of the

solution, the particles self-assembled themselves uniformly on the surface of substrate.

Fig. 65 shows the comparison of temperature with thickness of self-assembled

nanoparticle layer. From the above graph, it is clear that at same temperature, the

variation in thickness of nanoparticle layer is from 20nm to few microns.

Fig. 65 Effects of temperature on thickness of assembled nanoparticle layer

But the optimized temperature is 75 º C as it is close to the boiling point of

ethanol (solution used for these experiments along with silica nanoparticles solution and

its boiling point is 79 º C) and that it yields monolayer at that particular temperature.
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7.2.3 Effects of time on thickness of self-assembled layer

The variation in thickness when time is varied from few seconds to few minutes

does not show any significant effect on the thickness of assembled layer. Fig. 66 shows

the graph representing thickness along time factor.

Fig. 66 Effects of time on thickness of assembled nanoparticle layer

From the above graph, it is seen that at time lesser than 25 Secs, nanoparticles

assemble to produce thick films, whereas when time ~ 180 secs, we get thin layer of

nanoparticle film compared to other time values. This shows that time doesn’t play a

significant role in the process of thin layers though they yield thick films when time is

less and thin film when time factor is high.
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7.2.4 Effects of techniques on thickness of self-assembled layer

As discussed in chapter- 3, evaporation method was found to be very effective

compared to other methods used for the fabrication of PhC. Fig. 67 shows that thin

layer of films can be achieved using evaporation induced Self-Assembly method.

Fig. 67 Effects of technique for Self-Assembly on thickness of assembled layer

In fig. 67, number 3 in X-axis represents evaporation method, 8 represents

immersion technique and number 9 represents convective assembly. Methods were

represented as numbers for the easiness of plotting the thickness values in the form of a

graph. Numbers were given for the methods to plot them as a graph. This graph shows

that even if thick film of nanoparticle layer is to be achieved, evaporation induced

method can be used as the graph shows both thick and thin film formation for
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evaporation induced technique whereas in convective assembly or immersion technique

only thick layer of nanoparticles are achieved. Thus the comparison of various

techniques helps in achieving the desired nanoparticle layer on the surface of the

substrate.

7.3 Conclusions on Self-Assembly of nanoparticles in 1D and 2D crystals

Self-assembly of nanoparticles is used for the fabrication of 1D crystals in this

thesis as this method yields repeatability and does not require costly equipments.

Different methods were tried in self-assembly for the fabrication of 1D crystals.

Initially, we tried spin coating experiment for the fabrication. Different

combinations of spin speed and spin time were tried to achieve thin layer of

nanoparticles on the surface of substrate. Different spin speeds tried for the experiments

varied from 1500rpm to 4500rpm. Low speed was tried as they yield thick layers and

high speed was tried to achieve thin layers of nanoparticles. Range of speeds were tried

to achieve uniform layer of nanoparticles. Silica nanoparticles were selected for our

experiment as few researchers carried out experiments with these silica nanoparticles

and they were successful. When experiments were tried at a low speed of 1500rpm for

40 seconds, thick layer of nanoparticles was achieved. But these layers were broken

because of their thickness which was in the range of few micrometers. Due to the

formation of multiple layers on surface of substrate, these layers broke and peeled off

from the surface. Then we tried experiments with 4500rpm for 40 seconds. At this

speed, though uniformity was not achieved thickness was reduced to some extent. Thus,

spin coating at low speed gave us thick layers due to the time for settlement of
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nanoparticles on the surface of substrate. As the speed was very low, nanoparticles

settled themselves on the surface and arranged themselves to layers and because of low

speed, multiple layers were formed on the surface. Reducing the time of spin coating

did not result in thin layer of nanoparticles. This might be because of the insufficient

time for the formation of monolayers.

Nanoparticles like Pb-Se and titania were also tried for the fabrication. These

nanoparticles, which were selected for their surface property, when spun on the surface

yielded clusters instead of layers. Hence, many clusters were seen on the surface and

they were non-uniform. Most of the surface did not have nanoparticles while few other

places had clusters of nanoparticles. As spin coating did not yield thin layer of

nanoparticles, we decided to proceed with experiments where in instead of filling the

surface of substrate with nanoparticle solution, we immersed the substrate into

nanoparticles solution and left it in the solution. Substrate was then removed after the

evaporation of solution. As the substrate was not disturbed in this process, thin layer of

nanoparticles were expected on the surface. But due to the time for which substrate was

immersed in the solution, thick layers were seen on the surface. Though we reduced

time for which the substrate was immersed in solution, which was accompanied by

reducing the composition of nanoparticles in the solution (by adding more IPA or EA

solution), minimum thickness obtained from this method was 693nm. Then, we tried to

modify this experiment. Instead of immersing the substrate in the solution, we

immersed the substrate into the solution for few seconds and removed it from the

solution. This process was carried out several times before removing the substrate from
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the solution for drying purpose. One more factor included in this experiment was

heating the solution. Solution was heated and substrate was immersed and taken out of

the solution. As heating of solution and immersion of substrate was carried out

simultaneously, nanoparticles arranged themselves uniformly on the surface. Thickness

obtained from this method was 423.9nm. Though different compositions of

nanoparticles were tried for achieving thin layers, broken surfaces were seen on the

surface. Due to the manual movement of the substrate, broken layers were formed on

the surface. So we thought of proceeding with a method, which follows the same

procedure except for the disturbance of the substrate. In the method we followed to

replace the previous method of manual immersion of substrate, we involved parameters

like temperature, weight% of nanoparticles in the solution and time for which the

substrate was immersed in nanoparticles solution. Nanoparticles solution was heated to

a temperature required to carry out the process and when solution reaches the desired

temperature, sample was immersed in the solution and the solution was then kept in the

hot plate. This method can also be carried out by immersing the substrate in the

nanoparticles solution and keeping the beaker (containing solution) on a hot plate. By

this method, disturbance to the substrate was reduced and thus peeling of layers from

the surface was reduced. This method gave us monolayer of nanoparticles on the

surface of substrate and in other experiment, it gave us two layers of nanoparticles on

the surface of substrate. As the desired thickness can be obtained from this method, we

came to a conclusion of impact of temperature on the fabrication. As the solution is

being heated, layer formed on the surface of substrate was very found to be uniform.
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This is because of the rapid heating of the solution and because of this, the solution in

between the nanoparticles and substrate evaporated which leads to a strong bond

between them. Evaporation method was found to be a very effective method for the

fabrication of 1D crystals.

Encapsulation of 2D crystal cavities was carried out on a silicon substrate with

periodic holes of diameter 450nm. This diameter was selected based on the wavelength

of visible light which lies in between 400nm – 700nm. Different self-assembly methods

carried out for the encapsulation of crystal cavities were spin coating, immersion

technique and filling the surface of substrate with nanoparticles solution followed by

cleaning of the solution. When few experiments were tried at a high speed of 4000 rpm

for 40 seconds, nanoparticles were seen to fill the holes. But they occupied the surface

of substrate along with the filling of holes. Since we need nanoparticles only on the

holes (if nanoparticles are throughout the substrate then there will not be any property

change within them. They will be just like silicon substrate filled with nanoparticles.),

we reduced the composition of nanoparticles in the solution as we thought reduction in

composition of nanoparticles will limit the nanoparticles settlement only onto the holes.

Spin speed was then varied to 1500 rpm for spin time 30seconds. Even with this slow

speed, nanoparticles were seen on the surface of substrate. When same procedure was

followed for Pb-Se nanoparticles, we got the same result of nanoparticles occupying

the holes completely and filling the surface of substrate. Then, we proceeded with

immersion technique, as spin coating did not yield us uniform distribution of

nanoparticles into the holes. Reasons for this have been discussed in chapter – 4.
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Immersion technique involves manual immersion of substrate into nanoparticles

solution. Due to this process of immersion of substrates, substrates were immersed in a

vertical position inside the solution. As we expected the nanoparticles to slide into the

holes from the surface, we immersed the substrate into the solution or we kept the

substrate angle inside a container and poured the solution on its surface. Either of these

methods was not successful to fill the holes without occupying the surface. When we

tried the same experiment by reducing the weight% of nanoparticles, significant result

was not achieved. Since these nanoparticles filled the surface, we thought of pouring the

nanoparticles solution on the surface of substrate drop by drop (instead of immersing

the substrate into the solution). Initially, when this method was tried, it gave few

nanoparticles on the surface of substrate. But then subsequent cleaning of the substrate

with IPA solution resulted in nanoparticles filling only the holes. Cleaning of substrate

was carried out by pouring IPA solution (using filler) on the substrate. When IPA

solution was poured on the surface with a little bit of force, they act with the

nanoparticles on the surface (as the nanoparticles on the surface were just individual

particles and not layers) and moved them either out of the substrate or into the holes.

Deposition of nanoparticles selectively into holes of the substrate concludes that

the nanoparticles solution on the surface of substrate is an effective method compared to

other methods. Also, these nanoparticles occupying the holes on the substrate are held

in place by various forces like gravitational, van der waals and capillary forces.

Presence of these capillary interactions has remarkable effect on various properties of

the assembled structures [73].
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7.4 Future study

This thesis explained characterization techniques using SEM to study the

substrate after Self-Assembly of materials. Thus various factors in 1D cavity help in

confirming a monolayer formation on the substrate.

Few experiments can be repeated by varying parameters like temperature, time,

methodology to form multilayers with different materials or same material on the

surface of substrate. Thickness of each layer is calculated before processing using the

wavelength and refractive index of the materials to be deposited. In most of the methods

used in this thesis, the problem of adhesion of nanoparticle layer to the surface of

substrate was seen. This can be eliminated by the proper adhesion of nanoparticles and

substrate by modifying the surface of substrate or nanoparticle or both. By this surface

modification process, we change the property of surface and nanoparticles along with

the interaction between them.

A suitable method without involving temperature factor is to be found because

of the incompatibility of temperature with the boiling point or flash point for some

materials. For 2D crystal cavity, surface modification can be done by making the

surface hydrophobic or hydrophilic depending on the nanomaterials to be used. Then

they can be etched at selective places so that when nanomaterials solution is allowed to

flow on the surface they fill the holes selectively. Instead of cleaning the surface of

substrate using IPA solution, some method which cleans the surface along with the

deposition of nanoparticles can be followed.
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Nanoparticle deposited substrate is to be subjected to a material and optical

study for its response in both materials and optical fields. This is done to study the

substrate completely so that it can be further used in various applications in

optoelectronics, biomedical, mechanical and in many other fields. Thus this topic adds

on to the scope for future study.
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APPENDIX A

MICROSOFT EXCEL SHEET -
PARAMETERS FOR CONVECTIVE ASSEMBLY – IARI EXPERIMENT
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Table A.1 Parameters used for the Convective Assembly – IARI Experiment

Concentration
( Silica – EA)

(ml)
Temp
(ºC )

Time
( secs )

Thickness
(nm) % weight volume of Silica - IPA - EA

15 - 40 55 1.5 1800
8.1% SiO2 + 19% IPA +

73%EA

15 - 40 55 15 2000
3.3%SiO2 + 7.7%IPA +

88.9% EA

10 - 45 65 5 10900
5.5% SiO2 + 12.7% IPA +

82% EA

5 - 40 65 5 3900
3.3%SiO2 + 7.7%IPA +

88.9% EA

5 - 65 70 5 3900
2.1% SiO2 + 5% IPA +

93% EA

1 - 50 70 8 3800
0.6% SiO2 + 1.6% IPA +

98 % EA

0.2 - 50 75 5 663
0.12% SiO2 + 0.3% IPA +

99.6%EA

0.2 - 50 75 3 1100
0.12% SiO2 + 0.3% IPA +

99.6%EA

15 - 40 65 1 693
8.1% SiO2 + 19% IPA +

73%EA
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APPENDIX B

MICROSOFT EXCEL SHEET -
PARAMETERS FOR IMMERSION TECHNIQUE
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Table B.1 Parameters used for the Immersion Technique

Concentration
( Silica – EA )

(ml)
Temp
( ºC )

Time
(secs)

Thickness
( nm ) % weight volume of Silica - IPA - EA

10 - 50 60 20 423
5% SiO2 + 11.7% IPA +

83.3% EA

1 - 50 70 5 666
0.6% SiO2 + 1.6% IPA +

98 % EA

5 - 65 70 11 3400
2.1% SiO2 + 5% IPA +

93% EA

15 - 40 40 2 1600
8.1% SiO2 + 19% IPA +

73%EA

15 - 40 75 30 1600
8.1% SiO2 + 19% IPA +

73%EA

0.2 - 50 75 5 1200
0.12% SiO2 + 0.28% IPA +

99.6%EA

0.2 - 50 75 3 880
0.12% SiO2 + 0.28% IPA +

99.6%EA
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APPENDIX C

MICROSOFT EXCEL SHEET -
PARAMETERS FOR EVAPORATION TECHNIQUE
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Table C.1 Parameters used for the Evaporation Technique

Concentration
( Silica – EA )

(ml)
Temp
( ºC )

Time
(secs)

Thickness
( nm )

% weight volume of
Silica - IPA - EA

0.2 - 50 65 235 960
0.12% SiO2 + 0.28% IPA +

99.6%EA

1 - 25 70 45 623
1.2% SIO2 + 2.7% IPA +

96.2% EA

0.2 - 50 65 240 243
0.12% SiO2 + 0.28% IPA +

99.6%EA

0.2 - 70 75 15 256
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA

0.2 - 70 75 30 123
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA

0.2 - 70 75 60 40
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA

0.2 - 70 75 90 652
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA

0.2 - 70 75 120 256
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA

0.2 - 70 75 180 25
8E-6% SiO2 + 1.9E-5% IPA +

99.7 % EA
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