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Abstract:

Inverse opals, a major type of self-assembled structures, provide good examples of
photonic crystals that result from the periodic arrangement of voids. The periodic arrays of
voids interfere with the light passing through them and prevent the propagation of certain
wavelengths (stopband). The ability to tune the stopband of an inverse opal is important
in applications such as photonics and sensing. Inverse opal films can be fabricated by filling
the interstitial sites of self-assembled colloids with a precursor solution and then removing
the template (assembly of colloids) by means of heat or chemical dissolution. However,
the fabrication of inverse opals with long range ordering of voids by using traditional
methods is challenging due to the introduction of defects. Co-assembly is an evolving
technique that is used to generate inverse opals with minimal defects but the use of
experimental conditions to control the defects has not been widely explored. In this study,
silica-based inverse opals were fabricated by using co-assembly technique and the quality
of the resultant films was evaluated with respect to the colloidal concentration and sol-gel
precursor concentration. To tune the stopband, the size of voids was altered by varying the
size of colloids. Also, another type of inverse opals was produced from a cross-linked
polymer based on 2-hydroxyethyl methacrylate which can result tunable stopbands in
response to the external stimuli. The mechanical and dimensional stability of the polymer
inverse opals were improved using a poly(dimethylsiloxane) mold. Overall, defect-free
inverse opal photonic crystals with tunable stopbands in the visible region of the
electromagnetic spectrum have been produced using inexpensive and simple techniques.
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CHAPTER I

INTRODUCTION

Photonic crystals are a group of materials that interact with light in a unique way. The periodic
arrays of microstructures in photonic crystals can prevent the propagation of specific wavelengths
of light, thereby resulting in a photonic band gap.* Photonic band gap materials are used in a
variety of applications such as optical transistors,* optical waveguides with sharp bends,* ® optical
fibers,” ® optical integrated circuits,® high-efficiency lasers,>** etc. These photonic crystals are
generally produced via lithography or self-assembly where the latter is simple and inexpensive
compared to the former.'?® Self-assembly in photonic crystals is an autonomous process that
allows particles, made out of either organic or inorganic compounds,'” ¢ to assemble into periodic
structures.’® For example, polymer colloids dispersed in a solvent can be self-assembled into a

close-packed structure by evaporating the solvent to produce colloidal assemblies known as opals.

The opals are used as templates to fabricate inverse opal structures. Theoretically, it is predicted
that inverse opals are more useful as photonic band gap materials compared to opals.’® Inverse
opals block the propagation of specific wavelengths in the visible range of the electromagnetic
spectrum and consequently show stopbands. Stopband, determines the color of the inverse opal;
hence these materials find interesting applications as displays and sensors. Position of a stopband
varies depending on the dynamic and static changes of the matrix and structure of an inverse opal;

for instance, size of voids, or effective refractive index of the material result in stopband shifts.



Changing the size of voids to obtain stopband shifts is advantageous because it provides control in a

broad range of wavelengths.

This dissertation mainly focuses on the fabrication of inverse opals to obtain static and dynamic
variation in the position of the stopbands. The static variation was obtained by changing the size of
voids in silica inverse opal thin films and the dynamic variation can be obtained by fabricating inverse
opal hydrogels from poly(HEMA/DMAEMA/TEGDMA) (HEMA = 2-hydroxyethyl methacrylate,
DMAEMA = N,N-(dimethylaminoethyl)methacrylate, and TEGDMA = tetraethylene glycol dimetha-
crylate). The first chapter describes the theoretical aspects of photonic crystals, bandgap structure, light
diffraction, methods of fabrication of opals and inverse opals, and potential applications of photonic

crystals.

The second chapter describes a study conducted to investigate the limitations and quality of the inverse
opals made by using a relatively new method known as co-assembly. The co-assembly method was
introduced recently to substitute the conventional infiltration method used to fabricate inverse opals.?
Usually, inverse opals are made in three steps: assembly of colloids on a substrate, infiltration of the
sol-gel precursor solution, and removal of the template. In co-assembly, the first two steps are
performed simultaneously, using a mixture containing both template particles and partially condensed
sol-gel precursor molecules to reduce the defects associated with the inverse opals produced using the
conventional method.?> The conventional method causes defects such as cracks, dislocations of
particles, and presence of multiple lattice orientations. Although several remedies have been
proposed,”*** most of them are complex, time consuming, and expensive. Therefore, co-assembly is a
good alternative. This chapter highlights the parameters, such as concentrations of colloids and sol-gel
precursor, which affect the quality of the co-assembled thin films and ways to improve the quality.
Furthermore, the defects were successfully semi-quantified using image analysis techniques.

In addition to that, the fabrication of inverse opals with tunable stopbands is also explained. The
2



position of the stopband was varied by changing the size of the voids. Here, poly(methyl methacrylate)
(PMMA) beads were used to generate the templates and the sizes of the PMMA beads were varied by

changing the concentration of methyl methacrylate used in synthesis of PMMA.

Several methods have been used to analyze the periodic structures, such as opals and inverse opals. For
example, small-angle x-ray diffraction (SAXS),” ?® Transmission Electron Microscopy (TEM),?"?
Scanning Electron Microscopy (SEM),* ® and diffraction of light.** However, there are few studies
that use image analysis techniques to determine the structure of inverse opals. In chapter 3, a
methodology was introduced to determine the structure of the inverse opal films made using the co-
assembly technique. Here, SEM images of inverse opals made with different ratios of concentrations
of colloids to tetraethyl orthosilicate were analyzed for the size of the voids, interplanar distance, center-
to-center distance, the extra amount of silica on the surface, and percentage of surface cracks. Moreover,
it was shown that the lattice orientations of voids can be determined from 2D-fast Fourier transform

(2D-FFT) analysis.

Dynamic changes in the position of the stopband are important in sensing applications. A photonic
crystal which can change the position of the stopband reversibly in the presence of an analyte is
considered as a visual sensor. Since hydrogels can significantly change their volume in response to
external stimuli, such as solvents, temperature, lights, ionic strength, etc., hydrogels are ideal candidates
for inverse opal photonic sensors. Poly(HEMA)-based hydrogels, with modifications, are extensively
studied as materials for optical sensors.®**% In chapter 4, a study was conducted using
poly(HEMA/DMAEMA/TEGDMA) to produce the matrix of inverse opal films. This polymer is
known to swell remarkably in solvents such as N,N-dimethyl formamide (DMF), dimethyl sulfoxide
(DMSO0), methanol, ethanol, and ethylene glycol.*” Here, a new methodology was introduced to

increase the mechanical and dimensional stability of the hydrogel inverse opal film.



CHAPTER II

AN OVERVIEW OF PHOTONIC CRYSTALS

2.1 Photonic crystals
Photonic crystals (PhCs) are a unique type of materials that control the propagation of light. PhCs

can be classified as natural®*®*° and synthetic.“° The microstructures seen in insects,*** birds,**°
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gemstones,* reptiles, aquatic species, etc., provide examples for natural PhCs. Artificial
materials containing a periodic array of microstructures are considered synthetic PhCs. Unlike
pigments that absorb or emit certain wavelengths of light, PhCs produce colors due to the reflection
of light by microstructures.* These microstructures have materials with regular arrays of high and

low refractive indices.

PhCs are classified into three subcategories based on the direction of periodicity: 1D, 2D, 3D
(Figure 2-1). Bragg grating is an example for 1D-PhCs. The patterned structures of the scales of a
butterfly wing are a good example of a natural 2D-PhC. Opal gemstones such as Ethiopian opals
and Australian opals are well-known examples for 3D-PhCs. The most common 3D-PhC lattice
types are face-centered cubic (fcc), woodpile, spiral lattice, and quasi-diamond lattice.>* Since the
propagation of light interferes in all dimensions, 3D-PhCs have many potential applications, and

the fabrication of artificial 3D-PhCs has been broadly studied.>>*°



Figure 2-1: A cartoon representation of (a) 1D, (b) 2D, and (c) 3D-photonic crystals.

2.2 Significance and applications

In semiconductors, a periodic potential influences the motion of electrons and creates allowed and
forbidden electronic energy states. The forbidden states generate the electronic bandgap. Similarly,
in PhCs, dielectric structures are periodically arranged and can prohibit the propagation of some
frequencies of electromagnetic waves, creating energy gaps known as photonic bandgaps.®
Manipulation of light in various ways can be achieved by engineering the bandgap by changing the
lattice parameters or introducing artificial defects, such as line defects or point defects.™ %% A
line defect is a disturbance introduced to a line of the periodic array that allows the propagation of
light along only the direction of the defect that acts as a waveguide.®® A point defect introduces a
defect only to a certain point of the lattice and results in a photonic nanocavity that can trap light.%
Photonic circuits can be fabricated by introducing waveguides and nanocavities to the same PhC.%
Furthermore, by changing a lattice parameter such as interplanar distance; the bandgap of the PhC
can be manipulated to alter the wavelength of the reflected light. This feature can be used in

applications such as displays® and sensors.>* PhCs can even improve the photocatalytic activity of



a system by increasing the absorbance of light, resulting the slow photon effect, where the speed

of light decreases near the photonic bandgap.®

2.3 Photonic band structure

A photonic band gap is achieved when propagation of certain frequencies of light are prohibited in
all possible directions inside a photonic material. The interrupted frequencies cause a gap in the
transmitted light. In 1887, Lord Rayleigh proved the existence of a 1D photonic bandgap, and
almost a century later Eli Yablonovitch and Sajeev John have confirmed the 2D and 3D photonic
bandgaps.? ® The finding of the 2D and 3D bandgap was inspired by the work of Charles Galton
Darwin, who had introduced the dynamical theory of X-ray diffraction.” In order to have a 3D
photonic bandgap, two important features — electromagnetic wave polarization and higher

refractive index contrast — must be introduced to the dynamical theory.

The Maxwell equations govern macroscopic electromagnetism and the propagation of light in a

dielectric media. The four Maxwell equations are

0B
- 2-1
V><E+at 0 (2-1)

oD
_ = 2-2
VX H R )i (2-2)
V-B=0 (2-3)

and

V-D=p (2-4)

where B is the magnetic induction field, D is the electric displacement, J is the electric current
density, and p is the free charge density. Since the structure is constant over time and there are no
current or free charges, both J and p are set to zero. Moreover, D and E are related to each other

via a power series. Usually, PhCs are made of transparent, macroscopic, and isotropic materials,



hence a relationship between D and E is obtained by assuming smaller field strengths and no
material dispersion’ and the relationship is given by

D = gyeE (2-5)
Also, a relationship between B and H can be obtained:

B = pouH (2-6)
The & is the vacuum permittivity, ¢ is the relative permittivity, [ois the vacuum permeability, and
K is the relative permeability; for many dielectric materials, | is close to unity. From all the

assumptions mentioned above and using equation (2-5) and (2-6) Maxwell’s equations are

simplified to:
JH(r,t
VxE(rt)+ u ) _ 0 (2-7)
at
JE(r,t
VX H(r t) — ¢ (grt ) o 2-8)
V-H(r,t)=0 (2-9)
V-¢E(r,t) =0 (2-10)

Since the Maxwell equations are linear and E and H depend on both space and time, both fields can
be separated to:
E(r,t) = E(r)e i»t (2-11)
H(r,t) = H(r)e it (2-12)
where o is the frequency. Application of equation (2-11) and (2-12) to Maxwell’s curl equations
yields
VX E(r) =iwuyH(r) (2-13)
VX H(r) = —iweye(r)E(r) (2-14)
By solving equation (2-14), and substituting VXE to the equation (2-13) the master equation can

be derived,



1 w?
v x (%v x H(r)) = S H@) (2-15)

where c is the speed of light and ¢ = 1A/(eo o). Similarly, an equation can be derived for the elec-
tric field. For simplicity, only the magnetic field is considered for the next step. Equation (2-15)
has a form of an eigenvalue problem, where H is the eigenvector. The operator Vx (1/(g(r)) V) is
known as the Hermitian operator, which has positive and real values. So, the wave equation can be
written in terms of the magnetic field as:
Vx(1VxH )—kZH 2-16
o V) = KPHE) (2-16)
where k? is the eigenvalue and k = w/c. From Bloch theorem,
H(r) = hy(r)e®T (2-17)
Furthermore, application of the Bloch theorem for the magnetic field [equation (2-17)] to the
master equation (2-16) yields:
. 1 . (W
(V+0) X = (V4 ) X Iy = (7) hy (2-18)

The variational theorem is used to obtain the lowest eigenmode, where

(ﬁ) o [1(V + ik)h|? dQ
fglhklz aq

(2-19)

In order to minimize equation (2-19), the denominator has to be maximized. This is possible only
if the magnetic field is in the high dielectric medium (g is higher). So, the mode with the lowest
order stays in the highest dielectric medium, whereas the next eigenmode resides in the lowest
dielectric medium; the difference is responsible for the photonic bandgap (Figure 2-2). Since the
wave vector of a photon, k, (k = 2 7/ 1) is related to the angular frequency, w, by @ = k/c, the plot
between w and k will show the possible states for a particular PhC. The following equation gives
the band structure for a 1D-PhC:"

w =k (2-20)

where n is the refractive index of the material, which is equal to V.

8
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Figure 2-2: The photonic bandgap of a 1D-PhC, where (a) shows the appearance of the bandgap

and (b) shows the lower and higher limits of propagation of the wave.

There are two modes of propagation of a wave: Transverse Electric (TE), where electric field does
not exist in the direction of propagation and Transverse Magnetic (TM), where magnetic field does
not exist in the direction of propagation. In order to have a complete bandgap, there should be a
gap for both TE and TM modes. A 2D-PhC made of cylinders has a bandgap for the TE mode
whereas a 2D-PhC made of connected lattice with veins has a bandgap for TM mode. Furthermore,
when there is a high symmetry in the lattice there is a high probability to have a bandgap. If all
three requirements are combined, a complete bandgap is obtained. For example, hexagonal arrays
in Figure 2-3b have a complete bandgap. The 2D-PhCs have band gaps only in certain directions

but 3D-PhCs have complete bandgaps in all directions.
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Figure 2-3: Three possible types of 2D-PhCs (a) dielectric blobs (top), connective veins (bottom),
and (b) hexagonal arrays. Dielectric blobs have a band gap for TE mode, connective veins have a

bandgap for TM mode, and hexagonal arrays have a band gap for both TE and TM modes.

2.4 Light diffraction by Photonic crystals

Electromagnetic radiation with shorter wavelengths, such as X-rays, which pass through an atomic
crystal, interfere with the periodicity of atoms, and scatter. If the waves reflected by the crystal
planes are in the same phase, constructive interference results, and if they are out of phase
destructive interference results. Therefore, waves generate diffraction patterns when passing
through an atomic crystal. The diffracted intensities and angles are used to determine the crystal
structure, for an instance, in X-ray crystallography. Similarly, PhCs diffract light when the
wavelength of the incident light has the same magnitude as the spacing between micro-structures.’

Consequently, light diffraction is used to study the structure and properties of PhCs.
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Bragg’s law gives a good approximation to the constructive interference of waves reflected by
crystal planes. In contrast to X-ray diffraction, the effective refractive index of the PhCs should be
taken into account as it becomes significant for the diffraction of light. To get a better
approximation of the reflected wavelength, known as the stopband, Snell’s law can be combined

with Bragg’s law.”® The waves reflected by a PhC are shown in Figure 2-4.

Figure 2-4: Light diffraction by a photonic crystal, where 8 is the angle of incident light, 6, is the
angle of refracted light corresponded to Snell’s law, 9 is the angle of reflected light due to Bragg’s
reflection, 9, is the angle of light exiting from the PhC, n; is the refractive index of the surrounding
environment, and nes is the effective refractive index of the PhC. (Modified from work published

by Baryshev et al.)™

Since colloidal particles assemble into fcc structures, the specular reflection of the (111) plane of
an fcc lattices is widely used as a model study for the light reflection by 3D-PhCs. According to

Bragg’s law for a 3D photonic lattice, the wavelength of the reflected wave is given by

1 2dngg cos 0, (2-21)
m
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where d is the interplanar distance, - is the angle of the incident light for Bragg’s reflection, Nef is
the effective refractive index of the PhC, and m is the order of the incident light. There are many
studies that evaluate the lowest order of diffraction, where m =1, by fcc PhCs™*® and the above

equation is simplified to:

A= 2dngsscos b, (2-22)
Furthermore, from the Snell’s law
sinf; n,
—_—= = 2-23
sinf, ny ( )

where 6: and 6, are the angles measured to the normal at the boundary of the two media with
different refractive indices n; and n, respectively. Equation (2-23) can be further simplified by

incorporating the air-PhC interface:

sinf, = sin 6, (2-24)

Nery

The combination of Bragg’s and Snell’s law from equation (2-22) and (2-24) gives®®

A= 2d fngff — sin? 6. (2-25)

The ner can be calculated as follows:®

Nepr = Ny +ny(1 — ) (2-26)
where ¢ is the volume fraction occupied by the medium having a refractive index of n.. When the
angle of incident light is equal to zero and when one substitutes equation (2-26) for nes, equation
(2-25) becomes,

A= 2d[¢pn, + (1 — P)n,] (2-27)
Since Bragg’s law assumes equal contribution from all the planes for light reflection and does not
encounter the attenuation of light, the dynamic diffraction theory is incorporated into Bragg’s
equation.®® ® The relationship between Bragg’s reflection () and reflection from dynamic diff-

raction theory (1q) is as follows;®’
12



Y

where y is
_ s r’2—1
V=30a (2-29)

Here r is the ratio of the refractive indices of the two dielectric materials where

r=m (2-30)

n;

The combination of equations (2-27) and (2-28) gives:

A= 2d[png + (1 = ¢p)n] (1 + %) (2-31)

Here, n; and n, was substituted by the refractive indices of air (n.) and spheres (ns) respectively.
Since the reflection caused by the (111) planes of an fcc crystal is responsible for its most intense

stopband, the interplanar distance d can be related to the size of the spheres (D) to obtain:®

A= 1.632D[¢n, + (1 — p)n,] (1 + %) (2-32)

2.5 Self-assembly

Self-assembly is a unique phenomenon, where the objects assemble themselves with specific
interactions between each other but without any significant external modification. This phenome-
non can be seen everywhere in nature including biological and non-biological environments.® &
In the self-assembly of particles, interactions such as dipole-dipole,®® depletion,® or capillary
forces® *° control the assembly. Due to the simplicity and inexpensiveness of the process, self-
assembly is introduced as a technique for the fabrication of new materials, especially the PhCs.®
%9 Currently, expensive and complex methods, such as chemical vapor deposition,* molecular

100-102

beam epitaxy, and lithographic techniques,” % 1% such as optical,'® X-ray,'® scanning

107 109

probe,'®” nanoimprint,'® and electron beam,*® are used to fabricate PhCs.'* 1% These methods are

13



not only expensive but also slow and result PhCs limited to a thickness of few layers. In contrast,

self-assembly results in PhCs with a thickness of a few to a several hundred layers.

2.6 Opals and inverse opals (10s) as PhCs

An opal is a type of gemstone composed of silica and it is a well-known example of a natural PhC.
The name opal is derived from Sanskrit word “upala,” which means precious stone.™™® These
gemstones show iridescence when viewed in different angles. This iridescence is due to the peri-
odic close-packed arrangement of silica beads with diameters of several hundreds of nanometers.
Microstructures containing close-packed spheres are generally referred to as opals. In the opal, the
interstitial sites among the close-packed spheres contain a medium of low refractive index, such as
air (n=1). When the refractive indices are reversed, an inverse opal is obtained. The Figure 2-5

shows a cartoon representation of an opal and inverse opal.

(a) (b)

Figure 2-5: Schematic representation of (a) an opal and (b) an inverse opal.

The photonic bandgap is one of the most interesting features of a PhC. A complete bandgap is
possible when the propagation of light is forbidden for all states of directions and polarizations.
However, some PhCs have incomplete or pseudo band gaps, where the propagation of light is
forbidden in only some directions that are sometimes referred to as “stopbands.” Theoretically, for
opaline structures, a complete band gap is obtained if the contrast of the refractive indices is higher
than 2.9 (ni/n2 > 2.9), which is not possible with most opals. The opals usually have pseudo

14



bandgaps, whereas complete bandgaps can be easily achieved with inverse opals. Laser resonance
cavities, waveguides, inhibitors of spontaneous emission, etc., are good examples for the

application of PhCs with complete bandgaps.™*

2.7 Fabrication of opals and inverse opals

The majority of synthetic opals are made of silica or polymer colloids, where the colloids are
arranged into an fcc or hep crystal and the interstitial sites are usually filled with air.**? Poly(methyl
methacrylate) (PMMA) and polystyrene (PS) polymers are widely used to generate colloids for the
fabrication of opals and inverse opal structures.

72, 113, 114

There are various methods to fabricate opals; of these, sedimentation and evaporative

115,116 and

assembly are used frequently. Sedimentation is conducted using gravity or electric fields,
evaporative assembly involves the evaporation of the dispersant of the colloids. Sedimentation
methods are good for the fabrication of thick films of opals; whereas, evaporative assembly is good

for thin films. The colloids are vertically™*” or horizontally*'®

deposited onto a substrate, but
horizontal deposition results in opals with uneven thickness. Even though vertical deposition yields
a much more uniform colloidal crystal, there are some drawbacks, such as the formation of a
thickness gradient and difficulty with the fabrication of thin films with large colloids. These
drawbacks can be minimized by controlling the evaporation temperature, applying vertical
temperature gradient, mechanical agitation, and isothermal heating. Figure 2-6a shows a typical

evaporative vertical assembly setup, where a substrate is submerged in a colloidal solution and kept

open to the environment for the evaporation of solvent.
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Figure 2-6: Schematic representation of vertical deposition of colloids on a substrate, where (a) is

the vertical deposition of colloids and (b) is the co-assembly of colloids.

The inverse opals are made of various materials such as SiO2,*° AlLO3,*® Ti0,,% 121122 CeQ, 1!
GaAs,*® V,05,2* and Zr0,,% 1% etc. Even polymers, such as hydrogels, have been used to fab-
ricate inverse opals. VVoids of an inverse opal are usually filled with air and the contrast of refractive

indices of the matrix and voids determines the properties of the PhC.

Usually, inverse opals are fabricated by infiltrating a sol-gel precursor solution into the interstitials
sites of a self-assembled opal, which is condensed and forms a solid after hydrolysis. The solid
matrix starts drying as the solvent is evaporated. Next, the template is removed chemically or
physically. Various sacrificial templates are used for the fabrication process such as PMMA, PS
and silica. Mostly, the silica templates are removed using dilute hydrofluoric acid, and polymer
templates by calcination. The calcination not only removes any adsorbed solvent or trapped by-
products but also facilitates further condensation of the 3D solid network. Usually, fabrication of

inverse opals utilizes sol-gel precursors to build up the matrix. However, the inverse opals made
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with conventional infiltration technique have numerous defects. Also, the vertical deposition of
colloids itself generates defects, such as polycrystallinity and cracks, which will be transferred to
the inverse opal. Moreover, it is difficult to control the amount of the precursor added to the
template, which results in poor or over infiltration. So there is a need for a better technique to
fabricate inverse opals with a good quality. To improve the quality of inverse opals, research has

been conducted on controlled template deposition of colloids, such as assembly of colloids under

6 127

negative pressure,'?® capillary-enhanced processes,'®’ vertical depo-sitions combined with a

128 etc.

piezoelectric actuator,
Co-assembly is a simple technique that is used to fabricate Inverse opals with good quality. In co-
assembly both colloids and the sol-gel precursor are mixed in the same solution and the self-
assembly and infiltration take place simultaneously. Once the process is completed the template is
removed.?® This method reduces the main drawbacks of the infiltration technique, such as the
excess or lack of precursor, poor assembly of colloids, and presence of multiple domains. It is
reported that the presence of a sol-gel precursor and colloids in the same solution is beneficial as
the precursor aids on the assembly of colloids; this results in a single crystalline domain and can be
extended to several centimeters in length.?’ Figure 2-6b shows a schematic representation of the

co-assembly technique.
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CHAPTER Il

FABRICATION OF DEFECT-FREE INVERSE OPALS WITH VARAIBLE STOPBANDS

3.1 Introduction

Opals and inverse opals, two major types of self-assembled structures, provide good examples of
photonic crystals that result from the periodic arrangement of colloids and voids, respectively. Self-
assembly techniques continue to be studied as an alternative to lithographic methods because while
photonic structures generated by lithographic methods are intricate and functional, the fabrication

is cumbersome, time consuming, and expensive.'>*% 129130 gelf-assembly is finding application in

131-133 133,134 34, 135

photonics, catalysis, sensing, and tissue engineering.*®* Applications of opals and
inverse opals in sensing and photonics make use of the structural color that results from the
periodicity of the structures. Inverse opal films can be fabricated by filling the interstitial sites of
self-assembled colloids with a precursor solution and then removing the template (assembly of
colloids) by means of heat or chemical dissolution. The co-assembly is a technique that is used for
fabrication of inverse opal films where the colloids and the matrix material (a sol-gel precursor)
assemble simultaneously. According to Hatton, et al.,° co-assembly reduces defects of the inverse
opal structure significantly, resulting in high-quality thin films that have large, ordered domains.
This is in contrast to inverse opal films made with the conventional technique, where the self-

assembly and infiltration of the sol-gel precursor occur in two consecutive steps, which leads to a

significant amount of defects in inverse opals.
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Long-range order is required for maximum functionality, but the fundamental issue with the self-
assembly of colloids is the cracks associated with the drying process that disrupt periodicity.*3" 4
Other defects include the presence of multiple crystal domains, colloid vacancies, and colloidal
dislocations. Even though many methods have been proposed to improve the self-assembly
technique,?*%* 14213 enhancing the overall quality of the fabricated materials remains challenging.

Previous studies have shown that co-assembly can improve upon cracks and yield inverse opals

having long-range order in the centimeter length scale.?

In this study, the effects of three parameters on the overall quality of the fabricated inverse opals
produced by the co-assembly process were investigated. The parameters include varying the
concentration of the colloids, the concentration of the sol-gel precursor, and the rate of hydrolysis.
Thresholding, a semi-quantitative image analysis technique, was used to assess the defects that
result in the fabricated inverse colloidal crystal films with respect to the aforementioned
parameters. Our results show that the number of defects reached to a minimum when the
concentrations of colloids and tetraethyl orthosilicate were changed to 1.3 mg/mL and 1.9 mg/mL.
It was further revealed that the mild hydrolysis of tetraethyl orthosilicate facilitates the reduction
of cracks. Also, the position of the stopband was tuned by synthesizing poly(methyl methacrylate)

colloids with different sizes for use as templates of inverse opal films.

3.2 Materials and methods

3.2.1 Materials and Instruments

Chemicals were used as received. Methyl methacrylate (99%), ethylene glycol dimethacrylate
(98%), ammonium persulfate ((NH.).S:0s, 98%), 1-dodecanethiol (98%), and tetraethyl
orthosilicate (TEOS, 98%) were obtained from Sigma-Aldrich Chemicals (St. Louis, MO).
Absolute ethyl alcohol (EtOH), sulfuric acid (H.SOs, 95.0-98%), and ACS reagent grade

hydrochloric acid (HCI, 36.5-38.0%) were purchased from Pharmco-AAPER (Brookfield, CT).
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ACS reagent grade hydrogen peroxide (H:20., 30% (w/w)) was bought from Ricca chemical
company (Arlington, TX). Silicon wafers (p-type Si:B[100], R, = (1-100) Q cm) were acquired
from EI-Cat Inc. (Ridgefield Park, NJ) and fused quartz slides were purchased from Technical
Glass Products, Inc. (Snoqualmie, WA). Opal films were fabricated on microscope slides
(premium) obtained from Fisher Scientific (Fair Lawn, NJ). The surface of the substrates was
cleaned using a corona treater (Electro technique products incorporation BD-20). The images of
the thin films were taken using a scanning electron microscope (SEM, FEI Quanta 600 FE-ESEM)
and light microscope (Olympus 1X 83). Particle sizes were measured using both particle size
analyzer (Malvern instrument Nano-ZS90) and SEM images. The thin film deposition was carried
out in a convection oven (Binder ED 115) and calcination was conducted in a tube furnace
(Thermolyne 2110). Transmittance spectra were taken using a UV-Vis spectrophotometer (Cary 50
Bio) in transmittance mode. Image analysis was conducted using Image J 1.48v (Wayne Rasband,
National Institutes of Health, USA) and Photoshop CS6 software (Adobe Systems Inc.). All the
graphs were plotted using OriginPro 9 software (OriginLab Corporation). Water was deionized at

a resistance of 18.1 Q/cm using a Barnstead Nanopure™ water purification system.

3.2.2  Synthesis of poly(methyl methacrylate) colloids

Poly(methyl methacrylate) (PMMA) colloids were prepared by adding ammonium persulfate
(0.100 g) to a flask containing deionized water at 80 °C. After stirring the solution for 1 h, a pre-
sonicated mixture of methyl methacrylate (9.25 mL), ethylene glycol dimethacrylate (47.4 yL), and
1-dodecanethiol (23.7 pL) was added and the stirring was continued for 3 h. The resulting colloidal
solution was purified by centrifugation. The particle size, zeta potential, and polydispersity index
of the colloidal particles were determined using a particle size analyzer (Nano-ZS90, Malvern
Instruments). The particle size and the polydispersity of the air-dried polymer colloids were
measured using SEM images as mentioned elsewhere.*** *** Briefly, random images of PMMA

particles placed ona 1 cm x 1 cm silicon wafer were taken and image processing soft-ware (ImageJ)
20



was used to measure the diameter of the particles. The polydispersity was determined by taking the

square of the ratio between the standard deviation and mean particle diameter.

The size of the PMMA colloidal particles was varied by changing the amount of monomer used in
the synthesis. The sizes of 298(x15) nm, 354(x14 nm), 391(x13) nm, 438(x15) nm, and 465(+19)
nm were obtained for the colloids synthesized by using the respective amounts of the monomer:

499 (5.25mL), 6.7 g (7.25 mL), 8.6 g (9.25 mL), 10.4 g (11.25 mL), and 12.3 g (13.25 mL).

3.2.3 Preparation of TEOS stock solution
A tetraethyl orthosilicate stock solution was prepared by mixing 0.1 M HCI, ethanol, and tetraethyl

orthosilicate in a ratio of 1:1.5:1 (by weight) followed by stirring the mixture for 1 h.

3.2.4 Fabrication of opal and inverse opal films

Both opal and inverse opal films were fabricated either on silicon wafers, glass microscope slides,
or fused quartz slides (with dimensions of 10 mm x 50 mm) as necessary. The substrates were
cleaned using piranha solution (1:2 mixture of H-0, and H,SO.) and treated with a corona treater
prior to use. The opal films were fabricated using vertical deposition, where the substrates (silicon
wafers and glass slides) were submerged vertically in a dilute colloidal solution and heated in an
oven at 65 °C for 20 h. The evaporative co-assembly technique was used for the fabrication of
inverse opal films.? The co-assembled technique is similar to the fabrication process of the opal
films except for the addition of tetraethyl orthosilicate into the colloidal solution. In this study, two
sets of inverse opal films were fabricated. The first set of films was fabricated by varying the
concentration of colloids at a constant concentration of tetraethyl orthosilicate (1.9 mg/mL). The
colloid concentrations were the following: 0.4 mg/mL, 0.7 mg/mL, 1.0 mg/mL, 1.3 mg/mL, and
1.6 mg/mL. For the second set of inverse opal films, the concentration of colloids (1.3 mg/mL)

remained constant while the concentration of tetraethyl orthosilicate was varied as follows:
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1.0 mg/mL, 1.3 mg/mL, 1.6 mg/mL, 1.9 mg/mL, and 2.2 mg/mL. The resulting co-assembled films
(length ~18 mm) were calcined in a tube furnace by heating for 2 h at 500 °C with a 5 h ramping
time of 95 °C/h. Opal and inverse opal films were fabricated on glass microscope slides or fused
silica glass for evaluation by optical microscopy. Images of the fabricated films were taken using
an Olympus X 83 light microscope with a 20x objective along the direction of fabrication (for ca.

1 mm from the top) and stitched together.

3.2.5 Defect analysis of inverse opal films using SEM images

Figure 3-1: Quantification of a defected area using thresholding. (a) An SEM image of an inverse
opal film made with 0.4 mg/mL of colloids and 1.9 mg/mL of tetraethyl orthosilicate. The SEM
image is stitched to generate an area of 90 mm?, and then divided into 25 small rectangles (1.8 mm
x 2.0 mm). (b) A binary image that represent the area of the small rectangle indicated by the black
open square in panel (a); the defects were highlighted in black and the differentiation between the

two gray contrasts values was done by adjusting the thresholding window (c).

The use of binary images to analyze defects has precedence in the study of fractures in con
-crete. 187 In this study, the SEM images (8-bit) were converted to binary images by thresholding
using ImageJ 1.48v (Wayne Rasband, National Institutes of Health, USA). The total defected area
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was highlighted by adjusting the thresholding window manually, determined from the “measure”
in-built function, and reported as a percentage of the total area. The sample area (90 mm?) of the
inv-erse opal film was selected for the analysis and imaged using SEM (voltage-20 kV, spot size-
3.0, magnification-100x%, and under the same brightness and contrast). Later, the SEM images were
stit-ched together to remove the overlaps and an image of the entire area was obtained (Figure 3-
1). Next, this image was divided into 25 sections (each having an area of 3.6 mm?). Each section

was analyzed individually and combined to obtain the total area of defects.

3.3 Results and Discussion

3.3.1 Colloidal Assembly

Koh, et al.*® proposed a mechanism for the self-assembly of colloids, which includes three distinct
stages. First, near the pinned contact line of the meniscus, hydrated colloids arrange with a large
lattice parameter due to the Derjaguin, Landau, Verwey, and Overbeek (DLVO) potential barrier'*®,
As the meniscus recedes, the volume fraction of colloids increases and capillary forces facilitate
the nucleation. The second stage arrives as the meniscus passes the first pinned contact line, where
the colloids assemble with a lower lattice parameter. At this stage, the solvent is filled into the
interstitial sites between the colloids. Finally, solvent at the interstitial sites evaporates, which
results in hollow spaces. The sizes of the colloids decrease during the process since the colloids

become dehydrated with the evaporation of the solvent.

Table 3-1: Size distribution and zeta potential of PMMA colloids.

Wet colloids Dry colloids
Size /nm 460(£5) 345(£20)
Polydispersity 0.19 0.06
Zeta potential /mV 58.0(x0.7) -
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Figure 3-2: Representative SEM image of PMMA particles (345 nm) synthesized by emulsion

polymerization.

The colloids used in this study were made out of poly(methyl methacrylate) (PMMA)
(Figure 3-2). Both the sizes and the zeta potential ({) of the colloids were measured to determine
the stability of the colloidal suspension. The sizes of the colloids were determined using a particle
size analyzer (wet) and SEM images (dry) as mentioned in the procedures. There was a difference
of ~100 nm in sizes between the dry and wet colloids (Table 3-1). The polydispersity of dry colloids
was calculated from the square ratio of the standard deviation and mean particle diameter. The
polydispersity of the dry colloids was 0.06. As previously reported, when the polydispersity of the
colloids is lower than 0.07 (dry), better close-packing is observed.™* As measured by light
scattering, the polydispersity index (Pdl) of the wet colloids synthesized was ~0.04, which falls in
the range of monodisperse colloids (<0.05).%*° A colloidal solution is considered stable when the
zeta potential is between +40 and 60 mV.***%2 The measured zeta potential of the PMMA colloids

synthesized in this experiment was ~60 mV (Table 3-1).
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3.3.2 Inverse Opals Made by Co-assembly

Co-assembly was used to fabricate the inverse opal films: tetraethyl orthosilicate was used as the
sol-gel precursor and PMMA colloids were the sacrificial template. Then, the crystal structure was
determined using SEM images. There are two possible crystal structures for a close-packed
arrangement of colloids: hexagonal close-packed (hcp) and face centered cubic (fcc). The fcc
structure has three distinct alternating layers of colloids or voids stacked in an A-B-C sequence and
hcp has an A-B stacking sequence of colloids or voids. Here, the crystal structure of inverse opal
films was determined by analyzing the arrangement of voids at a crack, and confirmed to be fcc.
Castafieda-Uribe, et al.,”*® previously used a similar analysis to determine the crystal arrangement
of an opal film using SEM images. As seen in Figure 3-3, three alternating layers were observed

in the fabricated inverse opal films, which suggest the A-B-C arrangement of the fcc structure.

The size of the voids of inverse opal films was measured using SEM images and found to be
270(x£20) nm. The void size is smaller compared to the size of the dry colloidal template (345 nm).
The reduction in the void size is likely caused by the volume expansion of the silica network that
results from heating at high temperatures (500 °C) during the calcination process that can deform

the PMMA colloids.
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Figure 3-3: (a) An SEM image of an inverse opal film with a crack; the colored circles show the
fce crystal arrangement of voids; the inset shows the area of the crack that was used for the analysis.
(b) The layer by layer arrangement of voids confirms the fcc crystal structure of the inverse opal
film: green - layer A, red - layer B, and blue - layer C; the diagram (right-bottom) clearly shows
the arrangement of voids in the layers is fcc; yellow circles - layer A, orange circles - layer B, and

light blue circles - layer C.

3.3.3 Inverse Opal Structures: Effect of Colloidal Concentration

3.3.3.1 Quantification of Defects

In the vertical deposition method, evaporation of the solvent facilitates a convectional flux of
colloidal particles towards the thinning region of the meniscus onto the substrate. This region has
a high volume fraction of colloidal particles with a low interplanar distance, which ultimately
results in the nucleation step in the formation of colloidal crystal. When there is a low concentration
of particles, the particles are arranged as a few layers at the pinned contact line of the meniscus.
Subsequently, the meniscus recedes to the minimum contact angle that it can possibly have with

the substrate and slips to a new pinned contact line with a new contact angle. Since the
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concentration of particles is not sufficient, the packing of the colloidal particles can be seen only at
regular intervals and the stick-slip bands are created.'** *** In co-assembly, a mixture of colloids
and a sol-gel precursor is used to produce the colloidal composite; hence both the concentration of
colloidal particles and the sol-gel precursor should influence the quality of the resultant inverse

opals.

CHL

Figure 3-4: SEM images of the types of defects observed in the inverse opal films made by the co-
assembly technique. (a) An SEM image showing a stick-slip band (dark contrast) and an overlayer
of silica on an inverse opal film (the colloidal template was made with 0.4 mg/mL of colloids and
1.9 mg/mL of tetraethyl orthosilicate). The inset shows a magnified area on an edge of the stick-
slip band (the stick-slip band on the left and the overlayer on the right are separated by a close

packed arrangement of voids) and (b) a magnified SEM image of the light gray area of (a).

To study the effect of the colloidal concentration on the quality of inverse opal films, a set of inverse
opal films was fabricated by changing the concentration of PMMA colloids, from 0.4 mg/mL to
1.6 mg/mL, while keeping the concentration of tetraethyl orthosilicate constant (1.9 mg/mL). SEM
was used to analyze the defects in the inverse opal films. Here, defects larger than 1um that could
be easily observed in SEM images taken at a low magnification (100x) are referred to as
macroscopic defects. The types of macroscopic defects found in the inverse opal films made by co-
assembly include stick-slip bands, overlayers, and cracks. Stick-slip bands are areas where there is

no assembly of colloids (for direct opals) or voids (for inverse opals). Overlayers are the areas
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where a thin layer of silica is deposited on the top surface of the close-packed voids. Stick-slip
bands and overlayers can be identified in the SEM images since they appear dark gray in contrast,
whereas closely packed voids appear light gray (Figure 3-4). The dark gray area shown in
Figure 3-4a is a stick-slip band where an area of non-colloidal assembly is surrounded by close-
packed voids (a magnified area is shown in the inset). The light gray area has well-ordered voids,

and overlayers are present in some places.

According to previous studies, defects can be analyzed by differentiating segments of gray values
using binary images.'*® 14715 |n these binary images, the defected area is highlighted in black while
the rest is in white. As mentioned earlier, in the SEM images of the inverse opals, the defects appear
dark gray while defect-free areas appear in light gray. Since it is not possible to differentiate the
stick-slip bands from the overlayers, defects as a whole were quantified using image analysis. To
differentiate the segments of gray values (dark and light contrast) the SEM images of the inverse
opals were converted to binary images using the thresholding method. For this analysis, an area of
90 mm?was selected from the top of each the inverse opal film (see section 3.2.5 and Figure 3-1a
for more details). The number of defects was reported as a percentage of the total area that was

analyzed (90 mm?).

As depicted by the graph in Figure 3-5e, at low concentrations of colloids (0.4 mg/mL and 0.7
mg/mL), more than 46% of the total area of the inverse opal films is defected. The percentage of
the defected area increased up 77% at a colloidal concentration of 0.7 mg/mL and reached ~1% at
1.3 mg/mL. Even though the percentage of defects was ~1% at high colloidal concentrations
(1.3 mg/mL and 1.6 mg/mL), triangular-shaped cracks were observed in the inverse opal films at
1.6 mg/mL. The cracks, mostly observed at the bottom of the thin film, originated from the edges

and propagated toward the center (Figure 3-6).
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Figure 3-5: Stitched SEM images of inverse opal films made with PMMA colloids (345 nm) of
different concentrations: (a) 0.4 mg/mL, (b) 0.7 mg/mL, (c) 1.0 mg/mL, and (d) 1.3 mg/mL. The
concentration of colloids was varied, while keeping the concentration of tetraethyl orthosilicate
constant (1.9 mg/mL). (e) Graph of the percentage of defects (analyzed using thresholding of SEM

images) as a function of the concentration of colloids.
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Figure 3-6: An SEM image (100x%) of an inverse opal film made with 1.6 mg/mL of colloids and
1.9 mg/mL of tetraethyl orthosilicate. The inset showing a triangular shaped crack is obtained at a

higher magnification (1000x). The images were taken at the bottom of the thin film.
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3.3.3.2 Crystal Orientation

The (111) plane of an fcc crystal of an inverse opal film has voids arranged in a hexagonal pattern
parallel to the substrate.”” **" Hatton, B. et al., reported that even though the expected growth
direction is <112>, inverse opals has preferential growth along <110> direction. The SEM images
shown in Figure 3-7 verified that inverse opals made with a high concentration of colloids
(>1.3 mg/mL) growth along <110> family of planes (red color arrow in Figure 3-7b).?’ We have
observed a mix of <112> and <110> growth directions (Figure 3-7a) when low colloidal
concentrations (<1.3 mg/mL) were used in the fabrication process, but when the concentration
increases (>1.3 mg/mL) the crystal preferentially grows along the <110> direction. Further analysis
was conducted using 2D Fast Fourier Transform (2D-FFT), and from the analysis, it is clear that
the top plane of the inverse opal films is (111) and the hexoganal pattern of spots indicate the long-

range of order of the inverse opal film (insets, Figure 3-7a and b).

—_~
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~—

(111)

Growth direction

[112]

Figure 3-7: Magnified SEM images of inverse opal films made by using (a) 0.7 mg/mL of colloids
and (b) 1.3 mg/mL of colloids, where insets represent the FFT images of the particular SEM image.
Red arrows show the growth direction of the respective colloidal crystal. (c) A schematic
representation of orientations of voids in the (111) plane along the growth direction of colloids; the

expected growth direction is [112].
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3.3.3.3 Spectrophotometric Analysis

When an inverse opal film is exposed to the visible range of electromagnetic radiation, the specific
wavelength of the reflected light is known as the stopband. Since inverse opal films have an fcc
crystal structure, and the top surface has a (111) crystal plane, the most intense stopband is due to
the reflection of light from (111) planes, which determines the color of an inverse opal film. If the
inverse opal is polycrystalline then other planes can also contribute to the color of an inverse opal
film. For an example, the final color of an inverse opal film can be a mix of reflections of light
from the (111), (220), (200) and (311) planes.®® The stopband due to the reflection from the (200)
planes are less intense, and the peak appears close to the main (111) diffraction, mostly it is
indistinguishable in the spectrum. **® The position and the shape of the stopband are useful to
determine the quality of the inverse opals. The wavelength of a stopband of a photonic crystal is

related to the interplanar distance by the following equation,

_ 2dn (3-1)

m

A

[¢nv + (1 - ¢)nm]

which is a combination of Bragg’s law and Snell’s law. Here, 1 is the wavelength of the stopband,
dn is the interplanar distance between two crystal planes, m is the order of the incident light, ¢ is
the volume fraction of the matrix (silica), nn is the refractive index of the matrix, and ny is the
refractive index of voids (air). Since the most intense stopband is due to the reflection of light from
the (111) plane of the fcc crystal, dna can be related to the void size (D) and the following equation
can be obtained for the first order reflection.
A =1.632D[pn, + (1 — p)nyy,] (3-2)

The wavelength of the stopband can be varied by tuning the interplanar distance (d) or the volume
fraction of the voids (¢). The interplanar distance depends on the size of the voids and the close-
packed arrangement of voids. The stopband wavelength of our inverse opal films was calculated,

from the equation (3-2), using the following parameters: volume fraction of 0.74 (for a perfect
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close-packed inverse opal crystal), interplanar distance of 260 nm, and the refractive index of 1.459
for silica and 1.000 for air. Here, the interplanar distance was measured from the cross section of
an inverse opal film, which shows spheroidal voids resulting from the anisotropic shrinkage of
silica during calcination.'*® The interplanar distance was measured along the minor axis of voids.
According to the calculation, the stopband should be positioned at 580 nm; however, a shift in the
stopband was observed when the concentration of colloids was varied. Figure 3-8 demonstrates
the transmittance spectra of inverse opal films made with colloids at different concentrations
(0.4 mg/mL to 1.6 mg/mL) and 1.9 mg/mL of tetracthyl orthosilicate. At the colloidal
concentrations of 0.7 mg/mL and 1.3 mg/mL, the stopband was observed at 605 nm and 550 nm,
respectively. Further increasing the colloidal concentration to 1.6 mg/mL shifted the stopband to
595 nm. The inverse opal film made using 0.4 mg/mL of colloids did not show any stopband at all
due to poor packing of the colloids. Quasi-amorphous assemblies show an angle-independent
stopband while amorphous assemblies do not show any stopband at all.'®* '®! The crystallinity of
the inverse opal films was further confirmed by the angle dependency of the stopband where the
stopband is blue shifted as the angle of incident wavelength increases.'> The transmittance spectra
of all the inverse opal films showed an angle dependency, which indicates a close-packed
arrangement of colloids. The quality of the inverse opal structure can be evaluated in terms of the
width of the stopband and the intensity. The wider the band, the greater is the influence of the
adjacent wavelength to the reflected color, leading to a mixing of colors. The width of the stopband
increases as a result of inhomogeneity of the d-spacing or the refractive index of the crystal.
Inhomogeneity of the d-spacing reduces with the increments of the concentration of the colloids
and increases again after 1.3 mg/mL. The inverse opal films made with 1.3 g/mL gave the narrowest

stopband with the highest intensity indicating the best quality.
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Figure 3-8: (a) Transmittance spectra of inverse opal films made with colloids at different
concentrations (0.4 mg/mL, 0.7 mg/mL, 1.0 mg/mL, 1.3 mg/mL, and 1.6 mg/mL) and 1.9 mg/mL
of tetraethyl orthosilicate; (b) the transmittance spectra of an inverse opal film made with
1.3 mg/mL of colloids and 1.9 mg/mL of tetraethyl orthosilicate with different angles of incident
light; (c) A graph showing the position of the stopband at different angles of incident light (for an
inverse opal film made with 1.3 mg/mL of colloids); the stopband blue-shifted as the angle of

incident light is increased.

To determine the effect of the colloidal concentration itself to the position and the shape of the
stopband, by decoupling the effect from tetraethyl orthosilicate, a series of opal films were made
by varying the concentration of colloids (0.7 mg/mL, 1.0 mg/mL, 1.3 mg/mL, 1.6 mg/mL, and
1.9 mg/mL). As previously reported, the thickness of the opal films increases with the concentration
of colloids.*" *2 For opal films, an increase in the intensity of the stopband is expected with the
increase in the number of layers of colloids.®® However, as seen in Figure 3-9, the intensity of the
stopband increases with the concentration of colloids up to 1.6 mg/mL of colloids and then
decreased. When the concentration of colloids exceeded 1.3 mg/mL, cracks were evident at the
bottom of the thin film and, with further increments in the colloidal concentration, the cracks star-
ted to propagate toward the top of the film. The formation of cracks might be the reason for the

reduction of the intensity of the stopband at 1.6 mg/mL of colloids. Furthermore, no significant
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shift was observed in the wavelength of the stopband obtained for the opal films (Figure 3-9a);
hence the shift of the wavelength of the stopbands of the inverse opal films made using different
concentrations of colloids is due to the defects introduced at a later stage of fabrication. As well,
the width of the stopbands was found to be more or less the same for all the opal films. From Figure
3-8 and Figure 3-9, we can conclude that the shifts and the variations of the stopbands recorded
for the inverse opal films were caused by the poor quality of some inverse opal films but not by the
variation of the thickness resulting from different concentrations of colloids.
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Figure 3-9: (a) Transmittance spectra for the opal films made by changing the concentration of
colloids (0.4 mg/mL, 0.7 mg/mL, 1.0 mg/mL, 1.3 mg/mL, 1.6 mg/mL, and 1.9 mg/mL). (b) A graph
that shows the variation of the intensity of stopbands of opal films based on the concentration of

colloids (the concentrations of colloids are the same as mentioned in (a)).

3.3.4 Inverse Opal Structures: Effect of Tetraethyl Orthosilicate

3.3.4.1 Analysis of Defects

For this part of the study, a set of inverse opal films were prepared by changing the concentration
of tetraethyl orthosilicate in the working solution as 1.0 mg/mL, 1.3 mg/mL, 1.6 mg/mL,
1.9 mg/mL, and 2.2 mg/mL. The concentration of colloids was maintained constant at 1.3 mg/mL,

since it was determined to result in fewer defects (for more details refer Section 3.3.3.1). The
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fabricated inverse opal films contained cracks, but were free of stick-slip bands and overlayers,
which were the main types of defects observed in the inverse opal films when the concentration of

colloids was varied.

As shown in Figure 3-10, two main types of cracks, which were classified as microscopic and
macroscopic, were observed. The microscopic cracks were shorter than 10 pum and visible only at
high magnifications (>15,000x — insets of Figure 3-10), whereas the macroscopic cracks were
larger than 100 um and visible even at low magnifications (<100x). As concentration of tetraethyl
orthosilicate increased, the shape of the macroscopic cracks was changed. At low concentrations
of tetraethyl orthosilicate (1.0 mg/mL), a partially connected network of cracks (Figure 3-10a) was
observed and the network became fully connected as the concentration of tetraethyl orthosilicate
was increased (Figure 3-10b). Furthermore, the area between two branches of the network
broadened with an increase in the concentration of tetraethyl orthosilicate. Once the tetraethyl
orthosilicate concentration reached an optimum value (1.9 mg/mL) cracks were completely

disappeared.

Quantification of defects (cracks) was done using the same method mentioned in section 3.3.3.
Both macroscopic and microscopic cracks decreased with increasing tetraethyl orthosilicate
concentration. Figure 3-11 shows an SEM image of a highly defective inverse opal film: the
concentration of tetraethyl orthosilicate is 1.0 mg/mL and the concentration of colloids is 1.3
mg/mL. Since most cracks were < 2um in width, at low magnifications most of these cracks were
barely seen. Therefore, only the area of macroscopic cracks can be measured from the image
analysis (thresholding). When the SEM images were taken at high magnifications (16,000x%), voids
interfered with thresholding; hence, for this analysis only images taken at a low magnification
(100x) were used. The defects were highest at lowest concentration of the tetraethyl orthosilicate

and reduced as the tetraethyl orthosilicate concentration increases.
35



100 pm

Figure 3-10: SEM images of the types of defects seen in the inverse opal films made by using
different concentrations of tetraethyl orthosilicate. The colloidal concentration was constant at 1.3
mg/mL). SEM images of inverse opal films prepared at (a) 1.0 mg/mL, (b) 1.3 mg/mL, and (c) 1.6

mg/mL of tetraethyl orthosilicate. The insets represent higher magnified images (16,000x) of (a),

(b), and (c).
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Figure 3-11: (a) An SEM image of an inverse opal film made with 1.0 mg/mL of tetraethyl
orthosilicate and 1.3 mg/mL of colloids. The inset shows a magnified area of the inverse opal film.

(b) The graph of percentage of defects (analyzed using SEM images) vs the concentration of

tetraethyl orthosilicate.
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The study was further extended to explain the formation of cracks in the inverse opal films made

164 chemical

by co-assembly. According to the previous studies, factors such as particle size,
composition,*®> % relative humidity,*’ film thickness,*®® '*° temperature,'™ etc., are important to
control the shape and the size of the cracks. It was further reported that there is a critical film
thickness to be free of cracks.'™ As reported by Lazarus and Pauchard,'* when the thickness
increased beyond the critical thickness, the type of cracks changed, from isolated junctions to
sinuous cracks, to partially connected network, to fully connected network, to delamination, and to
spiral cracks that were observed at the highest thickness. Since the parameters such as temperature,
particle size, and relative humidity were not changed in our study, the thickness of the film was
assumed to have a major effect on cracks. According to our results, the cracks present in the inverse
opal films changed depending on the tetraethyl orthosilicate concentration, which suggests an
influence of tetraethyl orthosilicate concentration towards the film thickness. Therefore, it is

important to investigate the effect of the concentration of tetraethyl orthosilicate on the thickness

of the inverse opal films and thereby on the formation of cracks.

The color of a thin film depends on the thickness.*’? Since the transparent thin films can undergo
constructive interference with the waves reflected by front and back surfaces, thin films with
thickness gradient will have set of colors.}”> The Figure 3-12a shows a set stitched optical
microscopy images of inverse opals films made with varying concentrations of tetraethyl
orthosilicate. The images were taken for ~1 mm distance from the top and cover an area of
~0.2 mm?. The differences in the color indicate that the thickness of the inverse opal films changes

with the concentration of tetraethyl orthosilicate.
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Figure 3-12: (a) Stitched light microscopy images of the inverse opal films made by changing the
concentrations of tetraethyl orthosilicate, the images obtained for ~1 mm distance from the top of
the film were stitched to acquire the large images (growth direction of the films are left to right);
the different colors are due to the variation of the thickness of the inverse opal films; (b) variation
of the thickness measured by a light microscope for 3 mm intervals, where only the 0 mm (starting
point — top of the film), 6 mm and 12 mm were plotted; the inset shows an inverse opal film with
imaginary horizontal and vertical lines and the thickness was measured at the intersections of the

lines.

The thickness of the inverse opal films made with varying concentration of tetraethyl orthosilicate
was measured using a light microscope with Z-stacking capability (OLYMPUS 1X83). The
thickness measured using Z-vertical displacement is not accurate. As shown in Figure 3-12b, the
thickness was measured at 0 mm, 6 mm, and 12 mm distances from top along the growth direction.
As previously reported for colloidal crystals, the thickness of the thin film gradually increases along
the growth direction due to the development of a concentration gradient of colloids over the
fabrication period.*”**"* This explains the higher thickness at the bottom of the of the inverse opal
films. However, in most of the inverse opal films, only a slight increase was observed in the

thickness as the color of the film did not change significantly over a short distance. In contrast to
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the films fabricated at other concentrations, the inverse opal film made at 1.3 mg/mL of tetraethyl
orthosilicate showed a notable increase in the thickness (Figure 3-12b). The film thickness
increased when the tetraethyl orthosilicate concentration increased from 1.0 mg/mL to 1.9 mg/mL
which was confirmed by the different colors of the thin films. Even the cracks were seen at different
thicknesses and the areas that have the same color showed the cracks with a similar morphology.
The bluish-green area had very few cracks as seen in the micrographs. As depicted by the graph in
Figure 3-12b, as the concentration of tetraethyl orthosilicate increased, the film thickness reached
to a maximum and then decreased at the 6 mm mark. The highest thickness (~22.5 pum) was
recorded at 1.3 mg/mL of tetraethyl orthosilicate, then decreased to ~15.0 um at 1.6 mg/mL and
remained the same upon reaching 1.9 mg/mL. Further increase in tetraethyl orthosilicate

concentration slightly decreased the thickness of the film (~11.0 um at 2.2 mg/mL.).

At 1.9 mg/mL of tetraethyl orthosilicate, the inverse opal films did not have cracks. Thus, the
corresponding thickness of ~15.0 um can be considered as the critical thickness. A slight increase
in the thickness beyond its critical value causes the formation of partially connected cracks in the

inverse opal films.'"

As described earlier, the inverse opal films prepared at 1.0 mg/mL of
tetraethyl orthosilicate had partially connected networks of cracks; but the film thickness was less

than the critical value (~15.0 um) (Figure 3-12b).

Cracks are generated in inverse opal films as a result of volume shrinkage caused by the evaporation

of the dispersant during the drying process.*™

It is also reported that the drying rate can significantly
affect the stress applied to the thin film yielding cracks, where a slow drying rate yields few
cracks.’™ As seen in the Figure 3-13, in the inverse opal films prepared in this study, the cracks

were propagating along the direction of the assembly. As well, more cracks can be found near the

edges of the inverse opal film than in the center. Formation of more cracks near the edges and the
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origination of cracks from the edges might be associated with the faster drying rate at the edges.
Moreover, the high amount of cracks in inverse opals made of low concentrations of tetraethyl
orthosilicate can be explained as follows; during the calcination process, tetraethyl orthosilicate
acts as the binding agent between colloids. At low concentrations, the amount of tetraethyl
orthosilicate is not sufficient to hold the colloids in place. Lack of binding agent applies an
additional stress on the inverse opal films causing the cracks. As well, when the binding agent is
insufficient, the colloids tend to be close to each other. The center-to-center distance of voids in the
inverse opal films proves this. At low concentrations of tetraethyl orthosilicate, the center-to-center
distance of voids (obtained from top surface view of inverse opals) was ~380 nm which is less than
the ~400 nm, the center-to-center distance observed in the films with minimal defects where the

tetraethyl orthosilicate was sufficient to keep the colloids in place.

RN

/

Cracking
directions

Figure 3-13: An SEM image of an inverse opal film taken at a low magnification showing the

propagation of cracks in the inverse opal films and the inset shows the direction of cracks.

3.3.4.2 Crystal Orientation
Another interesting feature that was observed with changing tetraethyl orthosilicate was the change
in the growth direction of the colloidal crystal. The prominent crystal growth orientation at low
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concentrations of tetraethyl orthosilicate showed a mix of <110> and <112>, and the <110>
direction became prominent at high concentrations of tetraethyl orthosilicate (above 1.9 mg/mL).
As a consequence of shifting growth directions between different orientations (i.e. <110> and
<112>), at low concentrations of tetraethyl orthosilicate, the inverse opal films showed a large
number of domains. As seen in the SEM image in Figure 3-13, the area between two large domains
consisted of many small domains that had different orientations (the black arrows indicate the
growth direction of individual domains). In Figure 3-13 the two major domains with the prominent
growth direction of <110> are separated by the dark line whereas the gray lines separate the small

domains with different orientations.

Figure 3-14: An enlarged SEM image showing the domains with different orientations. Insets show

the FFT images of selected areas.

Other than shift in the crystal growth direction, square arrays were observed in some places (middle
region of Figure 3-14). The hexagonal arrays are the most favorable assembly of colloids in a

colloidal crystal. However, a study published by Cong and Cao showed that under low
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temperatures (< 50 °C) and in the presence of surfactant considerable amount of square arrays is
produced.'”® According to their study, the square arrays were formed as a result of restrained free
motion of particles at low temperatures and low surface tension due to surfactants. In our study,
we have used the same PMMA particles (345 nm), colloidal concentration, and fabrication
conditions (e.g. temperature) except for the concentration of tetraethyl orthosilicate. Moreover,
these square arrays were seen in the inverse opals made with low concentrations of tetraethyl
orthosilicate. Therefore, in co-assembly, the sol-gel precursor concentration plays an important role

in the arrangement of colloids.

3.3.4.3 Spectrophotometric Analysis

According to the Figure 3-15, when the concentration of tetraethyl orthosilicate has increased the
stopband was blue shifted up to 1.6 mg/mL and then red shifted after 1.9 mg/mL. The shift of the
stopband might be due to the changes in the lattice parameters caused by the poor close packing at
low concentrations. The inverse opal films made using low concentrations of tetraethyl orthosilicate
had a large number of defects. The intensity of the stopbands was increased with increasing
tetraethyl orthosilicate concentration. The decrease in the intensity of the stopband must have an
influence from the scattering of light due to cracks. Even though the stopbands appeared at an
almost the same wavelength in both inverse opal films made from 1.9 mg/mL and 1.6 mg/mL of
tetraethyl orthosilicate, the latter had more cracks and a less intense stopband compared to the
former. Furthermore, the inverse opal film made with 2.2 mg/mL had the most intense stopband

due to the presence of the least amounts of defects.
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Figure 3-15: (a) Transmittance spectra of inverse opal films made with tetraethyl orthosilicate at
different concentrations (1.0 mg/mL, 1.3 mg/mL, 1.6 mg/mL, 1.9 mg/mL, and 2.2 mg/mL) and 1.3
mg/mL of colloids. (b) A graph that shows the variation of the intensity of stopbands of inverse
opal films based on the concentration of tetraethyl orthosilicate (the concentrations of tetraethyl

orthosilicate are the same as mentioned in (a)).

3.3.5  Microscopic Defects Analysis

In this analysis, several types of defects were considered as microscopic defects. A point that is
displaced from or inserted into an irregular spot in a crystal lattice is called as a point defect.'’®
There are several types of point defects: insertion of an impurity atom into a lattice point, vacancy,
insertion of an extra atom to the lattice, and insertion of an impurity atom to an interstitial site.
Since the inverse opal films were fabricated by using a colloidal lattice, similar types of point
defects can be present in the inverse opal films. In the inverse opal films, the voids act as the lattice
points and the absence, misplacement, or difference in the size of voids are considered as point
defects. Here, the absence of a void was counted as a vacancy (V) and a void of which the size
significantly deviated from the average size was analyzed as a size defect (S). Also, the voids that
were shifted in positions were considered as dislocations (L). The dislocations were usually found

in places where the grain boundaries were present. The collapse of the wall between two voids was
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recognized as a wall defect (W). The cracks propagated along the surface of the thin film were
identified as surface cracks (C) and the cracks penetrated deep into the film were counted as deep
cracks (D). When analyzing the cracks, the length was manually measured and reported as the
approximate values. Figure 3-16 shows the type of microscopic defects seen in the inverse opal

films.

Figure 3-16: Types of microscopic defects found in the inverse opal films: (a) void defects (V),

size defect (S), dislocations (L), and wall defects (W) and (b) surface cracks (C) and deep cracks

(D).

The analysis of microscopic defects was conducted using SEM images taken at 16,000x and the
defects were calculated from ImageJ software. The defects were reported as the defect density (the
number of voids per unit area). To evaluate the size defects (S), the size of voids was measured
using the “analyze particle” option in the Imagel software. The outliers were identified for a series
of void sizes and considered as defective voids (or size defects). The maximum possible area of a
void is 0.095 pm? (as the size of colloids is 0.345 pm). Therefore the higher and lower limits for

the determination of outliers were set to 0.110 um? and 0.040 um?, respectively.
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Figure 3-17: The defect density calculated for the inverse opal films made by varying the
concentration of tetraethyl orthosilicate, the concentration of colloids was kept constant at 1.3

mg/mL.

The first set of samples were prepared by varying the concentration of colloids (at 1.9 mg/mL of
tetraethyl orthosilicate). Unlike the vacancies, which are negligible at some colloidal concen-
trations, the size defects were observed at all concentrations (Figure 3-17). However, the size
defects may appear greater than the actual amount due to the presence of overlayers (e.g. inverse
opals made with changing colloidal concentration — 0.4 and 0.7 mg/mL of colloids). The silica
overlayers partially covered some voids resulting a high density of size defects (S). Line defects
and wall defects did not show any trend with respect to the colloidal concentration. Moreover, none

of the cracks were seen in these inverse opal films.

The second set of samples were prepared by varying the concentration of tetraethyl orthosilicate
(at 1.3 mg/mL of colloids). At the lowest concentration of tetraethyl orthosilicate (1.0 mg/mL or

TEOS 1.0), the lowest density of size defects was reported (Figure 3-17). Both TEOS 1.0 and
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TEOS 1.3 showed high densities of surface cracks (C), which propagated to a similar length. As
described earlier, the poor infiltration of tetraethyl orthosilicate at low concentrations caused the
high density of cracks. The density of surface cracks was comparatively higher than the density of
deep cracks (D). The cracks significantly reduced beyond TEOS 1.6. There was no significant
effect from the colloidal concentration on microscopic defects. Low tetraethyl orthosilicate

concentrations resulted surface cracks whereas high concentrations caused size defects.

3.3.6  Inverse Opal Structures: Effect of HCI Concentration

The sol-gel process starts with the hydrolysis step, which can be catalyzed by acid or base catalytic
agents. Mineral acids are commonly used as acid catalysts. According to Iler's description,'”” water
facilitates the hydrolysis process, which is followed by the condensation reactions where Si-O-Si
bonds form. Further condensation generates colloidal silica particles (sol), which are 1-100 nm in
size. The size and the internal cross-links of the particles depend on the pH and the ratio between
water and tetraethyl orthosilicate. In the co-assembly technique that we have used for fabrication
of inverse opal films, the silica sol particles fill the interstitial spaces between PMMA colloids due
to the capillary forces. When the silica sol particles link together with condensed silica molecules,
the gelation starts and produces a solidified silica network. The drying step of the fabrication
process removes the solvent from the pores of the interconnected network of silica and, if the pores
are smaller than 20 nm, the capillary forces generate cracks. As the formation of cracks depends on
the silica network, the cracks can be minimized by controlling the rates of hydrolysis and

condensation.® The sol-gel process of tetraethyl orthosilicate is shown in the Scheme 3-1.
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Scheme 3-1: The sol-gel process of silica in the presence of tetraethyl orthosilicate (TEOS) as the

sol-gel precursor.

In this study, the hydrolysis of tetraethyl orthosilicate was acid catalyzed. Therefore, the main
purpose of this experiment was to investigate the effect of concentration of acid on the quality of
the inverse opal films. The tetraethyl orthosilicate stock solution was prepared, as reported
elsewhere,?® by mixing HCI (aq) [the concentrations of HCI solutions was changed as follows: 1.0
x10*M (pH 4), 1.0 x103 M (pH 3), 1.0 x102M (pH 2), 1.0 x10"M (pH 1), and 1.0 M (pH 0)],
ethanol and tetraethyl orthosilicate in the weight ratio of 1:1.5:1 followed by stirring for 1 h. Ethanol
facilitates the dissolution of tetraethyl orthosilicate while water helps the hydrolysis. During the

stirring period, the hydrolysis of tetraethyl orthosilicate is started.
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1 um

1 mm
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Figure 3-18: Stitched SEM images of Inverse opal films made at 1.3 mg/mL of colloids and 1.9
mg/mL of tetraethyl orthosilicate, where the tetraethyl orthosilicate stock solution was made by
using HCI solutions a different pH values: (a) pH 0.0 (1.0 M), (b) pH 2.0 (1.0x10 M), (c) pH 3.0
(1.0x10° M), and (d) pH 4.0 (1.0 x 10 M), the concentrations of HCI solutions are mentioned in
the parentheses and the insets show the magnified SEM images of the respective inverse opal film;

(F) the percentage of defects as a function of pH of the HCI solution.

In the fabrication process, the catalytic activity of the acid plays an important role as the gelation

time increases at elevated pH values.'’

It was observed that the tetraethyl orthosilicate stock
solutions prepared by adding HCI solutions at pH 4 and pH 3 solidified completely within seven
days whereas the solutions made with HCI solutions at pH 2, pH 1, and pH 0 did not solidify even
after 14 days. As shown in Figure 3-18, the acid solutions at pH 0 and 1 resulted in very few defects
in the inverse opal films, while the pH 2 acid solution caused a large number of defects, especially
a large overlayer (inset of Figure 3-18b). Our results show that low acid concentrations used in the

tetraethyl orthosilicate stock solution caused more cracks as a consequence of fast gelation, which

applied an additional stress on the film. On the contrary, slow gelation supported by high acid
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concentrations improved the quality of inverse opal films by producing fewer cracks. The cracks
seen in the samples made using acid solutions of both pH 3 and 4 (insets of Figure 3-18c and d),
cannot be quantified by thresholding (for more details see Section 3.3.4.1). Since 0.1 M solution
of HCI was used in the fabrication of inverse opals with changing both colloidal and tetraethyl
orthosilicate concentrations (Section 3.3.3 and 3.3.4), the effect due to the HCI concentration for

the formation of defects was minimized.

3.3.7 Synthesis of PMMA Colloids with Different Sizes (Analysis of Dry and Wet Particle

Sizes)

9550+ ¢ Measured by DLS (wet)

m  Measured from SEM images (dry)
500~

450 -
400+

350

Particle size (nm)

3004

250 T Y T T T T T T
4.0 6.0 8.0 10.0 12.0
Mass of the monomer (g)

Figure 3-19: The sizes of PMMA colloids synthesized by using different monomer masses of 4.9

g (5.25 mL), 6.7 g (7.25 mL), 8.6 g (9.25 mL), 10.4 g (11.25 mL), and 12.3 g (13.25 mL).
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Here, an investigation was conducted on the fabrication of inverse opal films with PMMA colloids
of different particle sizes in order to tune the stopband.'®® The parameters such as concentrations
of the initiator, monomer, surfactant etc., influence the particle size of the PMMA colloids. It was
found that the concentration of monomer can be successfully used to significantly change the size
of the particles in a linear fashion (Figure 3-19). According to Figure 3-19, the monomer volume
showed linear relationship with the particle size, both dry and wet, and had good R? values (0.98)
in both cases. Colloids with particle sizes ranging from 300 to 465 nm (dry) were synthesized from

the procedure that we used.

3.3.7.1 Inverse Opal Films Fabricated using Colloids of Different Sizes
The opal and inverse opal films were fabricated by using the PMMA colloids of different particle
sizes in order to study the effect of the size of colloids on the quality of the thin films. Here, the

quality was evaluated by SEM images and optical spectroscopy.

3.3.7.2 Analysis of SEM Images

SEM images of the opal and inverse opal films showed close-packed arrangements of colloids and
voids, respectively. The hexagonal arrays of particles and voids are clearly visible in these SEM
images (Figure 3-20). The two-dimensional fast Fourier transform (2D-FFT) images also
confirmed the long-range periodicity of the opal and inverse opal samples. The PMMA colloids
were less stable under the electron beam of SEM and the movement of colloids in the opal films
was observed. Furthermore, expansion of the cracks was also observed under the long exposure of
the opal films to the electron beam. The deterioration of the colloidal film can be minimized by
applying conditions such as low vacuum and low voltage; but, the images were not as sharp as the
images taken under high vacuum and voltage. However, the SEM images provide a clear view of

morphology and assembly of the colloids. Unlike the opal films, the inverse opal films were stable
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under the harsh conditions (high vacuum and electron beam) used in the SEM imaging (Figure 3-

20b).

240 nm

Figure 3-20: (a)The SEM images of opal films made with varying particle sizes (300-465 nm)
(b) Inverse opal films made with colloids having same size as (a). The average size of colloids
(opals) and voids (inverse opals) are mentioned in each image. The insets show 2D-FFT images of

each SEM image.

3.3.7.3 Optical spectroscopy analysis of the opal and inverse opals made with different sizes
of colloids
Since the wavelength of the stopband is directly proportional to the void size, the color of the films
can be tuned to higher wavelengths by increasing the size of the colloids in the sacrificial template.
The optical spectra obtained for the opal films fabricated from the colloids with dry particle sizes
of 300 nm, 355 nm, 390 nm, 440 nm, and 465 nm, showed strong stopbands at 640 nm, 730 nm,
835 nm, 905 nm, and 960 nm, respectively (Figure 3-21a). Transmittance spectra of the opal films
show clear stopbands that gradually shift towards the near-infrared (NIR) region as the particle size
increases (Figure 3-21a). Stopbands at 490 nm, 560 nm, 620 nm, and 740 nm were obtained for
inverse opal films made with PMMA colloids having dry particle sizes of 355 nm, 390 nm, 440
nm, and 465 nm respectively. No stopband was observed for the films made by using colloids of

300 nm because it might have shifted to the UV region. Theoretically, the corresponding stopband
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should appear at 390 nm if the volume fraction of the voids is assumed to be 0.74 and the shape of
the voids is spherical. The stopbands obtained for the inverse opal films were blue shifted from the
stopbands of opal films when both films were fabricated by using the colloids of the same size.
Furthermore, the dependency of the stopband on the angle of incident light was also studied and
found out that the stopband was blue shifted with the increments of the angle indicating good

periodicity.
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Figure 3-21: (a) Digital photographs of opal films and inverse opal films (10s) were taken at an
angle to the light source which was kept parallel to the surface; (b) transmittance spectra of opal
films fabricated with varying particle sizes (300 nm, 355 nm, 390nm, 440 nm, and 465 nm);
(c) transmittance spectra of inverse opal films made with particle sizes mentioned in (b); the sizes

of the voids were mentioned in the legend (240 nm, 265 nm, 285 nm, 350 nm, and 400 nm).
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3.4 Conclusion

In this study, we have optimized the conditions to produce defect-free inverse opal films using the
co-assembly technique. Parameters such as colloidal concentration, tetraethyl orthosilicate
concentration, and pH of the acid solution used to prepare the tetraethyl orthosilicate stock solution
affect the quality of the inverse opal films significantly. Even though there are several other factors
that control the quality of the inverse opal films, the optimum concentrations of colloids and
tetraethyl orthosilicate are crucial for the fabrication process. Defects such as stick-slip bands form
due to low concentrations of colloids and overlayers result from the high concentration of tetraethyl
orthosilicate. The ratio of colloids to tetraethyl orthosilicate is critical to minimizing the presence
of cracks. Slow hydrolysis of tetraethyl orthosilicate improves the quality of the inverse opal films.
As well, we have synthesized PMMA colloids with different sizes. Since there is a good linear
relationship between the particle size and the stopband wavelength, by changing the size of the
colloids, it is possible to fabricate the inverse opal films that can reflect light in the full range of the

visible light; hence leading to potential applications, such as displays and sensors.
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CHAPTER IV

DETERMINATION OF THE STRUCTURE OF SILICA INVERSE OPALS USING

SEM IMAGES

4.1 Introduction

An inverse opal is a crystalline material that consists of submicron size voids arranged in a long-
range order. The periodic arrays of voids interfere with the light passing through them and prevent
the propagation of certain wavelengths (band gap). Therefore inverse opals are extensively studied

as a potential material for photonic crystals.*®8 Other than photonics, > '®* these materials have

185 135

potential applications in data storage,*® sensors,** scaffolding,'® and in optoelectronics.’®” The
inverse opal crystals are generally fabricated via infiltration of a sol-gel precursor into the
interstitial sites of self-assembled colloids followed by removal of the colloidal template.?” % 157
181,188 gince the conventional fabrication technique that is based on infiltration generates several
defects in the inverse opal structure, co-assembly was developed to reduce the number of defects
in the produced inverse opal films.? In this method, the inverse opals are fabricated using a solution

containing both colloids and sol-gel precursor and then the colloidal template is removed.
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The structure of the inverse opals determines the photonic properties; thus, it is important to analyze
the structure of the fabricated inverse opals. The periodic arrangement of voids in an inverse opal
can be analyzed using small-angle x-ray diffraction (SAXS),” % Transmission Electron
Microscope (TEM),?"?* 18 Scanning Electron Microscope (SEM),**  and diffraction of light.*
Image analysis techniques of SEM or TEM images can provide more information. A digital image
represents a real object as a combination of pixels with different intensities of colors. For example,
an 8-bit grayscale image has 256 shades of possible gray values for a pixel.*®® The position of these
gray values in the 2-dimensional grid is seen as the image. The distance between two discrete
objects can be calculated using the scaling factor of the image. Hence, small objects can be analyzed
using images taken with digital cameras. Not only can one define the positions of objects in the real
space, but also information such as periodicity, crystallinity, etc., can be obtained by analyzing
images. Fourier transformation is a useful tool that is used for the analysis of the periodicity of an
object and also can be combined with other image analysis techniques. The Fourier transformation
breaks the space domain signal of an image to a frequency domain signal which is composed of
series of sinusoidal signals. Any periodicities in the original image appear as a spot pattern in the
resulting image of a periodic/crystalline material.'** Since inverse opal photonic crystals have
periodicities in their microstructures, Fast Fourier transform (FFT) can be used to determine the

structure 111, 180, 192, 193

The structure of the inverse opal films such as the assembly of voids, domains, lattice orientation,
and cracks fabricated via co-assembly was analyzed in more detail. In chapter 3, we have reported
that the quality of the inverse opal films depends on the concentration of the colloids and the
tetraethyl orthosilicate. There, we have used both image thresholding, and ultraviolet-visible
spectroscopy to analyze defects of inverse opal films. In this chapter, we focus mainly on the

structure of the inverse opals. Also, we have investigated the use of 2-D fast Fourier transform
55



(2D-FFT) to analyze the crystalline domains in inverse opals. Here, the SEM images were analyzed
to quantify the surface filling fraction of silica and fraction of surface defects. Furthermore, we
have introduced methodologies to determine the optimum ratio of colloids to tetraethyl orthosilicate

and to analyze the uniform periodicity of fabricated thin films.

4.2 Materials and Methods

4.2.1 Materials

All the chemicals were used as received unless otherwise it is mentioned. Ethylene glycol
dimethacrylate (98%), methyl methacrylate (99%), 1-dodecanethiol (C12H26S, 98%), ammonium
persulfate ((NH4)2S:0s, 98%) and tetraethylorthosilicate (TEOS, 98%) were purchased from
Sigma-Aldrich Chemicals (St. Louis, MO). Absolute ethyl alcohol and ACS reagent grade
hydrochloric acid (HCI, 36.5-38.0%) were purchased from Pharmco-AAPER (Brookfield, CT).
ACS reagent grade hydrogen peroxide (H202, 30% (w/w)) was purchased from Ricca chemical
company (Arlington, TX). Silicon wafers (p-type Si:B[100], R, = (1-100) Q cm) were purchased
from EI-Cat Inc. (Ridgefield Park, NJ). The surface of the silicon substrates was treated using a
corona treater (Electro-Technic Products, BD-20). A water purification system (Barnstead

Nanopure™), at a resistance of 18.1 Q/cm, was used to obtain deionized water.

4.2.2 Methods

4.2.2.1 Synthesis of Colloidal Particles

Poly(methyl methacrylate) (PMMA) colloids with particle size of 345(£20) nm were synthesized
by emulsion polymerization, and characterized as described in chapter 3. Briefly, ammonium
persulfate (0.1 g) was added to a three-neck round bottom flask containing deionized (DI) water
(45.0 mL) at 80 °C. Then the solution was stirred at 400 RPM for 1 h. Meanwhile, methyl

methacrylate (9.25 mL), ethylene glycol dimethacrylate (47.4 uL) and 1-dodecanethiol (23.7 uL)
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were mixed in a glass vial and sonicated for 5 min. Afterward, the sonicated mixture was injected
into the three-neck round bottom flask and stirred for 3 h. Resultant colloids were purified by
centrifugation (45 min. at 4,500 RPM) and washed three times with DI water. The resulting pellet
was re-dispersed in DI water to prepare a colloidal PMMA working solution. The size of the res-

ulting particles was measured using scanning electron microscope (SEM) (FEI Quanta 600 FE).

4.2.2.2 Fabrication of Inverse Opal Films

Inverse opal films were fabricated using the co-assembly process as previously reported,?® where
Si substrates, cleaned in piranha solution and treated with a BD-20 handheld corona treater
(Electro-technique products Inc.), were vertically suspended in a vial containing a solution of
colloids and tetraethyl orthosilicate in the desired ratio (the tetraethyl orthosilicate stock solution
was prepared by mixing 0.1 M HCI, 200 proof ethanol, and tetraethyl orthosilicate ina 1:1.5:1 mass
ratio). The ratio between the concentrations of colloids to tetraethyl orthosilicate (Col/TEQS) in
the mixture was varied as follows: 0.21, 0.37, 0.53, 0.68, 0.84, 1.00, and 1.30. The solvent was
evaporated slowly over a 24 h period at 65°C in a Binder™ oven and allowed to deposit onto the
substrate. The films were then calcined in air using a Thermolyne 2110 tube furnace at 500 °C for

2 hwith a 5 h ramp time to remove the polymer template and partially sinter the SiO; structure.

4.2.2.3 Image Analysis

Determination of size of voids

The top surface of the inverse opal films was imaged using SEM at a magnification of 16000x and
the images were analyzed using ImageJ 1.48v software (Wayne Rasband, National Institutes of
Health, USA). The size of the voids (300 voids from each Col/TEOS ratio) was measured using the
“analyze particles” function of ImageJ. The 2D-FFT algorithm was used to analyze the interplanar

distance of voids and the lattice orientations of the inverse opals.
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Determination of area of surface defects

The percentage area of surface defects analyzed using the following method: three random SEM
images were analyzed for each inverse opal film made with different ratios of Col/TEOS. The SEM
images were converted to 8-bit grayscale binary images using the Otsu thresholding method in
ImageJ. To determine the area corresponding to defects (Adefects), the areas of voids (Aveigs) and silica
(Asilica) have to be deduced from the total ( Awta) and the percentage of defects (%Agesecs) can be
determined by,

(4-1)

[Atotal - (Avoids + Asilica)]
%Adefects - X

100
Atotal

The area of voids (Awiss) Was calculated using the analyze particle option in the ImageJ software
and converted to percentage. The following parameters were set for the analyze particle option to
minimize the errors by eliminating defective areas: size-0.05 to 0.10 um?, circularity-0.75 t01.00,
and edges were excluded. Since the percentage area of silica (Asiica) Was unable to be calculated
directly, a different method was used. A region with a good periodicity was selected in each SEM
image and the area of voids (awidss) was determined as mentioned earlier. The area of silica in that
region was found out by subtracting the area of voids (avigs) from the total (awtar) and the percentage
of silica is given by,

(atotal - avoids)
%Asitica =

%X 100
Qtotal (4_2)

Then, percentage area of defects (% Adeects) Was determined by substituting Aveigs and  Asiiica into the

previous equation (Equation(4-1)).
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4.3 Results and discussion

4.3.1 Analysis of the close-packed arrangement of voids

Figure 4-1: SEM images of inverse opal films made with different ratios of colloids and tetraethyl

orthosilicate: (a) 0.21, (b) 0.53, and (c) 1.3.
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Figure 4-2: The graph of position of the stopband with varying ratios of Col/TEOS.

The inverse opal films were fabricated by changing the ratio of concentration of PMMA colloids

(size = 345 nm) to tetraethyl orthosilicate (Col/TEOS) in working solutions (Col/TEOS - 0.21, 0.37,

0.53, 0.68, 0.84, 1.00, and 1.30). After removing the template (colloids), the resulting thin films

were imaged under SEM. Figure 4-1 shows SEM images of inverse opal films made with three

different ratios of Col/TEOS. The images are arranged in the order of increasing ratio of Col/TEOS
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(left to right: 0.21, 0.53, and 1.3). The quality of the inverse opal films varied depending on the
ratio of Col/TEOS where the higher Col/TEOS ratios resulted in highly defective films. As well,
the shape and the position of a stopband is an indication of the quality of an inverse opal film. In
Chapter 3, the variation of the shape of stopbands with respect to the varying concentrations of
colloids and tetraethyl orthosilicate was discussed in detail. Figure 4-2 shows the variation of the
position of the stopband with the ratio of Col/TEOS. Even though the stopband varies with
Col/TEQS, a proper trend was not observed. As the structure determines the optical properties of
these inverse opals; it is worthwhile to study the influence of Col/TEOS to the structure of the

fabricated inverse opals.

(a) (b) |
0.35- 0.360
0.34- 0.355
033 -7 0350 T ‘"
i ——p-—-=d o
E 0.32 I,’ E 03451 ‘ ~
= , 3 [ ] .
g o . ; = 0.340 N
n N / T 1 \
g 0% N / '&ED‘B%' N
O pgo29 “ ’ 1
> N , 0.330 -~
0,284 i 1
0.3254
0.27- ]
0.320

T T y T T T d T T T T T T J
02 04 06 08 10 12 14 02 04 06 08 10 12 14
Col/TEOS Col/TEOS

Figure 4-3: Variation of the (a) void size and (b) interplanar distance as a function of Col/TEOS

ratio.

The size of the voids of the inverse opals varies with the ratio of Col/TEOS. The size of voids was
analyzed from the SEM images of top view of the fabricated inverse opals. According to the graph
in Figure 4-3a, the ratios above 1.0 yielded the highest void size while the lowest size of the voids
corresponded to the ratio of ~0.6. The size variation may result either from (1) the expansion of
silica during calcination or (2) the filling of an additional amount of silica on the top surface of
inverse opal films. Since both colloids and tetraethy! orthosilicate simultaneously assemble during

the co-assembly, both components collectively determine the structure of the colloidal film. All
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samples were calcined under the same temperature program; hence the same rate can be assumed
for the shrinkage of colloids in each case. Under these conditions, it is difficult to determine the
reason for variation of void size depending on the ratio of Col/TEOS; therefore, a 2D-FFT was

conducted for the SEM images.

Two dimensional fast Fourier transform (2D-FFT) is a useful analysis technique to study the
structure of a crystalline material. It was adopted to study materials with large periodic structures,
such as opals and inverse opals.® 18 1919 The Fourier transformation of an image consisting of

m rows and n columns and can be represented as™*

2

-1 N-1

F(h k) = I(n, m)exp|(47L/p) (hn + km)] (4-3)

0 m=0

S
1l

where h and k are spatial frequencies. The spot pattern resulting from the analysis can be used to
calculate the interplanar distance and center-to-center distance of voids in an inverse opal film.
Since the angle between center-to-center distance and the interplanar distance is 30°, the

relationship between the interplanar distance (d) and the center-to-center distance (a) is given by

d = a cos(30) (4-4)
According to Figure 4-3b, the variation of the interplanar distances with the Col/TEOS ratio
follows a trend different from the trend seen for the variation of void sizes. At low ratios of
Col/TEOS the interplanar distance was at ~345 nm and does not vary significantly. When the
Col/TEOS ratio reached 1.0, the interplanar distance decreased to ~330 nm. Even though the size
of voids varies when the Col/TEOS ratio is below 1.0, the interplanar distance stays constant. This
means that the size variation of the voids (Col/TEOS ratio below 1.0) is not due to the shrinkage of
the lattice. For further evaluation of the variation of size of voids, an SEM image of a cross-section

of an inverse opal film was taken.
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Surface
filling

Figure 4-4: (a) SEM images of a cross-section of an inverse opal film made at the Col/TEOS ratio
of 0.68, the top inset shows the 2D-FFT image and the bottom shows the schematic representation
of the FFT pattern with two different interplanar distances and (b) the same SEM image converted
with lookup tables (invert LUT) of ImagelJ for better visualization of the structure; the top inset is
an enlarged image of (b) showing surface filling of silica, real and measured sizes of a void, and

the gap between two voids and the bottom inset shows the size of a void as seen from the top view.

As seen in Figure 4-4, the inverse opal films made using co-assembly showed spheroidal voids.
As well, additional amounts of silica were seen on the surface (labelled as surface filling in Figure
4-4b-inset). The silica matrix of the inverse opal is resulted from the sol-gel chemistry of silica.
According to the sol-gel process tetraethyl orthosilicate hydrolyzed and condensed to form sol
particles which are later interconnected with each other to from a network (gel). This network
further condensed during calcination which results in shrinkage in the matrix.*’® *® According to
the previous study published by Phillips et al., spheroid shaped voids were produced when the
inverse opal films were fabricated on rigid substrates.™ Since colloids are attached to the substrate,
during calcination, shrinkage of the silica matrix occurs along one direction. We have calcined our
samples at 500 °C and our results were comparable with the data published by Phillips et al. Since
the voids are spheroidal in shape, there are two different interplanar distances for the inverse opal

crystal (inset of Figure 4-4a). From the top surface view, voids have a circular shape and the size
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of the voids for the inverse opal film (Col/TEOS ratio of 0.68) shown in Figure 4-4 is 286(13)
nm. However, the actual void size (measured from the cross section) is 223(x£13) nm and 336(+20)
nm along the minor and major axes respectively. As the background is darker in the original image,
an inverse lookup table (inverse LUT) was used to clearly visualize the geometry of the void
(Figure 4-4b). The inset (top) of Figure 4-4b shows an enlarged part of the cross-section close to
the surface of the thin film. It is evident that a gap is present between two adjacent voids and that
there is an additional amount of silica on the top surface layer of the voids, which is referred here

as surface filling.
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Figure 4-5: (a) A cross section and a top view of inverse opals where D is the diameter of a void
and x is the gap between two voids when half of the space is filled with silica (along the minor axis
of a void). (b) A cross section and a top view of an inverse opal with additional amounts of silica
(surface filling) filled onto the surface layer of voids where d is the diameter of a void and s is the
gap between two voids when more than half of the space is filled with silica. The dashed line
represents the true diameter of a void. The x and s are measured along the line that connects centers
of two adjacent voids.
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As seen in Figure 4-5, the surface filling reduces the size of the voids measured from the top surface
of an inverse opal. Here, we have set the gap between two voids (x) when the space in between is
halfway filled with silica (along the minor axis of a void) as the ideal condition. In the presence of

a surface filling, the gap between two voids (s) is larger than the ideal (s > x).
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Figure 4-6: (a) The variation of the gap (s) between two voids observed from the top surface view.
The s is the difference between the center-to-center distance (a) and the size of voids (D)) (b) A
schematic representation of the arrangement of voids on silica matrix where x is the ideal gap
between voids and n is the half of the difference between s and x. (¢) The gap between two voids

(x), and (d) the surface filling fraction (n%o) of silica as functions of the Col/TEOS ratio.

The surface filling was determined as a percentage (n%) where the complete coverage of a void by
silica was set as 100%. In Figure 4-6a, the difference between the center-to-center distance (a)

and the size of voids (D) was measured as the gap between two voids (s). The difference, s,
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increases up to 115 nm (at 0.53 ratio of Col/TEOS) and then decreases. The lowest s value (50 hm)
is obtained when the ratio of Col/TEOS is 1.3. At this level, the void size is 333(x12) nm, which is
closer to the void size (336 nm) measured from the cross-section of the inverse opal film made at
the Col/TEOS ratio of 0.68 (Figure 4-4); hence, we can assume that at this ratio (1.3) there is no
surface filling (n% = 0). The value of s at this stage must be equal to x. Considering above factors
and assuming the size of the voids is equal to 333 nm, a relationship between the x and a can be

derived:

x=a—333 (4-5)
Furthermore, a relationship between x and the additional amount of silica between voids on the

surface (n) can be derived:

n=>5/=% (4-6)
The fraction of the excess amount of silica on the surface (n%) can be obtained with the following

assumption; when the surface filling is 100% then,

n="D/, (4-7)

So the fraction of surface filling is

n
n(%) = D—/z x 100 48)

The variation of x with respect to the ratio of Col/TEOS shows a similar trend as the variation of
interplanar distance (Figure 4-6¢). When the Col/TEOS ratio is below 1.0, the gap between the
voids is 70 nm and above 1.0 is 50 nm. The small gap observed above the ratio of 1.0 must be due
to the lesser amount of tetraethyl orthosilicate. Since tetraethyl orthosilicate is insufficient above
the Col/TEOS ratio of 1.0, condensation of silanol groups during the calcination leads to shrinkage

of the lattice which ultimately leads to cracks.
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The surface filling fraction with respect to the ratio of colloids and tetraethyl orthosilicate is shown
in Figure 4-6d. According to Figure 4-6d, the surface filling approaches zero when the ratio
reaches 1.0. The highest fraction is obtained when the ratio is ~0.6. The quality of the film at this
ratio is good compared to the others (refer Chapter 3 for more details). This means tetraethyl
orthosilicate plays a vital role in the co-assembly process to improve the quality of the resulting

thin films. This was further confirmed by correlating this finding with the corresponding stopbands.
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Figure 4-7: The variation of the volume fraction of silica with respect to the Col/TEOS ratio.

According to Figure 4-7, both the volume fraction of the silica and the void size (Figure 4-3a) of
inverse opals made with varying ratios of Col/TEOS showed a similar trend. Moreover, both
volume fraction of silica and the void size showed an inverse behavior with the surface filling
fraction of silica. Therefore, the lowest volume fraction of silica is obtained at the maximum surface
filling fraction of silica. The volume fraction of silica was obtained using the following equation:

— 2dhkl
m

., (4-9)

[¢nq + (1 = P)ns]
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Here, 7 is the wavelength of the stopband, dwa is the interplanar distance between two crystal planes,
m is the order of the incident light, ¢ is the volume fraction of silica, ns is the refractive index of
silica (1.459), and na is the refractive index of air (1.000). Considering first order reflection (m=1),
the volume fraction of the inverse opals made with varying Col/TEOS ratios was calculated. Since
the size of actual void does not change significantly with Col/TEOS ratio, the void size along the
minor axis (from the cross section of an inverse opal film) was taken as 220 nm. As there are two
different gaps between voids, 50 nm was considered as the gap for Col/TEOS ratios of 1.0 and 1.3,
and 70 nm was used for the rest of the ratios. The center-to-center distance (a) was calculated for
each sample by adding both 70 nm and 50 nm to 220 nm for the corresponding samples. Then dh
was calculated by using Equation (4-4). The variation of the stopband with Col/TEOS ratio was
similar to the variation of the volume fraction with Col/TEOS except for the ratios of 1.0 and 1.3;

this is due to the shift in dna (Figure 4-2).

4.3.2 Analysis of the percentage of surface defects

The surface defects present in the inverse opal films made by the co-assembly technique were
quantified from the SEM images. The analysis was conducted for random images that were taken
from the samples and the defects were quantified as a percentage with respect to the unit area of
the analysis (300 nm). When the amount of tetraethyl orthosilicate is reduced, more cracks were
seen; hence, it is worthwhile to study the effect of the tetraethyl orthosilicate toward the quality of
the inverse opal films. Here, the analysis was conducted using the films made at the ratios of
colloids to tetraethyl orthosilicate that is higher than 0.6. because cracks were observed at higher

ratios of Col/TEOS.
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Figure 4-8: A representation of different types of areas present in a top view of an inverse opal;
the areas occupied by voids (gray), silica (green) and defects (red). The image shown here was
taken at a magnification of 50,000x for clear identification of different type of areas. (Images with

16,000x magnification was used for the actual analysis).

A perfect crystal should have a surface with a uniform close-packed void arrangement. For a given
area, there should be a maximum number of voids that can fill the space. The area of defects can
be calculated by subtracting the area of voids (Awigs) from thetotal (Awtar ). Since these inverse opals
have significant amount of silica in the space between voids, a correction for the area covered by
silica (Asilica) has to be conducted. The Asiiica can be determined by analyzing a small area without
defects, where the area covered with voids (aigs) is subtracted from total (awtar) (Equation (4-2)).
The corrected area percentage of defects was calculated using Equation (4-1). The results were

plotted against the ratio of colloids to tetraethyl orthosilicate (Figure 4-9).
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Figure 4-9: (a) The corrected area percentage of surface defects and (b) the fraction of silica with

respect to the ratio of colloids to tetraethyl orthosilicate (Col/TEOS).

According to Figure 4-9a, the percentage of defects reduces significantly when the ratio of
Col/TEOS reaches to 0.6. The highest amounts of defects were seen in the samples made with the
ratios of 1.0 and 1.3. There is a notable difference in defects between ratios of 1.0 and 0.8. However,
as seen in Figure 4-9b, the %Asiica is reduced when the amount of tetraethyl orthosilicate is low.
The results suggest that the optimum ratio of Col/TEOS, that is needed to form inverse opal films
without surface defects, is 0.8. Below 0.8, the additional amount of tetraethyl orthosilicate is

condensed and deposited on the top surface.

4.3.3  Analysis of the structural arrangement of voids in inverse opal films

The 2D-FFT algorithm generates a spot pattern, resembling the long-range order of voids. Figure
4-10a shows an SEM image of an inverse opal film along a (111) plane of the fcc crystal. Moreover,
the angle between two adjacent rows of voids is 60° and this is clearly visible in the reciprocal
lattice (Figure 4-10b). As shown in Figure 4-10b, the 2D-FFT image with spots is arranged into a
hexagonal pattern, which is generally observed for fcc crystals. ** The hexagonal pattern appeared
on the FFT image is a 30° rotation of the hexagonal pattern of voids in the SEM image, as the 2D-

FFT image represents the reciprocal space.
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Figure 4-10: (a) An SEM image of a (111) crystal plane of an fcc crystal lattice; the inset shows
the fcc arrangement of spheres and the (111) plane and (b) a 2D-FTT image of the SEM image in
(a) and the inset represents the lattice points in the reciprocal lattice projected along the zone axis

of [T11].

The reciprocal lattice vector is equal to the cosine value of the real space lattice vector. Also, the
reciprocal lattice vector is equal to the interplanar distance (d) and the real lattice vector is equal to
the center-to-center distance (a) of voids [Equation (4-4)]. Here, the reciprocal lattice vector is the
same for all spots and the value is 0.34 um/cycle. As reported by Blanford, et al., the reciprocal
lattice vector of a two-dimensional diffraction pattern of an fcc crystal, projected on [111] axis, is
the same for all spots. Moreover, the reciprocal lattice of an fcc crystal has a bec lattice structure
and this reciprocal lattice produces a hexagonal spot pattern around the zone axes of [111].%" Inset
of Figure 4-10b shows the appearance of the spots around the zone axis of [111]. The spots around
the zone axis are lattice points. However, some of the lattice points in the reciprocal plane are
forbidden and will not be visible in a diffraction pattern. For an example, points such as 011, 112,
110, 211, etc., will not appear in a diffraction pattern of an fcc lattice. Instead when the projected
axis is [111] then the lattice points of 202, 220, 022, 202, 220, and 022 are seen on the resulting

spot pattern.'¥’
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Figure 4-11: (a) An SEM image of a surface an inverse opal film, where inset shows the 2D-FFT
pattern and the plot profile of the spots inside the box is labeled as b is shown at (b). The inset of
(b) is the 3D profile of the first cycle of the FFT spot pattern, where the color represents the intensity

of each spot.

The plot profile of a 2D-FFT image separates each spot based on their gray values. The white color
has the highest gray value of 255 for an 8-bit grayscale image. In this analysis, the background was
subtracted to remove any interference. This reduced the gray value of the spots as a whole but it
reduces the background noise significantly. Since the highest brightness is for the spots at the first
cycle, these spots have the highest gray value. Figure 4-11 shows an SEM image of an inverse opal
film with long-range order of porosity, where inset shows the 2D-FFT image. As seen in Figure 4-
11 b, the plot profile of the spots inside the horizontal box in the FFT image (inset of Figure 4-
11a), shows a symmetrical pattern of peaks with different gray values. The relative distance of each
spot is projected with an arbitrary scale. Moreover, the profile is symmetric and the gray value of
the spots decreases as they are positioned far away from the zone axis. The inset of Figure 4-11b
is a three-dimensional profile of the first cycle of the FFT image. The color represents the gray
value of each spot. The plot profiles showed in the Figure 4-11b are for an inverse opal film with

long-range order of voids.
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Figure 4-12: (a) An SEM image of an inverse opal film with two distinct domains including their
2D-FFT images, (b) The FFT analyzed image of the entire SEM image in (a) showing separation
of two distinct spot patterns for the first cycle; the inset on top shows the shift of the spot pattern
due to two distinct domains and bottom shows the 3D plot profile of the first cycle, (c) and (d)

represent the plot profiles of spots at line X and y respectively.

An FFT image of a sample that has two domains consists of two different hexagonal arrangements
of spots. Since both arrangements have the same reciprocal lattice vectors, the geometry of the
hexagonal patterns should be the same. However, depending on the orientation of the domains the
two spot patterns can be shifted from each other. If these two orientations are significantly different
then the shift should be visible in the FFT analysis. In order to test this, an area of an inverse opal
sample with two major domains was considered. The SEM image of this particular area is shown

in Figure 4-12a, and the 2D-FFT analysis for each orientation is inserted at each place. The Figure
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4-12b shows the FFT analysis for the entire SEM image. According to Figure 4-12Db, there is a
significant difference in the orientations of these two domains as the first cycle has 12 spots. The
shift of the lattice point 202 and 220 is shown in the top inset of the Figure 4-12b and the orientation
shift between the two patterns is measured to be 20°. The 3D profile of the gray values for the FFT
analysis of the whole area showed doublets of peaks arranged around the zone axis. These doublets
represent the orientation shift and one has higher gray value compared to the other. The higher gray
value must correspond to the major domain (labeled as x in the Figure 4-12a) and the other is for
the minor domain (y). The plot profiles of both x and y are shown in Figure 4-12c and d

respectively.
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Figure 4-13: The 2D-FFT analysis for a sample with multiple domains: (a) 2D-FFT image, the
inset shows the cartoon representation of the shift in the lattice orientation, (b) 3D-plot profile of
the FFT image, (c), (d), and (e) the plot profiles obtained along the axes shown in (a) asc, d, and e

respectively.
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As seen in Figure 4-13, when the number of domains increases the spots in the FFT have an
elongated shape. Also, Figure 4-13b is the 3D plot profiles taken for the FFT images of Figure 4-
13a. The broad peaks result from multiple lattice orientations. Since the lattice orientation shift is
small, the hexagonal arrangement is preserved. The plot profiles (Figure 4-13c, d, and e) also

confirmed this observation as the individual patterns are similar to a lattice with one domain.

As seen in Figure 4-14, the split in the central peak (the zone axis) is due to a crack. The Figure
4-14a shows such an SEM image of an inverse opal film with a crack and Figure 4-14b shows the
3D plot profile with a split in the center peak. The Figure 4-14c shows an SEM image of a sample
that has several cracks including a crack that separates the image into two. Even though there are
many cracks still useful information about the orientation of the lattice can be obtained from the

3D plot profiles. However, the amount of cracks affects the intensities of the peaks.
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Figure 4-14: The 2D-FFT analysis of inverse opal films with cracks: (a) A crack that separates the
SEM image into two, (b) 3D plot profile of (a), (c) an SEM image that shows multiple cracks, (d)

3D plot profile of (c).
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4.4 Conclusion

Here, we conclude that the image analysis tools can be successfully used to obtain valuable
information of the structure of inverse opal films. Furthermore, we have introduced a technique to
determine the close-packed arrangement of voids and percentage of surface defects. According to
our analysis, the structure of the inverse opal films depends on the ratio of colloids to tetraethyl
orthosilicate. Most importantly, we have explained the presence of a significant gap between the
voids and an extra surface layer of silica in some inverse opal samples. The surface filling fraction
is increased with Col/TEOS ratio up to the ~0.6 and then decreased. Once the ratio is reached to
1.0, cracks started to appear in the resulting films. The quality of the films depends on the ratio of
colloids to tetraethyl orthosilicate and when the ratio is ~0.6 the inverse opals with the best quality
is obtained. We have also shown that the plot profiles of the 2D-FFT images can be successfully

used to determine the periodicity in the presence of multiple lattice orientations.
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CHAPTER V

FABRICATION OF POLY(2-HYDROXYETHYL METHACRYLATE)-BASED

INVERSE OPAL HYDROGEL AS A POTENTIAL ORGANIC SOLVENT SENSOR

5.1 Introduction

The periodic microstructures in a photonic crystal diffract light and constructive interferences of
the reflected waves determine the color of the material. Reversible changes in the refractive index
or in the spacing of the grating, induced by an external stimulus, enable the use of photonic crystals
in sensing applications. Visible color changes are possible with photonic sensors. Unlike inorganic
colloidal structures, hydrogel photonic crystals can be made to be responsive to external stimulus
by virtue of changing their chemistry. Hydrogels, three-dimensional network polymers, can
reversibly absorb or desorb water by changing their volume. Most of these polymers are responsive
to other organic solvents. The swelling of a hydrogel, resulting from absorption of large quantity
of solvents, can be controlled by changing the composition of the monomers, functionalizing the

surface, introducing new functional groups, or changing the cross-link density;*%® 1%

The fabrication of photonic hydrogels is challenging. Depending on the fabrication technique, the
photonic hydrogel sensors are categorized into various types such as, holographic sensors,?2%3
crystalline colloidal array sensors,® 24 2% and inverse opal sensors.?*?*° The inverse opal hydro-

gel sensors are relatively more advantageous than the other types due to high diffraction effi-
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ciency.?!® Generally, inverse opal hydrogels are fabricated by infiltration of monomer mixtures to
self-assembled colloidal crystals followed by the removal of the template. Poly(2-hydroxyethyl
methacrylate) or poly(HEMA)-based hydrogels are synthetic hydrogels, which are widely used as

211

inverse opal hydrogels due to their properties such as, high versatility,”* easy preparation, optical

transparency,?'* 2** biocompatibility, >4

etc. However, the poor sensitivity of poly(HEMA) - the
homopolymer of HEMA - limits its potential uses in sensing applications. Therefore, various
modifications have been introduced to improve the sensitivity of the poly(HEMA) hydrogels. For
an example, co-polymerization of HEMA with other monomers such as acrylic acid,?'” 3-acryl-
amidophenylboronic acid,* and N-isopropylacrylamide for sensing pH, glucose, and temper-
ature,® respectively. Since poly(HEMA) shows a noticeable response (swelling) to ethanol, the
poly(HEMA) based hydrogels are studied as ethanol sensors®; however, they have not been
thoroughly investigated for sensing other organic solvents. Furthermore, most fabrication
techniques yield hydrogel inverse opal films with low mechanical stability which can be improved
by transferring the hydrogel to another substrate.?’® Nevertheless, the transfer of the hydrogel
creates problems in obtaining uniform swelling. Another strategy that can increase the mechanical
and dimensional stability is to fabricate a thin zone of inverse opal structure on top of a bulk

hydrogel.?*® The objective of this study is to fabricate poly(HEMA) based inverse opal hydrogels

with high mechanical stability and to investigate their potential to use in sensing organic solvents.

A hydrogel composed of HEMA, N,N-(dimethylamino)ethyl methacrylate (DMAEMA), and
tetraethylene glycol dimethacrylate (TEGDMA) was used to fabricate an inverse opal hydrogel.
Opal films made out of silica colloids were used as the templates. Photo polymerization was used
to polymerize the monomers. Here, a new simple methodology was introduced to yield inverse opal
hydrogels with high mechanical strength by using a poly(dimethylsiloxane) (PDMS) mold.
Moreover, the swelling behavior of the poly(HEMA/DMAEMA/TEGDMA) hydrogels was studied

as a response to pH, and concentrations of salt (NaCl) in the aqueous solutions to evaluate the
77



potential of developing pH and salt sensors. As previously reported poly(HEMA/DMAEMA-
/TEGDMA) hydrogels show significant swelling in organic solvents, such as N,N-dimethyl form-

amide (DMF), Dimethyl sulfoxide (DMSO), methanol, ethanol, and ethylene glycol.

5.2 Materials and methods

5.2.1 Materials and instruments

The silica particles (350 nm) were obtained as dry particles from NanoCym (Scottsdale, AZ). The
silicon elastomer (PDMS - SYLGARD™ 184) was purchased from Dow Corning (Midland, MI).
The 2-hydroxyethyl methacrylate (HEMA, 97%), N,N-(dimethylaminoethyl)methacrylate
(DMAEMA, 98%), 2-hydroxy-2-methylpropiophenone (97%), tetraethylene glycol dimeth-
acrylate (TEGDMA, > 90%), were obtained from Sigma-Aldrich (St. Louis, MO). Absolute ethyl
alcohol (EtOH), ACS reagent grade hydrochloric acid (HCI, 36.5-38.0%), and sulfuric acid (H2SOa,
95.0-98%) were bought from Pharmco-AAPER (Brookfield, CT). ACS reagent grade hydrogen
peroxide (H.02, 30% (w/w)) was purchased from Ricca chemical company (Arlington, TX).
Silicon wafers (p-type Si:B[100], R, = (1-100) Q cm) were acquired from El-Cat Inc. (Ridgefield
Park, NJ). Microscope slides (premium) were purchased from Fisher Scientific (Fair Lawn, NJ).
The surface of the substrates was treated using a corona treater (Electro-Technic Products, BD-20).
The electron microscopy images were taken using a scanning electron microscope (SEM, FEI
Quanta 600 FE). A convection oven (Binder ED 115) was used for the deposition of the silica opal
films. Transmittance spectra were taken using a UV-Vis spectrophotometer (Cary 50 bioBio) in
transmittance mode. The graphs were plotted using OriginPro 9 software (OriginLab Corporation).
A water purification system (Barnstead Nanopure™), at a resistance of 18.1 Q/cm, was used to
obtain deionize water. The JT Baker® buffered oxide etchant [6:1 mixture of ammonium Fluoride
(NH4F) to hydrofluoric acid (HF)] was purchased from Capitol Scientific, Inc. (Austin, TX). The

buffer oxide etching was conducted at Helmerich Research Center, OSU-Tulsa.
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5.2.2 Methods

5.2.2.1 Synthesis of poly(HEMA/DMAEMA/TEGDMA) hydrogels

The hydrogel was prepared by thoroughly mixing HEMA, DMAEMA, TEGDMA and 2-hydroxy-
2-methylpropiophenone in a ratio of 38:2:1:1 (mol/mol) respectively, with the solvent mixture
containing water and ethylene glycol (1:1 mol/mol). The composition of the polymer was adapted

from a study, previously published by You et al.??°

5.2.2.2 Investigation of the swelling behavior of poly(HEMA/DMAEMA/TEGDMA)
hydrogels as a response to pH and concentration of salt
The hydrogels (75 mm x 25 mm x 4 mm) were synthesized in PDMS molds and cut into small
pieces with desired size (25 mm x 10 mm x 4 mm) to use in the experiment. The PDMS molds
were prepared by mixing Sylgard™ 184 silicone elastomer and curing agent (10:1 wt. %) and
poured over the template, made from glass slides (75 mm x 25 mm x 4 mm), in a petri dish. Then
the mixture was degassed in a vacuum to remove all the air bubbles, and thermally cured in an oven
(Barnstead™) at 75 °C for 5 — 6 h. After fabrication, the hydrogel samples were purified in DI
water for 4 days and dried in a vacuum desiccator until hydrogels reached a constant weight. The
dehydrated hydrogels were immersed in solutions with different pH and salt concentrations for
predetermined time periods (0, 10, 20, 30, 40, 50, 60, 70 and 80 min for pH solutions and 0, 70,
140, 350, 420, 660, and 1415 min for salt solutions). At the end of each time period, the hydrogels
were taken out, blotted with a paper tissue to remove excess solution, and the weight was measured
using an analytical balance. The swelling behavior of the hydrogel was investigated in different pH
values between pH 2.2 and 7.0; the series of solutions was prepared by changing the pH in 0.4
increments. The buffer solutions were made using 0.2 M K;HPO4 and 0.1 M citric acid. As well,

the swelling of the hydrogel was studied at different NaCl concentrations of 1.0, 0.1, and 0.01 M.
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In both experiments, the percent mass swelling ratio (%Qm) was determined, by means of solvent

uptake, at each time point using the following equation:

@0, = = M) 1000 (5-1)
mq

Here, ms is the mass of the swollen hydrogel, and mq is the mass of the dry hydrogel.

5.2.2.3 Fabrication of silica opal thin films

Silica colloids (350 nm) were dispersed in absolute ethanol to prepare the working solution. The
concentration of colloids in the working solution was 20 mg/mL. Then a substrate, glass or silicon
wafer, was dipped in a vial containing the silica colloid suspension and heated in a convection oven

at 65 °C for 24 h to evaporate the solvent.

5.2.2.4 Fabrication of inverse opal hydrogels

A schematic representation of the fabrication process of inverse opal hydrogels is shown in Figure
5.1. Briefly, a PDMS mold was fabricated using a glass template. After removing the template, a
silica opal film fabricated on a glass slide or a silicon wafer was placed in the well, the monomer
mixture was poured over the opal film and cured with 365 nm UV light for 90 s using a Dymax™
light curing system (225 mwW/cm?, Model 5000 Flood). The hydrogel-silica composite, peeled off
from the PDMS mold, was trimmed to remove the excess hydrogel. To separate the silicon wafers
from the composite, the composites were submerged in DI water for 24 h. Finally, the hydrogel-
silica composite with the glass substrate and the composites (separated from silicon wafers) were
subjected to 2% HF etching (etched on buffered oxide (6:1 mixture of NH4F to HF) until the
substrate is detached from the hydrogel - ~2 days) to remove the silica beads. The glass slides were

expected to detach from the composite during HF etching.
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Figure 5-1: The schematic representation of the fabrication of inverse opal hydrogels.

5.3 Results and discussion
5.3.1 Swelling behavior of the poly(HEMA/DMAEMA/TEGDMA) hydrogel in response to
pH and concentration of salt

The swelling behavior of the poly(HEMA/DMAEMA/TEGDMA) hydrogel with pH of the medium
is mainly due to the presence of N,N-(dimethylamino)ethyl methacrylate (DMAEMA) monomer
units. The pKa of DMAEMA is 8.44,%' and poly(N,N-(dimethylamino)ethyl methacrylate)
[poly(DMAEMA)] is 7.5.22 Thus the pH response for poly(HEMA/DMAEMA/TEGDMA)
hydrogel can be expected in acidic pH. In this study, the swelling behavior of poly(HEMA/-
DMAEMA/TEGDMA) hydrogel in response to pH was evaluated in solvents having pH values of
from 2.2 to 7.0 with 0.4 increments. The hydrogel showed a small change in %Qmn (< 20%) in
response to pH. The mass swelling ratio followed a similar trend as shown in Figure 5-2a, in all
solutions regardless of the pH value. As shown by the graph in Figure 5-2b, the increase in pH
caused decrease in swelling from 18% (at pH 2.2) to 8% (at pH 7.0). Since the pH of the solution
was maintained at the desired value using buffers, the salts (ionic strength) might have influenced

the swelling of the hydrogels.??* 224
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Figure 5-2: Mass swelling ratio (%Qm) as a function of (a) time at pH 5.6, (b) pH at 40 min, (c)

time in salt solutions with different salt (NaCl) concentrations, and (d) concentration of salt (NaCl)

at 1415 min (24 h).

To analyze the swelling behavior of poly(HEMA/DMAEMA/TEGDMA) hydrogel, the samples

were swollen in 1.0, 0.1, and 0.01 M NacCl solutions. The %Qm was remarkably increased with time

at the lowest concentration of NaCl (0.01 M) used in the experiment. In each NaCl solution, the

swelling was rapid at the beginning (up to ~70 min) and then slowed (Figure 5-2c). It has been

shown that the swelling of hydrogels has a prominent effect from the ionic strength of the

surrounding environment.??* 224 Availability of water decreases as the salt concentration increases,

which may also contribute to the decrease in swelling.
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5.3.2 Fabrication of silica opal films

Transmittance (%)
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Figure 5-3: (a) A silica opal film fabricated on a glass slide; (b) A glass vial containing silica
dispersed in water (8 mg/mL) kept undisturbed for 12 h; (c) Transmittance spectrum of a silica opal

film made out of silica colloids dispersed in water.

The silica opal films were fabricated on glass slides using vertical deposition technique, where the
samples were heated at 55 °C in an oven for 24 h. Even though, the silica particles were well
dispersed in water by agitation and sonication at the beginning of the experiment, ~1/4 volume
fraction of silica colloids was settled within 12 h. The poor stability of silica colloids in water
resulted in short opal films (2-3 cm) (Figure 5-3). The size of the colloids used in this experiment
was 350 nm and a stopband was observed at 730 nm for the fabricated opal film. Since there is a
relationship between the size of the particles and the position of the stopband, for a first order
reflection, the expected stopband wavelength (1) can be determined from the following equation;
A= 1.632D[¢pn, + (1 — p)n,] (5-2)

Here, D is the size of the particles, m is the order of the incident light, ¢ is the volume fraction of
the matrix (air), ns is the refractive index of the silica, and n, is the refractive index of air. For silica
opal films with perfect close-packed arrangement of colloids (¢ = 0.74) and the expected position

of the stopband is 765 nm.
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Figure 5-4: (a) Three silica opal films fabricated with silica colloids dispersed in ethanol; the
concentrations of silica was (A) 8 mg/mL, (B) 10 mg/mL, and (C) 20 mg/mL; (b) transmittance

spectra obtain for the silica opal films made with different concentrations of silica.

According to the previous studies, ethanol is another solvent which can be used to disperse silica
colloids.?!8:225:2%8 |n contrast to water-dispersed silica colloids, which yielded short opal films, silica
colloids dispersed in ethanol resulted in long opal films (> 5 cm). Four dispersions with different
concentrations of colloids (8, 10, 15, and 20 mg/mL) were used to fabricate the opal films. The
temperature also had an influence on the intensity of the stopband and 55 °C was found as the
optimum temperature. According to the observations (Figure 5-4) the best films were fabricated in
solutions with 20 mg/mL of colloids at 55 °C. As seen in Figure 5-4, the intensity of the stopband
increased with increasing silica concentration. However, beyond 20 mg/mL significant further
improvement was not achieved. It is difficult to disperse silica particles entirely in ethanol, at high
concentrations. Compared to the silica opal films fabricated with water as the dispersant, the opal
films made in ethanol as the dispersant showed less intense stopbands. Usually, the intensity of the
stopband depends on the number of layers of the thin film (Chapter 3). However, the position of
the stopband is 750 nm, which is closer to the expected value (765 nm). The position of the stopband

is an indication of the better close-packing of silica particles.
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5.3.3 Fabrication of inverse opal hydrogels

(a) (b)
Monomer

. mixture
Substrate Cover slide

N\

Jemplate Template

Monomer
mixture

vd

Substrate

Figure 5-5: Two general methods were used for the infiltration of a monomer mixture to an opal
film: (a) opal film is covered with a cover slide and dipped in the monomer mixture, where the
monomers infiltrate into the interstitial sites via capillary forces and (b) the opal film is held at an
angle of ~15°, and the monomer mixture is poured on top of the film and the excess solution is

allowed to drain.

The two conventional methods used to infiltrate monomer mixtures to hydrogels are shown in
Figure 5-5. In the first method, the silica opal film is covered with another slide and partially
immersed in the monomer mixture.?” The second method uses a silica opal film inclined at an
angle ~15° and the monomer mixture is dropped onto the top of slide and the excess is drained.*
The resulting inverse opal hydrogels fabricated from both methods are thin and difficult to handle.
In this study, a new, alternative methodology was introduced to infiltrate the hydrogel, using a
PDMS mold, where we had more control over the thickness of the resulting films. Here, a PDMS
mold was prepared with a well (the depth was 2 mm) to place the silica opal film (Figure 5-1).
Once the monomer mixture is poured into the well and photopolymerized the composite film can

be detached from the mold. The resulting inverse opal hydrogel, after removing the silica template,

85



has two zones: a thin zone with the inverse opal structure (patterned zone), and a thick zone in
which only the polymer is present with no structure (unpatterned zone). The thin, patterned zone
containing the inverse opal structure is responsible for the sensing applications while the thick,
unpatterned zone provides the mechanical stability and dimensional stability. The thickness of the
unpatterned zone can be controlled by changing the depth of the well in the PDMS mold. Moreover,
this unpatterned zone aids the diffusion of the analytes toward the patterned sensing region.
However, the infiltration of the monomer mixture was poor in this new method; but, can be
significantly improved by leaving the monomer-filled PDMS molds under a vacuum in a desiccator
for 48 h. As well, the removal of the hydrogel from the substrate, without damaging the inverse

opal structure, was also challenging.

Composite
film

Figure 5-6: (a) Silica opal film fabricated on a glass slide (left) and a silicon wafer (right); (b)
Hydrogel-silica opal composite made, using a PDMS mold, by infiltrating the monomer mixture
for 24 h; (c) An SEM image of a silica opal film fabricated on a glass slide and the inset shows an
SEM image of a silica opal-hydrogel composite film (infiltrated for 48 h with the monomer

mixture).
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Initially, the hydrogel was mechanically peeled off or immersed in a solvent i.e. water or ethanol
to separate the substrate from the silica opal-hydrogel composite film by swelling the hydrogel.
The glass substrate was hard to separate from the composite either mechanically or by swelling in
a solvent. On the contrary, the silicon wafer substrate was easy to remove from the composite by
swelling the hydrogel in DI water, which can be attributed to the weak interactions between the
silica colloids and silicon surface. However, the silica opal film started to peel off from some places
upon leaving in contact with the monomer mixture for 48 h in a vacuum desiccator (Figure 5-6).
Since it is essential to keep the opal film in the monomer mixture for 48 h in a vacuum desiccator
for a better infiltration, glass slides were used as the substrate in future experiments. After
fabrication, the silica-hydrogel composites were separated from the glass slide by using a 2% HF
solution (soaked in the HF solution for ~2 days). Once the substrate was separated from the
composite, the composite was soaked in HF solution for another 24 h for the completion of the
etching of the silica colloidal template. As seen in Figure 5-7, the template was successfully etched

from the silica opal-hydrogel composites made by infiltrating the monomer mixture for 48 h.

Figure 5-7: Hydrogel films after etched in HF solutions: (a) the hydrogel monomer mixture was

infiltrated for few mins; (b) the monomer mixture was infiltrated for 48 h in a vacuum desiccator.
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5.4 Conclusion and future directions

This study introduces a new methodology to fabricate inverse opal hydrogels which can be used as
a potential sensor to detect organic solvents. This fabrication involves several steps: fabrication of
silica opal films, infiltration of the monomer mixture, photopolymerization of monomers to
synthesize the polymer, and removal of the template. Here, it is shown that silica particles dispersed
in ethanol can be successfully used to fabricate long silica opal films with a good quality, using
both glass microscope slides and silicon wafers as the substrate for the opal films. Even though the
silicon substrate was easily removed from the opal-hydrogel composite by swelling the hydrogel,
the stability of the opal film was poor when the monomer mixture is not infiltrated for 48 h in a
vacuum. Therefore, the use of glass as the substrate for fabricating opal films was advantageous in
this new method. Moreover, the glass substrate and the silica opal template were simultaneously
removed from the composite by HF etching. Since the poly(HEMA/DMAEMA/TEGDMA) inverse
opal hydrogels has a response to organic solvents such as N,N-dimethyl formamide (DMF),
Dimethyl sulfoxide (DMSO), methanol, ethanol, and ethylene glycol an inverse opal hydrogel
sensor can be fabricated. As well, a shift of the stopband might be observed in response to the salt
concentration as the poly(HEMA/DMAEMA/TEGDMA) hydrogel showed a notable change in
swelling at low salt concentrations; thus the potential of this inverse opal hydrogel to be used in

salt sensing applications can also be evaluated.
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